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& (57) Abstract: Various embodiments comprise light recycling films comprising an array of parallel ridges and grooves that form

WO 20

prisms that selectively reflect or transmit light. In some embodiments, the light recycling film may be used in displays that include
spatial light modulators comprising a plurality of pixels. The light recycling film can limit the field-of-view of the display and
enhance the luminance within that field-of-view. Various embodiments comprising multiple arrays of ridges and/or grooves can
enhance uniformity of illumination of the pixels in the spatial light modulator and reduce Moiré effects.
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DISPLAY SYSTEMS INCLUDING LIGHT ENHANCING STRUCTURES WITH
ARRAYS OF ELONGATE FEATURES

PRIORITY APPLICATION
[0001] This application claims priority to U.S. Provisional Patent
Application No. 60/759,086 entitled “Light Recycling Structures with Multiple Arrays
of Elongate Features” filed January 13, 2006, which is incorporated herein by
reference in its entirety.

FIELD OF THE INVENTION
[0002] This application relates generally to light enhancing structures such
as light enhancing films, and relates more specifically to light enhancing structures

comprising multiple arrays of elongate features such as grooves or ridgelines.

BACKGROUND

[0003] Light enhancing films comprising elongated micro-prisms can be
used to increase the light output into a limited field-of-view of a display; this increase
is in comparison with the light output into those angles of the display without the light
enhancing film. The enhancement is accomplished by redistributing light so that
more light is included in that particular field-of-view through a process referred to a
“recycling,” which is described more fully below.

[0004] The light enhancing films comprise an array of parallel ridges and
grooves that form the elongated micro-prisms. Such light enhancing films are
included in displays that additionally comprise a light source, a planar light guide
optically coupled to the light source, and a transmissive spatial light modulator that
receives light from the light guide. The spatial light modulator comprises an array of
selectively activated pixels that can be used to form an image or pattern (e.g., text).

- [0005] The light source may be disposed at an edge of the light guide to
couple light into the light guide. Light guided within the light guide may be extracted
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from a front planar surface of the light guide using an array of extractor elements, for
example, on a back planar surface of the light guide. The light enhancing film is
disposed between the front planar surface of the light guide and the spatial light
modulator such that the light enhancing film receives light from the front surface of
the light guide. The plurality of micro-prisms in the light enhancing film are
configured such that a portion of this light is transmitted through the light enhancing
film into a limited range of angles. Another portion of the light is reflected back into
the light guide. This reflected light may once again exit the light guide and may be
transmitted through the light enhancing film into the limited range of angles or be
reflected back by the light enhancing film once again. This process may be referred
to as light recycling. Similarly the light enhancing films may be referred to as light
recycling films, and the terms are used interchangeably herein. These terms are
used even though the light enhancing film or light recycling film is not solely
responsible for the recy_cling process or resultant enhancement. (For example,
other components are used to redirect that light back to the light recycling film to
enable the recycling process and produce the enhancement.) Advantageously,
through this light recycling process, the light recycling film increases the light
directed into the limited range of angles, increasing luminance for those directions,
and reduces the luminance in other directions.

[0006] One drawback of conventional light recycling films is that periodicity
introduced by the light recycling films contribute to the formation of Moiré fringes.
Moiré fringes result from the superposition of a plurality of periodic structures. In
this case, periodicity is introduced by the array of parallel ridges and grooves in the
light recycling film and the extractors used to couple the light out of the light guide.
Additionally, Moiré fringes can occur because of periodicity with the pixel in the
spatial light modulator.

[0007] What is needed, therefore, is a way to reduce or eliminate the
contributions to the Moiré effect.
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SUMMARY OF CERTAIN PREFERRED EMBODIMENTS
[0008] One embodiment of the invention comprises an optical member

comprising an array of total internal reflection structures, said optical member
comprising: an optically transmissive film having a surface; a first plurality of non-
intersecting elongate features formed in said surface; and a second plurality of non-
intersecting elongate features formed in said surface, said first plurality of non-
intersecting elongate features being oriented at an angle with respect to said second
plurality of non-intersecting elongate features that is less than 30°, wherein each of

- said non-intersecting elongate features in said first plurality extends across said
multiple non-intersecting elongate features in said second plurality thereby defining
said total internal reflection structures.'

[0009]  Another embodiment of the invention comprises an optical member
comprising an array of total internal reflection structures, said optical member
comprising: an optically transmissive material having a surface; a first plurality of
non-intersecting elongate features formed in said surface, said first plurality of non-
intersectihg elongate features oriented at an angle a; a second plurality of non-
intersecting elongate features formed in said surface, said second plurality of non-
intersecting elongate features oriented at an angle a’, said first plurality of non-
intersecting elongate features being oriented at an angle |a - a’| with respect to said
second plurality of non-intersecting elongate features, said angle la - a’| being less
than 30°; and a third plurality of non-intersecting elongate features formed in said
surface, said third plurality of non-intersecting elongate features oriented at an angle
¢, said second plurality of non-intersecting elongate features being oriented at an
angle |a’ - &| with respect to said third plurality of non-intersecting elongate features,
said angle |a” - §| being less than 30°, said first plurality of non-intersecting elongate
features being oriented at an angle |a - §| with respect to said third plurality of non-
intersecting elongate features, said angle |a - §| being less than 30°, wherein each of
said non-intersecting elongate features in said first plurality extends across said
non-intersecting elongate features in said second plurality and said non-intersecting
elongate features in said third plurality and each of said non-intersecting elongate
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features in said second plurality extends across said non-intersecting elongate
features in third plurality thereby defining said total internal reflection structures.

[0010] Another embodiment of the invention comprises an optical member
comprising an array of total internal reflection structures, said optical member
comprising: an optically transmissive material having a surface, said surface having
a surface normal; a first plurality of non-intersecting elongate features in said
surface; a second plurality of non-intersecting elongate features in said surface, said
first plurality of non-intersecting elongate features angled with respect to said
second plurality of non-intersecting elongate features; and a third plurality of non-
intersecting elongate features in said optically transmissive material, said second
plurality of non-intersecting elongate features being angled with respect to said first
plurality of non-intersecting elongate features and said third plurality of non-
intersecting elongate features, wherein each of said non-intersecting elongate
features in said first plurality extends across said non-intersecting elongate features
in said second plurality and said non-intersecting elongate features in said third
plurality and each of said non-intersecting elongate features in said second plurality
extends across said non-intersecting elongate features in third plurality thereby
defining said total internal reflection structures, said total internal reflection
structures being configured such that a first portion of light incident on said surface
is total internally reflected back from said surface and a second portion of said light
incident on said surface is transmitted through said surface, a substantial portion of
said second portion of light that is transmitted being refracted by said total internal
reflection structures into a limited to a range of angles, @,.

[0011]  Another embodiment of the invention comprises an optical member
comprising an array of total internal reflection structures, said optical member
comprising: an optically transmissive material having a surface; a first plurality of
non-intersecting elongate features in said surface; a second plurality of non-
intersecting elongate features in said surface, said first plurality of non-intersecting
elongate features being angled with respect to said second plurality of non-
intersecting elongate features; a third pluraliiy of non-intersecting elongate features

in said surface, said second plurality of non-intersecting elongate features being
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angled with respect to said first plurality of non-intersecting elongate features and
said third plurality of non-intersecting elongate features; and a fourth plurality of non-
intersecting elongate features in said surface, each of said third plurality of non-
intersecting elongate features being angled with respect to said first plurality of non-
intersecting elongate features, said second plurality of non-intersecting elongate
features, and said third plurality of non-intersecting elongate features, wherein each
of said non-intersecting elongate features in said first plurality extends across said
non-intersecting elongate features in said second, third, and fourth pluralities of non-
intersecting elongate features, each of said non-intersecting elongate features in
said second plurality extends across said non-intersecting elongate features in said
third, and fourth pluralities of non-intersecting elongate features, and each of said
non-intersecting elongate features in said third plurality extends across said non-
intersecting elongate features in said fourth plurality, thereby defining said total
internal reflection structures.

[0012]  Another embodiment of the invention comprises an optical member
comprising a plurality of total internal reflection structures, said optical member
comprising: an optically transmissive material having a surface; a first plurality of
non-intersecting elongate features in said surface, said first plurality of non-
intersecting elongate features oriented at an angle a; a second plurality of non-
intersecting elongate features in said surface, said second plurality of non-
intersecting elongate features oriented at an angle a’; and a third plurality of non-
intersecting elongate features in said surface, said third plurality of non-intersecting
elongate features oriented at an angle §, wherein each of said non-intersecting
elongate features in said first plurality extends across said non-intersecting elongate
features in said second and third pluralities of non-intersecting elongate features
and each of said non-intersecting elongate features in said second plurality extends
across said non-intersecting elongate features in said third pluralities of non-
intersecting elongate features thereby forming said plurality of total internal reflection
structures, and said first and second plurality of non-intersecting elongate features
are arranged non-symmetrically about said third plurality of non-intersecting
elongate features such that ja + a’| # I€]- '
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[0013] Another embodiment of the invention comprises a display
apparatus comprising: a light guide; a spatial light modulator comprising an array of
pixels, said. pixel array comprising a plurality of rows of pixels; and an optical
member comprising a substantially optically transmissive material having a surface,
a first plurality of non-intersecting elongate features in said surface, and a second
plurality of non-intersecting elongate features in said surface, said first plurality of
non-intersecting elongate features angled with respect to said second plurality of
non-intersecting elongate features, each of said non-intersecting elongate features
in said first plurality extending across said second plurality of non-intersecting
features thereby forming total internal reflection structures, wherein said first plurality
of non-intersecting elongate features and said second plurality of non-intersecting
elongate features are oriented at an angle with respect to said rows of pixels.

[0014]  Another embodiment of the invention comprises a display
apparatus comprising: a light guide; an array of extractors configured to extract light
from said light guide, said array of extractors comprising a plurality of rows of
extractors; and an optical member comprising a substantially optically transmissive
material having a surface, a first plurality of non-intersecting elongate features in
said surface, and a second plurality of non-intersecting elongate features in said
surface, said first plurality of non-intersecting elongate features angled with respect
to said second plurality of non-intersecting elongate features, each of said non-
intersecting elongate features in said first plurality extending across a said second
plurality of non-intersecting elongate features thereby forming total internal reflection
structures, wherein said non-intersecting elongate features in said first plurality and
said non-intersecting elongate features in said second plurality are oriented at an
angle with respect to said rows of extractors.

[0015]  Another embodiment of the invention comprises an optical
apparatus comprising: a first optical member comprising substantially optically
transmissive material having a first surface, a first plurality of non-intersecting
elongate features in said first surface, said first plurality of non-intersecting elongate
features defining a first plurality of total internal reflection structures; a second
optical member comprising substantially optically transmissive material having a
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second surface, said second member further comprising: a second plurality of non-
intersecting elongate features in said second surface; and a third plurality of non-
intersecting élongate features in said second surface, said second plurality of non-
intersecting elongate features being oriented at an angle with respect to said third
plurality of non-intersecting elongate features, each of said non-intersecting
elongate features in said second plurality extending across said third plurality of
non-intersecting elongate features thereby forming a second plurality of total internal
reflection structures, wherein said first optical member is oriented with respect to
said second optical member such that said first plurality of non-intersecting elongate
features is at an angle with respect to said second plurality of non-intersecting
elongate features and at an angle with respect to said third plurality of non-
intersecting elongate features.

[0016] Another embodiment of the invention comprises an optical
apparatus comprising: a light emitter; a light guide; a first optical member comprising
a substantially optically transmissive material having a first surface, said first
member further comprising: a first plurality of non-intersectihg elongate features in
said first surface; and a second plurality of non-intersecting elongate features in said
first surface, said second plurality of non-intersecting elongate features being
oriented at an angle with respect to said first plurality of non-intersecting elongate
features, each of said non-intersecting elongate features in said first plurality
extending across said second plurality of non-intersecting elongate features thereby
forming a plurality of total internal reflection structures, wherein said optical member
is disposed in an optical path between said light emitter and said light guide.

[0017]  Another embodiment of the invention comprises an optical member
comprising an array of total internal reflection structures, said optical member
comprising: a substantially optically transmissive film having a surface: a first
plurality of non-intersecting elongate features in said surface; and a second plurality
of non-intersecting elongate features in said surface, said first plurality of non-
intersecting elongate features angled with respect to said second plurality of non-
intersecting elongate features, wherein each of said non-intersecting elongate
features in said first plurality extends across said non-intersecting elongate features
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in said second plurality of non-intersecting elongate features thereby forming said
total internal reflection structures, and wherein at least a portion of said second
plurality of non-intersecting elongate features has a height or depth that is smaller
than the height or depth of at least a portion of said first plurality of non-intersecting
elongate features but that is greater than 50% of the height or depth of said portion
of said first plurality of non-intersecting elongate features.

[0018]  Another embodiment of the invention comprises an optical member
comprising an array of total internal reflection structures, said optical member
comprising: a substantially optically transmissive film having a surface; a first
plurality of non-intersecting elongate features in said surface; and a second plurality
of non-intersecting elongate features in said surface, said first plurality of non-
intersecting elongate features angled with respect to said second plurality of non-
intersecting elongate features, wherein each of said non-intersecting elongate
features in said first plurality extends across said non-intersecting elongate features
in said second plurality of non-intersecting elongate features thereby forming said
total internal reflection structures, and wherein the height or depth of at least some
non-intersecting elongate features in said first plurality are unequal, and the height
or depth of at least some non-intersecting elongate features in said second plurality
are unequal.

[0019]  Another embodiment of the invention comprises an optical member
comprising an array of total internal reflection structures, said optical member
comprising: a substantially optically transmissive film having a surface: a first
plurality of non-intersecting elongate features in said surface; and a second plurality
of non-intersecting elongate features in said surface, said first piurality of non-
intersecting elongate features angled with respect to said second plurality of non-
intersecting elongate features, wherein each of said non-intersecting elongate
features in said first plurality extends across said non-intersecting elongate features
in said second plurality of non-intersecting elongate features thereby forming said
total internal reflection structures, wherein at least a portion of said ffrst plurality of
non-intersecting elongate features and at least a portion of said second plurality of
non-intersecting elongate features have unequal pitches, and wherein said portion
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of first plurality of non-intersecting elongate features and said portion of said second
plurality of non-intersecting elongate features have heights or depths that are the
same, or the height or depth of the smaller non-intersecting elongate features are at
least 50% the height or depth of the larger non-intersecting elongate features.
[0020] Another embodiment of the invention comprises an optical member
comprising an array of total internal reflection structures, said optical member
comprising: a substantially optically transmissive film having a surface; a first
plurality of non-intersecting elongate features in said surface; and a second plurality
of non-intersecting elongate features in said surface, said first plurality of non-
intersecting elongate features angled with respect to said second plurality of non-
intersecting elongate features, wherein each of said non-intersecting elongate
features in said first plurality extends across said non-intersecting elongate features
in said second plurality of non-intersecting elongate features thereby forming said
total internal reflection structures, and wherein the pitch of at least some non-
intersecting elongate features in said first plurality are unequal, and the pitch of at

least some non-intersecting elongate features in said second plurality are unequal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] Example embodiments of the light recycling structures such as
films disclosed herein are illustrated in the accompanying drawings, which are for
illustrative purposes only.

[0022] Figure 1 is a cross-sectional view schematically illustrating
selected components of an example display that includes a light recycling film.

[0023] Figure 2A is a top surface view (parallel to the xy plane) of an
example embodiment of a light recycling film comprising a plurality of total internal
reflection structures.

[0024] Figure 2B is a cross-sectional view (parallel to yz plane) of the light
recycling film of Figure 2A.

[0025] Figure 2C is a plot of the intensity of the light transmitted by the
light recycling film of Figure 2A.
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[0026] Figure 3Ais a top surface view (parallel to xy plane) of a modified
light recycling film comprising an array of parallel ridges and grooves that are rotated
with respect to the x axis by an angle a.

[0027] Figure 3B is a top surface view (parallel to xy plane) of a modified
light recycling film having an array of parallel ridges and grooves that are rotated
with respect to the x axis by an angle a’.

[0028] Figure 3C is a top surface view (parallel to Xy plane) of a
composite light recycling film formed by combining the pattern of parallel grooves
rotated by an angle a (Figure 3A) with the pattern of parallel grooves rotated by an
angle a’ (Figure 3B) to form a plurality of pyramid-shaped total internal reflection
structures.

[0029]  Figure 3D is a contour plot illustrating the surface profile of the
composite light recycling film illustrated in Figure 3C.

[0030] Figure 3E is a plot of the intensity of the light transmitted by the
composite light recycling film of Figure 3C.

[0031] Figure 3F is a plot of the gain as a function of the half angle 3(a —
a’) for the composite light recycling film of Figure 3C.

[0032] Figure 3G is a top surface view (parallel to xy plane) of a modified
light recycling film having alternating deep grooves and shallow grooves that are
rotated with respect to the x axis by an angle a".

[0033] Figure 3H is a cross-sectional view (parallel to ¥z plane) of the
modified light recycling film of Figure 3G.

[0034] Figure 3l is a perspective view of a modified light recycling film of
Figure 3G.

[0035] Figure 3J is a top surface view (parallel to xy plane) of a modified
light recycling film having alternating deep and shaliow grooves that are rotated with
respect to the x axis by an angle a.

[0036] Figure 3K is 3 cross-sectional view (parallel to yz plane) of the
modified light recycling film of Figure 3J.
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[0037]  Figure 3L is a perspective view of a modified light recycling film of
Figure 3J.

[0038] Figure 3M is a top surface view (parallel to xy plane) of a
composite light recycling film formed by combining the set of parallel grooves having
alternating depths and rotated by an angle a (Figure 3J) with the set of grooves
having alternating depths and rotated by an angle a’ (Figure 3G).

[0039] Figure 3N is a perspective view of the composite light recycling film
of Figure 3M.

[0040] Figure 30 is a perspective view of a composite light recycling film
formed by combining a pattern of parallel cylindrical elongate features (e.qg.,
cylindrical grooves) rotated by an angle o with a pattern of parallel cylindrical
elongate features rotated by an angle a".

[0041] Figure 3P is a plot of the intensity of the light transmitted by the
composite light recycling film of Figure 30.

[0042] Figure 3Qis a histogram of luminous intensity for the intensity plot
of Figure 3P.

[0043] Figure 3R is a perspective view of the composite light recycling film
of Figure 3C comprising a plurality of pyramid-shaped prism structures and referred
to herein as an upright (or “everted”) configuration.

[0044] Figure 3S is a perspective view of an inverted composite light
recycling film comprising a set of parallel ridges rotated by an angle a and a set of
parallel ridges rotated by an angle o' that form inverted pyramid-shaped structures.

[0045] Figure 3T is a plot of the gain of an example light recycling film as
a function of the shape of elongate features that comprise the light recycling film, as
defined by a base angle v.

[0046] Figure 3U is a plot of the gain of an example light recycling film as
a function of film thickness t.

[0047] Figure 3V schematically illustrates an example composite light
recycling film formed by combining a first array of parallel grooves that have a pitch
of 31 um and that are inclined by an angle +5° with a second array of parallel

grooves that have a pitch of 41 pm and that are inclined by an angle —5°.
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[0048] Figure 3W schematically illustrates a micro-prism having planar
faces that intersect to form peak that is a line rather than a point.

[0049] Figures 3X, 3Y, and 3Z schematically illustrates a composite light
recycling films having pitches that vary.

[0050] Figure 4A is a top surface view (paraliel to xy plane) of a modified
light recycling film having an array of parallel ridges and grooves that are rotated
with respect to the x axis by an angle a.

[0051] Figure 4B is a top surface view (parallel to xy plane) of a modified
light recycling film having an array of parallel ridges and grooves that are rotated
' with respect to the x axis by an angle a".

[0052] Figure 4C is a top surface view (parallel to xy plane) of an example
embodiment of a light recycling film having ridges and grooves parallel to the x-axis.

[0053] Figure 4D is a top surface view (parallel to xy plane) of a
composite light recycling film formed by combining the pattern of parallel grooves
rotated by an angle a (Figure 4A) with the pattern of parallel grooves rotated by an
angle a’ (Figure 4B) and the pattern of parallel grooves that is parallel to the x axis
(Figure 4C).

