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ABSTRACT
The present invention provides a polarization-sensitive light
homogenizer and a backlight and display using the same. The
homogenizer improves the spatial luminance and color uni

backlight. In one embodiment, the homogenizer includes a

polarization-sensitive anisotropic light-scattering (PDALS)
region, a non-polarization-sensitive anisotropic light-scatter
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ing region, and a substantially non-scattering region. In a
further embodiment, the non- scattering region is birefringent.
The spatially non-uniform incident light ?ux from a backlight
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scattered e?iciently by the NPDASL region and is incident on
the PDALS region Which backscatters light orthogonal to the
polarization state desired for ef?cient illumination of a liquid
crystal display panel. The NPDASL and the PDALS form a
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polarization state. In a further embodiment the light homog
enizer includes at least one of a light collimating region and a

light re-directing region.
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OPTICAL COMPONENTS AND LIGHT
EMITTING DEVICES COMPRISING
ASYMMETRIC SCATTERING DOMAINS

order to improve the system luminance and color uniformity

This non-provisional application is a continuation of US.

as Well as luminance uniformity While also achieving
increased luminance.
The use of multiple ?lms Within an LCD backlight
increases the production costs, increases the likelihood of
dust and blemishes, and increases the part count and thick
ness. There is a need for feWer components for backlights that

non-provisional application Ser. No. 11/828,172 ?led Jul. 25,

have collimation properties, suf?cient diffusion for light

2007 With issue date Aug. 31, 2010 as US. Pat. No. 7,784,
954. Application Ser. No. 11/828,172 claims the bene?t of

homogenization and light recycling properties combined

US. Provisional Application No. 60/820,241 ?led Jul. 25,
2006, the entire teachings of Which are incorporated herein by

be manufactured in a loW-cost simple method. There is a need
for a component for a backlight With increased spatial lumi
nance uniformity and increased luminance in a particular
direction. In neWer LED-based backlights, increased color

RELATED APPLICATION

together in order to help alleviate these problems and that can

reference.

uniformity is important.

BACKGROUND

SUMMARY

Conventional liquid-crystal-display (LCD) backlights for

large displays have conventionally employed multiple lamps
to provide suf?cient brightness over a large area. Typically,

Disclosed herein is a polarization-sensitive light homog
20

these spatially non-uniform, directly illuminated backlights

homogeniZer improves the spatial luminance and color uni

are used for television and large display applications and
contain linear arrays of ?uorescent lamps With re?ectors. In
order to provide a uniform intensity pro?le from the surface

of the backlight before passing through the LCD panel, volu

eniZer and a backlight and display using the same. The
formity, increases the luminance in a direction normal to the

25

metric diffuser plates or ?lms are used to “spread-out” or

homogeniZer and provides increased luminance through
polariZed light recycling Within the light homogeniZer and
backlight. The homogeniZer includes a polarization-depen
dent anisotropic light-scattering (PDALS) region, a non-po

diffuse the light from the linear array of ?uorescent lights so

lariZation-dependent anisotropic light-scattering (NPDALS)

as to eliminate the visibility of linear “hot spots” or non

region and a substantially non-scattering region. In a further

uniformities in the backlight luminance.
With the emergence of light-emitting diodes (LED’s) as

embodiment, the non-scattering region is birefringent. The
30

spatially non-uniform incident light ?ux from a backlight

neW light sources for backlights, the LED’s are often

including one or more non-extended light-emitting sources is

employed in linear or grid arrays and may include separate

scattered e?iciently by the NPDALS region and is incident on
the PDALS region, Which backscatters light orthogonal to the

red, green and blue LED packages or all three Within the same

polariZation state desired for ef?cient illumination of a liquid
crystal-display panel. The NPDALS and the PDALS form a

package. Backlights employing LED’s not only have to

improve the luminance uniformity using ?lms, plates, and

multiple re?ection cavity that Will increase the spatial lumi
nance While improving the light recycling of the appropriate
polariZation state.

housings, but they also need to improve the color uniformity.
This is often accomplished by simply increasing the amount
of diffusion and not taking into account the loss in e?iciency

resulting by using diffusers With symmetric forWard scatter

ing pro?les.

In a further embodiment, the light homo geniZer includes a
40

The light-collimating region increases the luminance of the
backlight and illuminated display along a direction normal to
the backlight. In a further embodiment, the light homo geniZer
includes a light re-directing region to redirect incident light at

For many display applications, such as for some televi

sions, the vieWing angle in the vertical direction is reduced
such that the brightness in the forWard direction is increased.
This light is typically directed from higher vertical angles
closer to the normal to the display using collimating ?lms,
such as prismatic brightness enhancement ?lms. Additional

45

spatially varying scattering regions, multiple PDALS or
NPADLS regions, light coupling directly into the edge of one
50

BRIEF DESCRIPTION OF THE DRAWINGS
55

In the accompanying draWings, like reference characters
refer to the same or similar parts throughout the different

vieWs. The draWings are not necessarily to scale, emphasis

instead being placed upon illustrating particular principles,
60

nance uniformity of backlights With spatially non-uniform
light sources; hoWever, greater system e?iciency is desired in

discussed beloW.

FIG. 1 is perspective vieW of a backlight and liquid crystal
cell incorporating a polarization selective scattering element
of the prior art.
FIG. 2 is a perspective vieW of one embodiment of a polar

in a system With a reduced cost.

It is knoWn that anisotropic diffusers can improve the lumi

of the regions, domains Within a light-scattering region con
taining shells that create destructive interference, domains
With high ?exural modulus that increase the ?exural modulus

of the light homogeniZer.

ever, the systems described in these patents are not optimiZed

to take into account the spatial non-uniformity of the light
sources and the requirements needed to achieve spatial lumi
nance uniformity, spatial color uniformity, as Well increased
head-on luminance. Using multiple ?lms to attempt to
achieve properties, such as spatial luminance uniformity, is
optically inef?cient due to the multiple interfacial re?ections;
and the manufacturing and assembly costs are higher. A
more-e?icient optical system for reducing the non-uniformi
ties is needed to reduce the number of lamps (to provide a
loWercost system) or to reduce the brightness of the lamps
(Wherein longer-lifetime or loWer-cost lamps could be used)

steep angles from a Waveguide based backlight into angles
closer to the backlight normal. Other embodiment includes

?lms, such as re?ective polariZers are often used, such as dual

brightness enhancement ?lm (DBEF) from 3M (St. Paul,
Minn., US). The patent literature refers to scattering re?ective
polariZers (US. Pat. Nos. 5,825,543 and 5,751,388); hoW

light-collimating region optically coupled to another region.

65

iZation-sensitive light homogeniZer including a PDALS
region and a NPDALS region separated by a non-scattering

birefringent region.

US 8,033,674 B1
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FIG. 3 is a perspective vieW of one embodiment of a polar

scattering or diffusion property to one or more light rays. The

ization-sensitive light homogenizer including a PDALS
region and a NPDALS region separated by a non-scattering

change in angle of a light ray may be due to refraction,
re?ection, diffusion, diffraction or other properties knoWn to

birefringent region and a light collimating region.

change the direction incident light.
“Polarizer,” as de?ned herein, includes absorbing or

FIG. 4 is a perspective vieW of one embodiment of back

light including a polarization-sensitive light homogenizer

re?ecting polarizers. These include dye and iodine based

including a linear array of ?uorescent bulbs, a PDALS region
and a NPDALS region separated by a non-scattering birefrin

polarizers and re?ective polarizers, such as DBEF from 3M.
Linear or circular polarizers are also included.
"Polarization-sensitive” and "polarization-dependent” as

gent region and a light-collimating region.

referred to herein refer to materials, effects, or properties that
may vary depending on the polarization state of the incident

FIG. 5 is a perspective vieW of one embodiment of back

light including a polarization-sensitive light homogenizer
including a linear array of ?uorescent bulbs, a PDALS region
and a NPDALS region separated by a non-scattering birefrin

electromagnetic radiation. “Polarization-insensitive” and

gent region and a light collimating region Wherein the light

dent” refer to herein to materials, effects, or properties that are

scattering domains in the NPDALS and PDALS regions are

substantially independent of the polarization state of the inci
dent electromagnetic radiation.

