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1
LIGHT RECYCLING DIRECTIONAL
CONTROL ELEMENT AND LIGHT
EMITTING DEVICE USING THE SAME

RELATED APPLICATIONS

This applications claims the benefit of U.S. Provisional
Application No. 61/036,062, filed on Mar. 12, 2008, the entire
contents are incorporated herein by reference.

FIELD OF THE INVENTION

This invention generally relates to optical elements for
recycling and spatial and angular control of light and using
these elements in a light emitting device such as a light
fixture, backlight, display sign to control at least one of prop-
erties of light output profile, viewing angles, uniformity, form
factor, and efficiency.

BACKGROUND OF THE INVENTION

Light collimating films can be used in backlights for dis-
plays or signs to collimate the light and increase uniformity
through total internal reflections. Traditional prismatic colli-
mation films have limitations on their ability to highly colli-
mate the incident light. Current methods for improving the
uniformity of light in a backlight often involve excess diffu-
sion, light absorption and generally the thickness of the back-
light is increased or the mixing distance is substantially high.

SUMMARY OF THE INVENTION

In one embodiment of this invention, an optical element
comprises a light recycling directional control element and
provides increased spatial color or luminance uniformity,
desired angular color uniformity, and customizable light re-
direction properties. In one embodiment, the optical element
comprises at least one light blocking region and a lenticular
lens element. Further embodiments incorporate an anisotro-
pic light backscattering region within a light transmitting
layer. The optical element may further comprise a light col-
limating element or an additional light lenticular lens element
and light transmitting region that may be oriented parallel or
perpendicular to the first lenticular lens element. Light emit-
ting devices and displays incorporating the light recycling
direction control element are further embodiments of this
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a perspective view of a light recycling directional
control element of one embodiment of this invention com-
prising a light reflecting region.

FIG. 2 is a perspective view of a light recycling directional
control element of one embodiment of this invention com-
prising a lenticular lens array, light transmitting regions, and
light absorbing regions.

FIG. 3 is a perspective view of a light recycling directional
control element of one embodiment of this invention com-
prising a lenticular lens array, light transmitting regions light
absorbing regions and light reflecting regions.

FIG. 4 is a perspective view of a light recycling directional
control element of one embodiment of this invention com-
prising a lenticular lens array, light transmitting regions, light
absorbing regions and light reflecting regions and an aniso-
tropic light scattering region disposed in the substrate of the
lenticular lens array.
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FIG. 5 is a perspective view of a light recycling directional
control element of one embodiment of this invention com-
prising a lenticular lens array, light transmitting regions, light
absorbing regions and light reflecting regions comprising
asymmetric particles.

FIG. 6 is a perspective view of a light recycling directional
control element of an embodiment of this invention compris-
ing a lenticular lens array, light transmitting regions, light
absorbing regions, light reflecting regions and an anisotropic
light scattering film adhered to the lenticular lens array.

FIG. 7 is a perspective view of an edge-lit backlight com-
prising the light recycling directional control element of F1G.
3, an LED array, and a waveguide.

FIG. 8 is a perspective view of an edge-lit backlight com-
prising the light recycling directional control element of F1G.
3, an anisotropic light scattering region, a waveguide, and an
LED array.

FIG. 9 is a perspective view of a direct-lit backlight com-
prising the light recycling directional control element of F1G.
3, an anisotropic light scattering region, a substrate, and an
array of fluorescent bulbs.

FIG. 10 is a cross-sectional side view of an edge-lit light
backlight comprising the light recycling directional control
element of FIG. 3, a light collimating element, a diffuser, a
waveguide, a white reflector film, and an array of LED’s.

FIG. 11 is a cross-sectional side view illustration of a
method of making a light recycling directional control ele-
ment by coating a light reflecting and light absorbing region
and laser ablation.

FIG. 12 is a perspective view of one embodiment of this
invention wherein an edge-lit backlight comprising a light
recycling directional element has an angular light output pro-
file with two peak luminances at angles away from the normal
to the backlight output surface.

FIG. 13 is a cross-sectional side view of a display of one
embodiment of this invention wherein a display panel is illu-
minated with the substantially collimated backlight of FIG.
10.

FIG. 14 is a perspective view of one embodiment of this
invention wherein a light recycling directional element com-
prises a light transmitting layer with an anisotropic backscat-
tering region.

FIG. 15 is a perspective view of one embodiment of this
invention wherein a light recycling directional element com-
prises a light transmitting layer with an anisotropic backscat-
tering region and a light blocking region.

FIG. 16 is a perspective view of one embodiment of this
invention wherein the light recycling directional element
comprises the light recycling directional element of FIG. 14
and a second lenticular lens element and a second group of
lenticular elements.

FIG. 17 is a perspective view of one embodiment of this
invention wherein the light recycling directional element fur-
ther comprises a light collimating element.

FIG. 18 is a perspective view of one embodiment of this
invention of a light emitting device comprising a light recy-
cling directional element and a light collimating element.

FIG. 19 is a perspective view of one embodiment of this
invention of a display comprising the light emitting device of
FIG. 18 and a liquid crystal display panel.

DETAILED DESCRIPTION OF THE INVENTION

The features and other details of the invention will now be
more particularly described. It will be understood that par-
ticular embodiments described herein are shown by way of
illustration and not as limitations of the invention. The prin-
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cipal features of this invention can be employed in various
embodiments without departing from the scope of the inven-
tion. All parts and percentages are by weight unless otherwise
specified.

Definitions

For convenience, certain terms used in the specification
and examples are collected here.

“Speckle”, often referred to also as scintillation, includes
the optical interference pattern visible on a scattering element
or perceived as coming from or near a scattering element.
This can include color or intensity variations within an small
area of interest.

“Speckle Contrast” is defined herein to include the ratio of
the standard deviation of the intensity fluctuation to the mean
intensity over the area of interest.

“Scatter,” “Scattering,” “Diffuse” and “Diffusing” as
defined herein includes light scattering by reflection, refrac-
tion or diffraction from particles, surfaces, or layers.

“Optically coupled” is defined herein as including the cou-
pling, attaching or adhering two or more regions or layers
such that the intensity of light passing from one region to the
other is not substantially reduced due to Fresnel interfacial
reflection losses due to differences in refractive indices
between the regions. Optical coupling methods include join-
ing two regions having similar refractive indices, or by using
an optical adhesive with a refractive index substantially near
or in-between the regions or layers such as Optically Clear
Adhesive 8161 from 3M (with a refractive index at 633 nm of
1.474). Examples of optically coupling include lamination
using an index-matched optical adhesive such as a pressure
sensitive adhesive; coating a region or layer onto another
region or layer; extruding a region or layer onto another
region or layer; or hot lamination using applied pressure to
join two or more layers or regions that have substantially
close refractive indices. A “substantially close” refractive
index difference is about 0.3 or less, e.g., 0.2 or 0.1.