[0054] Figure 4E is a contour plot illustrating the surface profile of the
composite Iight recycling film illustrated in Figure 4D.

[0055] Figure 4F is a plot of the intensity of the light transmitted by the
composite light recycling film of Figure 4D.

‘ [0056] Figure 4G is a plot of the gain as a function of the haif angle 3(a —
a’) for the composite light recycling films of Figures 3C and 4D.

[0057] Figure 4H is a histogram of luminous intensity for the intensity plot
of Figure 4F.

[0058] Figure 4l is a perspective view of the composite light recycling film
of Figure 4D, which has an upright (“everted”) configuration comprising a plurality of
parallel grooves that form upright total internal reflection structures.

[0059] Figure 4J is a perspective view of an inverted composite light
recycling film formed by combining a pattern of parallel ridges rotated by an angle a

12-
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with a pattern of parallel ridges rotated by an angle a’and a pattern of parallel ridges
that is paraliel to the x axis.

[0060] Figure 4K schematically illustrates a composite light recycling films
comprising a plurality of sets of parallel elongate features that do not intersect each
other at a single common point.

[0061] Figure 5A is a top surface view (parallel to xy plane) of a modified
light recycling film having an array of parallel ridges and grooves that are angled
with respect to the x axis by an angle a.

[0062] Figure 5B is a top surface view (parallel to xy plane) of a modified
light recycling film having an array of parallel ridges and grooves that are angled
with respect to the x axis by an angle o

[0063] Figure 5C is a top surface view (parallel to xy plane) of a modified
light recycling film having an array of parallel ridges and grooves that are angled
with respect to the x axis by an angle &.

[0064] Figure 5D is a top surface view (parallel to xy plane) of a
composite light recycling film formed by combining the pattern of parallel grooves
rotated by an angle a (Figure 5A) with the pattern of parallel grooves rotated by an
angle a’ (Figure 5B) and the pattern of parallel grooves rotated by an angle &
(Figure 5C).

[0065] Figure 6A is a top surface view (parallel to xy plane) of a modified
light recycling film having an array of paralle! ridges and grooves that are angled
with respect to the x axis by an angle a.

[0066] Figure 6B is a top surface view (parallel to xy plane) of a modified
light recycling film having an array of parallel ridges and grooves that are angled
with respect to the x axis by an angle a’.

[0067] Figure 6C is a top surface view (parallel to Xy plane) of a modified
light recycling film having an array of parallel ridges and grooves that are angled
with respect to the x axis by an angle €.

[0068] Figure 6D is a top surface view (parallel to Xy plane) of a modified
light recycling film. having an array of parallel ridges and grooves that are angled
with respect to the x axis by an angle €.
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[0069] Figure 6E is a top surface view (parallel to xy plane) of a
composite light recycling film formed by combining the pattern of parallel ridges and
grooves rotated by an angle o (Figure 6A) with the pattern of parallel grooves
rotated by an angle a' (Figure 6B), the pattern of parallel grooves rotated by an
angle ¢ (Figure 6C), and the pattern of paraliel grooves rotated by an angle &'
(Figure 6D).

[0070] Figure 6F is a plot of the intensity of the light transmitted by the
composite light recycling film of Figure 6E.

[0071] Figure 7A is a plot of the gain as a function of the relative depth Az
of the grooves parallel to the x axis as compared to grooves rotated by the angle «
and the grooves rotated by the angle a’.

[0072] Figure 7B is a top surface view (parailel to xy plane) of a
composite light recycling film formed by combining the pattern of parallel grooves
rotated by an angle a with the pattern of parallel grooves rotated by an angle a'.

[0073] Figure 7C is a top surface view (parallel to xy plane) of a
composite light recycling film wherein a third set of grooves is added to the pattern
of Figure 7B; the third set of grooves are parallel to the x axis and have the same
depth as the grooves of Figure 7B, but are more closely spaced than the grooves of
Figure 7B.

[0074] Figure 7D is a top surface view (parallel to xy plane) of a
composite light recycling film corresponding to data point 7D in Figure 7A, wherein
the grooves parallel to the x axis are deeper than the grooves rotated by the angle o
and the grooves rotated by the angle a’.

[0075] Figure 7E is a top surface view (paralle! to xy plane) of a
composite light recycling film corresponding to data point 7E in Figure 7A, wherein
the grooves parallel to the x axis are deeper than the grooves rotated by the angle o
and the grooves rotated by the angle o',

[0076] Figure 7F is a top surface view (parallel to xy plane) of a light
recycling film wherein the grooves parallel to the x axis are cut sufficiently deep to
remove the grooves created by the grooves rotated by the angle a and the grooves
rotated by the angle o’
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[0077] Figure 8A is a cross-sectional view (parallel to yz plane) of a
portion of the composite light recycling film similar to that illustrated in Figure 4D,
including back ray traces of light propagated through the film.

[0078] Figure 8B is a cross-sectional view (parallel to yz plane) of a
portion of the composite light recycling film similar to that illustrated in Figure 4D,
including forward ray traces of light reflected by the film.

[0079] Figure 8C is a cross-sectional view (parallel to yz plane) of a
portion of the composite light recycling film similar to that illustrated in Figure 4D,
including back ray traces of light reflected by the film.

[0080] Figure 8D is a cross-sectional view (parallel to yz plane) of a
portion of the light recycling film of Figure 4D, including back ray traces of light
originating from a selected portion of a pixel of the spatial light modulator.

[0081] Figure 9A is a cross-sectional view (parallel to yz plane) of the
backiit display showing the back an traces of Figure 8D: the display includes (from
left to right) a planar reflector, a light guide, a diffuser, and a light recycling film.

[0082] Figure 9B is a top surface view (paraliel to xy plane) of an example
light recycling film, showing the relative dimensions of the pattern of parallel ridges
and grooves and a selected pixel of the spatial light modulator.

[0083] Figure 9C is a plot of the iluminance of the light projected onto the
rear surface of the light guide by the collimated light rays illustrated in Figure 9A.

[0084] Figure 9D is a plot of the illuminance of light projected onto the
rear surface of the light guide by the collimated light rays illustrated in Figure 9A
when a 3° diffuser is included in the backiit dispiay.

[0085] Figure 9E is a plot of the illuminance of light projected onto the
rear surface of the light guide by the collimated light rays illustrated in Figure 9A
when 10° diffuser is included in the backlit display.

[0086] Figure 10Ais an example array of extraction elements formed on a
rear surface of the light guide included in the display.

[0087] Figure 10B is a projection of the illuminated spatial regions of
Figure 9B onto the array of extraction elements of Figure 10A, wherein the

projection results in an under-illuminated pixel.
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[0088] Figure 10C is a projection of the illuminated spatial regions of
Figure 9B onto a translated array of extraction elements, wherein the projection
results in an over-illuminated pixel.

[0089] Figure 11A illustrates the projection of a selected pixel onto the
composite light recycling film of Figure 3C.

[0090] Figure 11B is a plot of the illuminance of light projected onto the
rear surface of the light guide when the collimated light rays such as illustrated in
Figure 9A are transmitted through the composite lighf recycling film of Figure 3C.

[0091] Figure 12A illustrates the projection of a selected pixel onto the
composite light recycling film of Figure 4D.

[0092]  Figure 12B is a plot of the illuminance of light projected onto the
rear surface of the light guide when the collimated light rays such as illustrated in
Figure 9A are transmitted through the composite light recycling film of Figure 4D.

[0093] Figure 12C illustrates the projection of a selected ' pixel onto a
composite light recycling film wherein the relative depth Az of the grooves parallel to
the x axis relative to the grooves rotated at an angle o and the groove rotated at an
angle a’ are +0.005.

[0094] Figure 12D is a plot of the intensity of light projected onto the rear
surface of the light guide when the collimated light rays such as illustrated in Figure
9A are transmitted through the composite light recycling film of Figure 12C.

[0095] Figure 13A illustrates the projection of a selected pixel onto two
crossed light recycling films like the light recycling film of Figure 2A.

[0096] Figure 13B is a plot of the intensity of light projected onto the rear
surface of the light guide when the collimated light rays such as illustrated in Figure
9A are transmitted through the crossed light recycling films of Figure 13A.

[0097] Figure 14A illustrates the projection of a selected pixel onto two
crossed light recycling films like the composite light recycling film of Figure 3C.

[0098] Figure 14B is a plot of the intensity of light projected onto the rear
surface of the light guide when the collimated light rays such as illustrated in Figure
9A are transmitted through the crossed light recycling films of Figure 14A.
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[0099] Figure 15A illustrates the projection of a selected pixel onto a two
crossed light recycling films like the composite light recycling film of Figure 4D.

[0100] Figure 15B is a plot of the intensity of light projected onto the rear
surface of the light guide when the collimated light rays such as illustrated in Figure
9A are transmitted through the crossed light recycling films of Figure 15A.

[0101]  Figure 15C iliustrates the projection of a selected pixel onto two
crossed light recycling films like the composite light recycling film of Figure 12C.

[0102] Figure 15D is a plot of the intensity of light projected onto the rear
surface of the light guide when the collimated light rays such as illustrated in Figure
9A are transmitted through the crossed light recycling films of Figure 15C.

[0103] Figure 16A illustrates the projection of a selected pixel onto two
crossed light recycling films like the composite light recycling film of Figure 4D,
wherein the pixel and the films are rotated with respect to each other.

[0104] Figure 16B is a plot of the intensity of light projected onto the rear
surface of the light guide when the collimated light rays such as illustrated in Figure
9A are transmitted through the crossed light recycling films of Figure 16A.

[0105] Figure 16C is a plot of the intensity of light projected onto the rear
surface of the light guide when the collimated light rays such as illustrated in Figure
9A are transmitted through a diffuser and the crossed light recycling films of Figure
16A.

[0106] Figure 17 is a schematic illustration of selected components of a
color backlit display that includes multiple light recycling films.

[0107] Figure 18 is a perspective view of selected components of a color
backlit display that includes a compound parabolic collector configured to couple
light from a light source into a light recycling film.

[0108] Figure 19A is a schematic illustration of the light recycling film of
Figure 2A positioned over the modified light recycling film of Figure 3A, which is
positioned over the modified light recycling film of Figure 3B.

[0109] Figure 19B is a plot of the intensity of the light transmitted by the
three sequentially-positioned light recycling films of Figure 19A.
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[0110] Figure 19C is a histogram of the luminous intensity for the spatial
intensity plot of Figure 19B.

[0111] Figure 20 is an exploded view of selected components of an
example embodiment of a lighting apparatus that includes a light emitter in a hollow
light box, a diffuser, and a light recycling film.

[0-1 12] Figure 21 is an exploded view of selected components of an
example embodiment of a lighting .apparatus comprising a plurality of light emitters
disposed about a light guide, a diffuser, and a light recycling film.

[0113] Figure 22A is a top surface view (parallel to the xy plane) of an
example embodiment of a light recycling film having a sinusoidal pattern.

[0114] Figure 22B is a cross-sectional view (parallel to yz plane) of the
light recycling film of Figure 22A.

[0115] Figure 22C is a plot of the illuminance of the light projected
through two of the light recycling films of Figure 22A that have been crossed at a
90° angle, and onto the rear surface of the light guide.

[0116] Figure 22D is a plot of the illuminance of light projected through a
3° diffuser, through two of the light recycling films of Figure 22A that have been
crossed at a 90° angle, and onto the rear surface of the light guide.

[0117] Figure 22E is a top surface view (parallel to the xy plane) of an
example embodiment of a composite nonlinear light recycling film formed by
combining the two orthogonal patterns of grooves similar to those included in the
light recycling film in Figure 22A.

[0118] Figure 23A is a top surface view (in the xy plane) of a modified
light recycling film having a plurality of linear elongate features (e.g., grooves or
ridgelines) with varying elevation, which are oriented with respect to the x axis by an
angle a.

[0119] Figure 23B is a top surface view (in the xy plane) of a modified
light recycling film having a plurality of linear elongate features (e.g., grooves or
ridgelines) with varying elevation, which are oriented with respect to the x axis by an

angle o’
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[0120] Figure 23C is a schematic illustration of in-phase extrema points
on a modified light recycling film having variable-elevation elongate features.

[0121] Figure 23D is a schematic illustration of 180° out-of-phase extrema
points on a modified light recycling film having variable-elevation elongate features.

[0122] Figure 23E is a top surface view (parallel to xy plane) of a
composite modified light recycling film formed by combining the pattern of elongate
features rotated by an angle a (Figure 23A) with the pattern of elongate features
rotated by an angle o’ (Figure 23B).

[0123] Figure 23F is a top surface view (in the xy plane) of a modified
light recycling film having a plurality of elongate feature with varying elevation,
wherein the extrema points are 180° out of phase.

[0124] Figure 23G is a perspective view of the modified light recycling film
of Figure 23F, wherein the extrema points correspond to elevation minima in an
inverted configuration.

[0125]  Figure 23H is a perspective view of the modified light recycling film
of Figure 23F,‘ wherein the extrema points correspond to elevation maxima in an
upright (*everted”) configuration.

[0126] Figure 23l is a plot of the intensity of the Iight transmitted by the
light recycling film of Figure 23F.

[0127]  Figure 24 is a partial cross-sectional view of a light recycling films
having elongate features with muttiple faceted edges.

DETAILED DESCRIPTION OF CERTAIN PREFERRED EMBODIMENTS

[0128] Figure 1 illustrates selected components of an example backiit
display 10. The backlit display 10 has a substantially planar display surface 26 that
is parallel to the xy plane, as defined in Figure 1. The backlit display 10 includes a
light source 12, such as one or more fluorescent lamps, incandescent lamps, light
emitting diodes, or laser diodes. In other embodiments, other types of light sources
are used, or a combination of different types of light sources is used. In certain
embodiments, the backiit display 10 includes a light source that is configured to
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generate multi-chromatic light (for example, white light), while in other embodiments
the backlit display 10 includes a light source that is capable of generating
substantially monochromatic light at one or more selected wavelengths. One
example of such a multi-chromatic light source is an array of red, green and blue
light emitting diodes (an “RGB LED array”). In the example embodiment illustrated
in Figure 1, the light source 12 is a linear light source positioned along at least a
portion of a selected edge of the backlit display 10 to provide edge lighting.
Examples of other linear light sources include laser diodes or other light emitters
arranged in a linear array or other light sources extended along a length
substantially longer than their height. In other embodiments, the light source is a
point source. Examples of point sources include a single LED or laser diode, a
relatively small incandescent bulb, or other relatively small light emitters having
similar height and width. In certain modified embodiments, the light source 12 is
positioned along more than one edge of the backlit display. The light sources 12
may be positioned elsewhere.

[0129]  Still referring to Figure 1, the backlit display 10 further includes a
planar, optically transmissive light guide 18 that is positioned substantially parallel to
the display surface 26. The light guide 18 is configured to receive and propagate
light from the light source 12. Depending on the type of light source used, an
optional elongate concave reflector 14 is positioned on the opposite side of the light
source 12 from the light guide 18. In such embodiments, the concave reflector 14 is
used to increase the amount of light coupled from the light source 12 into the light
guide 18. Other systems for coupling light from the light source 12 into the light
guide 18 are used in other embodiments. For example, in an embodiment wherein
the light source 12 comprises an array of light emitting diodes, light piping or a fiber
optic coupling system can be used to couple light from the light source 12 into the
light guide 18. This configuration allows the light source 12 to be positioned
remotely with respect to the light guide 18. Other configurations are possible.

[0130] In certain embodiments the light guide 18 comprises material that
is substantially optically transmissive to the wavelengths of operation, for example,
to one or more wavelengths output by the light source 12. The light guide 18 may
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comprise, for example, glass or plastic or other polymeric material in certain
preferred embodiments. In various embodiments, the light guide 18 comprises
material having a higher index of refraction than surrounding areas such that light is
guided within the light guide 18 via total internal reflection.

[0131]  In particular, light from the light source 12 is propagated in the light
guide 18 by total internal reflection. However, the light guide 18 includes a plurality
of extraction elements that allow light to be coupled out of the light guide 18. In one
embodiment, the extraction elements are formed on the surface of the light guide 18
that faces the planar display surface 26, while in other embodiments the extraction
elements are formed on the surface of the light guide 18 that is opposite the planar
display surface 26. Regardless of their position with respect to the planar display
surface 26, the extraction elements are configured to allow a portion of the light
propagating in the light guide 18 to be coupled from the light guide, and to be
redirected toward the planar display surface 26. In one embodiment, the extraction
elements provide a portion of the surface of the light guide 18 having an increased
surface roughness. The extractor elements may comprise, for example, raised or
recessed micro-structures such as protrusions or dimples and ridges or grooves, as
well as localized material differences or other surface or volume perturbations. The
extractors may refract, reflect, diffract, and/or scatter light. The extractors may be
arranged in any pattern. For example, the extl;action elements may be provided with
a spatially varying pattern to enhance spatial uniformity of the out-coupled light. In a
modified embodiment, the light guide 18 is replaced with a planar light source
capable of generating a substantially uniform light field. In an alternative
embodiment, the light guide can be replaced with an electroluminescent light
source.

[0132]  As illustrated in Figure 1, a rear reflector 16 is disposed rearward
of the light guide 18. The rear reflector 16 may have a shape that matches the rear
shape of the light guide 18, although other shapes are possible. This rear reflector
16 may comprise a reflective layer such a metal layer or a diffuse paint. Dielectric

coatings or other reflective layers may also be used.
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[0133] Also as illustrated in Figure 1, a planar diffuser 20 is positioned
over or forward of the light guide 18, such that light coupled from the extraction
elements passes through the planar diffuser 20. The planar diffuser 20 is
configured to diffuse light. For example, the diffuser may comprise surface or
volume features that symmetrically or asymmetrically scatter light passing
therethrough. Such scattering may be substantially random from location to location
across the diffuser 20. This diffusing effect reduces or eliminates the appearance of
the light extractors as seen by the viewer, and generally enhances the spatial
uniformity of the illumination of the planar display surface 26. Periodic illumination
patterns at the planar display surface 26, such as possibly produced by the light
extractors, may disadvantageously result in Moiré patterns being created when the
display surface 26 forms part of a pixilated display comprising an ordered array of
pixels. In one embodiment, the planar diffuser 20 is an optically transmissive
element having a surface feature variation capable of randomly redirecting light in a
wide range of angles, such as up to +90° with respect to the incident angle. The
planar diffuser 20 is optional, and is omitted from the backlit display 10 in certain
embodiments.

[0134] A planar light enhancing film or light recycling film (LRF) 22, is
positioned over or forward of the light guide 18. As described above, the terms light
enhancing film and fight recycling films may be used herein interchangeably.
Additionally, the terms light enhahcing film and light recycling films are used even
though the light enhancing film or light recycling film is not solely responsible for the
enhancing or recycling process. (For example, other components are used to
redirect that light back to the light enhancing film or light recycling film to enable
recycling and enhancement.) In embodiments wherein a diffuser 20 is used to
scatter light coupled out of the light guide 18, the light recycling film 22 is generally
positioned over or forward the diffuser 20. The light recycling film 22 is rearward of
the planar display surface 26 and controls the angular distribution of light from the
light guide 18 directed toward the planar display surface. In particular, the light
recycling film 22 is configured to transmit light into a substantially limited range of
angles +0. The light recycling film 22 permits only a relatively small amount of the
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light transmitted therethrough to be directed outside the range of angles 6. In
general, the light recycling film 22 is designed such that light is back reflected
toward the rear reflector 16 and into the light guide 18 rather than be directed
outside the range of angles +6. In one embodiment @ is less than about 60°, in
another embodiment 6 is less than about 45°, in another embodiment 9 is less than
about 30°, and in another embodiment & is less than about 20°. in one embodiment
6 is between about 10° and about 70°, in another embodiment 6 is between about
15° and about 50°, and in another embodiment 8 is between about 20° and about
40°. The angle @ is about 22° in some embodiments. This angle @ may be less
than 15° in some embodiments.