"non-polarization-dependent” and “polarization indepen

asymmetric in shape and aligned substantially orthogonally.

“Optically coupled” is de?ned herein as a condition
Wherein tWo regions or layers are coupled such that the inten
sity of light passing from one region to the other is not sub

FIG. 6 is a perspective vieW of one embodiment of back

light including a polarization-sensitive light homogenizer
including a grid array of LED’s, a PDALS region and a

NPDALS region separated by a non-scattering birefringent
region and a light collimating region Wherein the light-scat

20

“Optically coupling” methods include methods of coupling
Wherein the tWo regions coupled together have similar refrac

tering domains in the NPDALS and PDALS regions are

asymmetric in shape and aligned substantially orthogonally.
FIG. 7 is a perspective vieW of one embodiment of an

edge-lit backlight including a polarization-sensitive light

25

tive indices or using an optical adhesive With a refractive
index substantially near or in-betWeen the regions or layers.

Examples of “optically coupling” include lamination using

homogenizer and tWo linear ?uorescent bulbs.

an index-matched optical adhesive, coating a region or layer
onto another region or layer, or hot lamination using applied

FIG. 8 is a perspective vieW of one embodiment of an

edge-lit backlight including a polarization-sensitive light

pressure to join tWo or more layers or regions that have

homogenizer and tWo linear arrays of LED’s.
FIG. 9 is a perspective vieW of one embodiment of an

stantially reduced by Fresnel interfacial re?ection losses due
to differences in refractive indices betWeen the regions.

30

substantially close refractive indices. Thermal transferring is
another method that can be used to optically couple tWo

edge-lit backlight including a polarization-sensitive light
homogenizer including a light re-directing region and tWo

regions of material. In manufacturing, tWo components may

linear arrays of LED’s.

be combined during the forming process, such as extrusion,
coating, casting or molding. For example, tWo layers may be

FIG. 10 is a perspective vieW of one embodiment of an

homogenizer including a light re-directing region and a light
collimating region spaced from the NPDALS region and

co-extruded together such that they are bonded or cured in
contact With each other. In these instances, the layers or
regions are referred to as being optically coupled herein.

PDALS region, respectively, by an air gap and further includ
ing tWo linear arrays of LED’s.

“Prismatic” or “Prismatic sheet” or “Prismatic structure” is
de?ned herein as a surface relief structure that refracts or

edge-lit backlight including a polarization-sensitive light

FIG. 11 is a perspective vieW of one embodiment of an

35

40

re?ects light toWard a desired direction. This refraction and

edge-lit backlight including a polarization-sensitive light

re?ection can provide collimating properties to light passing

homogenizer Wherein light from tWo linear arrays of LED’ s is

through the ?lm. The structure can include arrays of elon

directed into the edge of the non-scattering region of the light

gated prism structures, micro-lens structures, and other sur

homogenizer.

face relief structures. These features can be de?ned by a
45

cross-sectional pro?le, surface roughness, or by other surface
characterization means.

DETAILED DESCRIPTION

“Collimating region,” “Collimating Film” and “Collimat
The features and other details of the invention Will noW be
more particularly described. It Will be understood that par
ticular embodiments described herein are shoWn by Way of
illustration and not as limitations of the invention. The illus
trations are not draWn to scale in order to illustrate particular

features and properties. The principal features of this inven
tion can be employed in various embodiments Without depart
ing from the scope of the invention. All parts and percentages

ing structures” are de?ned here as ?lms or structures Wherein
more of the light rays exiting the ?lm or structures are
50

directed toWard the surface normal of the component, ?lm or
substrate plane in the case of structures on a substrate. Colli

mation properties can be achieved by refractive structures,

such as prisms, cones, microlenses, pyramids, hemispherical
structures or linear, circular, random, regular, semi-random,
55

or planar arrays of the aforementioned structures.

Used herein, “particles” and “domains” refer to individual

are by Weight unless otherWise speci?ed.

regions of one or more materials that are distinctly different

than their surroundings. They include organic particles, inor

DEFINITIONS

ganic particles, dispersed domains, and dispersed particles.
For convenience, certain terms used in the speci?cation
and examples are collected here.
“Diffuse” and “diffusing,” as de?ned herein, include light
scattering or diffusion by re?ection, refraction or diffraction
from domains, surfaces, or layers or regions.
“Diffuser region” and “Diffuser Film” and “Diffuser” and
“light-scattering region” are referred to herein as optical
regions or elements such as ?lms or plates that provide a

60

They are not limited in shape and may be ?brous, spherical,

ellipsoidal, or plate-like in shape.

65

FIG. 1 shoWs the prior art from Us. Pat. No. 5,751,388. In
this example of a direct-lit display, the backlight includes a
light source 103 located Within a diffusely re?ecting cavity
101. Light from the light source passes through diffuser 104
as Well as a polarization-sensitive scattering element (PSSE)
107. Light from the PSSE 107 then passes to the LCD panel

US 8,033,674 B1
5
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portion of the display, Which comprises the LCD panel 102,

birefringent polymer. Other examples include substantially

rear polarizer 106 and front polarizer 105. The PSSE is uti

non-birefringent materials dispersed in a birefringent matrix.

lized to prepolarize the light prior to reaching the rear display
polarizer. The backlight is in the form of a diffusely re?ective
cavity 101 consisting of White Walls and containing ?uores
cent lamp(s) 103. The PSSE transmits the majority of the light
polarized along one optical axis and returns the majority of

Further examples of PDALS can be found in Us. Pat. Nos.

non-spherical domains or surface features that have non

the light having the orthogonal polarization to the backlight
cavity, Where its polarization state is changed, giving it

symmetrical cross-sections in a plane perpendicular to the
plane of incidence or by non-uniform refractive index differ

another opportunity to increase the intensity of the output in
the desired polarization state.
As shoWn in FIG. 1, the light from the light sources reaches
a diffuser Which scatters the incident light before reaching the
PSSE. These diffusers are typically in the form of diffusion
plates that are 2 mm thick, comprising beads dispersed Within
an acrylic or polycarbonate sheet. These diffusing elements
are separate ?lms or plates and are isotropically scattering in

ences betWeen tWo regions or domains in a material. In the

5,825,543 and 5,751,388, incorporated in their entirety herein
as references.

Anisotropic light scattering properties can be achieved by

former, non-circular cross-sections of domains or surfaces of
a ?rst material With an interface to a second material, With the
second material have a refractive index different from the ?rst

material Will generate anisotropic light scattering due to the
size and shape dependence of light scattering. In the latter
case, When the refractive index difference betWeen tWo mate
rials at an interface along tWo directions in a plane perpen
dicular to the plane of incidence are not equal, the incident

the forWard direction, and have symmetrical scattering pro
?les in the horizontal and vertical directions.As a result, these

diffusers are typically designed to re?ect a signi?cant portion
of the incident light (all polarization states and all incident
angles), such that the light is recycled and scattered back into

20

perpendicular to the plane of incidence With the larger angular

a large range of angles (strongly diffusing symmetrical scat
tering pro?le) in order to obtain a more uniform spatial lumi
nance pro?le. A signi?cant amount of this light that is
re?ected back due to the design of the strong diffuser plate
104 Will be absorbed due to multiple bounces off of the

Width at half-maximum intensity. The minor diffusion axis is
25

When used With spatially non-uniform light sources. The non
30

scattering region may be a birefringent material. The spatial
luminance pro?le of incident light, such as that from spatially
non-uniform light sources, such as LCD backlights, becomes
more spatially uniform in an ef?cient method by the con

are used.

trolled anisotropic scattering that only scatters light in the

FIG. 2 shoWs an embodiment of this invention of a polar

ization-sensitive light homogenizer. The homogenizer is
designed to improve the spatial luminance uniformity and

the axis in the plane perpendicular to the plane of incidence
With the smaller angular Width at half-maximum intensity.
The regions Within the light homo genizer create an internal

cavity that increases the light homogenization through mul
tiple re?ections and provides uniform spatial luminance

“White” diffusely re?ecting cavity 101 Walls and multiple
passes through the slightly absorbing diffusing plate. Addi
tionally, depending on the light source used, a signi?cant
amount of light is absorbed Within the light source, itself.
Such is the case, for example, When ?uorescent light sources

light Will scatter anisotropically because of the strong effect
of the refractive index difference on scattering properties. The
major diffusion axis is referred to as the axis in the plane

35

desired directions that are needed.