“Diffusion angle” is a measurement of the angular diffu-
sion profile of the intensity of light within a plane of emitted
light. Typically the diffusion angle is defined according to an
angular Full-Width-at-Half-Maximum (FWHM) intensity
defined by the total angular width at 50% of the maximum
intensity of the angular light output profile. For diffusive films
and sheets, this is typically measured with collimated incident
light at a specific wavelength or white light. Typically, for
anisotropic diffusers, the FWHM values are specified in two
orthogonal planes such as the horizontal and vertical planes
orthogonal to the plane of the film. For example, if angles of
+35° and -35° were measured to have one-half of the maxi-
mum intensity in the horizontal direction, the FWHM diffu-
sion angle in the horizontal direction for the diffuser would be
70°. Similarly, the full-width at one-third maximum and full-
width at one-tenth maximum can be measured from the
angles at which the intensity is one-third and one-tenth of the
maximum light intensity respectively.

The “asymmetry ratio” is the FWHM diffusion angle in a
first light exiting plane divided by the FWHM diffusion angle
in a second light exiting plane orthogonal to the first, and thus
is a measure of the degree of asymmetry between the intensity
profile in two orthogonal planes of light exiting the diffuser.

A “spheroidal” or “symmetric” particle includes those sub-
stantially resembling a sphere. A spheroidal particle may
contain surface incongruities and irregularities but has a gen-
erally circular cross-section in substantially all directions. A
spheroid is a type of ellipsoid wherein two of the 3 axes are
equal. An “asymmetric” particle is referred to here as an
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“ellipsoidal” particle wherein each of the three axis can be a
different length. Ellipsoidal particles can range in shapes
from squashed or stretched spheres to very long filament like
shapes.

“Planarized,” “Planarization,” and “Planar,” includes cre-
ating a substantially flat surface on an element. A flat surface
refers to one that does not have a substantially varying surface
normal angle across a surface of the element. More than one
surface may be planarized. As typically used herein, a mate-
rial region is combined with a surface of an element that has
a surface structure such that the surface of the material oppo-
site the element is substantially planar. Typically, planarized
films or components can be easily laminated to another ele-
ment using pressure sensitive adhesives or hot-lamination
without trapping air bubbles of sufficient size to affect the
optical performance of the combined element. Coatings, such
as thin coatings used in some anti-reflection coatings can be
applied more uniformly to planarized elements.

In a first embodiment of this invention, a light recycling
directional control element comprises light absorbing
regions, light transmitting apertures disposed on a first side of
a substrate and a lenticular lens surface array disposed on the
second side of the substrate. The spacing, width, transmissiv-
ity, aperture ratio, substrate thickness, lenticule profile
(spherical, aspherical, conic, etc), lenticule pitch, refractive
index, etc. are designed to redirect light transmitted through
the light transmitting apertures from a first angular range in a
first collimating plane and refract the transmitted light into a
second angular range less than the first angular range such
that the film has a higher degree of collimation. Additionally,
the aforementioned properties of the light recycling direc-
tional control element may be chosen to provide spatial light
filtering properties which reduce the appearance of blem-
ishes, or other non-uniformities. In a further embodiment of
this invention, the light transmitting regions are apertures
disposed within a light absorbing layer off of the axis of the
lenses such that the light reaching the refractive lenticular
structures is redirected into a second angular range such that
the peak intensity is off-axis and the angle of peak intensity,
theta, is greater than zero degrees to the normal to the exiting
plane of the film or exit surface of a backlight or display. In
another embodiment of this invention, the diffuse reflectance
of' the light emitting surface of the light recycling directional
control element or backlight comprising the same, which
comprises the refractive surface of the lenticular lens array is
less than 50% such that the light emitting device maintains a
gray, dark silver, or black appearance when illuminated from
the light exiting side. In a further embodiment, the diffuse
reflectance (d/8) of the light emitting region of the light emit-
ting device is less than 20% such that the visibility or contrast
of blemishes, yellowing, dirt, etc are minimized when the
light emitting device is not emitting light in a off state. In a
further embodiment, the light emitting device is less con-
spicuous and provides less reflectance of ambient light. In a
further embodiment of this invention, the reflectance of the
element, or backlight or display using the same is less than
20% such that the display contrast is improved. By increasing
the absorption of ambient light in regions corresponding to
black or dark pixels, the contrast ratio of the display is
improved. In a further embodiment of this invention, the
ambient light reflectance (d/8) of a backlight comprising a
light recycling directional control element is at least one of
10%, 20%, 30%, 50% or 60% less than that of the same
backlight without the light recycling directional control ele-
ment. This is especially useful for displays used in environ-
ments where the flux of ambient light incident on the display
is very high or in displays where improved contrast is desired.
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In one embodiment of this invention a method for produc-
ing a light absorbing layer on a light recycling directional
control element comprises the steps of depositing a light
absorbing material on a lenticular lens array film and further
depositing a light reflecting material on the light absorbing
material. Light transmitting apertures are formed within the
light absorbing layer and the light reflecting layer through
laser ablation. The width, location, thickness, and transmis-
sivity of the apertures are designed to provide a predeter-
mined angular light output profile, uniformity and appear-
ance when viewed from a direction opposite that of the input
light.

In one embodiment of this invention, a light recycling
directional control element comprises a lenticular lens sur-
face profile, light reflecting regions disposed to receive light
and reflect a portion of the incident light and light transmitting
regions disposed in-between or within the light reflecting
regions disposed to transmit a portion of the incident light. A
portion of the light incident on the light reflecting layer is
transmitted through the light reflecting layer and reaches the
light absorbing layer and is substantially absorbed. The por-
tion of the incident light which is transmitted through the light
transmitting regions reaches the lenticules wherein the first
angular bundle of rays of a second predetermined angular
width is refracted into a second angular bundle of rays of a
second predetermined angular width wherein the second
angular width is less than the first in a plane perpendicular to
the lenticules.

In one embodiment of this invention a light recycling direc-
tional control element comprises a surface relief lenticular
lens array, light transmitting regions disposed to transmit
light from a predetermined angular range and at least one of a
light absorbing or light reflecting region.