[0135] This configuration reduces losses associated with the light
recycling film 22, since the light not transmitted by the light recycling film 22 is
“recycled” into the light guide 18. The light may be reflected by the rear reflector 16
and/or circulated with the light guide. The light may be deflected, for example,
scattered, by one or more extractor elements. The light may be incident on the light
recycling film 22 one or more times and is thereafter capable of being transmitted by
the light recycling film 22. In certain modified embodiments, the backlit display 10
comprises more than one light recycling film.

[0136] In certain embodiments the light recycling fim 22 comprises
material that is substantially optically transmissive to the wavelengths of operation,
for example, to one or more wavelengths used for illumination. As described herein,
the light recycling film 22 is configured to transmit a portion of the light incident
thereon. For example, in one embodiment the light recycling film 22 transmits
between about 70% and about 50% of the light incident thereon from a Lambertian
source, and reflects between about 30% and about 50% of the light from the
Lambertian source incident thereon. In another embodiment the light recycling film
22 transmits between about 65% and about 45% (for example, about 60%) of the
light incident thereon, and reflects between about 35% and about 55% (for example,
about 40%) of the light incident thereon. These values of transmission and
reflection assume no recycling and negligible absorption by the light recycling film.
The light recycling film 22 may comprise glass or plastic or other polymeric material
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in certain preferred embodiments. In one preferred embodiment, the light recycling
film 22 comprises polycarbonate such as homogeneous polycarbonate or PMMA.
Other materials, however, may be used.

[0137]  Still referring to Figure 1, a planar spatial light modulator 24 is
positioned forward of the light guide 18 and light recycling film 22 to receive light
passed through the light recycling film 22. In one embodiment, the spatial light
modulator 24 is a liquid crystal display, such as those commonly used in products
such as flat panels displays, telephone displays, and flat screen video displays.
Such a spatial light modulator may comprise a plurality of pixels that are selectively
activated to form an image or pattern, such as a text or symbols. In some
embodiments, the spatial light modulator comprises a non-emissive device and may
be transmissive device. Reflective or transreflective devices may also be employed
in different configurations. Other apparatuses capable of spatially modulating light
are used in other embodiments. In various preferred embodiments, a portion of the
spatial light modulator 24 forms the planar display surface 26. In certain
embodiments, a layer or coating, such as, for example, one or more polarizing
layers or coatings, may be disposed on the planar display surface 26.

[0138] Thus, the example backlit display 10 illustrated in Figure 1 is
usable as a flat panel display screen. As described herein, the light recycling film
efficiently increases the directionality of the display screen. The light recycling film
may, for example, reduce or prevent light from exiting the display screen at certain
angles, such as at steep angles with respect to the normal through the display
screen. The non-transmitted light is “recycling” back into the system to be
redirected and subsequently transmitted at an angle within the desired range.
Accordingly, the display is more efficient as light that would otherwise be directed at
undesirable angles is redirected into the desired range of angles thereby enhancing
the luminance in this angular range. Angles closer to normal are often
advantageous in certain type of display devices. For example, in embodiments
wherein the spatial light modulator 24 comprises a liquid crystal display, light
passing through the display at angles closer to 6 = 0° provides improved display

color and contrast as compared to light passing through the display at larger angles.
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[0139] This performance feature is advantageous because in many
applications light exiting the display screen at steep angles is not useful, unwanted,
or both. For example, in a display screen used as a desktop computer display, light
exiting the display screen at a steep vertical angle (that is, toward the floor or toward
the ceiling) is usually not useful. Additionally, in a display screen used as a video
display in an automated teller machine, light exiting the display screen at a steep
horizontal angle (that is, toward the user’s right or left) presents a security risk by
allowing unauthorized users to view the contents of the display. The light recycling
film may at least somewhat attenuate these off-axes rays. Additionally, by recycling
the non-transmitted light back into the system, the light recycling film allows a less
powerful light source to be used with the system without compromising the display
luminance. This feature is a particularly important advantage for display screens
that are battery-powered, such as laptop displays, mobile phone displays, and
handheld computer displays.

[0140] As described heréin, the light recycling film 22 is configured to
transmit light within a certain range of angles +8 from a normal through the fight
recycling film (that is parallel to the z axis). Figure 2A schematically illustrates a top
surface view (parallel to xy plane) of an example light recycling film 22, and Figure
2B schematically illustrates a cross-sectional view (paraliel to yz plane) of the film
ilustrated in Figure 2A. Figures 2A and 2B show that the light recycling film 22
includes an array of elongate prisms 100, also referred to as “micro-prisms” or more
generally “micro-structures”, that are formed on a film body portion 102. These
structures may be more generally referred to as total internal reflection (TIR)
structures. As illustrated in Figure 2B, the film body portion 102 has a first surface
104 in which the prisms 100 are formed, and a second surface 106 that is
substantially planar, and that is opposite the first surface 104. The array of elongate
prisms 100 forms a periodic structure of alternating parallel ridges 108 and grooves
110. Each period of the array includes two facets 105, or faces, from which light
can be reflected. Figure 2A is a top surface view of the light recycling film 22
ilustrated in Figure 2B, showing the ridges 108 and the grooves 110.
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[0141] In an example embodiment, the elongate prisms 100 have an apex
angle ¢, the full included angle, that is typically about 90°, but that ranges from
about 70° to about 120° in one embodiment, and from about 80° to about 100° in
another embodiment. Values outside these ranges are also possible. The ridges
108 need not be symmetrical. Similarly the grooves 110 need not be symmetrical.
The apex angle ¢ for adjacent prisms 100 also need not be identical. The height
and periodicity may also vary.

[0142] In yet another modified embodiment, the elongate prismms 100 are
provided with curved surfaces instead of sharp angles, such that the cross-section
illustrated in Figure 2B has the shape of a smooth oscillating waveform instead of a
jagged triangle waveform. The elongate prisms 100 may also be blunted on top.
For example, instead of ridges 108 with sharply pointed apexes, a substantially flat
portion may be disposed at the top of the ridge. Such a flat portion may assist in
contacting the light recycling film 22 with another film or other structure disposed
thereon. The elongate prisms 100 in the light recycling film 22 are formed using one
or more of a wide variety of fabrication techniques including, for example molding or
embossing techniques for fabricating sheets and diamond turning techniques for
fabricating tools.

[0143]  The light recycling film 22 may be oriented such that the elongate
prisms 100 are facing toward the planar display surface 26. However, in modified
embodiments the light recycling film 22 are oriented differently, for example, such
that the elongate prisms 100 face away from the planar display surface 26, and
toward the light guide 18.

[0144] As described herein, when the light recycling film 22 illustrated in
Figures 2A and 2B is placed in the backlit display 10 light distributed in a range of

- angles, for example, Lambertian, is incident thereon. The light recycling film 22
transmits a portion of the light that will exit the light recycling film 22 in a certain
range of angles 0. The light recycling film 22 reflects light that would otherwise not
exit the light recycling film in the range of angles +6. The result is a modified, for
example, narrower and more concentrated angular distribution for light transmitted

through the light recycling film 22 relative to the angular distribution of light incident
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on the light recycling film. Figure 2C is a plot of intensity versus angle in the vertical
and horizontal directions (parallel to the x and y axes, respectively) of the
transmitted light distribution for the light recycling film 22 illustrated in Figures 2A
and 2B. In this plot, light with higher intensity is indicated by lighter shading, and
light with lower intensity is indicated by darker shading. Figure 2C shows that the
light recycling film 22 illustrated in Figures 2A and 2B concentrates the transmitted
light in a central lobe, and reduces or substantially eliminates the transmission of
light at wider angles.

[0145] In the light recycling film 22 illustrated in Figures 2A and 2B, the
ridges 108 and grooves 110 are substantially parallel to the x axis. In modified
embodiments of a light recycling film, the array of parallel ridges 108 and grooves
110 is rotated with respect to the x axis. For example, Figure 3A schematically
illustrates a modified light recycling film 112 wherein the ridges 108 and the grooves
110 are rotated with respect to the x axis by an angle a, where a > 0. Similarly,
Figure 3B schematically illustrates a modified light recycling film 114 wherein the
ridges 108 and the grooves 110 are rotated with respect to the x axis by an angle «’,
where a’ < 0. In another embodiment the angles a and | a'| are less than about
30°, in another embodiment the angles a and | a'| are less than about 20°, and in
another embodiment the angles a and |a’| are less than about 10°. In one
embodiment the angles a and | a'| are between about 5° and about 30°, in another
embodiment the angles a and | a'| are between about 7.5° and about 27.5°, and in
another embodiment the angles a and | a’| are between about 10° and about 25°.
While in certain embodiments a = | a’| , in other embodiments a # | a'|. Likewise,
while in certain embodiments o > 0 and o’ < 0, in other embodiments a > 0 and o’ >
0, and in yet other embodiments a < 0 and o’ < 0.

[0146] In an example embodiment, the patterns of grooves 110 used to
form the modified light recycling films 112, 114 illustrated in Figures 3A and 3B are
combined to form a composite light recycling film. Figure 3C schematically
illustrates a two-array composite light recycling film 116 formed by combir;ing the
pattern of parallel grooves 110 rotated by an angle a (Figure 3A) with the pattern of

paralle! grooves rotated by an angle a' (Figure 3B). In Figure 3C, line 112" is
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parallel to the array of grooves 110 corresponding to modified light recycling film
112, and line 114’ is parallel to the array of grooves corresponding to the modified
light recycling fitm 114. Figure 3D is a contour plot illustrating the surface profile of
the composite light recycling film 114 illustrated in Figure 3C. The first and second
sets of grooves form pyramid shaped prism structures or total internallreﬂection
structures. These pyramid shapes prism structures may have rounded or
pointed/sharp edges or corners. In the example embodiment illustrated in Figure
3D, the distance between grooves 110 is approximately 0.05 mm (in the y
dimension). In other embodiments, the separation of grooves 110 are between
approximately 0.02 mm wide and approximately 0.10 mm wide. In embodiments
wherein the apex angle ¢ is 90°, the groove 110 have a depth (in the z dimension)
that is approximately half the groove width. In certain embodiments, the distance
between the grooves and ridges is smaller than a pixel size in the spatial light
modulator. Other dimensions are used in other embodiments. These grooves 100
may more generally be referred to as elongate features or in this particular example,
substantially parallel linear features. In this embodiment, two sets of parallel linear
features are used to form the total internal reflection structures. Note in this
embodiment, a given groove in the first set intersects another groove in the second
set only once.

[0147] When light distributed in a range of angles, for example,
Lambertian, is incident on the composite light recycling film 116 illustrated in Figure
3C, the resulting angular distribution of transmitted light is shown in the light
intensity plot of Figure 3E. The luminance of the light transmitted in the central lobe
depends at least partially on the half angle 3(a — a’) between the modified light
recycling films 112, 114. Figure 3F is a plot of the gain, or luminance enhancement
measured on axis, for the composite light recycling film 116 illustrated in Figure 3C
as a function of the half angle #(a — a') between the angled light recycling film
patterns 112, 114. As illustrated in Figure 3F, the gain can be increased by
reducing the half angle 3(a — a’) to less than approximately 30° or increasing the half
angle above approximately 30°. The plot shown in Figure 3F, however, is a plot of

data points (squares connected by lines) from specific Monte Carlo simulations and,
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includes some noise resulting from variation between different simulations. The on-
axis gain depends on many factors, including, e.g., thickness of the film, index of the
film, light source reflectivity, extent of the cone angle used to define 'on-axis’, shape
of the edges of the film, etc. Variations in these factors as well as statistical
variation of the Monte Carlo simulation produce variations in the simulationg. One
example Monte Carlo simulation (data points represented by diamonds) is shown as
a reference to provide an indication of the variation in test runs.

[0148] Figures 3A and 3B illustrate modified light recycling films 112, 114
having arrays of ridges and grooves rotated by angles a and o’ with respect to the x
axis, respectively. In such embodiments, the array features that define each light
recycling film (for example, the ridges and grooves) are of equal dimension
throughout each film. In contrast, in certain modified embodiments, the array
features that define a light recycling film are not constant throughout the film. For
example, Figure 3G schematically illustrates a modified light recycling film 114a
wherein the array features are rotated with respect to the x axis by an angle «,
where a’ < 0. However, as illustrated in the cross-sectional view provided in Figure
3H, the modified light recycling film 114a comprises alternating deep grooves 108a
and shallow groove 108b. Figure 3l provides a perspective view of the modified
light recycling film 114a illustrated in Figures 3G and 3H. Likewise, Figure 3J
schematically illustrates a modified light recycling film 112a wherein the array
features are rotated with respect to the x axis by an angle a, where a > 0. However,
as illustrated in the cross-sectional view provided in Figure 3K, the modified light
recycling film 112a comprises alternating deep grooves 108a and shallow grooves
108b. Figure 3L provides a perspective view of the modified light recycling film
112a illustrated in Figures 3J and 3K.

[0149] Figure 3M schematically illustrates a two-array composite light
recycling film 116a formed by combining the pattern of parallel deep and shallow
grooves rotated by an angle o (Figure 3L) with the pattern of parallel deep and
shallow ridges rotated by an angle o' (Figure 31). Figure 3N provides a perspective
view of the modified light recycling film 116a illustrated in Figure 3M. The
composite light recycling film 116a is described here as being formed by the two
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modified light recycling films 112a and 114a. However, the composite light recycling
film 116a is alternatively described as being formed by four modified light recycling
arrays A, B, C, D, each having an array of parallel grooves. Under this framework,
arrays A and B are rotated by an angle a with respect to the x axis, arrays C and D
are rotated by an angle a’ with respect to the x axis, arrays A and C have elongate
features with a first dimension, and arrays B and D have elongate features with a
second dimension.

[0150] In yet another modified embodiment, the array of total internal
reflection structures that define the light recycling film have curved surfaces, instead
of the planar facets defining prismatic elements as illustrated in Figure 2A. For
example, Figure 30 is a perspective view of a composite light recycling film 150
formed by combining a pattern of parallel cylindrical elongate features having curved
sides, for example, grooves in the shape of 140° arc circular cylinders, rotated by an
angle a with a pattern of parallel cylindrical elongate features rotated by an angle a".
As illustrated in Figure 30, an array of total internal reflection structures having
curved shapes are produced. As shown, the composite light recycling film 150 has
a cross-section that includes a plurality of 140° circular arcs 152. In modified
embodiments, the diameter of the cylindrical elongate features used to form the
composite light recycling film 150 are tuned to produce an angular light distribution
pattern having certain properties. For example, Figure 3P illustrates an example
angular light distribution pattern produced using the composite light recycling film
150 illustrated in Figure 30. Figure 3Q is a histogram of the relative luminous
intensity (measured in candela) for the intensity plot of Figure 30. In other
embodiments, more than or fewer than two sets of parallel cylindrical elongate
features can be combined to form a composite light recycling film. However, the
number of sets that are combined to form the composite light recycling film may
effect the resulting gain of the composite light recycling film. For example, in an
embodiment wherein light is passed through a light recycling film comprising one set
of parallel grooves compromising right circular cylinders, the gain is approximately
1.22, while in an embodiment wherein light is passed through a composite light

recycling film comprising two sets of parallel grooves comprising right circular
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cylinders, the gain is approximately 1.33. Advantageously, the crossed cylinder light
recycling film provides a smooth transition between the central region of high gain
and the outer regions of low gain.

[0151] In certain embodiments, the composite light recycling films
disclosed herein comprises a plurality of total internal reflection structures having an
upright (“everted’) configuration, while in other embodiments an inverted
configuration is used. Figure 3R is a perspective view of the composite light
recycling film 116 illustrated in Figure 3C, which has upright ("everted”) total internal
reflection structures, in this case upright pyramid shape prisms. In the upright
(“everted”) configuration, a viewer looking down one of the grooves 110 sees a line
of constant elevation across the light recycling film, and there are no ridgelines of
constant elevation in the light recycling film. In contrast to the upright (“everted”)
configuration, Figure 38 is a perspective view of a composite light recycling film
116’ comprising a plurality of inverted total internal reflection structures. In the
inverted configuration, a viewer looking down one of the ridges 108 sees a line of
constant elevation across the light recycling film, and there are no grooves of
constant elevation in the light recycling film. While both the upright (“everted”) and
inverted configurations are usable with the systems disclosed herein, the inverted
configuration provides a stiffer structure for a given weight, volume, or thickness of
plastic. Additionally the inverted configuration may have reduced potential to trap
long, thin contaminants and, thus, may be less susceptible to damage. Additionally,
the inverted configuration facilitates reduced contact with neighboring surfaces by
allowing the introduction of small variations in the height of the ridges 108. For
example, a given ridge may vary in height along its length or different ridges can
have different heights as discussed more fully below. In some embodiments, these
height variations may be small compared to the height of the ridge. Other
advantages may also result.

[0152] Referring again to the example light recycling film 22 illustrated in
Figure 2B, the two facets 105 form acute base angles v4 and v, with respect to the
xy plane, such that v4 + v» + @ = 180°. Figure 3T is a plot of the gain of an example

light recycling film as a function of v, wherein v = v4 = v,. In particular, Figure 3T
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illustrates the gain for the light recycling film 22 illustrated in Figure 2A (wherein the
half angle 3[a — a'] = 0°), as well as for the composite light recycling fim 116
illustrated in Figure 3C (wherein the half angle 3[a — a] = 5° and [a — a] = 10°). In
the illustrated embodiment, to increase or maximize the gain of the light recycling
film, v may be between about 44°and about 44.5°, and is more preferably about
44.25°. .

[0153] The on-axis luminance enhancement of light passing through the
light recycling film 22, also referred to herein as the gain, depends on, among other
things, the thickness t of the light recycling film 22, as illustrated in Figure 2B.
Specifically, reflections from the inner planar surface 103 of the light recycling film
22, and optionally from other planar surfaces of optical components included in the
backiit display 10, can cause reduced transmission and create interference patterns
that alter the gain of the system by up to approximately +2%. Such interference
patterns can create or amplify Moiré patterns evident in the planar display surface
26. Therefore, in certain embodiments the thickness t of the light recycling film 22
is tuned to reduce or minimize these effects.

[0154] Certain embodiments of a composite light recycling film 116, such
as that illustrated in Figure 3C, advantageously reduce the dependency of on-axis
gain on thickness. For example, Figure 3U is a plot of the gain of an exarhple light
recycling film as a function of film thickness t where the index of refraction of the film
is 1.485 As illustrated, both the gain and the variance in gain depend on the half
angle 3(a — a’) of the composite light recycling film 116. In Figure 3U, the gain
variance is highest for 3[a — a’] = 0°. Figure 3U also illustrates that for certain fitm
thicknesses t, a composite light recycling film 116 has a higher gain than a single
array light recycling film 22 (wherein the half angle 3{a — a = 0°).

[0155] Figure 3U also illustrates that in certain embodiments there exist
gain maxima and minima for certain film thicknesses. Referring again to Figure 2B,
a collimated light beam 109 is illustrated as being refracted and refiected by the light
recycling film 22. From Sneli’s Law and the geometry illustrated in Figure 2B,

sin(B) = ﬂ]_(go;\/)
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and
w = 2(t + At)tan(B)

where 8 is the angle at which the collimated light beam propagating normally
into the light recycling film is refracted upon entering the light recycling film, v is the
base angle formed between the facet 105 and the plane of the light recycling film
(parallel to the xy plane), n is the index of refraction of the material comprising the
light recycling film 22, t is the thickness of the body portion of the film, and At is the
thickness of the ridge 108. Thus, the quantity tan(8) is independent of film
thickness. As illustrated in Figure 2B, p is the pitch of the array of ridges 108. Gain
maxima occur where the ratio w/p is an integer, and gain minima occur where the
ratio w/p is an integer + 0.5. Accordingly, the thickness can be selected for a given
pitch to provide increased gain. In certain embodiments the thickness is varied
across the film to reduce interference effects. In some cases, this thickness may
undulate across the film. Also as described herein, the height of the elongate
features, e.g., ridges, can vary from ridge to ridge or along a given ridge.