The incident light is scattered from the dispersed ?rst

color uniformity While minimizing extraneous scatter and

domains 204 Within a matrix material 205. One or both of

resulting absorption, and increase optical e?iciency. The

these regions may be made of birefringent or trirefringent
materials, such that the refractive index of the ?rst domains

homogenizer includes a Non-Polarization-Dependent Aniso

tropic Light-scattering (NPDALS) region 201, a non-scatter
ing region 202, and a Polarization-Dependent Anisotropic

40 n dlx, n d1 y, and the refractive index of the matrix material nm 1x

Light-scattering (NPDALS) region 203. In some embodi
ments, the NPDALS region is optically coupled to the non
scattering region, Which is optically coupled to the NPDALS

nmlx|>0.005 and |ndly—nm1y|>0.005. Thus, in effect, there is
scattering forboth polarization states for light polarized in the

region. In one example, the NPDALS region can be substan

tially isotropic material disposed in a non-birefringent mate
rial. For example, a blend containing a dispersed phase of
linear loW-density polyethylene in an amorphous glycol
modi?ed polyethylene terephthalate (PETG) matrix that is
cast such that the dispersed phase shapes are stretched Will
anisotropically scatter light independent of polarization state
of the incident light. Another example includes polymethyl
methacrylate (PMMA) dispersed in a polycarbonate to create
a region that is substantially non-polarization dependant.
Glass or polymeric ?bers dispersed and aligned in a substan
tially amorphous material are also examples of NPDALS
regions. PDALS regions can be created through dispersed

and nml

x or y directions. This initial scattering is substantially polar
45

50

55

60

tive index difference in one direction is substantially different
than the refractive index difference in a second direction. One
of the refractive index differences may be su?iciently small

(A n<0.00l) such that light of a speci?c polarization state
does not substantially scatter. Examples include birefringent
dispersed domains in a non-birefringent matrix such as bire

fringent polymeric ?bers dispersed in an amorphous non

ization independent such that the light of the desired polar
ization state (that Would subsequently pass through the rear
polarizer of a liquid crystal display panel) is also made more

spatially uniform. Examples of birefringent regions include
PET (poly(ethylene terephthalate)) monoaxiallly stretched
such that ny:nz#nx. Examples of tri-refringent regions
include PET (poly(ethylene terephthalate)) uniaxially
stretched such that ny#nz#nx.
In some embodiments, the scattering is anisotropic, such
that the full Width at half maximum (FWHM) diffusion angles

blends of materials Wherein the refractive index difference in
one direction is different than the refractive index difference

in another region. Examples include those Where the refrac

in the x and y directions are such that Ind”

65

for un-polarized light are such that FWHMx#FWHMy. The
light may be anisotropically scattered, such that the Asym
metry Ratio (AR), de?ned as the ratio of the full-angular
Width at half maximum diffusion intensity in the major plane
(the plane With the larger FWHM) to the full-angular Width at
half maximum diffusion intensity in the minor diffusion
plane, is >2.As illustrated in FIG. 2, the major diffusion plane
Would be x-z plane and the minor diffusion plane Would be the
y-z plane; hoWever, it is understood that in another embodi
ment, these major and minor planes may be in the x-y and x-z
planes, respectively or along other directions at angles to the

edge of the light homogenizers. In some embodiments, the
AR is greater than 8. In particular embodiments, the asym

US 8,033,674 B1
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metry ratio is greater than 20. As illustrated here, the axis and
alignment are illustrated for the x and y directions, although it
is understood that other angles relative to a ?lm edge and
non-perpendicular axis may also be used. The light then
passes through a birefringent region 202, Which rotates the
polarization state by a quarter-Wave. This is typically referred

gence may be optimized for an even number of passes

depending on the level of diffusion and luminance uniformity
needed.
In the prior art illustrated in FIG. 1, the symmetric scatter

ing from the diffuser is very ine?icient. A symmetric diffuser
ine?iciently scatters light in all directions and thus the e?i

ciency of the system is reduced. The spatial luminance (or
color) uniformity is less optimally spread. In cases Where the

to as a quarter-Waveplate or material With a retardation of

lambda/ 4, Which is typically a retardation of about 138 nm for
visible light centered at the peak of 550 nm.
The light of both polarization states is incident on the

light sources are linear arrays, such as a linear array of ?uo

rescent lamps or linear or grid arrays of point light sources,
such as LED or scattering regions from a Waveguide back
light, the scattering is only needed in one or tWo directions,
typically orthogonally and not at angles such as 45 degrees to

anisotropic polarization-sensitive light-scattering region 203
comprising dispersed second domains 206 in a matrix mate
rial 207. The domains and matrix combinations are chosen

one of the arrays.

such that either of the folloWing conditions apply:

In the embodiment illustrated in FIG. 2, the non-polariza

tion-sensitive anisotropic light-scattering region Will e?i
ciently create a cavity Within the polarization-sensitive light
homogenizer such that a signi?cant amount of the light Will
20

For the case Where |nd2x—nm2x|<0.005 and |nd2y—

the x-z plane, and the spatial luminance or color uniformity is
increased in the x direction. In contrast to the prior art, thinner
and more-ef?cient scattering regions can be used since the

nmzyl >0.01, s-polarized light that is linearly polarized parallel
to the x axis Will pass through the region substantially un

scattered. However, light that is linearly polarized along the y
axis Will encounter the refractive index difference in the y
direction betWeen the dispersed second domains and the sec
ond matrix material and be re?ected, refracted or scattered. If

the difference in refractive index along the desired polariza
tion axis is suf?ciently large, then a large amount of light Will
be backscattered and most of the light of that polarization

scattering is only needed in one direction (or preferentially
25

more in one direction).

In a further embodiment of this invention, the non-polar

ization-sensitive anisotropic light-scattering region scatters
incident light in the forWard (+z) and backWard (—z) direc
tions. Thus, a portion of the light incident at an angle less than
30

state Will not pass through the ?lm.
In some embodiments the refractive index difference along

the scattering axis is greater than 0.1. In particular embodi
ments, the refractive index difference along the scattering
axis is greater the 0.3. In some embodiments, the anisotropic

undergo multiple scattering re?ections that are ef?cient, such
that the angular spread of light is preferential (anisotropic) in

90 degrees from the normal of the region is re?ected (—z
direction) and transmitted (+z direction). This creates a
re?ection region (cavity) so that the light re?ected from the
PDALS region can return e?iciently With a rotated polariza
tion state.

35

In a further embodiment of this invention, the anisotropic

polarization-dependent scattering region thickness is sub

light-scattering pro?le (and thus the domain alignment) of the

stantially small (less than 200 microns), such that the number
of multiple-domain scattering events is loW, but the amount of
backscattering is high due to the high refractive index differ
ence. In particular embodiments, the thickness is less than

PDALS region and the NPDALS region are at an angle, theta,
With respect to each other. In the embodiment of FIG. 2, the
40

domains are substantially parallel and aligned along the y
axis, and thus the major light-scattering planes are substan

100 microns.

tially parallel and parallel to the x-z plane. In a further

The polarized light that is anisotropically scattered back
Wards may have different backscattering pro?les. The light

planes of the PDALS and the NPDALS are substantially

may be anisotropically scattered such that the asymmetry
ratio (AR), de?ned as the ratio of the full-angular Width at half
maximum diffusion intensity in the x direction to the full
angular Width at half maximum diffusion intensity in the y
direction, is >2. In some embodiments, the AR is greater than

8. In particular embodiments, the asymmetry ratio is greater
than 20. The polarization state of the linearly polarized light

embodiment, the domains and resulting light-scattering
perpendicular, such that theta:90 degrees.
45