Lenticular Structure

In one embodiment of this invention, the lenticular lens
array surface relief structure on a light recycling directional
control element comprises a substantially linear array of con-
vex refractive elements which redirect light from a first angu-
lar range into a second angular range. As used herein, lenticu-
lar elements or structures include, but are not limited to
elements with cross-sectional surface relief profiles where the
cross-section structure is hemispherical, aspherical, conical,
triangular, rectangular, polygonal, or combination thereof.
Lenticular structures may be linear arrays, two-dimension
arrays such as a microlens array, close-packed hexagonal or
other two-dimensional array. The features may employ
refraction along with total internal reflection such that the
output angular range is less than the input angular range
within one or more exiting light planes. Lenticular structures
may also be used to redirect light to an angle substantially
off-axis from the optical axis of the element. As used herein,
lenticular may refer to any shape of element which refracts or
reflects light through total internal reflection and includes
elements referred to as “non-lenticular” in U.S. Pat. No.
6,317,263, the contents of which are incorporated by refer-
ence herein. The lenticular structure may be disposed on a
supporting substrate. The lenticular element may have a first
focal point in the near field and a group of lenticular elements
may collectively have a far-field focal point defined as a
region where the spatial cross-sectional area of the light flux
is at a minimum. In one embodiment, the focal point of the
structures is substantially near the opposite surface of the
supporting substrate. The material, methods of making and
structures of lenticular lens arrays, microlens arrays, pris-
matic films, etc. are known in the art of backlights, projection
screens and lenticular and 3D imaging.
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In one embodiment of this invention, the light recycling
directional control element comprises more than one lenticu-
lar structure disposed on the same or opposite side of a sub-
strate. A light recycling directional control element with a
lenticular element disposed on the input surface can focus
more light through the light transmitting regions and change
the direction or FWHM angular width of the light output
profile from the light recycling directional control element.
The structures can be convex or concave and similar to those
used in double-lenticular rear projections screens such as
those described in U.S. Pat. Nos. 5,611,611, 5,675,434,
5,687,024,6,034,817, 6,940,644, and 5,196,960, the contents
of' which are incorporated herein by reference. The design of
the lenticular shape on one or more surfaces is not limited to
these features and includes other designs known in the rear-
projection screen and lenticular imaging industry and the
design may include those referenced in other patents referred
to in other sections of this application and incorporated by
reference herein.

Substantially clear lens substrates are known in the art and
are used in the production of lenticular screens for rear-
projection screens. In one embodiment of this invention, a
volumetric diffuser is used as the supporting substrate. In this
embodiment, the number of films may be reduced or the
thickness reduces by alleviating or reducing the need for a
substrate which is not optically active and replacing it with a
diffuser which improves the uniformity. By using an aniso-
tropic volumetric diffuser (which scatters light into higher
angles in a first output plane parallel to the lenticules, and has
very little or on effect on the scattering of light along the plane
perpendicular to the lenticules), the focusing or collimating
power of the lenticular lens array in the second light output
plane perpendicular to the lenticules can be maintained while
the spatial luminance uniformity of the backlight is improved.
In one embodiment of this invention, the angular FWHM of
the diffusion profile of the anisotropic diffuser used as the
lenticular lens array substrate in the plane parallel to the
lenticules is greater than one selected from the group of 5, 10,
20, 30 and 50 and the angular FWHM of the diffusion profile
of the anisotropic diffuser used as the lenticular lens array
substrate in the plane perpendicular to the lenticules is less
than one selected from the group of 10, 5,4, 2, and 1. In a
further embodiment, the asymmetry ratio of the anisotropic
light scattering diffuser disposed as a substrate to the lenticu-
lar lens array in a light recycling directional control element is
greater than one selected from the group 5, 10, 20, 40, 50, and
60. Additionally, the FWHM of the total scattering angles in
the first and second output planes of a backlight comprising
the light recycling directional control element of one embodi-
ment of this invention can be independently controlled by use
of an anisotropic diffuser. In a further embodiment of this
invention, a light recycling directional control element com-
prises a lenticular lens array wherein the lenticular lenses
have a conformal low refractive index region disposed on the
curved surface of the lenticule such that the output surface is
substantially planarized. In a further embodiment of this
invention, the output surface of a planarized light recycling
directional control element is the output surface, or a substan-
tially co-planar surface coupled to a polarizer, display or other
optical component in a backlight or display comprising the
element.

In another embodiment of this invention, a light recycling
directional control element comprises a layer of beads, a light
transmitting region, and a light reflecting region wherein the
beads are disposed to refract incident light from a light trans-
mitting region. Analogous to the lenticular lens array, an array
comprising a randomized assortment of beads may be used to
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collimate or substantially reduce the angular extent of light
exiting from a light transmitting region and filter the light.
The primary differences include the fact that the bead type
light recycling directional control element will reduce the
angular extent of the output light in all planes of the output
light normal to the exiting surface. However, the ability to
achieve very high levels of collimation is limited and the
fill-factor, and ultimate transmission is limited due to the
cross-sectional area limitations of close-packing an array of
spheres (or hemispheres or spheroidal lens-like structures). In
another embodiment of this invention, a light recycling direc-
tional control element comprises lenticular or bead based
elements and light transmitting regions and light absorbing
regions in common with rear projection screens such as those
described elsewhere herein and those described in U.S. Pat.
No. 6,466,368. In some embodiments of this invention, unlike
in the case of the optical element used with projection screens
where the input light is typically collimated or of a reduced
angular extent, non-collimated light is incident first upon the
light transmitting apertures and subsequently is transmitted
through the lenticular or bead elements. In the comparison
with the rear projection screen, the optical element of one
embodiment of this invention is used in a reverse illumination
format to that of a rear projection screen element. In on
embodiment of the present invention, the incident light has an
angular FWHM greater than 30 degrees and is incident first
on the light transmitting regions and the output light has a
reduced angular extent and exits through the lenticular or
bead based refractive elements.

Common materials such as those used to manufacture len-
ticular screens such as vinyl, APET, PETG, or other materials
described in patents referenced elsewhere herein may be used
in the present invention for a light recycling directional con-
trol element In a further embodiment, a material capable of
surviving temperature exposures higher than 85 degrees Cel-
sius may used as the lenticular lens or substrate to the len-
ticular lens or bead based element such as biaxially oriented
PET or polycarbonate. By using a material capable of with-
standing high temperature exposure, manufacturing pro-
cesses such has heating during a pressure application stage or
heating during an exposure stage may be used to decrease the
production time.

Pitch of the Lenticular Structure

The pitch of the lenticular lens structure will have an effect
on the focusing power, the thickness of the lenticular lens
array and substrate and other optical properties such as moiré.
In one embodiment of this invention, the lenticular lens array
structure is in the form of concentric lenticular lenses. In this
embodiment, the lenses are parallel, but are arranged in an arc
orcircle. The pitch ofthe lenses and other properties may vary
similarly to linear lenticular lenses. A backlight comprising a
light recycling directional control element comprising con-
centric lenticular lenses can provide a spatial filtering along
radial directions as opposed to linear directions. In one
embodiment of this invention, a backlight comprising a sub-
stantially centrally located light source and a light recycling
directional control element comprising a concentric lenticu-
lar lens has a spatial luminance uniformity greater than one
selected from 60%, 70%, 80% and 90%. The concentric len-
ticular lens may be manufactured using injection molding,
stamping, embossing or other similar techniques known in
the optical industry suitable for making Fresnel lenses. In one
embodiment of this invention, a light recycling directional
control element or backlight comprising the same, comprises
a concentric lenticular lens array and at least one of a light
reflecting, light absorbing, or light transmitting region
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wherein the regions are substantially ring or arc-shaped cor-
responding to the concentric lenticular lens.