[0156]  In the example above, a single pitch is shown. The composite light
recycling film 116 illustrated in Figure 3C, for example, is formed by combining the
array of parallel grooves 110 inclined by an angle a (Figure 3A) with the array of
parallel grooves inclined by an angle a’ (Figure 3B). In this example, the light
recycling films illustrated in Figure 3A and Figure 3B have equal pitches, as
measured along the y axis. The resulting composite light recycling film 116
illustrated in Figure 3C includes a plurality of pyramid centers 107 that are
positioned in an array that is parallel to the x and y axes. In a modified embodiment,
a composite light recycling film is formed using subcomponent light recycling films
with different pitches.

[0157] For example, Figure 3V schematically illustrates a composite tight
recycling film 190 formed by combining a first array of parallel grooves that have a
pitch of 31 ym and that are inclined by an angle a = +5° with a second array of
parallel grooves that have a pitch of 41 um and that are inclined by an angle a = —
9°. In other embodiments, the pitches may be 40 and 50 microns respectively.

Other values of pitches may be used as well.
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[0158] The composite light recycling fim 190 includes a plurality of
pyramid centers 192 that are positioned in an array that is rotated with respect to the
x axis by an angle . The pattern has a rotated appearance without rotating the film
and without rotating the gain distribution. Gain is also not reduced. In certain
configurations, this effect is used to reduce correlation with a pattern of extractor
elements used to extract light from the light recycling film or pixels in the spatial light
modulator. Thus, by varying the pitch of the two patterns of parallel ridges and
grooves that comprise the composite light recycling film, the patterns can be
crossed at a smaller half angle 3(a — a) without the increase in pixel correlation that
might occur when the half angle i(a — a’) is reduced.

[0159] In addition, the prisms formed are asymmetric. The prisms may
also comprise sides that come together to form a peak that is a line 193 rather than
a point as shown in Figure 3W.

[0160] In modified embodiments, the pitch of a pattern of ridges and
grooves is varied across the surface of a of single-pattern light recycling film, such
as illustrated in Figure 3X, 3Y, and 3Z. In such embodiments, the pitch variation is
linear, oscillation, random and pseudo-randem. Accordingly, in some embodiments,
the pitch may increase and decrease along a direction across the light recycling film.
Still other pitch variations are possible.

[0161] Although various embodiments are described herein as having
sets of elongate feature with the same pitch, alternatively the pitches of two or more
of the sets may be different. In some composite light recycling films 116 comprising
more than two sets of elongate features a first and second set may have the same
pitch while a third set may have a pitch different from the first and second set. In
other embodiments, all three sets have different pitches. In a film 116 with four sets,
two, three, or four of the sets may be different and two or three of the sets may be
the same. Various other combinations are possible. The number of combinations
increases with increasing number of sets of parallel elongate features.

[0162] Similarly, although various embodiments are described herein as
having a constant pitch, alternatively the pitch need not be constant but may vary.

In some embodiments only one of the sets has a pitch that varies. In other
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embodiments, a some but not all of the sets have a pitch that varies. In other
embodiments, each of the sets have pitches that vary. In some embodiments, the
pitch may vary over portions'of the film or over the entire film. The pitch may vary
but have some pattern. A large range of variation and combinations are possible.
[0163] The composite light recycling film 116 illustrated in Figure 3C is
formed by combining the array of parallel grooves 110 inclined by a first angle a
(Figure 3A) with the array of parallel grooves inclined by an angle a’ (Figure 3B). In
certain modified embodiments, composite light recycling films are formed by
combining more than two arrays of relatively parallel ridges or grooves. For
example, Figure 4A schematically illustrates a modified light recycling film 112
wherein the ridges 108 and the grooves 110 are angled with respect to the x axis by
an angle a, where a > 0. Figure 4B schematically illustrates a modified light
recycling film 114 wherein the ridges 108 and the grooves 110 are angled with
respect to the x axis by an angle «’ where a’ < 0. Figure 4C schematically
illustrates a light recycling film 22 wherein the ridges 108 and the grooves 110 are
substantially parallel to the x axis. In one embodiment, the composite pattern of
these three light recycling films is used to form a composite light recycling film.
[0164] Figure 4D schematically illustrates a three-array composite light
recycling film 118 formed by combining the pattern of parallel grooves 110 rotated
by an angle a (Figure 4A), the pattern of parallel grooves rotated by an angle a’
(Figure 4B), and the pattern of parallel grooves that is parallel to the x axis (Figure
4C). Line 112’ is parallel to the array of grooves 112 corresponding to modified
light recycling film 112, line 114" is parallel to the array of grooves corresponding to
the modified light 'recycling film 114, and line 22' is parallel to the array of grooves
corresponding to the light recycling film 22. Note in this embodiment, a given
groove in intersects another groove only once. Figure 4E is a contour plot
illustrating the surface profile of the composite light recycling film 118 illustrated in
Figure 4D. Figures 4D and 4E show total internal reflection structures comprising
pyramid shaped prisms. Figures 4D and 4E also illustrate that the composite light

recycling film 118 includes six facets 105 in each period of the composite array.
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[0165] When light distributed in a range of angles, for example,
Lambertian, is incident on the composite light recycling film 118 illustrated in Figure
4D, the resulting angular distribution of transmitted light is shown in the light
intensity plot of Figure 4F. Figure 4H is a histogram of the luminous intensity
(measured in candela) for the spatial intensity plot of Figure 4F. This histogram
illustrates that the luminous intensity of the transmitted light field is relatively evenly
distributed across a wide range of luminous intensities. The luminance of the light
transmitted in the central lobe, as well as the shape of the central lobe, depends at
least partially on the half angle 3(a — a’) between the modified light recycling films
112, 114. Figure 4G is a plot of the gain, or luminance enhancement within the
lobe, of two crossed two-array and three-array composite light recycling films 116,
118 illustrated in Figures 3C and 4D, respectively, as a function of the half angle (o
— a') between the angled light recycling film patterns 112, 114. Figure 4G indicates
that more light is coupled through the two crossed composite light recycling films
when the films are formed with three arrays of parallel grooves 110 instead of two
when the half angle 3(a — a’) is less than approximately 30°. Figure 4G also
indicates that the light recycling film comprising two arrays of parallel grooves 110
has higher gain for half angles above approximately 30°. Accordingly, light recycling
films having three arrays of parallel grooves 110 may be more advantageous than
light recycling films having two arrays of parallel grooves 110 for a given half angle
3(a — a’) less than approximately 30°. However, outside this regime, that is, for half
angles 3(a — a’) greater than approximately 30°, light recycling films having two
arrays of parallel grooves 110 may be more advantageous than light recycling films
having three arrays of parallel grooves 110.

[0166] Figure 4l is a perspective view of the composite light recycling film
118 illustrated in Figure 4D, which has an upright (“everted")' configuration. In the
upright (“everted”) configuration, a viewer looking down one of the grooves 110 sees
a line of constant elevation across the light recycling film, and there are no ridgelines
of constant elevation in the light recycling film. In contrast to the upright (“everted”)

configuration, Figure 4J is a perspective view of an inverted composite light
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recycling film 118". In the inverted configuration, a viewer looking down one of the
ridges 108 sees a line of constant elevation across the light recycling film, and there
are no grooves of constant elevation in the light recycling film.

[0167] Figure 4l schematically illustrates a composite light recycling films
comprising a plurality of sets of parallel elongate features (e.g., first, second, and
third sets of elongate features) that do not intersect each other at a single common
point. The first and second sets intersect at set of points. However, the third set of
elongate features does not intersect this set of point but is offset therefrom.

[0168] The composite light recycling film 118 illustrated in Figure 4D is
formed by combining the array of parallel grooves 110 inclined by an angle a
(Figure 4A) with the array of parallel grooves inclined by an angle o’ (Figure 4B)
and the array of parallel grooves parallel to the x axis (Figure 4C). In this example,
as measured along the y axis, the pitch of the array of parallel grooves parallel to
the x axis is half the pitch of the array of parallel grooves inclined by angle a. In
certain modified embodiments, composite light recycling films are formed without
using an array of elongate features (e.g., parallel grooves 110) that is parallel to the
X axis. For example, Figure 5A schematically illustrates a modified light recycling
film 112 wherein the ridges 108 and the grooves 110 are angled with respect to the
X axis by an angle a, where a > 0. Figure 5B schematically illustrates a modified
light recycling film 114 wherein the ridges 108 and the grooves 110 are angled with
respect to the x axis by an angle a’, where a' < 0. Figure 5C schematically
illustrates a modified light recycling film 120 wherein the ridges 108 and the grooves
110 are angled with respect to the x axis by an angle &, where a > £ > a'and £ # 0.
In one embodiment, the composite pattern of these three light recycling arrays is
used to form a composite light recycling film.

[0169] Figure 5D schematically illustrates a three-array composite light
recycling film 122 formed by combining the pattern of parallel grooves 110 rotated
by an angle o (Figure 5A), the pattern of parallel grooves rotated by an angle a°
(Figure 5B), and the pattern of parallel grooves rotated by an angle € (Figure 5C).
In Figure 5D, line 112’ is parallel to the array of grooves corresponding to modified

light recycling film 112, line 114’ is parallel to the array of grooves corresponding to
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the modified light recycling film 114, and line 120’ is parallel to the array of grooves
corresponding to the modified light recycling film 120.

[0170]  Accordingly, arrow 112" is directed along one of the grooves 110 in
the array corresponding to the modified recycling film 112. A viewer looking along
the direction of arrow 112" would {ook down this groove 110. Arrow 114" is directed
along one of the grooves 110 in the array corresponding to the modified recycling
film 114. Likewise, a viewer looking along the direction of arrow 114" would look
down this groove 110. Similarly, arrow 120" is directed along one of the grooves
110 in the array corresponding to the modified recycling film 120. Accordingly, a
viewer looking along the direction of arrow 120" would look down this groove 110.

[0171]  In certain modified embodiments, composite light recycling films
are formed by combining more than three patterns of parallel ridges 108 or grooves
110. For example, Figure 6A schematically illustrates a modified light recycling film
112 wherein the ridges 108 and the grooves 110 are angled with respect to the x
axis by an angle a, where a > 0. Figure 6B schematically illustrates a modified light
recycling film 114 wherein the ridges 108 and the grooves 110 are angled with
respect to the x axis by an angle a', where a' < 0. Figure 6C schematically
illustrates a modified light recycling film 120 wherein the ridges 108 and the grooves
110 are angled with respect to the x axis by an angle & where ¢ > 0. Figure 6D
schematically illustrates a modified light recycling film 124 wherein the ridges 108
and the grooves 110 are angled with respect to the x axis by an angle &', where é'<
0. In one embodiment, the composite pattern of these four light recycling arrays is
used to form a composite light recycling film.

[0172] Figure 6E schematically illustrates a four-array composite light
recycling film 126 formed by combining the array of parallel grooves 110 rotated by
an angle a (Figure 6A), the array of parallel grooves rotated by an angle o (Figure
6B), the array of parallel grooves rotated by an angle £ (Figure 6C), and the array of
parallel grooves rotated by an angle & (Figure 6D). In Figure 6E, line 1'12' is
parallel to the array of grooves 110 corresponding to angled light recycling pattern
112, line 114’ is parallel to the array of grooves corresponding to the angled light

recycling pattern 114, line 120’ is parallel to the array of grooves carresponding to
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the angled light recycling pattern 120, and line 124’ is parallel to the array of grooves
corresponding to the angled light recycling pattern 124.

[0173] Accordingly, arrow 112" is directed along one of the grooves 110 in
the array corresponding to the modified recycling film 112. A viewer looking along
the direction of arrow 112" would look down this groove 110. Arrow 114" is directed
along one of the grooves 110 in the array corresponding to the modified recycling
fiim 114. Likewise, a viewer looking along the direction of arrow 114" would look
down this groove 110. Arrow 120" is directed along one of the grooves 110 in the
array corresponding to the modified recycling film 120. Accordingly, a viewer
looking along the direction of arrow 120" would look down this groove 110.
Similarly, arrow 124" is directed along one of the grooves 110 in the array
corresponding to the modified recycling film 124. Likewise, a viewer looking along
the direction of arrow 124" would look down this groove 110. The composite light
recycling film 126 includes eight facets in each period of the composite array.

[0174] When light distributed in a range of angles, for example,
Lambertian, is incident on the composite light recycling film 126 illustrated in Figure
6E, the resulting pattern of transmitted light is shown in the light intensity plot of
Figure 6F. The luminance of the light transmitted in the central lobe, as well as the
shape of the central lobe depends on a variety of factors. Such factors include but
are not limited to (i) the half angle 3(a — a’) between the modified light recycling film
patterns 112, 114, and (ii) the angle (o — &) between the modified light recycling film
patterns 112, 120.

[0175] As described herein, Figure 4D illustrates a composite light"
recycling film 118 formed by combining the pattern of parallel grooves rotated by an
angle a (illustrated in Figure 4A; referred to herein as “the o pattern”) with the
pattern of paraliel grooves rotated by an angle o’ (illustrated in Figure 4B; referred
to herein as “the a’ pattern”) and the pattern of paralle! grooves that is parallel to the
x axis (illustrated in Figure 4C; referred to herein as “the x axis pattern”). The gain
(luminance enhancement on-axis) of the light transmitted through the composite
three-array light recycling film 118 illustrated in Figure 4D depends on the depth of

the x axis pattern relative to the a pattern and the o' pattern. Figure 7A is a plot of
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the gain as a function of the relative depth Az of the x axis pattern relative to the a
pattern and the a’ pattern. This plot is for half angle (a — a”) of 15° although the
value of half angle 3(a — a’) may be different in different embodiments. '

[0176] In embodiments wherein the x axis pattern has the same depth as
the a pattern and the a’ pattern, that is when Az = 0, the structure and optical
properties of the resulting composite light recycling film are identical to the
composite light recycling film 118 illustrated in Figure 4D. In embodiments wherein
the x axis pattern is sufficiently deep, that is when Az << 0, the a pattern and the a’
pattern are effectively eliminated, and the structure and optical properties of the
resulting composite light recycling film are identical to the light recycling film 22
illustrated in Figure 2A. In embodiments wherein the a pattern and the a’ pattern
are sufficiently deep, that is when Az >> 0, the x axis pattern is effectively
eliminated, and the structure and 6ptica| properties of the resulting composite light
recycling film are identical to the composite light recycling film 116 illustrated in
Figure 3C.

[0177] Figure 7A indicates that more light is coupled through a composite
light recycling film in the case wherein the film is formed with the x axis pattern only,
as compared to composite light recycling films having contributions from the a
pattern and the o’ pattern. More significantly, Figure 7A indicates that the gain of
the composite light recycling film 118 can be manipulated by adjusting the depth of
the x axis pattern.

[0178] Figures 7B through 7F provide top surface views of composite light
recycling fims 116, 118, 128, 130, 22 corresponding to selected data points
illustrated in Figure 7A. In particular, Figure 7B is a top surface view of a
composite light recycling film 116 wherein the a pattern and the a’ pattern are
sufficiently deep so that the.x axis pattern is effectively eliminated in the composite
light recycling film 116. Figure 7C is a top surface view of a composite light
recycling film 118 wherein the x axis pattern has the same depth as the a pattern
and the o’ pattern, such that all three patterns are evident in the composite light
recycling film 118. Figure 7D is a top surface view of a composite light recycling

film 128 corresponding to data point 7D in Figure 7A, wherein the x axis pattern is
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deeper than the a pattern and the a’ pattern, such that all three patterns are evident
in the composite light recycling film 128. Figure 7E is a top surface view of a
composite light recycling film 130 corresponding to data point 7E in Figure 7A,
wherein the x axis pattern is deeper than the a pattern and the a' pattern, such that
all three patterns are evident in the composite light recycling film 130. Figure 7F is
a top surface view of a light recycling film 22 wherein the x axis pattern is sufficiently
deep so that the a pattern and the o' pattern are effectively eliminated in the light
recycling film 22.

[0179] Figures 8A through 8C are schematic cross-sectional views
(parallel to yz plane) of portions of the composite light recycling film 118 similar to
the light recycling film illustrated in Figure 4D. In the example embodiments
illustrated in Figures 8A through 8C, a = +11.3° and a’' = —a. Figures 8A through
8C illustrate a plurality of example ray traces that demonstrate how light incident on
the light recycling film 118 is either transmitted through the composite light recycling
film 118, or is reflected back towards the light guide 18. For example, in Figure 8A,
ray traces of light rays 132 indicate that the composite light recycling film 118
transmits light that exits the film within a range of angles +8. While selective rays
traces are shown in Figure 8A for illustrative purposes, other ray paths are possible.

[0180] In contrast, Figure 8B illustrates ray traces of example light rays
136 that are not transmitted through the composite light recycling film 118, but that
are instead reflected back toward the light guide 18. After being reflected to the light
guide 18, the light rays 136 may scatter from an extractor and possibly be reflected
by the rear reflector 16, thereby enabling them to return to the composite light
recycling film 118 at a different incident angle. In embodiments wherein most or all
of the light transmitted by the composite light recycling film 118 is transmitted within
a range of angles %6, the transmitted light intensity pattern illustrated in Figure 4F
may result. As stated above, while selective rays traces are shown in Figure 8A for
ilustrative purposes, other ray paths are possible.

[0181] In Figure 8C, ray traces of light rays 134 indicate that the
composite light recycling film 118 does not transmit light at certain angles.

Accordingly, a viewer viewing the display 10 from such angles would not see
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features such as the extractor elements rearward of the light recycling film 118. As
stated above, while selective rays traces are shown in Figure 8A for illustrative
purposes, other ray paths are possible.

[0182] As described ébove, in various embodiments the spatial light
modulator 24 is pixilated. In such embodiments, an individual pixel in the spatial
light modulator 24 receives light from particular portions of the light guide 18. The
portions of the light guide 18 that illuminate a particular pixel are determined by back
tracing rays from the pixel, through the light recycling film 22 and to the light guide
18. Figure 8D is a schematic cross-sectional view (parallel to yz plane) of a portion
of the light recycling film 118, illustrating a plurality of collimated light rays 30 that
have been traced from a selected pixel 28 of the spatial light modulator 24, through
the light recycling film 118, and toward the light guide 18. As illustrated in Figure
8D, the back ray traces of a cross-section through the light recycling film 118 for
light originating from the pixel 28 are traced at two distinct angles B, and B, to two
distinct spatial regions 32 of the light guide 18. Because the facets 105 are also
tilted in the x axis (not visible in Figure 8D), the number of distinct angles through
which light is traced is greater than that illustrated in the yz plane of Figure 8D. The
relative area of the facets, as projected in the xy plane, will determine the relative
magnitude of light at each of the distinct angles. More particularly, the projected
area, the area projected onto a surface such as the front or rear surface of the light
guide, determines this magnitude. In various embodiments, the total internal
reflection structure‘comprises facets of substantially equal area so as to increase
the uniformity of the illuminance of the display. In modified embodiments, curved
facets, curved surface, and/or curved ridgelines may blur the distinct angles. When
curved surfaces are used, these surfaces may have substantially similar projected
area values so as to reduce non-uniformity in the illuminance of the display. Tuning
the angles and the projected area of the different facets provides an ability to control
the correlation between the light recycling film, the light guide extractor pattern, and
the pixels in the spatial light modulator.

[0183] Figure 9A is a schematic cross-sectional view (parallel to yz plane)

of the backlit display 10 illustrating the ray traces shown in Figure 8D. As
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expounded herein, the back ray traces of light originating from the pixel 28 are
traced to two distinct spatial regions 32 on the rear surface 18’ of the light guide 18.
Figure 9B schematically illustrates the relative size of the pixel 28 and the array of
parallel ridges 108 and grooves 110 comprising the light recycling film 22 in an
example embodiment. As illustrated, the dimensions of the pixel 28 are significantly
larger than the dimensions of the ridges 108 and grooves 110 parallel to the y axis.
Figure 9C is a plot of the illuminance of light projected onto the rear surface 18’ of
the light guide 18, illustrating the two spatial regions 32 which are illuminated by the
back traced collimated light rays 30. In modified embodiments, the area of the two
spatial regions is increased by including a diffuser 20 in the backlit display 10.
Figure 9D is a plot of the illuminance of light projected onto the rear surface 18’ of
the light guide 18 when a 3° Gaussian diffuser is included in the backlit display 10.
The shape of the Gaussian scatter distribution, Scatter(n), is defined by

1( n?
Scatter(n7) c exp| - —| ||,
2\ o

where 1 is the scatter angle measured with respect to the specular direction.