FIG. 3 illustrates a further embodiment of a polarization

sensitive light homogenizer including a light-collimating
region 301. The light-collimating region 301 serves to redi
rect a substantial portion of the incident light toWard the

normal to the substantially planar homogenizer, such that,
50

When vieWed from near the normal direction, the luminance is

that is scattered backWard Will be rotated due passing back

increased. The light collimating features may also provide

through the birefringent region. A portion of the light polar

light-recycling capabilities by totally internally re?ecting

ized in the y direction that is scattered back Will backscatter

light from near normal angles back into the NPDALS region,

(anisotropically) from the polarization independent anisotro
pic light-scattering region. A portion of the light Will back

Where it can be further scattered and contribute to increased
55

cavity that Will increase the spatial luminance. Since the
cavity is thin relative to the thickness of traditional direct-lit
backlight cavities and can be formed using high transmission
materials, feWer absorptive losses (such as those found on

enizer. Thus, by using multiple cavities, such as those
60

sensitive anisotropic light-scattering region. The birefrin

betWeen the PDALS and NPDALS and also each of these

regions and the light-collimating features, the multiple re?ec

other re?ective materials) occur. As a result, if the birefrin
gence is optimized for tWo passes, such as is the case When

using a quarter Wave birefringent material, the polarization
state of a signi?cant portion of light that is scattered back into
the birefringent material Will be linearly polarized in the x
direction and Will ef?ciently pass through the polarization

luminance uniformity. This light can be recycled through
re?ective scattering from other regions or surfaces in the light
homogenizer or backlight, such that the spatial or color lumi
nance uniformity is increased by using a thinner light homog

scatter several times betWeen these tWo regions, creating a

tions Will create multiple “modes” or overlapping ray bundles

that Will increase the spatial color and luminance uniformity
When the light exits the homogenizer. The light-collimating
65

features may be linear, in the form of a grid, random, semi
random or otherWise ordered or in the form of arrays capable

of being represented mathematically as repeated or varying
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structures, including angled, curved, regular, or irregular sur

the light through the NPDALS region. The NPDALS also

face features. Examples include a linear array of prisms, a

alloWs for a thinner thickness to be used for the non-polariZa

grid array of corner-cube features, microlens arrays, micro
lenslet arrays, cylindrical lens arrays, Fresnel lens arrays,
close-packed lens arrays, a prismatic lens array With random
prism height or pitch variation, concave microlens arrays,
convex microlens arrays, aspherical lens arrays, spherical

tion-sensitive scattering region, thus decreasing the total
thickness of the homogeniZer and reducing the costs of pro
duction. In addition to the improved optical e?iciency,
domain materials may be chosen such that the ?exural modu
lus of the region and thus the light homogeniZer is increased.
This alloWs for a thinner light homogeniZer because of the

lens arrays, brushed grooves, or other surface relief features

knoWn in the industry to refract, diffract, scatter or otherWise
alter the angle of incident light. In some embodiments, the

increased yields during assembly and handling of the homog

light collimating region is formed from surface protrusions

has a ?exural modulus of 3 GPa. In order to reduce the

from the light-scattering domains Within the PDALS region.
region are substantially aligned perpendicular to a linear

thickness of the diffuser plate, the diffuser plate must have a
higher effective ?exural modulus. In one embodiment of this
invention, the ?rst dispersed domains may be a material With

array of light-collimating features. The major scattering plane

a signi?cantly higher ?exural modulus, such that they

from the NPDALS region can be in a plane perpendicular or

increase the effective ?exural modulus of the homogeniZer.
For example, by using a PET matrix material With a 20%

eniZer. Typical diffuser plates are made from PMMA, Which

In a further embodiment, the domains of the NPDALS

parallel to the major axis of the dispersed domains 206
because the difference in refractive index along With the siZe
and shape of the domains determine the major and minor

planes. Thus, the major scattering plane of the NPDALS may

concentration of aligned dispersed domains of glass ?bers,
20

sensitive light homo geniZer Wherein the NPDALS region 501

be parallel to a linear array of light-collimating features. In
this case, a portion of the light from the NPDALS is scattered

includes ?rst dispersed domains 505 in a matrix material 504,
Wherein the domains 505 are substantially aligned in the x

Within the optically coupled regions, such that the angular
light distribution of the light incident on the collimating fea
tures is different than it Would be ifthe light passed through an

direction, such that the major plane of diffusion is in the y-Z
25

air gap before reaching the light collimating features. This is
because, With an air gap, total internal re?ections of light
scattered into large angles causes the light to re-enter the
30

dent light ?ux With “hot-lines” (as opposed to “hot spots”
When using point sources) parallel to the y axis. As a result,
the luminance uniformity needs to be homogenized along x
axis. As illustrated in FIG. 4, the NPDALS region Will pref
erentially scatter light more in the X-Z plane than the y-Z plane.
As a result, the forWard scattered light Will pass through the
birefringent region 202 and into the PDALS region 203; and
the component of the light polariZed perpendicular to the
domains 206 (y direction) Will pass through the PDALS
region 203 and into the light-collimating region 301 Where
the light traveling at large angles Will be directed back toWard
the direction normal to the backlight (Z direction). In this
con?guration, the refractive index difference betWeen the
second dispersed domains 206 and the matrix material 207 in
the y direction is greater than 0.01; and the refractive index

0.01 and the refractive index difference in the y direction is
less than 0.005. As a result, light polariZed in the x direction
35

40

features provide increased head-on luminance due to the
FIG. 6 illustrates a further embodiment of this invention
45

similar to that of FIG. 5, except that a linear grid array of

LEDs illuminates the NPDALS region. The grid array of light
sources effectively creates a grid-like pattern of light sources
and in this case requires scattering in the y-Z and X-Z planes to
50

provide suf?cient spatial luminance uniformity. In this
embodiment, the NPDALS region 501 anisotropically scat
ters a signi?cant portion of the incident light in the y-Z plane;
and the light polariZed in the x direction Will be re?ectively
scattered anisotropically With the major axis of scattering in

While light polariZed in the x direction Will substantially pass

the X-Z plane from the PDALS region 203. As a result, the
55

light that has passed through the NPDALS region 203 and
re?ects from the PDALS region 501 has scattered in both
planes. This is required because the light source in this

re?ected by a total internal re?ection or a Fresnel re?ection or

be redirected through refraction to angles, With a signi?cant
portion of the incident light directed closer to the light

example is a grid array and is thus non-uniform spatially (and

homogeniZer normal. A signi?cant portion of this redirected
60

it’s resulting incident ?ux is non-uniform) in the x and y
directions.

By using the NPDALS region 501 and the PDALS region
203, the light is ef?ciently scattered along the x and y axis
such Without employing an ine?icient symmetric scattering

axis, and the resulting “head-on” luminance of the backlight
Will be increased.

By adding a non-polariZation-sensitive anisotropic light
scattering region, in the embodiment illustrated in FIG. 4, the
light from the linear ?uorescent bulbs is ef?ciently scattered
at each pass through the NPDALS. This e?iciency is
increased more signi?cantly because of the multiple passes of

and the collimating features are substantially constant along
the y direction and provide refractive collimating re-direction
of light in the X-Z plane. By aligning the NPDALS scattering

angular distribution of the input light.

light polariZed in the y direction Will be re?ectively scattered,

light Will be directed toWard a smaller angle With respect to Z

Will be re?ectively scattered, While light polariZed in the y
direction Will substantially pass through the PDALS region
Without additional scattering. In this con?guration the major
scattering plane due to the NPDALS region is in the y-Z plane

plane perpendicular to the collimation plane, the collimating

difference in the x direction is less than 0.005. As a result,

through the PDALS region Without additional scattering. The
light that passes through the PDALS region Will either be

scattering in the X-Z plane than the y-Z plane. The refractive
index difference betWeen the second dispersed domains 506
and the matrix material 507 in the x direction is greater than

FIG. 4 illustrates an embodiment of this invention of a

backlight incorporating a polarization-sensitive light homog
eniZer using a linear array of ?uorescent light bulbs 402 and
re?ectors 403 in a re?ective housing 401. In this embodiment,
the linear array of bulbs creates a spatially non-uniform inci

plane With a minor diffusion plane in the X-Z plane. In this
embodiment, direct light from the ?uorescent bulbs 402 and
the light re?ected from the re?ector 403 and the housing 401
is incident on the NPDALS region 501 such that a there is less

scattering region and pass back through the region, Where it is
scattered again or absorbed.