In one embodiment of this invention, a light recycling
directional control element comprises a linear lenticular lens,
light transmitting regions, and a light collimating element
wherein the spacing between the centers of the light transmit-
ting regions is substantially equal to the pitch of the lenticular
lenses in the light recycling directional control element and
this pitch is predetermined such that the pitch of the optical
interference moiré pattern is less than 100 pm and is very
difficult or imperceptible to the naked eye from a reasonable
viewing distance to a person viewing a backlight incorporat-
ing the element. In one embodiment of this invention, the light
recycling directional control element comprises a lenticular
array and collimating element such as a 90 degree apex angle
prismatic collimation film. In another embodiment of this
invention, a backlight comprises a light recycling directional
control element and a light collimating element. The colli-
mating element may be disposed above or below the lenticu-
lar lens array. The visibility of the moiré interference pattern
can be visually distracting in a backlight and reduces the
luminance uniformity. The visibility, or luminance contrast of
the moiré patterns is defined as LMmax-LMmin/(LMmax+
LMmin) where LMmax and LMmin are the maximum and
minimum luminance, respectively, along a cross section sub-
stantially perpendicular to the repeating moiré pattern when
illuminated with diffuse incident light. In one embodiment of
this invention, the moiré contrast of the light recycling direc-
tional control element, or a light emitting device comprising
the element thereof, is low such that the moirécontrast is less
than one selected from the group of 50%, 40%, 30%, 20% and
10%. The moirécontrast may be reduced by shifting the pitch
of the moiré pattern such that it is sufficiently small enough
not to be visible to the naked eye or be seen without close
inspection. This can be accomplished one or more of the
following methods: adjusting the pitch of one or more ele-
ments, rotating one of the elements relative to the other,
randomizing the pitch, or increasing the spacing between the
two elements.

Adjusting the Pitch of Lenticular Lens Array to Reduce Moi-
réContrast

By adjusting the pitch of one or both the lenticular lens
array and the light collimating element, the moiré contrast can
bereduced. In order to avoid the moiré, the ratio of the pitches
between the two arrays of the elements should be equal to
1/(N+0.5) where N is an integer. A pitch ratio from 0.9/(N+
0.5) to 1.1/(N+0.5) will have a relatively low visibility of
moiré. The regular array pitch of either element may be P1 or
P2 in accordance with the above equation to achieve a mini-
mum level of moiré visibility. In one embodiment of this
invention, a light recycling directional control element com-
prises a lenticular lens array surface of a first pitch P1 and a
light collimating element of a second pitch P2 wherein 0.9/
(N+0.5)<P2/P1<1.1/(N+0.5) where N is an integer. In
another embodiment of this invention, a light recycling direc-
tional control element comprises a lenticular lens array sur-
face of a first pitch P1 and a light collimating element of a
second pitch P2 wherein 0.95/(N+0.5)<P2/P1<1.05/(N+0.5)
where N is an integer.

In another embodiment of this invention, a light recycling
directional control element comprises a lenticular lens array
surface of a first pitch P1 and a light collimating element of a
second pitch P2 wherein P2/P1=1/(N+0.5) where N is an
integer. In one embodiment of this invention, a light recycling
directional control element comprises a lenticular lens array
surface with a 187 micron pitch (P1) and a light collimating
element with an approximately 25 micron pitch (P2) wherein



US 8,408,775 B1

9
P2/P1=0.133=1/(N+0.5)=where N is 7. In one embodiment
of'this invention, a light recycling directional control element
comprises a lenticular lens array surface with a 425 micron
pitch (P1) and a light collimating element with a 50 micron
pitch (P2) wherein P2/P1=0.1176=1/(N+0.5)=where N is 8.
In one embodiment of this invention, a light recycling direc-
tional control element comprises a 60 lpi (lines per inch)
lenticular lens array film with a 90 degree prism light colli-
mating element with a 50 micron pitch. In a further embodi-
ment of this invention, a backlight comprises a light recycling
directional control element with a 60 Ipi (lines per inch)
lenticular lens array film and further comprises a 90 degree
prism light collimating element with a 50 micron pitch.

In one embodiment of this invention, a light recycling
directional control element (or backlight comprising the
same) comprises a lenticular lens array surface with a 237
micron pitch (P1) and a light collimating element with a 356
micron pitch (P2) wherein P2/P1=1.5=(N+0.5)=where N is 1.
Various combinations of pitches of lenticular lens arrays and
light collimating elements can result in a reduced moiré con-
trast and are within the scope of this invention. Several
examples are disclosed in Table 1.

TABLE 1
P1
P2=25 P2=50 P2=356 P2=356
N U(N+05) N+05 pm pm pm pm*
1 0.6667 1.5 38 75 534 237
2 0.4000 2.5 63 125 890 142
3 0.2857 35 88 175 1246 102
4 0.2222 4.5 113 225 1602 79
5 0.1818 5.5 138 275 1958 65
6 0.1538 6.5 163 325 2314 55
7 0.1333 7.5 188 375 2670 47
8 0.1176 8.5 213 425 3026 42
9 0.1053 9.5 238 475 3382 37
10 0.0952 10.5 263 525 3738 34

As described in Table 1, several different light collimating element pitches (P2) can be used
with a range of lenticular lens array pitches (P1) to produce a light recycling lens array
pitches (P1) to produce a light recycling directional control element or backlight with
reduced moiré contrast. In reference to the far right column, P2 = 356 pm®, the pitches
displayed are determined by P1 =P2/(N + 0.5) while in the other columns, P1 is determined
by the relationship P1 = P2*(N + 0.5).
Adjusting the Angle Between the Orientation of the Arrays
within The Elements to Reduce Moiré Contrast

By rotating one of the lenticular lens element or light
collimating element relative to the other such that the angle
between the arrays is greater than 0 degrees, the moiré con-
trast can be reduced. In one embodiment of this invention, a
light recycling directional control element (or backlight com-
prising the same) comprises a lenticular lens array and a light
collimating element disposed in two planes substantially par-
allel to each other such that the angles between the two arrays,
¢1 is greater than one selected from group of O degrees, 5
degrees, 10 degrees, 20 degrees, 45 degrees and 60 degrees
and 80 degrees.
Using a Random or Semi-Random Pitch of the Lenticular
Lens Array To Reduce Moiré Contrast

A lenticular lens array with a constant pitch can interfere
with a constant pitch array of another refractive or TIR based
element such as a 90 degree prismatic collimation film. In one
embodiment of this invention, the moiré pattern viewable on
a light recycling directional control element between a the
lenticular lens array and a collimating element or similar
array of light refracting elements is alleviated by effectively
randomizing the pitch, height, or spacing between the apex or
valleys of at least one of the elements. Similarly, the moiré
contrast can be reduced producing a random or predeter-
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mined variation on the pitch or slop angle of a refracting or
TIR element as described in reference to brightness enhanc-
ing films in U.S. Pat. Nos. 5,919,551, 6,354,709, 5,771,328,
7,092,163, and 6,862,141.