[0184] Figure 9E is a plot of the illuminance of light projected onto the
rear surface 18’ of the light guide 18 when a 10° diffuser is included in the backlit
display 10. In modified embodiments, the diffuser 20 is optionally incorporated into
the light recycling film 22, such as by applying the diffuser 20 to the light recycling

“film first surface 104 or second surface 106, or by incorporating scattering materials
within the film to form volume diffusing features. The scatter produced by the
diffuser can be asymmetric with more or less scatter along the axis of the ridges and
grooves than along the axis perpendicular to the ridges and grooves. In certain
embodiments, the light recycling film first surface 104 and/or second surface 106
are provided with a roughened surface. The roughened surface can be achieved by
subjecting the light recycling film to a surface treatment, such as sanding. The
roughened surface can also be achieved by cutting the ridges 108 and grooves 110
using a modified cutting tool, such as cutting tool with a diamond microstructure on
the cutting edge. In still other embodiments, the roughened surface is achieved by
cutting the ridges 108 and the grooves 110 using a modified cutting technique that
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produces a greater surface roughness, such as a laser cutting technique. Surface
roughness can be added to individual light recycling films or to a master die or mold
used to form individual light recycling films.

[0185] As described herein, in various embodiments, at least one surface
of the light guide 18 includes a piurality of extraction elements that are configured to
allow a portion of the light propagating in the light guide 18 to be coupled from the
light guide 18. In one embodiment, the extraction elements comprise an array of
raised or recessed features. such as bumps or dimples formed on the rear surface
18' of the light guide 18. Figure 10A schematically illustrates an example
embodiment of an example array of extraction elemenis 34. .By projecting the two
iluminated spatial regions 32 onto the array of extraction elements 34 it is possible
to determine which extraction elements contribute to the illumination of the selected
pixel 28.

[0186] Figure 10B schematically illustrates the projection of the
illuminated spatial regions 32 (illustrated in Figure 9B) onto the array of extraction
elements 34 (illustrated in Figure 10A). In certain embodiments, the illumination of
the selected pixel 28 depends on how the extraction elements 34 are aligned with
the illuminated spatial regions 32 that correspond to the selected pixel 28. For
example, in the projection illustrated in Figure 10B, the selected pixel 28 will be
relatively under-illuminated because the extraction elements 34 are not well-aligned
with the illuminated spatial regions 32 corresponding to the selected pixel 28. In
contrast, Figure 10C schematically illustrates the effect of translating the array of
extraction elements 34, such that the extraction elements 34 are well-aligned with
the illuminated spatial regions 32. Specifically, in the projection illustrated in Figure
10C, the selected pixel 28 is relatively over-illuminated because the extraction
elements 34 are well-aligned with the illuminated spatial regions 32 corresponding to
the selected pixel 28.

[0187] The projection illustrated in Figure 9C of the selected pixel 28 on
the rear surface 18’ of the light guide 18 was obtained using the light recycling film
22 illustrated in Figure 2A. This_projection is modified when the light recycling film

22 is replaced with a composite light recycling film comprising a plurality of arrays of
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parallel ridges 108 and grooves 110. Figure 11A, for example, schematically
illustrates a composite light recycling film 116 comprising two-arrays such as
illustrated in Figure 3C. Figure 11A also shows a projection of the pixel 28 over the
pattern of grooves 110 that comprise the composite light recycling film 116. As
described herein, composite light recycling film 116 is formed by combining the
pattern of parallel grooves 110 rotated by an angle a (Figure 3A) with the pattern of
parallel grooves rotated by an angle a' (Figure 3B). Figure 11B is a piot of the
illuminance of light projected onto the rear surface 18’ of the light guide 18 when the
backlit display 10 includes the composite light recycling film 116 illustrated in
Figures 3C and 11A. As illustrated, the modified projection includes four
illuminated spatial.regions 32, instead of the two illumined spatial regions obtained
when the light recycling film 22 comprising a single array of parallel ridges 108 and
groove 110 was used.

[0188]  As another example, Figure 12A schematically shows a compaosite
light recycling film 118 comprising three arrays of paraltel grooves 110 such as
illustrated in Figure 4D. Figure 12A also shows the projection of the pixel 28 over
the pattern of grooves 110 that comprise the composite light recycling film 118. As
described above, this composite light recycling film 118 is formed by combining the
array of parallel grooves oriented at an angle a, referred to above as the o pattern,
(Figure 4A) with the array of parallel grooves oriented ‘at an angle o', referred to
above as the o' pattern, (Figure 4B) and the array of grooves parallel to the x axis,
referred to above as the x axis pattern, (Figure 4C). Figure 12B is a plot of the
illuminance of light projected onto the rear surface 18’ of the light guide 18 when the
backlit display 10 includes the composite light recycling film 118 illustrated in
Figures 4D and 12A. As illustrated, the modified projection includes six illuminated
spatial regions 32. The six illuminated spatial regions correspond to the six facets
105 illustrated in Figures 4D and 4E. In general, a composite light recycling film
having n facets per array period will project 2n illuminated spatial regions onto the
rear surface of the light guide when rays are back-traced through the composite light
recycling film.
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[0189] As described herein, the gain of the light transmitted through the
compasite light recycling film 118 depends on the depth of the x axis pattern relative
to the a pattern and the a’ pattern. As a result of this effect, the relative magnitude
of the illuminated spatial regions 32 is controllable by adjusting the relative depth Az
of the x axis pattern relative to the a pattern and the o’ pattern. Figure 12C, for
example, schematically illustrates the pattern of ridges and grooves that comprise a
composite light recycling film 138 wherein the relative depth Az = +0.005. Figure
12C, also shows the projection of the pixel 28 over this composite light recycling film
138. Figure 12D is a plot of the illuminance of light projected onto the rear surface
18’ of the light guide 18 when the backlit display 10 includes the composite light
recycling film 138 illustrated in Figure 12C. As illustrated, the relative magnitude of
the individual illuminated spatial regions 32 has been modified as compared to the
embodiment illustrated in Figures 12A and 12B, wherein Az = 0. Tuning Az
changes the relative projected are of the facets in the light recycling film, as
described herein.

[0190] In certain embodiments, the backlit display 10 includes a “crossed”
light recycling film formed by overlaying two light recycling films at a right angle to
each other. For example, Figure 13A schematically ‘illustrates crossed light
recycling fiims 140 formed by overlaying a light recycling film 22 having grooves and
ridges parallel to the x axis with a light recycling film 22 having grooves and ridges
parallel to the y axis. Figure 13A also shows the projection of the pixel 28 over the
crossed light recycling films 140.

[0191] Figure 13B is a plot of the illuminance of light projected onto the
rear surface 18 of the light guide 18 when the backlit display 10 includes the
crossed light recycling films 140 illustrated in Figure 13A. As illustrated, there are
four illuminated spatial regions 32 on the rear surface 18'. This distribution is in
contrast to the two illuminated spatial regions 32 generated when light is projected
through individual (uncrossed) light recycling films, as illustrated in Figure 9C.
Generally, in some embodiments, if light projected through a selected light recycling
film generates n illuminated spatial regions 32 on the rear surface 18', then light

projected through crossed light recycling films comprising two orthogonal selected
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light recycling films will generate n? illuminated spatial regions 32 on the rear surface
18'.

[0192] As another example, Figure 14A schematically illustrates crossed
light recycling films 142 formed by overlaying two of the two-arrayed composite light
recycling films 116 illustrated in Figure 3C orthogonal to one another. As described
herein, the composite two-array light recycling film 116 shown in Figure 3C is
formed by combining the pattern of paraliel grooves rotated by an angle o (Figure
3A) with the pattern of parallet grooves rotated by an angle o’ (Figure 3B). Figure
14A also illustrates the projection of the pixel 28 over the crossed light recycling film
142. Figure 14B is 3 plot of the illuminance of light projected onto the rear surface
18" of the light guide 18 when the backlit display 10 includes the crossed light
recycling film 142. As explained above, and as illustrated in Figure 11B, projecting
light from the pixel 28 through a two-array composite light recycling film 116
generates four illuminated spatial regions 32 on the rear surface 18'. Therefore,
projecting light through the crossed two-array light recycling films 142 generates 42 =
16 illuminated spatial regions 32 on the rear surface 18', as illustrated in Figure
14B.

[0193]  As another example, Figure 15A schematically illustrates crossed
light recycling films 144 formed by overlaying two of the three-array composite light
recycling films 118 illustrated in Figure 4D orthogonally. As described herein, the
three-array composite light recycling film 118 shown in Figure 4D is formed by
combining the a pattern (Figure 4A) with the ¢’ pattern (Figure 4B) and the x axis
pattern (Figure 4C). Figure 15A also shows the projection of the pixel 28 over the
crossed light recycling film 144. Figure 15B is a plot of the iluminance of light
projected onto the rear surface 18’ of the light guide 18 when the backlit display 10
includes the crossed light recycling films 144. As explained above, and as
ilustrated in Figure 12B, projecting light from the pixel 28 through a three-array
composite light recycling film 118 generates six illuminated spatial regions 32 on the
rear surface 18'. Therefore, projecting light through the crossed light recycling films
144 generates 6% = 36 illuminated spatial regions 32 on the rear surface 18', as
illustrated in Figure 15B.
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{0194]  Figure 15C illustrates crossed light recycling films 146 formed by
overlaying two of the three-array composite light recycling films 138 illustrated in
Figure 12C orthogonally. As described herein, the three-array composite light
recycling film 138 shown in Figure 12C is formed by combining the a pattern with
the a’ pattern and the x axis pattern, wherein the relative depth Az of the x axis
pattern relative to the a pattern and the o’ pattern is +0.005. Figure 15C also shows
the projection of the pixel 28 over the crossed three-array light recycling films 146.
Figure 15D is a plot of the illuminance of light projected onto the rear surface 18' of
the light guide 18 when the backlit display 10 includes the composite light recycling
films 146 illustrated in Figure 15C. As ilustrated, the relative magnitude of the
individual illuminated spatial regions 32 has been modified as compared to the
embodiment illustrated in Figures 15A and 15B, wherein Az = 0.

[0195]  Although identical recycling films are crossed in the examples
described above, the two constituent light recycling films that are crossed need not
be identical. For example, in a modified embodiment the composite light recycling
film 116 illustrated in Figure 3C (two arrays) is crossed with the composite light
recycling film 118 illustrated in Figure 4D (three arrays). In another modified
embodiment, the composite light recycling film 118 illustrated in Figure 4D (three
arrays) is crossed with the composite light recycling film 126 illustrated in Figure 6E
(four arrays). Other combinations are used in other embodiments. Additionatly,
more than two arrays may be crossed. Similarly, in certain modified embodiments
the crossed light recycling films are crossed at an angle that is less than or greater
than 90°.

[0196] In modified embodiments, certain of the light recycling films
disclosed herein are sequentially positioned in the backlit display 10. For example,
Figure 19A illustrates the light recycling film 22 (of Figure 2A, the x axis pattern)
positioned over the modified light recycling film 112 (of Figure 3A, the o pattern),
which is positioned over the modified light recycling film 114 (of Figure 3B, the a’
pattern). In other embodiments, these three light recycling films are sequentially

positioned in a different order. The embodiment illustrated in Figure 19A is different
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from the embodiment illustrated in Figure 4D, which illustrates the same three light
recycling films combined onto a single composite light recycling film 118.

[0197]  Specifically, when a plurality of light recycling films are positioned
sequentially, as illustrated in Figure 19A, the resulting structure operates differently
than a composite light recycling film, such as the composite light recycling film 118
iustrated in Figure 4D. In particular, the sequentially-positioned light recycling films
cause light to circulate in the region or regions between the films. For example, in
the embodiment illustrated in Figure 19A, light circulates in a region between the
light recycling film 22 and the modified light recycling film 112, as well as in a region
between the modified light recycling film 112 and the modified light recycling film
114. In contrast, there is no “inter-film” light circulation in the single film embodiment
illustrated in Figure 4D.

[0198] Because the sequentially-positioned light recycling films illustrated
in Figure 19A operate differently, the resulting spatial intensity of light transmitted
by the films is modified as compared to the single composite light recycling film.
Figure 19B is a plot of intensity versus angle in the vertical and horizontal directions
(parallel to the x and y axes, respectively) of the transmitted light distribution for the
three sequentially-positioned light recycling films illustrated in Figure 19A. As
ilustrated, this distribution pattern is different from that shown in Figure 4F, which
corresponds to the single composite light recycling film 118.

[0199] Figure 19C is a histogram of the luminous intensity (measured in
candela) for the spatial intensity plot of Figure 19B. This histogram illustrates that
the luminous intensity of the transmitted light field is not evenly distributed across a
wide range of luminous intensities. In particular, Figure 19C shows that more light
having a relatively lower intensity is transmitted (indicated by bulge 90), as
compared to light having a relatively higher intensity (indicated by recessed region
92). This intensity distribution illustrated in Figure 19C should be contrasted with
the corresponding distribution for the composite light recycling film 118, illustrated in
Figure 4H, which illustrates that the cbmposite light recycling film 118 produces a
substantially more evenly distributed intensity distribution.
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[0200] In certain embodiments, a composite light recycling film is formed
that includes the patterns of two or more recycling films that are crossed with
respect to each other. Such composite light recycling films may resembile, for
example, the crossed light recycling films in Figures 13A, 14A, 15A, and 15C."
Other patterns may be used as well.

[0201] The various embodiments described herein allow the light
illuminating the selected pixel 28 to be “collected” from a larger area of the light
guide 18, and possibly from a larger number of extraction elements 34. As
described above and illustrated in Figures 10B and 10C, collecting light for a pixel
from a small number of extraction elements 34 causes under-illumination of some
pixels and over-illumination of other pixels. When more extractors contribute light to
each of the pixels, the different pixels in the spatial light modulator are more
uniformly illuminated as a consequence. Other Moiré effects are also attenuated as
well. In particular, Moiré effects may be generated or enhanced when periodic
illumination patterns are produced at the spatial light modulator, which comprises a
periodic array of pixels. Such periodic illumination patterns may result from under-
ilumination of some pixels and over-illumination of other pixels. Causing the array
of pixels to be more unifo.rmly iluminated reduces the periodicity in the illumination
pattern that contributes to the Moiré effect.

[0202] While a diffuser can also be used to reduce Moiré effects, use of
diffusers, and especially high angle diffusers, can disadvantageously reduce the
luminance of light transmitted through the backlit display 10 at usable angles.
Therefore, employing the techniques disclosed herein to collect light from a larger
number of extraction elements allow the diffuser to be eliminated, or allow a lower-
angle diffuser to be used, thereby increasing the luminance at the most desirable
angles.

[0203]  Another technique for collecting light from a larger number of
extraction elements 34, thereby providing more uniform illumination and reducing
Moiré effects, is to rotate the light recycling film with respect to the selected pixe! 28
and the array of extractor elements. For example, Figure 16A schematically
illustrates the projection of the selected pixel 28 on the crossed three-array light
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recycling films 144, wherein the pixel and the films have been rotated with respect to
‘each other. When light is projected through the rotated and crossed light recycling
films 144 onto the rear surface 18’ of the light guide 18, the resulting pattern of
illuminated spatial regions 32 is rotated, as illustrated in Figure 16B. The rotated
pattern illustrated in Figure 16B advantageously reduces the correlation between
the illuminated spatial regions 32 and the pattern of extraction elements 34. If the
extraction elements 34 are arranged in a linear grid pattern, then increased Moiré
effects can disadvantageously occur if the iluminated spatial regions 32 are well-
aligned with the pattern of extraction elements 34. The number of extraction
elements 34 from which light is drawn is further increased by including a diffuser 20
in the backlit display 10, as illustrated in Figure 16C.

[0204] As described above, by increasing the spatial area of the portion of
the light guide from which light is extracted to illuminate a selected pixel, more
uniform ilumination can be provided at the spatial light modulator and Moiré effects
are reduced. In an embodiment wherein the extraction elements are arranged in a
rectangular grid, such as illustrated in Figure 10A, the illumination patterns of
Figure 16B and 16C advantageously draw light from every row and every column of
extraction elements. This advantageously provides another degree of freedom to
reduce Moiré effects. By illuminating a greater number of extraction elements,
correlation between the illuminated spatial regions and the pattern of extraction
elements is reduced. Specifically, by drawing light from a larger number of
extraction elements, and from extraction elements that are more spatially
distributed, the spatial variance in the extracted light is less pronounced. Rotating
further reduces the correlations with extractors that are placed on a grid pattern. A
similar effect can be achieved by rotating the array of extraction elements with
respect to the light recycling film.

[0205] As described above, the light recycling films may be disposed
between the light guide and the spatial light modulator to control the field-of-view of
the display and provide luminance enhancement within that field-of-view.
Additionally, the light recycling films described herein can increase the uniformity of
ilumination of the display and reduce Moiré effects.
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[0206] In other embodiments, the light recycling films can be disposed
between the light source and the light guide to provide mixing of the light source.
For example, light sources that generate substantially monochromatic light at one or
more selected wavelengths, such as RGB LED arrays, generally can benefit from
mixing to produce white light or colors formed by combinations the monochromatic
light, for example, red, green, or blue. Because certain of the light recycling films
disclosed herein collect light from a variety of locations and direct this light into a
localized area (for example, a pixel), these light recycling films advantageously
provide the additional mixing required when a plurality of separate monochromatic
light emitters are used. The light recycling of the light recycling film may add to this
mixing process.

[0207]  Figure 17 illustrates selected components of a color backlit display
50, wherein a first light recycling film 52, such as one or more of the light recycling
films disclosed herein, including the composite light recycling films and crossed light
recycling films described above, is positioned between a light source 54 having a
plurality of monochromatic elements and a light rod 56. In such embodiments, a
second light recycling film 58, such as one or more of the light recycling films
disclosed herein, including the composite light recycling fims and crossed light
recycling films described above, is positioned between the light rod 56 and a planar
light guide 60. Other components may be placed above the planar light guide 60 (in
the +z dimension). Such optional components may include other light recycling
films, optional diffusers, and spatial light modulators; these components, however,
are omitted from Figure 17 for clarity.

[0208] The color backlit display 50 illustrated in Figure 17 advantageously
provides enhanced mixing of the colors generated by the light source 54 comprising
a plurality of monochromatic light emitters. The first light recycling film 52 causes
each location on the end of the light rod 56 to receive light from a plurality of
separated sites on the light source 54. These sites may include, for example,
different dies in an RGB LED array. Similarly, the second light recycling film 58
causes each location on the edge of the light guide 60 to receive light from a
plurality of separated sites on the edge of light rod 56. More extensive color mixing
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is thereby provided. For example, in embodimients wherein individual rows of
extractor elements correspond to different color emitters, certain of the light
recycling films disclosed herein will advantageously and substantially increase the
number of colors supplied to an individual pixel in the spatial light modulator.

[0209] More or less light recycling films may be included in other
embodiments. For example, in alternative embodiments, only one of the first and
second light recycling films 52, 58 may be included. Also, the light rod 56 may be
excluded in certain embodiments.

[0210] In one example embodiment, an array of light sources is disposed
at an edge of the light guide. A light recycling film disposed between the array of
light sources and the light guide causes mixing of the light directed into the light
guide. In the case where the array of light sources comprises an array of different
color light emitters, the light recycling film provides color mixing. Additional
elements may be included in the display and the configuration may vary.