the ?exural modulus can be greater than 4 GPa.
FIG. 5 illustrates a further embodiment of a polarization

65

region. Since the recycling of the unWanted polariZation
requires a re?ective (or backscattered) component, anisotro
pic polariZation-sensitive backscattering can be utiliZed to
provide the scattering in the X-Z plane (increasing the spatial
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luminance uniformity by increasing the incident light ?ux

achieved by one or more light sources or arrays of light
sources along one or more edges of the substrate.
FIG. 8 illustrates a further embodiment of this invention

uniformity in the x direction), While the NPDALS region

provides the anisotropic scattering along the y-Z plane (in
creasing the spatial luminance uniformity by increasing the
incident light ?ux uniformity in the y direction). This system
can provide the necessary and ef?cient light scattering for

similar to that illustrated in FIG. 7, except that the light
5

sources are tWo linear arrays of Light Emitting Diodes. The
LED’s may be a distribution of red, green and blue LEDs such

that the color (White point, color gamut) and luminance uni

providing increased luminance uniformity in a thin and e?i

cient light homogeniZer.

formity are achieved When used in combination With the

polarization-sensitive light homogeniZer. Alternatively, the

FIG. 7 illustrates an embodiment of a backlight including a

polarization-sensitive light homogeniZer and an edge-illumi

LED array could include one or more broadband LED’s, such

nated Waveguide. The light from the ?uorescent bulbs 402 is

as a White LED. The input surfaces of the Waveguide may also
include NPDALS or PDALS in order to scatter the light in the

coupled through the edge of a substantially transparent
Waveguide 701. On the bottom surface of the Waveguide,
light-scattering regions 702 are printed (or embossed or oth
erWise formed) on the surface such that a portion of the light
incident on the region Will be redirected through scattering,

x-y plane such that increased color uniformity can be
achieved When more than one color light source is used. In

another embodiment, refractive, diffractive, or other scatter
ing surface-relief structures may be incorporated on one or
more of the surfaces of the Waveguide to increase input cou

refraction, re?ection or diffraction into angles that Will not
satisfy the total internal re?ection (TIR) condition on the top

surface of the Waveguide. The regions are typically arranged
in a speci?c pattern With varying pitches and siZes in order to

20

pling, improve color or luminance uniformity, improve out
put coupling or redirect the light into desired angular range.
The LED’s may also have secondary optics to make the

improve the spatial luminance uniformity of the light coupled

output more collimated or to make the output in a desired

out of the Waveguide.
In this example, the NPDALS region may be designed to

angular range. In a further embodiment, side-emitting LED’ s

may be used Wherein the light is coupled into the Waveguide
from an edge or hole. The side-emitting LED’s may be used

substantially scatter more light in the +Z direction than the —Z

direction. In a further embodiment, the forWard scattering is

25

substantially symmetric about the +Z axis from the angular
range, phi:0 to 90 degrees, Wherein phi is the angle of the
FWHM of the diffusion intensity pro?le measured from the
+Z axis. Typically, the amount of diffusion required for the
NPDALS region Will be less than that required for the direct

in direct- or edge-lit designs. Additional re?ectors (specular
or diffuse) maybe be used in the housing or on different
surfaces of the Waveguide or external to the Waveguide to

reduce light loss and use multiple re?ections to improve
uniformity. In a further embodiment, a backlight includes a
30

polarization-sensitive light homogeniZer; the homogeniZer is

lit cold-cathode-?uorescent-lamp (CCFL) backlight in FIG. 5

illuminated from the sides (edge-lit) and from beloW (direct

due to a more uniform incident light ?ux. In general, the

lit) With more than one red, green, blue or White light source.
Light from the tWo illumination directions can provide dif

edge-lit backlight geometry alloWs for thinner backlights;
and the polarization-sensitive light homogeniZer ef?ciently
controls the scattering, collimation and recycling of the light
from the Waveguide. Tapered Waveguides and one, tWo, three,

ferent illumination colors and intensities; and light from the
35

or more ?uorescent lamps may be used.

In another embodiment of this invention, the light homo g
eniZer includes a substantially non-scattering substrate, a
PDALS region, and a NPDALS region Wherein light from
LED’s, ?uorescent lamps or other light emitting devices can
be directed through an edge of the substrate, and the NPDALS
region couples the light out of the Waveguide. In some
embodiments, the scattering of the NPDALS region is spa

tially varying. In particular embodiments, the scattering

40

light collimating region 301 and a light re-directing region
901. The light output from Waveguides is typically at steep
angle and often a bottom diffuser ?lm is used that contains
45

surface structure, similar to a microlens array, that re-directs

50

surface of the Waveguide. By using a light re-directing region
901 that is optically coupled to the NPDALS region 201, a
single ?lm can be used that combines the redirection, diffu

a PDALS region, and a NPDALS region that is suf?ciently
thick such that light from LED’s, ?uorescent lamps or other
light emitting devices can be directed through an edge of the
NPDALS region such that the domains scatter a portion of the

sion, re-cycling, and polarization recycling features in order
to achieve an ef?cient, high luminance, and uniform (color
55

through the remaining components of the light homo geniZer.

and luminance) light homogeniZer. The light redirecting
region 901 redirects a signi?cant portion of the output from
the Waveguide 701 into angles nearer the +Z axis. The light

In some embodiments, the refractive index in the x, y, or Z

direction of the non-scattering region betWeen the NPDALS
and the PDALS regions is suf?ciently loW to support total
internal re?ection conditions (a Waveguide) in the NPDALS
region. In particular embodiments, the refractive index of the

beads dispersed in a binder on a substrate to create a random

the light toWard the normal direction. In other con?gurations
such as the reverse-prism con?guration a prism ?lm is used
With the apexes of the linear array of prisms facing the output

can be achieved by one or more light sources or arrays of light
sources along one or more edges of the substrate. In a further

incident light into angles that escape the Waveguide and pass

matic variations of light output for each of the direct- or
edge-lit modes, or may be used in a color sequential mode,
?eld sequential mode, increased luminance or other mode.
FIG. 9 illustrates a further embodiment of a backlight using

a polarization-sensitive light homogeniZer 902 including a

increases from the edge to the center of the light homo geniZer
such that uniform coupling of the light out of the Waveguide

embodiment of this invention, the light homogeniZer includes

sources may be simultaneous or sequential, may provide

increased color gamut, may provide spatial angular or chro

collimating region 301 serves to redirect a substantial portion
60

of the incident light from higher angles toWard the direction
normal to the substantially planar homogeniZer such that
When vieWed from near the normal direction, the luminance is

non-scattering region in the x direction is 1.4 or more prefer

increased. The light re-directing features 901 may be linear, in

ably less than 1 .3. In another embodiment the scattering of the
NPDALS region varies Within the volume. In additional
embodiments, the scattering increases in the x direction from
the edge to the center of the light homogeniZer such that
uniform coupling of the light out of the Waveguide can be

the form of a grid, random, semi-random or otherWise
65

ordered or in the form of arrays capable of being represented
mathematically of a repeated or varying structures, including
angled, curved, regular, or irregular surface features.
Examples include a linear array of prisms, a grid array of
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corner-cube features, microlens arrays, microlenslet arrays,
cylindrical lens arrays, Fresnel lens arrays, close-packed lens

tion modi?cation may be designed to occur in the NPDALS

arrays, prismatic lens array With random prism height or pitch

1102.

region 201, the PDALS region 203, or the Waveguide region

variation, concave microlens arrays, convex microlens

In one embodiment, the substantially non- scattering region

arrays, aspherical lens arrays, spherical lens arrays, brushed

1102 has a polarization retardation, (I, wherein o>0. In a

grooves, or other surface-relief features knoWn in the industry
to refract, diffract, scatter or otherWise redirect a portion of
incident light to a neW angle. In the example of the embodi

further embodiment, the substantially non-scattering region

ment of a backlight shoWn in FIG. 9, the polarization-sensi
tive light homogenizer 902 is used With an edge-lit LED array
801 and a Waveguide 701 With light-scattering regions 702. In
a further embodiment, the light re-directing region is a sur

at 550 nm) for s-polarized light. In another embodiment, the
substantially non-scattering region 1102 has a polarization