Increasing the Separation Between the Lenticular Lens Array
and Another Optical Lens Array to Reduce Moiré Contrast

By increasing the distance between the lenticular lens array
and the refractive or TIR based element, the contrast of the
moiré pattern is reduced. In one embodiment of this inven-
tion, the moiré contrast of the light recycling directional con-
trol element or the moiré contrast between a separate optical
component and the light recycling directional control element
is reduced to less than 50% by separating the interfering
elements by at least the lower of the two interfering pitches. In
another embodiment of this invention, the moiré contrast of
the light recycling directional control element (or backlight
using the same) or the moiré contrast between a separate
optical component and the light recycling directional control
element is reduced to less than 50% by separating the inter-
fering elements by at least twice the lower of the two inter-
fering pitches. The optical elements may be separated by an
air gap or by a substantially transparent, clear material, or
they may be separated by a diffusing material such as a
volumetric anisotropic light scattering element either within
the light recycling directional control element or in-between
the light recycling directional control element and a separate
optical component with a regular array of surface relief struc-
tures. The spacing element may also provide an additional
function such as a carrier layer, substrate, protective layer, or
providing additional diffusion or refractive or TIR based light
re-direction.

In one embodiment of this invention, in a light recycling
directional control element (or backlight incorporating the
element), the pitch of the lenticular lens array in combination
with the transmissive regions spatially filters the intensity of
the incident light and removes the appearance of non-unifor-
mities due to other optical films or the spatial separation of
extraction features on a waveguide. In one embodiment of
this invention (or backlight incorporating the element), a light
recycling directional control element comprises a lenticular
array of pitch P1, at least one of a light reflecting and light
absorbing region and a light transmitting region of width A1l
measured along an axis perpendicular to the lenticules, opti-
cally coupled to a waveguide with light extraction features
with a maximum linear dimension D,,,, measured in the
plane of the waveguide with a maximum separation distance
of S, such that at least one of P1<S ,, P1<D,, , ,A1<D, . and
A1<S,,. In a further embodiment of this invention, a backlight
comprising the light recycling directional control element in
the previous embodiment has at least one of a spatial lumi-
nance uniformity=100%x[1-(Lmax-Lmin)/L.Lmax+Lmin)]
of greater than 70% and a color uniformity of Au'v'<0.1
between any two points as measured by a horizontal and
vertical cross sectional color and luminance measurement
passing through the center of the light emitting surface of the
backlight using an imaging photometer wherein the measure-
ment pixel size, PS, in the smaller dimension, is less than 0.1
mm. A photometric imaging pixel size of less than 0.1 mm
will resolve the smallest blemish or non-uniformity that is
likely to be visible in most backlight or display applications.

In one embodiment of this invention, a backlight comprises
a light recycling directional control element of pitch P1 and a
prismatic light collimating film of pitch P2 wherein P1 is not
equal to P2. In another embodiment of this invention, P1>P2
such that the luminance contrast (CL) of the moiré pattern is
less than one selected from the group consisting of 0.8, 0.5,
0.2, 0.1 and 0.05 where the luminance contrast of the moiré
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pattern is defined as CL=(Lmax-Lmin)/(Lmax+L.min) and
Lmax is the maximum luminance between two successive
dark moirépatterns and Lmin is the minimum luminance of
the dark pattern measured along a line perpendicular to the
pattern.

In one embodiment of this invention, a backlight comprises
a light filtering collimating lens with a pitch of P1 and a light
guide with light extraction features with a pitch ranging from
Pmin to Pmax where Pmin is the minimum spacing between
two light extraction features and Pmax is the maximum spac-
ing between two adjacent light extraction features. When the
pitch of the light filtering collimating lens is very close to the
pitch between two light extraction features, a moiré pattern
can be visible. In one embodiment of this invention, a back-
light comprises a light filtering collimating lens with a pitch
P1 and a light guide with light extraction features with a
maximum spacing of Pmax and P1>Pmax. In another
embodiment of this invention, a backlight comprises a light
filtering collimating lens with a pitch P1 and a light guide with
light extraction features with a minimum spacing of Pmin and
P1<Pmin.
Lenticular Lens Alignment

In an additional embodiment of this invention, the align-
ment of the lenticular lens array is rotated with respect to an
exit aperture of the light emitting device. In one embodiment,
the lenticular lens is aligned at an angle ¢1 to the longer
dimension of the light exiting aperture of the light emitting
device. In an additional embodiment, ¢1 is one selected from
the group consisting of 0 degrees, 45 degrees, and 90 degrees.
In another embodiment of this invention, a backlight com-
prises a light recycling directional control element wherein
the lenticular lens array is aligned at an angle ¢2 relative to a
90 degree apex angle prismatic collimating film wherein 90
degrees>¢$2>0 degrees and the contrast of the spatial lumi-
nance moiré pattern of the backlight is less than one selected
from the group consisting of 0.8, 0.5, 0.2, 0.1 and 0.05.
Light Blocking Region

The light blocking region may be a light transmitting
region or a light reflecting region, or a combination of both. In
one embodiment of this invention, the light blocking region
transmits less than one selected from the group of 40%, 30%,
20% and 10% of the incident specular or diffuse light.
Light Transmitting Layer

In one embodiment of this invention, an optical element
comprises a light transmitting layer disposed between len-
ticular elements and a first input surface. The light transmit-
ting layer may comprise light blocking regions or light trans-
mitting regions. The light blocking regions may be light
absorbing regions, light reflecting regions, partially light
absorbing regions, partially light reflecting regions or a com-
bination thereof. The light transmitting layer may comprise a
light blocking region comprising a light absorbing region
disposed between a light reflecting region and the lenticular
elements. The light reflecting regions may be diftusely reflec-
tive or specularly reflective and the light transmitting regions
may be specularly transmitting or diffusely transmitting. A
light absorbing region or light blocking region, as used
herein, may include a region that absorbs a first portion of
light and transmits or reflects a second portion of light. A light
reflecting or light blocking region, as used herein, may
include a region that reflects a first portion of light and trans-
mits or absorbs a second portion of light.
Light Transmitting Regions

The light transmitting regions permit light from a specific
spatial region to be transmitted through to the lenticular lens
array. In order to provide a light recycling directional control
element with high light throughput efficiency, a sufficient
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amount of light must be able to be transmitted through the
light transmissive regions. In one embodiment of this inven-
tion, the total luminous transmittance of the clear light trans-
mitting regions measured according to ASTM D1003 before
the application of the light blocking regions is at least one of
50%, 70%, 80%, 85%, 90%, 95% when measured with the
incident light passing through the lenticular lens before the
transmissive aperture region. In one embodiment of this
invention, the aperture region is diffusely transmissive such
that the light is diffused as it passes through the aperture
region. Haze is one method for measuring the amount of
diffusion in a sample. In one embodiment of this invention,
the haze of the of the clear aperture regions measured accord-
ing to ASTM D1003 with a BYK Gardner Hazemeter before
the application of the light blocking regions is at least one of
5%, 10%, 20%, 50%, 80%, 90%, or 99% when measured with
the incident light passing through the lenticular lens before
the transmissive aperture region. In another embodiment of
this invention, the aperture region comprises an anisotropic
light scattering region. The anisotropic light scattering region
transmits and scatters light anisotropically to provide
improved uniformity and a predetermined angular light dis-
tribution performance. In a further embodiment of this inven-
tion, the asymmetry ratio of the FWHM diffusion profiles of
the anisotropic light scattering region is greater than one
selected from the group consisting of 2, 5, 10, 30, 50, and 60.