[0211] In another embodiment, for example, a compound parabolic type
collector is used to couple light from the array of light sources 54 to the first light
recycling film 52. Figure 18 illustrates an example embodiment of selected
components of a color backlit display 50 that includes an array of colored light
sources 54 that is configured to couple light into a compound parabolic collector 62.
The compound parabolic type collector 62 is configured to efﬁcientiy distribute light
to a first light recycling film 52, such as one or more of the light recycling films
described herein, including but not limited to the composite light recycling films and
crossed light recycling films described above. In an example embodiment, the
compound parabolic type collector 62 is an optically transmissive non-imaging
optical element wetted to a high refractive index material covering the array of light
sources 54. The angular distribution of light exiting the non-imaging optical element
is large, and therefore the non-imaging optical element efficiently couples light from
the array of light sources 54 to the first light recycling film 52. The non-imaging
optical element can be made to provide more collimation by wetting the light
recycling film to the output face of the non-imaging optical element. In certain
embodiments, the'compound parabolic tybe collector 62 as well as the light-
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recycling film 52 advantageously mixes the light generated by the array of light
sources 54. Other types of non-imaging optical elements (as well as imaging optical
elements) may be used in different embodiments. Additionally, additional
components such as a light guide, a diffuser, one or more additional light recycling
mmsandaspmblﬁmtnmdMamrmayabobehmhﬂed

[0212]  Although light sources comprising a plurality of different color may
benefit from the use of light recycling films, light sources that emit a single color as
well as white light sources may also benefit. For example, the light recycling film
may advantageously mix the light from the light source to produce a more uniform
intensity output.

[0213] Although specific examples have been described above, wide
variation in design is contemplated. For example, the number, size, dimension,
shape, configuration, arrangement, and order of the various components can vary.
For example, the light recycling structure, also referred to herein as an optical
member having a plurality of total internal reflection structures formed thereon, need
not be limited to a film. In -addition to being a sheet or layer, the light recycling
structure more generally can have any other length, width, thickness or shape. The
light récycling structure can be rigid or flexible. A film may be flexible and may rely
on another structure such as a substrate for support and/or to provide rigidity. As
used herein a film may be 0.2 mm or thinner. In contrast, a sheet is thicker. The
light recycling structure can be integrated together with another element. For
example, the prisms may be formed on a diffuser or light guide. Accordingly, the
functionality of the diffuser or light guide as described above can be combined in a
single component with the light recycling structure. The prisms forming the light
recycling structure may also be integrated on filters, lenses, or other optical or non-
optical components. )

[0214] Additionally, the light recycling structures can be included together
with any one or combination of the components described herein such as the light
sources, the light guide, reflector, the diffuser, and the spatial light modulators.
Accordingly, any of these components can be excluded. Similarly, additional
components may be added. The components themselves may be different than
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specifically disclosed herein. For example, although the shape of the light guide,
reflector, diffuser, light recycling structure and spatial light modulator have been
described as planar, other shapes, sizes, and configurations are possible. The
order of the components may also vary. Similarly, the different components can be
assembled together in different ways. For example, some or all of the elements
may be laminated together. The components may be otherwise mechanically
secured in position with respect to each other.

[0215]  Similarly, although the light recycling structures have been
described for use in displays, the light recycling structures can be used in other
applications as well. For example, the light recycling structures may be used in
lighting such as for portable lights including flashlights, for display lighting, down
lighting, architectural lighting, automobile, nautical, aviation lighting, and signage.

[0216] Certain of the light recycling structures disclosed herein may also
be used in other types of light apparatus. Such lighting apparatus may be used, for
example, for down lighting, display case lighting, outdoor lighting, architectural
lighting, and the like. For example, such lighting apparatus may be used in
applications where a more focused beam of light is to be directed to a target. Such
lighting apparatus may comprise one or more light emitters, a light box, a diffuser,
and a light recycling film. Figure 20 is an exploded view of selected components of
an example embodiment of lighting apparatus 70 that includes a light emitter 72
positioned within a hollow light box 74. In an example embodiment, the interior
walls of the hollow light box 74 are provided with a light colored or reflective surface
to decrease the amount of light absorbed by the walls of the walls 74. These wall
may for example be painted white. These walls may form a highly reflecting diffuse
surface. In an example embodiment, the light emitter 72 is a fluorescent light buib,
although other light emitters are used in other embodiments, such as incandescent
light bulbs, gas discharge Iémps, arrays of light emitting diodes and the like. In
certain embodiments, the lighting apparatus 70 includes a combination of different
types of light sources. )

[0217]  Still referring to Figure 20, an optional diffuser 76 is positioned
over one side of the light box 74, and a light recycling film 78 is positioned over the
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diffuser 76. These components 76, 78 are arranged such that light generated by the
light emitter 72 passes through the optional diffuser 76 and the light recycling film 78
as it exits the light box 74. In certain embodiments the diffuser 76 is excluded as
the light box 74 is effectively a diffuser. For example, the interior walls may be
diffusely reflecting and my diffuse the light from the light emitter 72. The light
recycling film 78 may alternatively comprise a plurality of light recycling films and
may include any of the light recycling films disclosed herein, or an equivalent
thereof. Such a light recycling film 78 used with a light apparatus 70 such as shown
may have ridges and grooves with larger dimensions than with a light recycling film
used with a spatial light modulator, as disclosed in certain of the other embodiments
described herein.

[0218]  The lighting apparatus light 70 may have a wide variety of different
*configurations, and is not limited to boxlike shapes or other rectangular forms. For
example, Figure 21 illustrates a light apparatus 80 that is cylindrical. This lighting
apparatus 80 includes certain of the components of the lighting apparatus 70
illustrated in Figure 20. in the embodiments shown in Figure 21, however, the
hollow light box is replaced with a solid light guide 74, configured to transmit light
from light emitters disposed about the edges of the light guide 72. The light guide
74 may comprise a solid material that is 'substantially opticélly transmissive to the
wavelength of light output by the emitters. The light guide 72 in Figure 21, as well
as the hollow light box shown in Figure 20 may be generally referred to as light
boxes. .

[0219] Other designs for the lighting apparatus as well as for the light
recycling film are possible. For example, in certain embodiments, the elongate
features in the light recycling films described herein may comprise nonlinear
elongated features. Figyre 22A is a top surface view (parallel to the xy plane) of
such an example embodiment comprising a light recycling film 160 having a
nonlinear pattern of elongated features. In this example embodiment, the light
recycling film includes a plurality of nonlinear, nonintersecting ridges 162 and
grooves 164. Each ridge 162 and groove 164 extends longitudinally in a direction
parallel to the x axis. The ridges 162 and grooves 164, however, simultaneously
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oscillate in a lateral direction that is parallel to the y axis in this example. As shown,
ridges 162 and grooves 164 are laterally displaced in an undulating manner, up and
down in the +y and -y direction as the ridge 162 and groove 164 progresses left to
right along the x direction. The amount off lateral displacement of the ridges
substantially matches that of the grooves such that the width of the ridges and
grooves as well as their periodicity is unchanging with position, e.g., from left to right
or along the x axis. The width and periodicity need not be so limited in different
embodiments. Figure 22B is a cross-sectional view (parallel to yz plane) of the light
recycling film 160 of Figure 22A. 4

[0220] While the example light recycling film 160 illustrated in Figure 22A
includes a pattern of ridges and grooves having a sinusoidal oscillation pattern,
other nonlinear spatially varying patterns are used in other embodiments. These
non-linear patterns may be oscillating and may have a period oscillation that is
constant or that varies. In some embodiments, the pattern may have sharper turns
upward and downward along the y direction, and may for example, be characterized
more as “zig-zag’. The turns may, however, be smooth in some embodiments. |
Random and pseudo random patterns are also possible.

[0221]  When used with a backlit display, the light recycling film 160
illustrated in Figure 22A and 22B is advantageously capable of collecting light from
a larger spatial area of the light guide 18. For example, when light rays are traced
through two sequential light recycling films 160 that are crossed perpendicular to
each other, the resulting pattern of illuminated spatial regions on the rear surface 18’
of the light guide 18 are Hlustrated in Figure 22C. As ilustrated, this pattern of
iluminated regions is substantially larger than the pattern associated with two
sequential linear light recycling films 22, as illustrated in Figure 13B. Moire effects
resulting from periodic extractor patterns may be reduced with this larger pattern as
described above. While the light recycling films 160 used to obtain the pattern
illustrated in Figure 22C were crossed at a 90° angle, the films are crossed at other
angles in other embodiments. A diffuser is optionally used to diffuse the light from
the light guide 18 and further reduce the Moiré effect; Figure 22D is 1 plot of the
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lluminance of light projected onto the rear surface 18’ of the light guide 18 when a
3° Gaussian diffuser is included.

[0222] In a modified embodiment, multiple nonlinear arrays of elongate
features illustrated in Figure 22A are combined on 3 single light recycling film. For
example, Figure 22E illustrates a composite nonlinear light recycling film 160’
formed by combining two of the light recycling films 160 depicted in Figure 22A
oriented at a right angle. This combination produces an array of pyramids with
nonlinear sides.

[0223] In this example embodiment, the light recycling film includes a first
set of nonlinear, non-intersecting grooves 164a as well as a second set of honlinear,
non-intersecting grooves 164b. In this particular embodiment, the first and second
sets of grooves 164a, 164b, are oriented substantially orthogonal to each other.

[0224] In the embodiment shown, for example, each groove 164a in the
first set extends longitudinally in a direction parallel to the x axis. The grooves 164a,
however, simultaneously oscillate in a lateral direction that is parallel to the y axis in
this example. As shown, grooves 164a are laterally displaced in an unduiating
manner, up and down in the +y and -y direction as the groove 164a progresses left
to right along the x direction. The width of the grooves 164a as well as their
periodicity is unchanging with position, e.g., from left to right or along the x axis.

[0225] Additionally, each groove 164b in the second set extends
longitudinally in a direction parallel to the y axis. The grooves 164b, however,
simultaneously oscillate in a lateral direction that is parallel to the x axis in this
example. As shown, the grooves 164b are laterally displaced in an undulating
manner, left and right in the -x and +x direction as the grooves 164b progresses
upward along the y direction. The width of the grooves 164b as well as their
periodicity is unchanging with position, e.g., with movement upward or along the y
axis, although in other embodiments the width and periodicity may change.

[0226] While the example light recycling film 160 illustrated in Figure 22A
includes first and second patterns of grooves having a sinusoidal oscillation pattern,
other nonlinear spatially varying patterns are used in other embodiments. These

non-linear patterns may be oscillating and may have a period oscillation that is
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constant or that varies. In some embodiments, the pattern may have sharper turns
upward and downward along the y direction or left and right along the x direction
and may for example, be characterized more as “zig-zag”. The turns may, however,
be smooth in some embodiments. Random and pseudo random patterns are also
possible.

[0227] Non-inear rows and columns of pyramids result as shown in
Figure 22E. As with certain of the other embodiments disclosed herein, the
pyramids have an upright (“everted”) or inverted configuration. The grooves 1643
and 164b, however, may be replaced with ridges to produce an array of inverted
pyramids. In other modified embodiments, a composite array is formed by
combining the patterns of more than two arrays of nonlinear light recycling films,
and/or a composite array is formed by combining the patterns of two nonlinear light
recycling films at an angle other than 90°.

[0228] Use of a nonlinear light recycling film 160 to collect light from a
larger spatial portion of the light guide advantageously provides the spatial light
modulator with more uniform illumination. In embodiments wherein the spatial light
modulator includes a plurality of pixels, uniform illumination advantageously reduces
Moiré effects, as described above. For example, in one configuration the non-linear
non-intersecting elongate features (e.g., ridges or grooves) in a nonlinear light
recycling film 160 oscillate an integral number of periods within each pixel of the
spatial light modulator. While diffusers are optionally used to cause light to diffuse
the light from the light guide, use of strong (that is, high angle) diffusers can
disadvantageously reduce the gain of the backlit display, increase the thickness of
the backlit display, and/or increase the cost of the backlit display. For example, in
certain embodiments use of one or more of the nonlinear light recycling films 160
illustrated in Figure 22A provides similar advantages as compared to use of a
diffuser with one or more linear light recycling films 22, such as that iMustrated in
Figure 2A. In a modified embodiment, a diffuser is formed on a surface of the light
recycling film 160 without any microstructures, such as the second surface 106
illustrated in Figure 22B.
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[0229] For example, in one embodiment a first backlit display includes two
perpendicularly-crossed nonlinear light recycling films 160 of Figure 22A and a 3°
diffuser. A second backlit display includes two perpendicularly-crossed linear light
recycling films 22 of Figure 2A and a 10° diffuser. With other parameters held
constant, such as the light guide dimensions, the first backlit display produces a
higher gain (1.77) than the second backlit display (1.72). Even in modified
embodiments wherein use of a nonlinear light recycling film 160 yields litle or no
gain advantage as compared fo linear light recycling films, the nonlinear light
recycling film are still configurable to collect light from a larger spatial area of the
light guide, thus helping to reduce Moiré effects.

[0230] In certain embodiments, the modified light recycling film 112
illustrated in Figure 3A is further modified such that linear non-intersecting elongate
features that define the film (for example, the parallel ridges 108 and grooves 110 of
Figure 3A) have a varying elevation over the surface of the film. For example,
Figure 23A is a top surface view (in the xy plane) of a modified light recycling film
170 having a plurality of linear elongate features with varying elevation, which are
indicated by lines 172. The lines 172 are rotated with respect to the x axis by an
-angle a. In one example, this modified light recycling film 170 may comprise a
plurality of linear grooves that follow along the lines 172. The depth or pitch of the
grooves may vary or oscillate. In embodiments where the angle of the sloping
sidewalls of the groove remains constant, the width of the groove will increase with
deeper groove depths. Accordingly, as the groove varies in depth, so tco will the
groove vary in width. in other embodiments, the angle of the sloping sidewalls of
the groove may vary. In another example, the maodified light recycling film 170 may
comprise a plurality of ridges of varying or oscillating height. A more generalized
description applicable to both ridges and grooves is provided below with continued
reference to Figure 23A.

[0231] As illustrated by Figure 23A, the elevation of the surface of the
modified light recycling film 170 is indicated by broken contour lines 174 which are
drawn at a constant elevation with respect to a reference or base, and elevation

extrema along the lines 172 are located at points 175. Between adjacent lines 172
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is a constant-elevation nonlinear interface path 176. The interface path 176
oscillates laterally between the surrounding lines 172, depending on the relative
elevation difference between the elongate features at a selected point along the
interface path 176. For example, the interface path 176 is relatively far from a
selected line 172 at a point adjacent an extrema 175 along the selected line 172.
Figure 23B is a top surface view of a modified light rec;}ch’ng fiim 170’ wherein the
lines 172 are rotated with respect to the x axis by an angle a’. In this example, the
angle a illustrated in Figure 23A is equal to the angle o' illustrated in Figure 23B.

[0232] In Figures 23A and 23B, the extrema 175 positioned along
adjacent lines 172 are out of phase with respect to each other by an angle less than
180°. In embodiments wherein respective extrema positioned along adjacent lines
172 are in phase with each other, the array of extrema points 175 will form a
rectangular array, as schematically illustrated in Figure 23C. In embodiments
wherein extrema positioned along adjacent lines 172 are out of phase with respect
to each other by an angle of 180°, a selected extrema point 175 will be positioned
between two extrema points on an adjacent line 172, as schematically iliustrated in
Figure 23D.

[0233] In an example embodiment, the sets of elongate features used to
form the modified light recycling films 170, 170’ illustrated in Figures 23A and 23B
are combined to form a composite modified light recycling fim. Figure 23E
schematically illustrates a two-array composite modified light recycling film 170"
formed by combining the elongate features in Figure 23A represented by lines 172
and rotated by an angle a with the elongate features in Figure 23B represented by
lines 172 and rotated by an angle a’. In Figure 23E, line 172a is parallel to the array
of lines corresponding to modified light recycling film 170, and line 172b is parallel to
the array of microstructure lines corresponding to the modified light recycling film
170". The elevation of the surface of the modified light recycling film 170" is
indicated by broken contour lines 174 which are drawn at a constant elevation with
respect to a base. As described herein, the lines 172 correspond to varying-height
ridges and varying-height grooves in alternative embodiments. ‘
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[0234] Figure 23F is a top surface view (in the xy plane) of a modified
light recycling film 178 having a piurality of linear parallel elongate features with
varying elevation, which are indicated by lines 172. Lines 172 are parallel with
respect to the x axis. In the embodiment illustrated in Figure 23F, the elongate
features have an elevation that varies sinusoidally. In other embodiments the
elongate features have an elevation that varies according to another pattern, such
as a triangle pattern (that is, linearly decreasing for a selected segment, followed by
linearly decreasing for a selected segment). In still other embodiments, the elongate
features have an elevation that varies according to a pattern of connected arc
segments.

[0235] In Figure 23F, the elevation of the surface of the modified light
recycling film 178 is indicated by contour lines 179 which are drawn at a constant
elevation with respect to a base, and elevation extrema along the lines 172 are
located at points 175. In the example embodiment illustrated in Figure 23F, the
extrema points 175 are 180° out of phase, as schematically illustrated in Figure
23D. Figure 23G is a perspective view of the modified light recycling film 178 of
Figure 23F, wherein the extrema points 175 correspond to elevation minima. This
configuration is referred to as inverted. Figure 23H is a perspective view of the
modified light recycling film 178 of Figure 23F, wherein the extrema points 175
correspond to elevation maxima. This configuration is referred to as upright or
“everted”. Additional contour lines 179 are also shown.

[0236] Figure 23l is a plot of intensity versus angle in the vertical and
horizontal directions (parallel to the x and y axes, respectively) of the transmitted
light distribution for the light recycling film 178 illustrated in Figure 23F. In certain
embodiments, the light recycling film 178 is advantageously capable of collecting
light from a larger spatial area of the light guide 18, as compared to certain other
nonlinear composite light recycling films disclosed herein (for example, see Figures
22E and 23E). Thus, the configuration illustrated in Figure 23F advantageously
reduces Moiré patterns in certain embodiments, and, because it includes a single
set of parallel linear elongate features, may simplify fabrication in certain
embodiments. Furthermore, the gain of the modified light recycling film 178 of
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Figure 23F is comparable to certain other nonlinear composite light recycling films
disclosed herein (for example, see Figures 22E and 23E).

[0237] In some embodiments, height variations may be introduced that are
small. For example, the ridges may vary in height by an amount small compared to
the height of the ridge.

[0238] The structures and methods described herein may be used in a
wide variety of applications. The light recycling films may be used in displays such
as LCD televisions, monitors, handheld devices such as personatl digital assistants
(PDAs), cell phones, watches, etc.,, portable computers such as notebooks,
navigational devices such as GPS and instrumentation, including automobile,
nautical, and aviation instrumentation, as well'as stadium and roadside screens. A
wide variety of other display applications are also possible. The light recycling
structures may be used in lighting applications including down lighting, display
lighting, architectural lighting, traffic and airport lighting etc. The applications should
not be limited to these. The structures and methods described herein may be
employed in medical, industrial, military, and consumer applications as well as in
other areas.

[0239] In certain embodiments, at least a portion of the elongate features
that comprise the light recycling film are provided with a modified. surface profile.
One example of such a modified surface profile is achieved by exposing a master
used in the formation of the light recycling film to a stress. The stress can be
generated by the application of energy, chemicals, machining or pressure to a
portion of the master. For example, energy can be applied as either electrical
energy or focused heat, such as by an infrared laser or a pencil tip torch. For
instance, focused laser energy can be used to melt a very small amount of material
in a localized area of the master.

[0240] Use of chemicals to stress the surface of the master are particularly
useful in embodiments wherein the master comprises a plastic material. For
example, in such embodiments, application of a solvent on the master causes the
film surface to pucker slightly, thereby affecting the orientation of the elongate
features.
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[0241] Machining techniques are useful for altering the internal
mechanical stress of the master, and are particularly useful in embodiments wherein
the master includes internal stresses. An example machining technique is micro-
drilling, wherein small amounts of material are removed from the master to slightly
relieve local mechanical stresses. This stress relieve creates minute distortion of
the elongate features.

[0242] Application of mechanical pressuré can be used to produce
localized distension involving the movement of material in the master, such as by
contact of the master against projecting blunt fingers. Such localized distension
preserves material mass while creating stress, and can be provided by a mechanical
device, such as by a finger roller that is rolled against the master.