1102 has a substantially quarter Wave polarization rotation
such that 0:1 37.5 nm (quarter-Wave for visible light centered

retardation such that l00<o<l75. In a further embodiment,

the substantially non-scattering region 1102 has a polariza

face pro?le formed from surface protrusions caused by the
domains in the NPDALS region.

tion retardation such that 50<o<3 00. In another embodiment,

FIG. 10 illustrates a further embodiment of a backlight

full-Wave polarization retardation such that 525<o<575.
In one embodiment, the substantially PDALS region 203

the substantially non-scattering region 1102 has effectively a

using a polarization-sensitive light homogenizer 902 includ
ing a light-collimating region 301 and a light re-directing

has a polarization retardation, (I, wherein o>0. In a further

embodiment, the PDALS region 203 has a substantially quar

region 901. In this embodiment one or more of the regions are

separated by an air gap. As shoWn, the light-collimating
region 301 is separated from the PDALS region by an air gap
and the NPDALS region is separated from the Waveguide 701
by an air gap. In this embodiment, the pro?le of light (angular
intensity pattern) re?ecting or transmitting from the PDALS

20

and the NPDALS Will be different due to the total internal
re?ections encountered at the matrix-air interfaces. Other
regions including one or more of the light-collimating region,

25

Wave for visible light centered at 550 nm) for s-polarized
light. In another embodiment, the PDALS region 203 has a

PDALS region 203 has effectively a full-Wave polarization
In one embodiment, the substantially NPDALS region 201
has a polarization retardation, (I, wherein o>0. In a further
30

(quarter-Wave for visible light centered at 550 nm) for s-po
larized light. In another embodiment, the NPDALS region

using a polarization-sensitive light homogenizer, Wherein the
substantially non-scattering region 1102 betWeen the

201 has a polarization retardation such that l00<o<l75. In a

NPDALS region 201 and the PDALS region 203 forms a

cavity through Which light scattered back and forth from the
NPDALS region 201 and PDALS region 203 passes. In this
embodiment, the light from the LED array 801 can be
40

behaves as a Waveguide. In one embodiment, the non-scatter

ing region 1102 functions as a Waveguide cavity for the sub
stantially non-scattered incident light from the LED array
801. In another embodiment, the non-scattering region 1102
functions as a Waveguide cavity for scattered light betWeen
the NPDALS region 201 and the PDALS region 203. In a

embodiment, the NPDALS region 201 has a substantially
quarter Wave polarization rotation such that o:l37.5 nm

FIG. 11 illustrates a further embodiment of a backlight

directed into the non-scattering region 1102 formed betWeen
the tWo anisotropic light-scattering regions such that it

polarization retardation such that l00<o<l75. In a further
embodiment, the PDALS region 203 has a polarization retar
dation such that 50<o<300. In another embodiment, the

retardation such that 525<o<575.

PDALS region, birefringent region, NPDALS region, or
light-redirecting region may be separated from a neighboring
region by an air gap.

ter Wave polarization rotation such that (III 37.5 nm (quarter

further embodiment, the NPDALS region 201 has a polariza
tion retardation such that 50<o<3 00. In another embodiment,
the NPDALS region 201 has effectively a full-Wave polariza
tion retardation such that 525<o<575.
A re?ective ?lm 1101 may be used beneath the NPDALS
region to re-direct light traveling in the —z direction to the +z
direction. The orientation of the major and minor diffusion
axes in one or more of the NPDALS or PDALS regions may

45

be orthogonal, parallel, or at an angle With respect to each
other or an edge of the light homo genizer. In a further embodi
ment, light is coupled into the edge of at least one of the

light-collimating region, a light re-directing region,

further embodiment, the substantially non-scattering region

NPDALS, PDALS or non-scattering region.

1102 functions as a Waveguide cavity for the substantially
non-scattered light from the LED array 801 and the scattered

It is knoWn that backWards re?ections from domains can be
reduced by using a core-shell geometry for a domain. This

light from the NPDALS region 201 and the PDALS region
203. This substantially non-scattering region 1102 may be
birefringent or substantially non-birefringent. In cases Where
it is desirable to modify (rotate or de-polarize) the polariza
tion state of light so that it may e?iciently pass through the
PDALS region 203, the modi?cation may be achieved Within
the PDALS region 203, the NPDALS region 201 or in the
substantially non- scattering region 1 1 02. In one embodiment,
the PDALS region 203 and NPDALS region 201 are designed

for optimum scattering ef?ciency and the substantially non
scattering region 1102 modi?es the polarization state (as in

50

Details and methods for obtaining the desired core-shell
properties and materials are disclosed in US Patent Applica

tion Publication Number 2004/0263965, incorporated in its
55

(and thus forWard) scattering properties including e?iciency
for one or more polarization states. For example, one may use
60

a birefringent domain and a coating of a material of a pre

scribed thickness and substantially isotropic refractive index
that matches one of the refractive indexes of the domain in the
x, y, or z direction. This domain and coating (or shell-like
material) may be dispersed in a matrix material that is non

light output of light of the desired polarization state. Thus, the
PDALS region 203 or the NDPDALS region 201 can provide

entirety herein as a reference. HoWever, by using a domain of
a material that is anisotropic (a material such that physical
properties vary along tWo or more directions), such as a
domain of birefringent PET one can control the backwards

the case of a birefringent region). In another embodiment, the
PDALS region 203 or the NDPDALS region 201 provide the
modi?cation of the polarization state that provides increased

optimum scattering e?iciency as Well as controlled polariza
tion modi?cation to increase the light output. The polariza

geometry also affects the forward-scattering light pro?le.

65

birefringent, birefringent, tri-refringent, isotropic, or aniso
tropic in order to achieve ef?cient polarization-sensitive for
Ward or backWard scattering anisotropic properties.
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Methods of manufacturing the NPDALS or PDALS region
include blending, extruding, and stretching a blend of differ

In some embodiments, a polarization-sensitive light

homogenizer includes a polarization-dependant light-scatter
ing region containing domains that are coated With a refrac
tive index such that the thickness and refractive index of the
coating along With the domain and matrix creates a destruc

ent materials as disclosed in Us. Pat. Nos. 5,825,543 and

5,751,388 and published US Patent Application 2006/
0056166, Wherein the full contents of each are incorporated

herein by reference.
In some embodiments, the polarization-sensitive light

tively interfering backwards re?ection that improves the for
Ward-transmission properties of light polarized in at least one
polarization state. In one embodiment, birefringent stretched

homogenizer is used With a light source that emits substan
tially more light in a ?rst polarization state than in a second

?bers are coated With a speci?c refractive index and thickness

coating that reduces the re?ection in one polarization state
such that the transmission of light of that state is increased
over that knoWn in the prior art. The refractive index and
thickness canbe chosen to optimize the forWard scattering for

polarization state. In some embodiments, the polarization

one polarization state, optimize the backWards scattering for

that e?iciently couples light into the homogenizer and

one polarization state, or to achieve other designed scattering
distributions. In one embodiment, the thickness of the skin

color uniformity from one or more light sources While pref

sensitive light homogenizer is used With a polarized light
emitting diode.
One embodiment of this invention is a light homogenizer

increases the spatial luminance uniformity and/ or the spatial

layer satis?es the folloWing requirement:

erentially transmitting light of one or more polarization states
and increasing the luminance in a pre-determined direction.
20

One embodiment of this invention includes the use of a light
homogenizer Within a backlight and its use illuminating a
spatial light modulator (SLM) such as an LCD. This invention
also includes the method of manufacture of a polarization

sensitive light homogenizer. One embodiment of this inven
Where T,C is the thickness of the coating in the x direction in

microns, R,C is the average thickness (or radius) of the domain

25

in the x direction in microns, n is an integer not less than 0, and
11) is the Wavelength of interest (e.g., 380 nm to 780 nm, or,
more particularly, 400 nm to 700 nm). In some embodiments,

transmitting light of another polarization state and second
dispersed domains in a second matrix that scatter light sub

stantially Without regard to its polarization state. For
example, the ?rst domains may be substantially isotropic

the thickness of the coating is approximately lamda/4, and the
refractive index of the coatings is such that one of the folloW

tion includes ?rst dispersed domains Within a ?rst matrix that
can preferentially re?ect light of one polarization state While

30

ing conditions applies:

glass ?bers dispersed in a ?rst matrix of birefringent PET.
Other examples include those discussed in Us. Pat. No.
5,825,543. The second dispersed domains may be cross

"will ndxnmzv

linked PMMA micro spheres Within a second matrix of amor

"07V ndynmy

phous PETG. The second dispersed domains may scatter light
isotropically or anisotropically.