The width of the light transmitting region is selected to
provide a predetermined light output angular profile while
maintaining a sufficient level light filtering and light trans-
mission through the light filtering collimating lens. The fill
factor is defined as the ratio of the light transmitting region
width to the width of the light absorbing or reflecting region
between the apertures along a first axis parallel to the array of
lenticules. In order for the light filtering collimating lens to
provide a high degree of collimation, the Collimation Factor,
CF, should be sufficiently high assuming a constant focal
point, lens shape and refractive index. The Collimation Factor
is arelational metric used to compare the ability of a lenticular
lens array to collimate light from a specific light transmitting
region assuming a constant lenticule curvature and focal dis-
tance. The Collimation Factor is defined as the ratio of the
pitch of the lenticular lens P1, to the aperture width, Al, or
P1/A1. In one embodiment of this invention, the pitch of the
lenticular lens is approximately 187 um, the aperture width of
the light transmitting region is 25 pm and the linewidth of'the
light absorbing (or reflecting) region is 162 um and the CF is
7.5. In one embodiment of this invention, the CF is greater
than one element selected from the group consisting of 1.5, 3,
5,6, 8 and 10.

The location of the aperture in relation to the lenticular lens
elements or arrays contributes to the directionality of the
output light. In one embodiment of this invention, the aper-
ture is centered along the optical axis of the lenticules in an
optical element. In another embodiment of this invention, the
light output distribution is off-axis and is defined by an angle,
v1, defined from the apex of the lenticule to the center of the
apertures and measured from the normal of the substantially
planar optical element. In one embodiment of this invention,
the angle v1 is greater than one angle selected from the group
comprising 5°, 10°, 15°, 20°, 30°, and 40°. In one embodi-
ment of this invention, a backlight comprises a light recycling
directional control element wherein y1 is greater than 5
degrees and the angle of peak intensity of light output from
the backlight is at an angle 6 measured from a normal to the
exiting surface of the backlight where 0 is greater than 0
degrees. In another embodiment of this invention, 0 is greater
than 5 degrees and a backlight and display incorporating the
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light recycling directional control element is design to pro-
vide a peak luminance off-axis. For displays used in applica-
tions such as vehicles, fixed instrument panels, etc, it is often
desirable to have the peak intensity at an angle from the
normal to the substantially planar display surface. In a further
embodiment of this invention, the aperture is located substan-
tially near the midpoint between the lenticules. In this
embodiment, upon wide angle input illumination, the light
recycling directional control element produces a twin-lobe
output with two maximums intensities. A backlight incorpo-
rating this element can be used to produce a display wherein
the light output produces two lobes for viewing at two differ-
ent angles. In applications such as a display mounted between
the driver and passenger seats of a car, by directing light into
the two lobes directed substantially toward the driver and
passenger, the optical efficiency of the system is improved,
thus allowing for lower power used or a reduced number of
light sources. In a further embodiment of this invention, one
more light recycling directional control elements are used to
provide off-axis directionality in a first plane and at least two
peak viewing lobes in a second plane orthogonal to the first.

In one embodiment of this invention, the angular light
output profile of the light recycling directional control ele-
ment is controlled by spatially varying at least one of the size,
shape, pitch, and transmittance of the light transmitting aper-
tures. By having regions, with wider apertures, for example,
the light output from that region will have a lower degree of
collimation (smaller collimation factor) and higher flux out-
put through less recycling. This technique may be used to
spatially adjust the uniformity of backlight. In one embodi-
ment, an edge-illuminated backlight comprises a light recy-
cling directional control element wherein the aperture width
increases in edge. In this embodiment, the method used to
create the linewidths of at least one of the light blocking, light
reflecting, light absorbing, or light transmitting regions can
be used to improve the spatial luminance uniformity of the
backlight. Additionally, the angular output in different
regions may be controlled more easily by increasing the aper-
ture width in some regions and reducing the aperture width
along at least one axis in order to provide a backlight with a
precisely tailored output profile. This can simplify the angular
adjustment of the output from a backlight in one or more
regions by converting it to a spatial adjustment in the printing,
transfer, exposure, etc. method used to create the lines and
thus apertures. In another embodiment of this invention, at
least one of the linewidth and location relative to the optical
axis of its respective lenticule of the light transmitting region
varies along a direction parallel to the lenticular array to
provide a focusing or concentrating affect to the light output
profile. As discussed herein, by shifting the light transmitting
region to one side of the axis of a lenticule, light can be
directed off-axis. By shifting the light transmitting regions
spatially in two regions away from each other in different
areas of a backlight, the light exiting the lenticules from those
corresponding regions can be directed toward a specific loca-
tion, thus essentially creating a positive focal point for the
light output within at least one plane. In the case where the
light transmitting regions move closer towards each other, the
light output from the corresponding lenticular lens array
regions diverges relative to each other, thus creating a type of
negative (or virtual focus). In one embodiment of this inven-
tion, a substantially planar backlight comprises a light filter-
ing collimating region with a positive focal distance within at
least one plane. In one embodiment of this invention, a sub-
stantially planar backlight comprises a light filtering colli-
mating region with a negative focal distance along at least one
plane. A positive or negative focal distance can be used in a
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backlight to provide increased control over the light output
and can be used to concentrate or further spread out light
within one or more output planes.

In a further embodiment of this invention, a light recycling
directional control element comprises light reflecting regions
substantially aligned beneath the apex of the lenticules (or
beads) with light transmitting apertures on either side such
that light arriving from opposite sides of a lightguide which
exits the lightguide with a peak luminance output angle
between an 20 and 80 degrees is substantially collimated. By
designing the width and location of the light reflecting regions
and the curvature (or slope in the case of prismatic elements)
the light from the waveguide can be designed to be re-directed
substantially normal to the backlight.