[0243] The light recycling film may be formed from the master. In certain
embodiments, the master may be used form intermediate components such as
copies or replicas that may be used to form the light recycling film. in some
embodiments, the master may be a copy itself. A wide variety of such processing
variations are possible.

[0244] Regardless of the method of application, stress can be used to
introduce an aberration in the structure of the features that comprise the light
recycling film, wherein the aberration affects the transmission of light through the
feature. In one embodiment, the aberration is introduced in only a selected spatial
area of the light recycling film. Additional information regarding use of stress to
modify the elongate features of the light recycling film is provided in U.S. Patent
6.871,966.

[0245] In a modified embodiment, the elongate features have multiple
faceted edges. For example, Figure 24 illustrates a partial cross-sectional profile of
a light recycling film 180 that includes a pair of elongate features 182 that have
multiple faceted edges. In particular, in the embodiment illustrated in Figure 24, the
elongate features 182 include a first pair of faceted edges 184 and a second pair of
faceted edges 186. In other embodiments, the elongate features 182 include more
than two pairs of faceted edges. Elongate features having multiple faceted edges
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can be formed, for example, using a cutter with faceted edges corresponding to the
shape of the features to be formed.

[0246] In another modified embodiment, the tip of the cutting tool used to
form the elongate grooves defines a straight groove root parallel to the xy plane, but
the cutting tool oscillates within a plane containing the groove root. That is, the
cutting tool oscillates to and fro parallel to the direction of the groove. The attitude
of the tool with respect to the substrate is controlled as a function of the position of
the cutting tool aiong the groove. In this mode of operation, the center of oscillation
is the tip of the cutting tool. This mode produces a groove having groove walls that
undulate such that the included groove angle expands and contracts along the
length of the groove. As the cutting tool oscillates in accordance with this
embodiment, the included groove angle will vary across the surface of the film.
Additional information regarding certain methods wherein the cutting tool is
oscillated are provided in U.S. Patent 6,984,047 entitled “Refroreflector with
controlled divergence made by the method of groove undulation,” issued January
10, 2006.

[0247] In another modified embodiment, the tip of the cutting tool used to
form the elongate grooves defines a straight, constant elevation groove root, while
the cutting tool oscillates within piahes perpendicular to the groove root. That is, the
cutting tool oscillates transverse to the direction of the groove. in this method, while
the magnitude of the groove angle itself will not change along the length of the
groove, the progressive oscillation the cutting tool along the groove will result in
variations in the angle between the xy plane and the groove walls. Additional
information regarding embodiments that may work are provided in U.S. Patent
6,984,047 entitled “Retroreflector with controlled divergence made by the method of
groove undulation,” issued January 10, 2006, subsection “Fourth Mode” (paragraph
[0068]).

[0248] A wide range of variations in design are possible. Each of the
parameters described herein may be varied and various combinations of different
features may be used in different embodiments. Still other variations are possibie.

For example, the on-axis gain may depend on the index of refraction of the light
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recycling film. Accordingly, the index of refraction of the light recycling film may be
tuned as desired. Similarly, in cases where two or more sheets are employed, each
of the sheets need not have the same index of refraction. Still other parameters,
including those described herein as well as others may be varied. Additionally,
features may be added, features may be removed, and different arrangements and
configurations may also be used, include those yet to be devised. Other variations
are also possible.

[0249] While the foregoing detailed descriptio'n discloses several
embodiments of the present invention, it should be understood that this disclosure is
illustrative only and is not limiting of the present invention. It should be appreciated
that the specific configurations and operations disclosed can differ from those
described above, and that the methods described herein can be used in contexts
other than light recycling films.
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WHAT IS CLAIMED |IS:

1. A display apparatus comprising:
a light guide;
a spatial light modulator comprising an array of pixels, said pixel array
comprising a plurality of rows of pixels; and
' an optical member comprising a substantiéliy optically transmissive
material having a surface, a first plurélity of non-intersecting elongate
features in said surface, and a second plurality of non-intersecting elongate
features in said surface, said first plurality of non-intersecting elongate
features angled with respect to said second plurality of non-intersecting
elongate features, each of said non-intersecting elongate features in said first
plurality extending across said second plurality of non-intersecting features
thereby forming total internal reflection structures,
wherein said first plurality of non-intersecting elongate features and
said second plurality of non-intersecting elongate features are oriented at an
angle with respect to said rows of pixels.
2. The display apparatus of Claim 1, wherein at least two of said non-
intersecting elongate features comprise substantially parallel linear features.
3. The display apparatus of Claim 1, wherein at least one of said non-
intersecting elongate features varies in height or depth along its length.
4, The display apparatus of Claim 1, wherein at least one of éaid non-
intersecting elongate features comprise a non-linear feature.
5. The display apparatus of Claim 4, wherein said non-linear feature
undulates laterally. '
6. The display apparatus of Claim 1, wherein said non-intersecting
elongate features comprise grooves.
7. The display apparatus of Claim 1, wherein said non-intersecting
elongate features comprise ridgelines.
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8. The display apparatus of Claim 1, wherein at least one of said total
internal reflection structures comprise a prism having planar facets.

9. The display apparatus of Claim 8, wherein said prism comprises a
pyramid.

10. The display apparatus of Claim 8, wherein said planar facets have
rounded edges.

11.  The display apparatus of Claim 8, wherein each of said facets in said
prism has substantially the same projected area.

12.  The display apparatus of Claim 1, wherein at least two of said total
internal reflection structures have different heights.

13. The display apparatus of Claim 1, wherein at least one of said total
internal reflection structures comprise curved surfaces that totally internally reflect
light.

14.  The display apparatus of Claim 1, wherein said pixel array further
comprises a plurality of columns of pixels, said non-intersecting elongate features in
said first plurality and said non-intersecting elongate features in said second plurality
being oriented at an angle with respect to said columns.

15. The display apparatus of Claim 1, further comprising an array of
extractors configured to extract light from said light guide, said array of extractors
comprising a plurality of rows of extractors, wherein said non-intersecting elongate
features in said first plurality and said non-intersecting elongate features in said
second plurality are oriented at an angle with respect to said rows of extractors.

16. The display apparatus of Claim 15, wherein said array of extractors
further comprises a plurality of columns of extractors, said non-intersecting elongate
features in said first plurality and said non-intersecting elongate features in said
second plurality being oriented at an angle with respect {o said columns.

17.  The display apparatus of Claim 1, further comprising a diffuser on
either side of said surface.

18. The display apparatus of Claim 1, wherein the first plurality of non-
intersecting elongate features has a first pitch, the second plurality of non-
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intersecting elongate features has a second pitch, and wherein the first pitch is not
equal to the second pitch.

19.  The display apparatus of Claim 1, wherein the first plurality of non-
intersecting elongate features has a first pitch, the second plurality of non-
intersecting elongate features has a second pitch, and wherein the pitch of at least
one of the first and second plurality of non-intersecting elongate features varies.

20. The apparatus of Claim 1, wherein at least one of said non-intersecting
elongate features is linear.

21.  The apparatus of Claim 1, wherein said substantially optically
transmissive material compfises a film. '

22.  The apparatus of Claim 1, wherein said substantially optically
transmissive material has a thickness of 0.2 mm or less.

23.  The apparatus of Claim 1, further comprising an illumination apparatus
that backlights said optical member.

24.  The apparatus of Claim 1, wherein each of said non-intersecting
elongate features in said first 'plurality intersect each of said non-intersecting
elongate features in said second plurality only once.

25. The apparatus of Claim 1, wherein the first plurality of non-intersecting
elongate features has a first pitch and said first pitch increases and decreases along
at least one direction.

26. A display appératus comprising:

a light guide;
an array of extractors configured to extract light from said light guide,
said array of extractors comprising a plurality of rows of extractors; and
an optical member comprising a substantially optically transmissive
material having a surface, a first plurality of non-intersecting elongate
features in said surface, and a second plurality of non-intersecting elongate
features in said surface, said first plurality of non-intersecting elongate
features angled with respect to said second Pplurality of non~-intersecting
elongate features, eéé:h of said non-intersecting elongate features in said first
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plurality extending across a said second plurality of non-intersecting elongate
features thereby forming total internal reflection structures,
wherein said non-intersecting elongate features in said first plurality

and said non-intersecting elongate features in said second plurality are

oriented at an angle with respect to said rows of extractors.

27.  The display apparatus of Claim 26, wherein at least two of said non-
intersecting elongate features comprise substantially parallel linear features.

28.  The display apparatus of Claim 26, wherein at least one of said non-
intersecting elongate features varies in height or depth aiong its length.

29.  The display apparatus of Claim 26, wherein at least one of said non-
intersecting elongate features comprises a non-linear feature.

30.  The display apparatus of Claim 29, wherein said non-linear feature
undulates laterally.

31.  The display apparatus of Claim 26, wherein said non-intersecting
elongate features comprise grooves.

32. The display apparatus of Claim 26, wherein said non-intersecting
elongate features comprise ridgelines.

33.  The display apparatus of Claim 26, wherein at least one of said total
internal reflection structures comprises a prism having planar facets.

34.  The display apparatus of Claim 33, wherein said prism comprises a
pyramid.

35.  The display apparatus of Claim 33, wherein said planar facets have
rounded edges.

36.  The display apparatus of Claim 33, wherein each of said facets in said
prism has substantially the same projected area.

37.  The display apparatus of Claim 26, wherein at least two of said total
internal reflection structures have different heights.

38.  The display apparatus of Claim 26, wherein at least one of said total
internal reflection structures comprises curved surfaces that totally internally reflect
light.
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39. The display apparatus of Claim 26, wherein said array of exiractors
further comprise a plurality of columns of extractors, said non-intersecting elongate
features in said first plurality and said non-intersecting elongate features in said
second plurality being oriented at an angle with respect to said columns.

40. The display apparatus of Claim 26, further comprising a third plurality
of non-intersecting elongate features in said surface, said non-intersecting elongate
features in said third plurality being angled with respect to said first plurality of non-
intersecting elongate features and said second plurality of non-intersecting elongate
features.

41. The display apparatus of Claim 26, further comprising a diffuser on
either side of said surface.

42. The display apparatus of Claim 26, wherein the first plurality of non-
intersecting elongate features has a first pitch, the second plurality of non-
intersecting elongate features has a second pitch, and wherein the first pitch is not
equal to the second pitch.

43. The display apparatus of Claim 26, wherein the first plurality of non-
intersecting elongate features has a first pitch, the second plurality of non-
intersecting elongate features has a second pitch, and wherein the pitch of at least
one of the first and second plurality of non-intersecting elongate features varies.

44. The apparatus of Claim 26, wherein at least one of said non-
intersecting elongate features is linear.

45. The apparatus of Claim 26, wherein said substantially optically
transmissive material comprises a film.

46. The apparatus of Claim 26, wherein said substantially optically
transmissive material has a thickness of 0.2 mm or less.

47. The apparatus of Claim 26, further comprising an illumination
apparatus that backlights said optical member.

48. The apparatus of Claim 26, wherein each of said non-intersecting
elongate features in said first plurality intersect each of said non-intersecting

elongate features in said second plurality only once.
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49. The apparatus of Claim 26, wherein the first plurality of non-
intersecting elongate features has a first pitch and said first pitch increases and
decreases along at least one direction.

50.  An optical apparatus comprising:

a first optical member comprising substantially optically transmissive
material having a first surface, a first plurality of non-intersecting elongate
features in said first surface, said first plurality of non-intersecting elongate
features defining a first plurality of total internal reflection structures:

a second optical member comprising substantially optically
transmissive material having a second surface, said second member further
comprising: .

a second plurality of non-intersecting elongate features in said
second surface; and

a third plurality .of non-intersecting elongate features in said
second surface, said second plurality of non-intersecting elongate
features being oriented at an angle with respect to said third plurality of
non-intersecting elongate features, each of said non-intersecting
elongate features in said second plurality extending across said said

third plurality of non-intersecting elongate features thereby forming a

second plurality of total internal reflection structures,

wherein said first optical member is oriented with respect to said
second optical member such that said first plurality of non-intersecting
elongate features is at an angle with respect to said second plurality of non-
intersecting elongate features and at an angle with respect to said third
plurality of non-intersecting elongate features.

51.  The optical apparatus of Claim 50, wherein at least two of said non-
intersecting elongate features comprise substantially parallel linear features.

52.  The optical apparatus of Claim 50, wherein at least one of said non-
intersecting elongate features varies in height or depth along its length.”

53.  The optical apparatus of Claim 50, wherein at least one of said non-

intersecting elongate features comprise a non-linear feature.
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54.  The optical apparatus of Claim 53, wherein said non-linear feature
undulates laterally.

55.  The optical apparatus of Claim 50, wherein said non-intersecting
elongate features in said first or second surface comprise grooves.

56. The optical apparatus of Claim 50, wherein said non-intersecting
elongate features in said first or second surface comprise ridgelines.

57.  The optical apparatus of Claim 50, wherein at least one of said total
internal reflection structures compriées a prism having planar facets.

58.  The optical apparatus of Claim 50, wherein said prism comprises a
pyramid.

59.  The optical apparatus of Claim 58, wherein said planar facets have
rounded edges.

60. The optical apparatus of Claim 50, wherein at least one of said total
internal reflection structures comprises curved surfaces that totally internally reflect
light.

61. The optical apparatus of Claim 50, wherein said first optical member
further comprises a fourth plurality of non-intersecting elongate features, said fourth
plurality of non-intersecting elongate features angled with respect to said first,
second, and third plurality of non-intersecting elongate features.

62. The optical apparatus of Claim 50, wherein said second optical
member further comprises a fifth plurality of non-intersecting elongate features, said
fifth plurality of non-intersecting elongate features angled with respect to said first,
second, and third plurality of non-intersecting elongate features.

63. The optical apparatus of Claim 50, further comprising a spatial light
modulator, wherein said spatial light modulator comprises an array of pixels
arranged in rows, said non-intersecting elongate features in said first, second, and
third non-intersecting elongate features being angled with respect to said rows of
pixels.

64. The optical apparatus of Claim 50, further comprising an array of
extractors, wherein said array of extractors comprises extractors arranged in rows,
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said non-intersecting elongate features in said first, second, and third non-
intersecting elongate features being angled with respect to said rows of extractors.

65. The optical apparatus of Claim 50, further comprising a diffuser on at
least one of said first and second surfaces, said diffuser on either side of surface.

~ 66. The optical apparatus of Claim 50, wherein the first plurality of non-
intersecting elongate features has a first pitch, the second piurality of non-
intersec{ing elongate features has a second pitch, and the third plurality of non-
intersecting elongate features has a third pitch, and wherein at least two of the first,
second, and third pitches are unegual.

67. The optical apparatus of Claim 50, wherein the first plurality of non-
intersecting elongate features has a first pitch, the second plurality of non-
intersecting elongate features has a second pitch, and the third pluralfty of non-
intersecting elongate features has a third pitch, and wherein the pitch of at least one
of the first, second, and third plurality of non-intersecting elongate features varies.

68. The apparatus of Claim 50, wherein at least one of said non-
intersecting elongate features is linear.

69. The apparatus of Claim 50, wherein said substantially optically
transmissive material comprises a film.

70. The apparatus of Claim 50, wherein said substantially optically
transmissive material has a thickness of 0.2 mm or less.

71. The apparatus of Claim 50, further comprising an illumination
apparatus that backlights said optical member.

72. The apparatus of Claim 50, wherein each of said non-intersecting
elongate features in said first plurality intersect each of said non-intersecting
elongate features in said second plurality only once.

73.  An optical apparatus comprising:

a light emitter;
a light guide;
a first optical member comprising a substantially optically transmissive

material having a first surface, said first member further comprising:
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a first plurality of non-intersecting elongate features in said first
surface; and
a second plurality of non-intersecting elongate features in said
first surface, said second plurality of non-intersecting elongate features
being oriented at an angle with respect to said first plurality of non-
intersecting elongate features, each of said non-intersecting elongate
features in said first plurality extending across said second plurality of
non-intersecting elongate features thereby forming a plurality of total
internal reflection structures,
wherein said optical member is disposed in an optical path between
said light emitter and said light guide.
74. The optical apparatus of Claim 73, wherein at least two of said non-
intersecting elongate features comprise substantially parallel linear features.
75. The optical apparatus of Claim 73, wherein at least one of said non-
intersecting elongate features varies in height or depth along their length.
76. The optical apparatus of Claim 73, wherein at least one of said non-
intersecting elongate features comprises a non-linear feature.
77. The optical apparatus of Claim 76, wherein said non-linear feature
undulates laterally.
78. The optical apparatus of Claim 73, wherein said non-intersecting
elongate features comprise grooves.
79. The optical apparatus of Claim 73, wherein said non-intersecting
elongate features comprise ridgelines.
80. The optical apparatus of Claim 73, wherein at least one of said total
internal reflection structures comprise a prism having planar facets.
81. The optical apparatus of Claim 80, wherein said prism comprises a
pyramid.
82. The optical apparatus of Claim 81, wherein each of said facets in said
prisms has substantially the same projected area.
83. The optical apparatus of Claim 80, wherein said planar facets have
rounded edges. .
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84. The optical apparatus of Claim 73, wherein at least one of said fotal
internal reflection structures comprises curved surfaces that totally internally reflect
light.

85. The optical apparatus of Claim 73, further comprising a light rod in said
optical path between said light emitter and said light guide.

86. The optical apparatus of Claim 85, wherein said first optical member is
disposed in said optical path between said light emitter and said light rod.

87. The optical apparatus of Claim 85, wherein said first optical member is
disposed in said optical path between said light rod and said light guide.

88. The optical apparatus of Claim 73, further comprising a second optical
member comprising a substantially optically transmissive material having a second
surface, said second member further comprising:

a third plurality of non-intersecting elongate features in said
second surface; and

a fourth plurality of non-intersecting elongate features in said
second surface, said fourth plurality of non-intersecting elongate
features being oriented at an angle with respect to said fourth plurality
of non-intersecting elongate features, each of said non-intersecting
elongate features in said third plurality extending across said fourth
plurality of non-intersecting elongate features thereby forming a
plurality of total internal reflection structures,
wherein said second optical member is disposed in an optical path

between said light emitter and said light guide.

89. The optical apparatus of Claim 88, wherein at least two of said non-
" intersecting elongate features in said second optical member comprise substantially
parallel linear features.

90. The optical apparatus of Claim 88, wherein at least one of said non-
intersecting elongate features in said second optical member varies in height or

‘depth along its length.
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91. The optical apparatus of Claim 88, wherein at least one of said non-
intersecting elongate features in said second optical member comprises a non-linear
feature.

92. The optical apparatus of Claim 91, wherein said non-linear feature
undulates laterally.

93. The optical apparatus of Claim 88, wherein said second optical
member is disposed in said optical path between said light emitter and a light rod.

94. The optical apparatus of Claim 88, wherein said second optical
member is disposed in said optical path between a light rod and said light Quide.

96. The optical apparatus of Claim 73, wherein said substantially optically
transmissive material comprises a sheet or film.

96. The optical apparatus of Claim 73, wherein said first plurality of non-
intersecting elongate features and second plurality of non-intersecting elongate -
features have different depths or heights. ' ‘

"97. The optical apparatus of Claim 73, wherein at least one of said first -
plurality and second plurality of non-intersecting elongate features have a base
angles, ¢, less than about 45°.

08. The optical apparatus of Claim 73, further comprising a diffuser on
either side of said first surface.

99. The optical apparatus of Claim 73, wherein the first plurality of non-
intersecting elongate features has a first pitch, the second plurality of non-
intersecting elongate features has a second pitch, and wherein the first pitch is not
equal to the second pitch.

100. The optical apparatus of Claim 73, wherein the first plurality of non-
intersecting elongate features has a first pitch, the second plurality of non-
intersecting elongate features has a second pitch, and wherein the pitch of at least
one of the first and.second plurality of non-intersecting elongate features varies.

101. The apparatus of Claim 73, wherein at least one of said non-
intersecting elongate features is linear.

102. The apparatus of Claim 73, wherein said substantially optically
transmissive material comprises a film.
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103. The apparatus of Claim 73, wherein said substantially optically
transmissive material has a thickness of 0.2 mm or less.