35

The ?rst and second domains may be Within the same
regions and one or more may be co-continuous With respect to

each other. The ?rst, second, or both of the dispersed domains

In the above equations, ncx, ncx, ncZ, ndx, ndy, ndZ, and nm, nmy,
nm are the refractive indexes in of the coating, domains, and
matrix materials in the x, y, and z directions, respectively. In

may contribute to light collimation by causing protrusions
40

some embodiments, the Wavelengths are centered in the vis
ible range and the thickness is approximately 138 nanom

embossing, ablation, or embossing using UV curing lacquers.

eters.

Materials other than coatings may be used to achieve a
core-shell morphology for directing more or less light for

45

bulbs or arrays of LED’s or lightguides incorporating total

internal re?ections. The light homogenizer is disposed to
receive light from one or more of the light sources and trans

rials miscible or immiscible With the matrix material. In some

50

embodiments, the shell material increases the dispersion of
the domains Within the matrix during production While pro
viding a destructive interference (anti-re?ection) effect. In
another embodiment, the coating or shell material is birefrin
gent and the domain is substantially non-birefringent. In

55

mit light to the SLM.
The light homogenizer can be made by extrusion processes
such as calendaring or casting and may include processes
such as stretching in the machine direction (the direction of
movement of the ?lm in a Web process), stretching in the
transverse direction (the direction across the Web that is per

pendicular to the machine direction), embossing, curing,
exposing to speci?c electromagnetic radiation, and annealing

another embodiment, at least one of the matrix, shell or

in order to achieve the desired optical properties. An ef?cient

light homogenizer can be made by controlling the shape,
60

refractive index of the dispersed and continuous phases and

by selecting the thermal, mechanical, and optical properties
of the materials and components. This can e?iciently control

the forWard and backWard scattering and polarization-sensi

tive scattering. The angular acceptance of light and angular

region Wherein at least one of the domains from one of the

regions has a core-shell relationship such that the forWard,

The light homogenizer can be used With ?uorescent light
sources, such as a linear array of cold-cathode ?uorescent

Ward, backWards, or into the major or minor diffusion planes.
Particular approaches include adding to the matrix material a
third encapsulating phase, a block copolymer, or other mate

domain materials is birefringent. Other materials, such as
block co-polymers may be used to create refractive index
gradients betWeen tWo of the phases of the material. This
could create GRIN (graded refractive index) structures With
reduced backscatter.
In some embodiments, a polarization-sensitive light
homogenizer includes a NPDALS region and a PDALS

Within the surface under certain processing conditions. Regu
lar, random, or semi-random light collimating features may
be created on the surface using embossing, stretching or other
techniques knoWn to give surface relief, such as thermal
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redirection of light Will increase the luminance in a desired

backWard, maj or-diffusion-plane, and minor-diffusion-plane

direction, and controlled anisotropic scattering for increased

scattering is improved for at least one polarization state.

system e?iciency can be achieved.
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In another embodiment of this invention, the orientation in

In a further embodiment, the light homogeniZer is su?i
ciently thick to provide support and suf?cient diffusion prop
erties such as to replace the diffuser plate often used in LCD
backlights, signs or other displays or illumination devices. In
a further embodiment of this invention, a region of the light

the transverse direction, machine direction orboth causes one
or more of the dispersed domains to cause surface protru

sions. These protrusions can increase at least one of the light

collimation properties, the light re-direction properties, the

homogeniZer provides a light guide that suf?ciently alloWs

luminance uniformity, or the color uniformity. In one

for the light to spread laterally in the x and or y directions
While increasing the luminance and/ or color uniformity and
increasing the luminance in a pre-determined direction.

embodiment, the viscosity of the dispersed-phase material is
signi?cantly higher than that of the encapsulating continuous
phase at the orientation temperature, such that the continuous

In one embodiment of this invention, one or more of the

phase material substantially ?oWs around the disperse

light-scattering regions in the light homogeniZer is manufac

domain. This can occur When the glass-transition temperature

tured by cast ?lm extrusion of a material containing a blend of
tWo or three immiscible materials such that When the ?lm is
stretched, the ?rst dispersed material has a refractive index

of the dispersed domain is higher than that of the glass
transition temperature of the continuous phase material and
When the orientation is step is performed at a temperature

higher than the glass-transition temperature of the continu
ous-phase material and loWer than the glass-transition tem
perature of the dispersed phase material.

that differs from that of the ?rst continuous-phase material by
more than 0.01 in the x direction and by less than 0.05 in the

y direction. The second dispersed phase material has a refrac
tive index that differs from that of the ?rst or second continu
ous-phase region by more than 0.01 in the x and y directions.
In another embodiment of this invention, one or more of the

In a further embodiment, the refractive index difference

betWeen the dispersed domains causing the protrusions and
20

the encapsulating continuous phase is less than 0.1 in at least

scattering regions of the light homogeniZer is manufactured

one of the x, y, or Z directions. In some embodiments, this

by cast ?lm extrusion of a material containing at least tWo

refractive difference is less than 0.005 in the x, y, and Z

layers, Wherein, after orientation or stretching, a ?rst layer

directions such that very little additional scattering is attrib
uted to the volume region of light homogeniZer due to the
interface betWeen these dispersed phases and the continuous

contains an immiscible blend of tWo materials such that a ?rst

dispersed-phase material has a refractive index that differs
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from that of the ?rst-layer continuous-phase material by more
than 0.01 in the x direction and by less than 0.1 in the y
direction. The second layer contains a second dispersed
phase material With a refractive index that differs from that of
the second continuous-phase material by more than 0.01 in at

phase. In one or more of the aforementioned embodiments,
the protrusions can be designed to contribute to at least one of

the properties of: increased luminance in a predetermined
30

least one of the x, y, and Z directions.

In a further embodiment of this invention, the light homo g
eniZer is manufactured via a process similar to one of the

aforementioned descriptions, With the additional creation of
surface relief features on the light-source side of the light
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homogeniZer, the SLM side of the light homogeniZer, orboth.
These features may aid in coupling light into the light homog
eniZer, collimating the light, increasing the luminance unifor
mity, increasing the color uniformity or a combination
thereof.
In a further embodiment of this invention, the light homo g

Without signi?cant discrimination to a particular polariZation
40 state.

In a further embodiment, the substantially non-scattering
region optically rotates a polariZation state of light and
includes birefringent or tri-refringent material disposed

betWeen the polariZation-sensitive scattering region and the
45

light source such that increased recycling e?iciency can be

achieved through designed optical rotation of the light, such
that more light is rotated by one half Wave through tWo passes
of the birefringent or tri-refringent material. In one embodi

and second dispersed-phase material, such that elongated ?rst
and second dispersed domains are created. In a subsequent
step, transverse-direction stretching is performed at a tem

iZation-sensitive anisotropic scattering. In a further embodi
ment of this invention, the ?rst dispersed domain preferen
tially scatters light of a pre-determined polariZation state in
the —Z direction and the processing conditions such as the
ones described above for creating protrusions cause gaseous
phase domains or voids that scatter light in the +Z direction

eniZer is manufactured via a process similar to one of the

aforementioned descriptions, Wherein the machine and trans
verse-direction orientations are performed at temperatures
above and beloW the glass-transition temperature of one or
more of the dispersed domains. In one embodiment, the ?lm
is cast; and the ?lm is stretched in the machine direction at a
temperature above the glass transition temperature of a ?rst

direction, increased spatial luminance uniformity, increased
spatial color uniformity, increased polariZation recycling e?i
ciency, increased ef?ciency due to polariZation-sensitive
anisotropic scattering, increased ef?ciency due to non-polar

ment, the optical-rotation region rotates 550 nm incident light
50

by approximately a quarter Wave in one pass. In one embodi

ment, the optical rotation region is created by the orientation

perature above the glass transition temperature of the second

process, as discussed in previous embodiments. In some

elongated dispersed domains and beloW the glass-transition
temperature of the ?rst elongated dispersed domains. By
choosing the materials such that the ?rst elongated dispersed

light.