Light Reflective Region

The light reflecting region of one embodiment of this
invention may specularly reflect, isotropically scatter back or
anisotropically scatter back, or some combination thereof,
direct light backwards. In one embodiment of this invention,
light reflecting regions are disposed substantially in-between
the light transmitting aperture regions in a light recycling
directional control element. The reflective regions may be
diffusely reflective or specularly reflective and the diffusely
reflective profile may be symmetric or anisotropic. Typically
in backlights, the light reaching the optical elements arrives
from a wide range of angles and therefore, the diffuse lumi-
nance reflectance measured in a d/8 geometry (shortened here
to diffuse reflectance) is a more representative measurement
of' the reflectance from the component in a backlight applica-
tion than 1 minus the specular transmittance such as defined
and sometimes measured according to the ASTM D1003
standard. The diffuse reflectance of an element, region, or
combination of regions can be measured placing the element
or region(s) over an aperture of a “dark box” wherein the
interior is filled with light absorbing material such as a black
felt and measuring the diffuse reflectance (specular compo-
nent included) of the element using a Minolta CM-508d dif-
fuse reflectance spectrophotometer.

A diffusely reflecting region as defined herein is one
wherein laser light with a divergence less than 10 milliradians
incident upon the region reflects with a larger angular diffu-
sion profile such that the FWHM of the diffuse reflecting
profile is greater than 2 degrees within at least one plane of
reflection. In one embodiment of this invention, the diffusely
reflecting region anisotropically reflects light such that the
angular FWHM of the diffuse reflectance is higher in a first
reflectance plane than a second reflectance plane orthogonal
to the first. In one embodiment of this invention, a light
recycling directional control element comprises light reflect-
ing regions of an anisotropically reflecting diffuser with a
FWHM diffusion profile of at least 5 degrees within a first
reflecting plane and an asymmetry ratio of greater than 1. In
this embodiment, the light transmitting apertures are dis-
posed between the anisotropic light scattering regions. In
another embodiment of this invention, a light filtering colli-
mating lens comprises light reflecting regions of an anisotro-
pically reflecting diffuser with a FWHM diffusion profile of
at least 5 degrees within a first reflecting plane and an asym-
metry ratio of greater than 1 wherein the reflecting diffusion
plane with the larger FWHM angular diffusion profile is
oriented perpendicular to the lenticules in the lenticular lens
array. In this embodiment, the light reflected from the aniso-
tropically reflecting regions is more efficiently directed angu-
larly toward the clear apertures wherein more light may pass
through the light transmitting apertures than in the case of a
symmetrically diffusing light reflecting region wherein light
is additionally diffused in a direction parallel to the lenticules
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and parallel to the diffusely reflecting region. The light scat-
tering parallel to the reflecting regions will require signifi-
cantly more reflections in order to exit through the light
transmitting apertures. These multiple reflections cause more
of the light to be absorbed within the materials.

In one embodiment of this invention, a light recycling
directional control element comprises a substantially dif-
fusely reflecting region. In a further embodiment of this
invention, a backlight comprises a light recycling directional
control element with substantially transparent regions dis-
posed between light reflecting regions wherein the diffuse
reflectance of the light recycling directional control element
is greater than one selected from the group consisting of40%,
50%, 60%, 70%, 80%, 90%, and 95% when measured with
diffusely incident light on the side of the lenticular lens array
comprising the light reflecting region.

The light transmitting regions can reflect a portion of the
incident light in a specular, symmetrically diffuse, or aniso-
tropic scattering reflecting profile. In light recycling direc-
tional control elements comprising light reflecting regions
and light transmitting regions which are partially transmitting
and partially reflecting, the reflectance from the combination
will increase the luminance and color uniformity when used
in a backlight. In one embodiment of this invention, a back-
light comprises a light recycling directional control element
with partially transparent regions disposed between diffusely
reflecting regions wherein the diffuse reflectance of the com-
bination of the light reflecting region and the light transmit-
ting region is greater than one selected from the group con-
sisting of 40%, 50%, 60%, 70%, 80%, 90%, and 95%. In one
embodiment of this invention, a backlight comprises a light
recycling directional control element with light transmitting
regions disposed between light reflecting regions wherein the
light transmitting regions have a diffuse reflectance greater
than 10% and the diffuse reflectance of the combination of the
light reflecting region and the light transmitting apertures is
greater than 80%. In this embodiment, more light is recycled
than in the case of substantially transparent or low reflectance
light transmitting regions and therefore the luminance and
color uniformity of a backlight incorporating the element is
improved while still providing a sufficient amount of light to
pass through the apertures and exit the backlight. In a further
embodiment of this invention, a backlight comprises a light
recycling directional control element with a lenticular lens
array and light reflecting regions disposed in-between light
transmitting regions wherein the light transmitting regions
contain asymmetric particles and the reflected light from the
light transmitting region is reflected anisotropically and the
diffuse reflectance of the light transmitting region is greater
than 10% and less than 80%.

In another embodiment of this invention, a backlight com-
prises a light recycling directional control element compris-
ing a lenticular lens array and light transmitting regions dis-
posed between light reflecting regions wherein the diffuse
reflectance of the light reflecting region and the light trans-
mitting region is greater than one selected from the group
consisting of 40%, 50%, 60%, 70%, 80%, 90%, and 95%.

In light recycling directional control elements which have
light transmitting regions made of substantially transparent
material where the light transmittance is greater than approxi-
mately 92% (including Fresnel reflections), the diffuse reflec-
tance of the light reflecting regions disposed between the light
transmitting regions can be calculated. The diffuse reflec-
tance of the light reflecting region DR, ; can be calculated by
dividing the diffuse reflectance of the total of both regions
(DR ) by the area ratio of the light reflecting region, 1-AR ;.
where AR is the percentage of area of the total region occu-

20

25

30

35

40

45

50

55

60

65

16

pied by the light transmitting region and thus the diffuse
reflectance of the light reflecting region, DR, =DR/(1-
AR;). In another embodiment of this invention, a backlight
comprises a light recycling directional control element which
comprises a lenticular lens array and light transmitting
regions disposed between light reflecting regions wherein the
diffuse reflectance of the light reflecting regions is greater
than one selected from the group consisting o' 80%, 90%, and
95% as measured by the aforementioned method.

In one embodiment of this invention, the diffuse reflec-
tance (calculated) is less than 80% based on a measurement of
the reflected light from light incident on the light transmitting
layer comprising light reflecting regions without directly
passing through the lenticules. In a further embodiment of
this invention, the diffuse reflectance (calculated) of the light
transmitting region comprising light absorbing regions is
greater than 20% based on a measurement of the reflected
light from light incident on the light transmitting layer with-
out directly passing through the lenticules.