104. The apparatus of Claim 73, wherein each of said non-intersecting
elongate features in said first plurality intersect each of said non-intersecting

elongate features in said second plurality only once.

-78-



WO 2007/087031 PCT/US2006/047361

1/54

) 70
:;e': S
T e

A i
AN N\ N N\id

... ZZZ%-ZG‘n=-_~-~_ .- ---
,..-.G— ==~~~ +.~%6&6G&oB&o.o6GB6~n»6 B9~ B~ 9<&.B3B.B6B

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

2/54

EEEST———

T N G s s '\...\'\\\
TR Gt s’s N ETE R
R RN RN i
N ‘

=
0 > % W

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

3/54
22
109
770
105 1, A 8 108
700
(2N /\ » - 105
Da W ' A0k
Y
102
N g t
+Z I

Cos s FiG.2B

+ty

’ FIg. 2¢

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

4/54

772

] FiG. 3A 174

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

705

N \\\\ X\ /07

NI

R R hnn
.

§jv§ \Hfi§§§§§§§wg§iﬁ§®§ﬁ\

R

\\\\ .

N

W

Nk
R

........... -
L

§§?§\\ R
\\\\\\\\‘Q 107

R X \.\\%\

3 \ '\‘\:‘-\:}f\\ TR N TNt
Y S&ﬁQ&-ﬁv “\$§\ . L
R S :\ \\::\: W R

2 Groove

NOWATONOOO

sl da g et el

Y (mm)
00000000000

cooooooooo=

o

oy - -"‘ . SR, R 1" st il 3 .
-0.6 -0.4 -0.2 —6.0 0.2 0.4 0.6
X (mm)

HG. 3D

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031

On—Axis Gain

x HG. 3E

2.5
2 il TR TPPPR %
1.5
1
0.5
0 T |
0 15 30

Angle (deg)

FiG. 3F

SUBSTITUTE SHEET (RULE 26)

45

PCT/US2006/047361



PCT/US2006/047361

WO 2007/087031

7/54

NEOH

89 |

I€ 9

V7 e \\\\\\\\\\“\.\\\\\\Q\\ Y
xxxwww&\ k
7 ‘...u....\\ u*.w‘.s\\ . \ x

7 -

T
5%

7 wv\\ \ A7 \\\\w\w.\. Z \.“.\«\\\\.\\ .
L S 7 .\.W\\wu 7

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

150 8/54

0.0 count

FIG. 30

SUBSTITUTE SHEET (RULE 26)



9/54

770

FIG. 35

708

708

SUBSTITUTE SHEET (RULE 26)



GAIN

WO 2007/087031

1.54

1.52

1.9

1.48

1.46

1.44

1.42

1.4

PCT/US2006/047361
10/54
e T ———
//
/
L~ N
/ S \ 1 (a—0)=0
] \(/-\
/ \
/ \
\\\ o gle0=s
\ S (aa)=10°
42 43 44 45 46 47

Base Prism Angle v
(degrees)

FIG. 3T

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031

GAIN

1.44
1.42
1.40
1.38
1.36
1.34
1.32
1.30

PCT/US2006/047361

11/54

»I»%(ot-—o()=0°
N —_ 1( ,) 50
’/Q\é:__ﬁ/m,\/\z—'\v/v\'\-'\ \\2
\ lz(a—o()=10°
lz(a—a’)=15°
I | |
0.05 0.1 0.1 0.2

Thickness (mm)

FiG. 3U

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

12/54 190

792 /\/

\
\\k\\\\\\“\\\\%\\\\ . \ L T (e=d
L s  _E°
- S

\\\ N \\\\\%

x FlG. 3V

SUBSTITUTE SHEET (RULE 26)



PCT/US2006/047361

WO 2007/087031

13 /54

Jw

FiG.

HG. 31

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

3\\\\\&%‘3\ L \\\\\\‘\“\\\\‘ g

N\

X
;\ . N NS \\\ R T &\i\,«\' _nnt
L \\v g6

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

15/54

RS R TTHHhRH:=R

R

R ‘\:s'\\"\'
L

. 712
L

:§§§§§§§§&g\

2z’

X
N
R

774’

TR

DR
RN RO SN

3

.

L

FiG.4D

3 Groove

P Y

1ee]

NN N©OO
1

Y (mm)
CoPOLOPLLOPR
b
P |

obocooooocoo=

o

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

16/54

luminous intensity
(candela)

2

—

iZZPt;liﬁzi?ﬁ{"!;

" HG.4F HG. 40

2.5 omposite LRF
with 3 arrays
1.5
1= \composi’re LRF
= with 2 arrays
e (116)
1
0.5
0 | T
0 15 45

30
Angle % (a—a)

FiG. 4G

SUBSTITUTE SHEET (RULE 26)



PCT/US2006/047361

WO 2007/087031

17/54

g0/

g0/

714

ot/

ot/

744

ot/

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

18/54

X )\){K

X X

N

Z\
NS

FIG. 4K

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

S

;s _,O,OO,O,;sT,RS 7z
R N
Q\\\\\\\\\\\\\ N
N -
N X
\.\ R ~."' \§\\:- % \ R
y L
F ’G. 5A 774
X /
708
\\\_.\\\\\\\
Q\\:\\E§\ NN
N ;
Y
L
\\\s\\\\\\ D \\--.:-\'-\\ X ) \\:\\\\\\\\\\ X ¥
NN \y\\\x\\\\\\ X NN )
N\
TN
Y

SUBSTITUTE SHEET (RULE 26)



PCT/US2006/047361

20/54

_

.

\ .

O/ § \\WWNW\W\
_

WGl “\\\\\\\\\ \\\N

. W \\\\\\ _ \\ _
\ - \w W\ .
% T g 7
- . \ \\\\
. . \ \\\\
. .

Wbt/

w“\ \ 7

V\\\

- \\
) N\\\\\

.
\\\ \\\\\\\\ \\M\\M\w\ \m\

Z

.
e \\\\\\\\\V\\.\\\ A Z . ———
\\ . \\\\\\\ | \\

\ . \\\\w\\\\\\H \\\\\W \ \\ . . \\\\mw\\\\\ g
\ as ‘9l
ec/

SUBSTITUTE SHEET (RULE 26)



PCT/US2006/047361

WO 2007/087031

a9 9

\..\\\\..\..\\\\N\\\\\»\\\ 7 o 7 \\\\\\\\\\\
... . .
\\\\\\\\\\\\\\\\\\\\\\\\\\\ \\“\\\\\\\\..a\\\\\\\\\\\\\\\\\\ .
.. \\\w\\\\\\\\\\\ .

%

N

.

. \\\WWW\\\ .

. -

J 7y
\\\\Q -

177 7
o/l 7 . .
. . .
. -
L 7 77 /
Wy i 7 .
. -

. vw\\““\\\w\\\\\\\“\\w\\\\\\“\w\&\ .

\\\\\\\\\\\\\\\“ s
- @
. . . \\\\\\.\\\.\\\\ .
7 .\\ \
\ 50/ . .

\x \\\\\\\\\

7

J99H

0i1 _

.
7 \\\\

A7
.

..\
.

-
. §\ \A
_ \\\\\\\\\\\\\\ .

144

SUBSTITUTE SHEET (RULE 26)



PCT/US2006/047361

WO 2007/087031

22/54

Vo

o

\\N\N\ 72 \
N@

.

7 \\\\\“\\ i
\\\&\\\v\ o
Fl -

L5z

%

. . /

2 .
HU—
e o

e T S

e
FC/ .

7 \\Y, \\\N\.“\“\\\w\\w : \\\\\\\\\\\\‘
. e
®$®&>\\ .
N \ \ . \\.\s\\ \\ 7 \\\\\\\\“W.\ u\\v.%\\.
“ . .
. .

7%
Z

mﬂﬁ\\\\\

.

19

4557

7

% 7%

8

.

7

77

&x

7

.

-

9

OO SOBR:

\\\F\H&.\.m\\\\\ Z
-
5, 7 A . \\. 5
@&N@@@@§§&&@W&&wv\w

\\ 7% 7 \W s

.
.

7%

.
-
_

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

23/54

x FiG. 6F

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031

PCT/US2006/047361
24/54
2,5
7F
. 7E 7
— ,
x—axis NC 7B
pattern —o—
only 1.5 t(x,’ox,x oo
= ’ patterns patterns
‘S only
o
1
0.5
| | o | 1
-0.05 —-0.03 -0.01 0.01 0.03 0.05

FIG. 71 a2

778

x FiG. 76

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

25/54
728
Y /

Yy
-
X 130
X 22
-

ARREE R 'k\:\\\\ .S RS N N

FiG. 7F

3

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

26/54

/JZ\

700

//}/ 778
! FiG. 8A

700
=
778
- ——
——
136
y 136

FiG. 8B

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

27/54

700
734

z 778

y FiG. 8C

o

/

\_1/'\

50
705
705 A o0

778

1

|
1

51 iﬁz

\_;;_/;};J

FIG. 8D

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

3z

708

FIG. 9B

8’

FiG. 9¢

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

29/54

FiG. 9E

SUBSTITUTE SHEET (RULE 26)



PCT/US2006/047361

WO 2007/087031

30/54

LRI
GhbBe BT
By E T
W L A
o S A T

CE R R Rk
B G
R ]

a2
4 o h Y B
B LN OES
S DL W Gl A
GGG LA

@ Y v
> 7%
v % W

A

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

31/54

28

776

*  HG.1TIA

*  HGT1B

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

« FHG12B

25 138 2

FIG 126 « G120

SUBSTITUTE SHEET (RULE 26)



PCT/US2006/047361

WO 2007/087031

740

28

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

34/54

142

« FG14B

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

35/54
8

28 744

- \\\\\N\\&
- \Q§§§§§§

HG 158

N

FiG 15D

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

36/54

\

FIG 168

x
“ / 2
n 7 S .
e Y 7
x

& \\ B

«  Ha 166

SUBSTITUTE SHEET (RULE 26)



PCT/US2006/047361

WO 2007/087031

37/54

R

&

B
v’llil’ll"'llllilfllé&”'\l\f\“’“\"lll’l’ll’vg Vl‘l\l

S
B 2R R R R A X
S N S S R S e
R R R R R
«54:'c;1{%&%‘354;3«’555w ST PSS
R AR R R R R AR L KRR
B I S K
B R R R R R R 2 R R ]
S s ]
R
R R R R AR
N e I R R S SIS Qo8
B R R R R
ST
B R S R S RIS
R R R AR AR R R R R AR
S I S R R I IR
R AR R e KRR
S S S S I I S
R R R R R XTI
R T A S NS
A
R R R R AR R R XX \\'m
5 £ & S
N
s
R S R S S s
R A S R
§§§§4\§MQ&««» 8
R AR R LR RILEL SRR R

3

NG

RRZRAL: 4
ASTASIAAATTLAMAMASESLALASALLAAAMAS LS SEMAA ML MAAANR VIR Y
LR, %

FG.17

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

38/54

‘ FiG. 18

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

N

N
N
.

« G190

Luminous Intensity, Candela

92 <

90 «

~ HG198 “

;!i!!iii?!;l!l!iiii

0.001 count

FlG19¢

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

40/54

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

41/54

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

42/54

760

FlG 228

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031

43/54

FlG 22D

SUBSTITUTE SHEET (RULE 26)

PCT/US2006/047361



WO 2007/087031 PCT/US2006/047361

1644

FiG 22E

16458

SUBSTITUTE SHEET (RULE 26)



PCT/US2006/047361

WO 2007/087031

45/54

Y /4

1 744

444

744

744

1744

ez 9 -

.

\\ . .
7 . xmmmwwh\

7

/ ‘ . \\\
L \\\\\\&\\\\\ . . \
. \xz.
. § . \\\x\\\“\\\w
. Z .,;
&\\\\\x@\ . ____ ‘"

.

A@\

[//44

SUBSTITUTE SHEET (RULE 26)



PCT/US2006/047361

46/54

WO 2007/087031

46z 9d x

(744

\\ \\\\\\\\ w
.

7

744 L7744
744
/44
744
0
/44
Y /44

/44

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031

47/54

FIG. 236

SUBSTITUTE SHEET (RULE 26)

PCT/US2006/047361



WO 2007/087031

48/54

770 775

r'/ / 175 179
___.——o—o——c——‘——‘i—j;??

FiG. 23D

SUBSTITUTE SHEET (RULE 26)

PCT/US2006/047361



PCT/US2006/047361

WO 2007/087031

49/54

162 3l

A

i 7
G W
/ .
. -
7
s Z
G557 T, 7

2

/744

T i

e i

o

7 n\\\ \\.\W \\\\\«N\&\\

\\” \W\.\ 2 A . s G 7 Z \\\\\

i 7 77 -

QN\\ . 5 - . w.\ 7 % i i \\\\\\\\\\S\

“\.\.\.\\.\ % L s 777 . “.\\M&Auu\.ﬂ\.\... \\.\n\\ .\v.v. i \\\\x
7 4 G 77 AR % AR

/4

SUBSTITUTE SHEET (RULE 26)



PCT/US2006/047361

WO 2007/087031

50/54

6L/

6L/

/4

.

%

(744

(744

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

778
775 775

DRNRN

X FIG 236

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

FIG 23H

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

53/54

« HE231

SUBSTITUTE SHEET (RULE 26)



WO 2007/087031 PCT/US2006/047361

54/54

182 764 754 782 764 784

186 156

S

780

FiG. 24

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2006/047361

CLASSIFICATION OF SUBJECT MATTER

INV. G02B5/02 602F1/13357

According to International Patent Classification (IPC) or to both national classification and IPC

8. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

G02B GO2F

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Elecironic data base consulted during the international search (name of data base and, where practical, search terms used)

EPO-Internal, WPI Data, PAJ

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Calegory* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X JP 07 218706 A (SEKISUI CHEMICAL CO LTD) 1-72
18 August 1995 (1995-08-18)
abstract; fiqures 1-4

X US 2002/008899 Al (TANAKA MITSUHIRO [JP] 1-72
ET AL) 24 January 2002 (2002-01-24)
paragraphs [0010], [0011]; figures 1-3
X US 2005/024849 Al (PARKER JEFFERY R [US] 1-72
ET AL) 3 February 2005 (2005-02-03)
figures 2,5

X WO 03/050448 A (SOLID STATE OPTO LTD [GB]; 1
PARKER JEFFERY R [US]; MC COLLUM TIMOTHY
A) 19 June 2003 (2003-06-19)

figure 7G

m Further documents are listed in the continuation of Box C. E See patent family annex.

* Special categories of cited documents : _ . . »

*T* later document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the
invention

*A" document defining the general state of the art which is not
considered to be of particular relevance

“E" earlier document but published on or after the international *X* document of particular relevance; the claimed invention
filing date cannot be considered novel or cannot be considerad to

*L* document which may throw doubts on priority claim(s) or involve an inventive step when the document is taken alone
which is cited to establish the publication date of another *Y* document of particular relevance; the claimed invention
citation or other special reason (as specified) cannot be considered to involve an inventive step when the

*O" document referring to an oral disclosure, use, exhibition or document is combined with one or more other such docu—
other means ments, such combination being obvious to a person skilled
*P* document published prior to the international filing date but in the art.
later than the priority date claimed *&" document member of the same patent family
Date of the actual completion of the international search Date of mailing of the intemational search report
8 June 2007 21/06/2007
Name and mailing address of the ISA/ Authorized officer

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel, (+31-70) 340-2040, Tx. 31 651 epo nl, -
Fax: (+31-70) 340-3016 Plouzennec, Loig

Formn PCT/ISA/210 (second shest) (April 2006)

page 1 of 2



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2006/047361

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X

WO 96/16348 A (HITACHI LTD [JP]; MORI
YASUO [JP]) 30 May 1996 (1996-05-30)
figures 4,16

US 2003/117793 Al (SHIN HYUN HO [KR] ET
AL) 26 June 2003 (2003-06-26)

figures 9,18

US 6 454 452 B1 (SASAGAWA TOMOHIRO [JP] ET
AL) 24 September 2002 (2002-09-24)
figures 19,20

WO 2005/119350 A (LGS CORP LTD [KR]; LAH
W00-JOO [KR]; SHIM YONG-SHIG [KR])

15 December 2005 (2005-12-15)

figures 1-8

JP 10 311910 A (ALPS ELECTRIC CO LTD)

24 November 1998 (1998-11-24)

abstract; figure 1

US 2003/214728 Al (OLCZAK EUGENE GEORGE
[US]) 20 November 2003 (2003-11-20)

the whole document

EP 1 336 876 A (ALPS ELECTRIC CO LTD [JP])
20 August 2003 (2003-08-20)

the whole document

73

73

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2006/047361
Patent document Publication Patent family Publication
cited in search report date member(s) date
JP 7218706 A 18-08-1995  NONE
US 2002008899 Al 24-01-2002 CN 1321896 A 14-11-2001
JP 2002014208 A 18-01-2002
W 548433 B 21-08-2003
US 2005024849 Al 03-02-2005 US 2006256577 Al 16-11-2006
US 2005122591 Al 09-06-2005
WO 03050448 A 19-06-2003 AU 2002359472 Al 23-06-2003
EP 1451502 Al 01-09-2004
JP 2005512144 T 28-04-2005
KR 20050044695 A 12-05-2005
WO 9616348 A 30-05-1996  NONE
US 2003117793 Al 26-06-2003 KR 20030055368 A 04-07-2003
US 6454452 Bl 24-09-2002 JP 3434465 B2 11-08-2003
JP 2000305073 A 02-11-2000
TW 546520 B 11-08-2003
WO 2005119350 A 15-12-2005 CN 1961246 A 09-05-2007
US 2006262667 Al 23-11-2006
JP 10311910 A 24-11-1998 JP 3621226 B2 16-02-2005
US 2003214728 Al 20-11-2003 AU 2003241432 Al 12-12-2003
BR 0311299 A 22-02-2005
CA 2486356 Al 04-12-2003
CN 1668942 A 14-09-2005
EP 1601997 Al 07-12-2005
JP 2005526993 T 08-09-2005
W0 03100478 A2 04-12-2003
US 2005225865 Al 13-10-2005
EP 1336876 A 20-08-2003 CN 1437059 A 20-08-2003
JP 2003229012 A 15-08-2003
US 2003174261 Al 18-09-2003

Form PCT/ISA/210 (patent famnily annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - description
	Page 66 - description
	Page 67 - description
	Page 68 - claims
	Page 69 - claims
	Page 70 - claims
	Page 71 - claims
	Page 72 - claims
	Page 73 - claims
	Page 74 - claims
	Page 75 - claims
	Page 76 - claims
	Page 77 - claims
	Page 78 - claims
	Page 79 - claims
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - drawings
	Page 83 - drawings
	Page 84 - drawings
	Page 85 - drawings
	Page 86 - drawings
	Page 87 - drawings
	Page 88 - drawings
	Page 89 - drawings
	Page 90 - drawings
	Page 91 - drawings
	Page 92 - drawings
	Page 93 - drawings
	Page 94 - drawings
	Page 95 - drawings
	Page 96 - drawings
	Page 97 - drawings
	Page 98 - drawings
	Page 99 - drawings
	Page 100 - drawings
	Page 101 - drawings
	Page 102 - drawings
	Page 103 - drawings
	Page 104 - drawings
	Page 105 - drawings
	Page 106 - drawings
	Page 107 - drawings
	Page 108 - drawings
	Page 109 - drawings
	Page 110 - drawings
	Page 111 - drawings
	Page 112 - drawings
	Page 113 - drawings
	Page 114 - drawings
	Page 115 - drawings
	Page 116 - drawings
	Page 117 - drawings
	Page 118 - drawings
	Page 119 - drawings
	Page 120 - drawings
	Page 121 - drawings
	Page 122 - drawings
	Page 123 - drawings
	Page 124 - drawings
	Page 125 - drawings
	Page 126 - drawings
	Page 127 - drawings
	Page 128 - drawings
	Page 129 - drawings
	Page 130 - drawings
	Page 131 - drawings
	Page 132 - drawings
	Page 133 - drawings
	Page 134 - wo-search-report
	Page 135 - wo-search-report
	Page 136 - wo-search-report