embodiments, the rotation covers the visible spectrum of
55

domains have a refractive index that differs from that of the

In a further embodiment of this invention, a backlight With
increased luminance and reduced cost and ?lm count can be

encapsulating continuous phase by more than 0.01 in the x

achieved by using a NPDALS region in combination With a

and y directions, the ?rst elongated dispersed domains Will

multi-layer stack of alternating polymeric regions With a

anisotropically scatter light in the forWard direction. As a
result of the transverse-direction orientation of the second

60

elongated dispersed domains, plate-like dispersed domains

refractive index difference in the x direction of less than 0.1,
and a refractive index difference in the y direction greater than
0.01 at each layer interface. These re?ective polariZers can be

are created. By choosing the materials such that the plate-like

created through extrusion using feedblocks With large num

domains have a refractive index that differs from that of the
encapsulating continuous phase by than 0.01 in one of the x or
y directions and less than 0.005 in the other direction, the

bers of layers and multiplers, as described in Us. Pat. Nos.
5,486,949 and 5,825,542. By using more than one dispersed
domain in combination With the multi-layer stack of altemat

plate-like domains Will selectively backscatter light of a pre
determined polariZation orientation.
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ing polymeric regions and processing such that the multi
layer stack portion of the extruded ?lm layers increases the
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recycling ef?ciency and such that the dispersed domains in a
continuous phase anisotropically scatter the light, a more

in at least one of the x, y, or z direction is less than 0.1

(preferably less than 0.05, and more preferably less than
0.01). In another embodiment, the refractive index difference

e?icient light homogenizer is created. The scattering proper
ties (forward and backwards) and the surface features

of the material of the dispersed domain in at least one of the x,
y, or z directions is less than 0.1 (preferably less than 0.05, and

described in other embodiments of this invention as Well as
variations of the aforementioned patents included herein as

more preferably less than 0.01). The ?rst, second, or both
dispersed domains may also be substantially spherical or
ellipsoidal. Both or one of the dispersed phases can be
stretched in the machine direction to produce elongated

references may also be incorporated.
In a further embodiment of this invention, red, green and
blue LED’s are arranged spatially in an array in a backlight;

and the light homogenizer spatially distributes the colors
individually such that more-uniform color and luminance can
be achieved. Individual tri-color LED’s may also be used, and

domains in the machine direction that could be stretched to
produce less elongated domains in one or more directions.
One or more of the dispersed domains can enhance the anti

other colors representing different color gamuts may be
employed. In a further embodiment, the spatial color unifor

blocking features of the material by contributing to surface
roughness, protrusions, or reduced gloss levels.

mity is improved by designing the ?lm such that dispersed

In one embodiment of this invention, one or more of the

domain size is suf?ciently small to enable the shorter Wave

regions has an increased ?exural modulus in one direction
due to the contribution of the asymmetric domains. In one

length (blues, or blue-green) to further spread out. This is
advantageous due to the fact that feWer blue LED’s are typi
cally needed to make the required color spectrum. As a result,
the blue LED’s are often spaced further apart, thus they need
more diffusion to spread out the color over larger spatial

embodiment of this invention, the dispersed domains may
also be a material With a signi?cantly higher ?exural modu
20

lus, such that they increase the effective ?exural modulus of
the light homogenizer. By using a PET material With a 20%

ranges. In some embodiments, one or more of the dispersed

concentration of dispersed domains of glass ?bers, the ?ex

domains are greater than 0.5 um and less than 20 um in at least

ural modulus can be greater than 4 GPa. In one embodiment,

one of the x, y, and Z directions.

In one embodiment of this invention, a polarization-sensi

25

tive light homogenizer is a single element that provides
increased luminance and/or color uniformity as Well as
increased luminance in a pre-determined direction using a

simple manufacturing process that does not require lamina
tion or adhesives and can be manufactured and assembled
into an illumination device at a reduced cost. The increased

30

the refractive index difference betWeen the dispersed
domains and the matrix material provide anisotropic diffu
sion (polarization-sensitive or non-polarization-sensitive),
While also providing increased effective ?exural modulus. In
another embodiment, the light homogenizer includes more
than one region of dispersed domains, Wherein the ?rst region
isotropically or anisotropically scatters incident light, and the
refractive index of the second region of dispersed domains

luminance can be the result of light-collimating surface fea

substantially equals the refractive index of the matrix and the

tures, polarization re-cycling, or increased forWard scattering

dispersed domains are made of a material With a higher ?ex

and scattering ef?ciency by using anisotropic forWard-scat
tering dispersed domains. In one embodiment, the manufac
turing process is designed to increase the polarization recy
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ural modulus that substantially increases the effective ?exural
modulus.
One or more of the light-collimating, light-redirecting,

cling ef?ciency While simultaneously increasing the

NPDALS, PDALS, or substantially non-scattering regions

uniformity. In another embodiment, the polarization recy
cling ef?ciency and luminance uniformity of an optical ele

may be optically coupled or separated by an air gap from a
neighboring region or have surface relief features to prevent
Wet-out and/or to provide collimation.
In one embodiment of this invention, the scattering prop
erties of at least one of the NPDALS and PDALS regions vary

ment are increased in a ?rst step of the process, (stretching
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after casting for example); and in a second step, the properties
of one set of dispersed domains are “locked in” by reducing

spatially. Typically, the scattering regions are substantially

the viscosity of the dispersed domain (such as by decreasing
the temperature) or cross-linking the material (by heat, UV
radiation, etc.). In a later step of the embodiment, the material
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is further stretched such that a second set of dispersed
domains stretch in a direction orthogonal to the ?rst stretch

uniformity. HoWever, in the case Where the light source or

ing to achieve anisotropic scattering along an axis orthogonal
to the ?rst. In one embodiment, the ?rst domains anisotropi

cally scatter incident light depending on the polarization state
and the second domains scatter the light substantially inde
pendent of the polarization state of the incident light. By

spatially uniform in ?lms and in components used With back
lights and displays in order to increase the spatial luminance
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light sources vary spatially in intensity and Where the scatter
ing region is located in close proximity to the light source, the
“hot spot” or higher intensity region corresponding to a
region With larger incident ?ux illumination Will need a
higher degree of scattering than a region receiving a loWer
incident ?ux illumination. In a polarization light homog

combining the polarization scattering and the non-polariza

enizer With spatially varying scattering properties, typically

tion-sensitive scattering Within the same region, a reduced

measured by examining the spatial variance of the FWHM

thickness ?lm can be obtained.
Additives can be used Within one or more of the dispersed
or continuous phases. These can be additives such as those
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a higher incident ?ux relative to regions receiving a loWer
incident ?ux illumination. As a result, the larger ?ux incident
on the region With higher scattering properties Will scatter a

commonly used to increase surface conductivity or UV

absorption, provide anti-blocking, etc. The increased lumi
nance can be designed to be in the +z direction, at an angle
theta to the +z direction, or over a range of angles from the +z

diffusion pro?le, the scattering is higher in regions receiving

larger percentage of the ?ux to higher angles than the region
60

With less scattering. Typically in most systems Where even
minor light absorption does occur and Where light can be lost

direction (symmetric or non-symmetric about the axis). In

into steep angles and by Waveguiding at surfaces, the spatial

one embodiment, one or more of the dispersed domains con

luminance of incident light Will be decreased When the scat
tering is increased. In order for the system to have increased
spatial luminance uniformity, it is more desirable to have

tains birefringent materials. In another embodiment, the dis
persed domains contain birefringent or tri-refringent materi
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als such that the refractive index difference betWeen the

higher scattering in the regions receiving a higher incident

dispersed-phase material and the continuous-phase material

light ?ux and less or even no scattering in the regions receiv