In one embodiment of this invention, the diffuse reflec-
tance of the diffusely reflecting regions is less than 95% such
that more than 5% of the light is transmitted through the
diffusely reflecting regions. By increasing the light transmit-
tance (lowering the diffuse reflectance), light is transmitted at
the higher angles from the normal in addition to the light
passing through the clear apertures which is more collimated.
The light transmitting through the diffuse regions will lower
the moiré contrast between the light recycling directional
control element and another optical element in the system. In
one embodiment of this invention, the light output profile of a
backlight comprising a light recycling directional control
element has a softer angular cut-off due to the diffusely
reflecting regions having a light transmittance greater than
5%. In a further embodiment of this invention, the light output
profile of a backlight comprising a light recycling directional
control element comprising reflecting regions having a light
transmittance greater than 5% has an angular output region
with a slope of less than one selected from the group of 10%
per degree, 5% per degree, 2% per degree, and 1% per degree
where the % drop refers to the percentage of the intensity
relative to the peak intensity in the angular region between the
peak intensity and the angular points at 10% intensity within
at least one output plane.

The light reflective region may comprise a reflective ink,
beads or other additives that substantially reflect light of one
or more wavelength ranges. The reflective additive used in an
ink or polymer system may include BaSO,, TiO,, organic
clays, fluoropolymers, glass beads, silicone beads, cross-
linked acrylic or polystyrene beads, alumina, or other mate-
rials known in the diffusion screen or film industry for back-
lights or projection screens such that the refractive index
difference between them and a supporting polymer matrix or
binder is sufficiently high to reflect light. The light reflecting
region may also be a light reflecting material such as PTFE, or
it may comprise a blend of thermoplastic polymers such as
described in U.S. patent application Ser. No. 11/426,198, or
U.S. Pat. Nos. 5,932,342, 5,825,543, and 5,268,225, the text
of each is incorporated by reference herein where the refrac-
tive index between the two polymers is chosen to be very high
such that the light reflects from the film. In another embodi-
ment of this invention, the light reflecting region is a voided
film such those described in U.S. Pat. Nos. 7,273,640, 5,843,
578, 5,275,854,5,672,409, 6,228,313, 6,004,664, 5,141,685,
and 6,130,278, and U.S. patent application Ser. No. 10/020,
404, the contents of each are incorporated by reference
herein.
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The light reflecting region may comprise nanoparticle dis-
persions such as nanodispersions of aluminum or silver or
other metals that can create a specularly reflecting ink. In one
embodiment of this invention, a backlight comprises a specu-
lar light reflecting region which recycles the incident light
from within the backlight to provide uniformity and the light
output from the backlight is substantially collimated from the
light filtering collimating film. In a further embodiment, light
recycling directional control element serves to recycle and
provided increased uniformity in a small form factor (reduced
total thickness of the backlight) as well as reducing the angu-
lar output of light such that the output light is more colli-
mated. In a further embodiment of this invention, a backlight
comprises a light recycling directional control element with a
specularly reflective region wherein the fill factor of the
specularly reflective region is greater than 50%.

In one embodiment of this invention, the reflecting region
is a multilayer dielectric coating or a multilayer polymeric
reflector film such as described in U.S. Pat. Nos. 7,038,745,
6,117,530,6,829,071, 5,825,543, and 5,867,316, the contents
of each are incorporated by reference herein, or DBEF film
produced by 3M. Multilayer polymeric reflective films can
have specular or diffuse reflectances in the visible spectrum
greater than 98% and thus can be more efficient in an optical
system. The multi-layer polymeric reflector film may be
specularly reflective, diffusely reflective, diffusely transmis-
sive, anisotropically forward scattering or anisotropically
backward scattering for one or more polarization states. In a
backlight where the light reflecting regions are a multi-layer
polymeric reflector, the low light loss enables more reflec-
tions before the light is absorbed and thus a cavity within the
backlight can be made thinner and/or the light transmitting
apertures can be smaller, thus providing higher uniformity
and more light filtering in a thinner form factor.

In a further embodiment, a backlight comprising a light
recycling directional control element further comprises red,
green, and blue LED’s such that the color of the light output
can be adjusted to match a desired white point color and color
gamut or be used in a color (or field sequential) display such
that the color filters are not required.

Light Absorbing & Light Transmitting Region

In one embodiment of this invention, the light recycling
directional control element comprises light absorbing and
light transmitting regions disposed substantially in-between
light transmitting apertures within a light transmitting layer.
Some methods of manufacturing limit the diffuse reflectance
of the light reflecting regions to less than 90%. The light
transmitted through the reflective regions is less collimated in
some configurations and as a result the angular spread of light
may be larger than desired. In one embodiment of this inven-
tion, a light absorbing region is disposed between the lenti-
cules and the light reflecting region substantially over the
light reflecting regions. In this embodiment, the light absorb-
ing regions will absorb a substantial amount of residual light
transmitted through the light reflecting regions. In another
embodiment of this invention, the light reflecting layers
reflect a portion of incident light such that the uniformity of
the incident light pattern is increased without absorbing a
significant amount of light that would prohibit recycling and
increase light output.

In a further embodiment of this invention, a backlight
comprising a light recycling directional control element with
a light absorbing region disposed between the lenticules and
the light reflecting region substantially over the light reflect-
ing regions such that the angular luminance within a prede-
termined angular range greater than 10° in angular width
within at least one plane is less than 5% that of the peak
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intensity in the plane. By using a light absorbing region
disposed above the light reflecting region, the light leaking
through the light reflecting region is absorbed and does not
cause stray light and undesired angles. This is useful in appli-
cations where low display luminance in a predetermined
angular range is desired such as airplane cockpits (to reduce
canopy reflections) or privacy backlights (such as used with
ATMs or desired for use on planes).

In a further embodiment of this invention, a backlight
comprising a light recycling directional control element with
a light absorbing region disposed between the lenticules and
a light reflecting region has a diffuse reflectance measured
from the light exiting surface of the backlight ofless than one
selected from the group of 80%, 60%, 40% 30%, 20%, 10%
and 5%. In a further embodiment of this invention, a backlight
comprising a light filtering collimating lens has a diffuse
reflectance of less than 20% and appears substantially black
when viewed in a first angular range in the off-state and the
on-state. In one embodiment of this invention, the ambient
light reflected from the display is reduced such that the dis-
play contrast is improved. By employing a light absorbing
region along with a light reflecting region, the recycling due
to the light reflecting region and the light transmitting aper-
tures provides the increased efficiency, uniformity and angu-
lar control, while the light absorbing regions provide reduced
ambient light reflections (and thus improved display contrast)
and lower transmittance above the light reflecting regions
which can reduce light levels in the predetermined angular
range.

The diffuse reflectance of the backlight can be measured in
a (d/8 geometry) using a Minolta CM-508d with the specular
component included and measuring the reflectance from the
light exiting surface on the light exiting side. The forward
luminous transmittance of the light recycling directional con-
trol element used in a backlight can be measured by according
to ASTM D1003 measured with the light incident on the
diffuse reflecting side of the light recycling directional con-
trol element. In one embodiment of this invention, a light
recycling directional control element has a diffuse reflectance
measured on the light exiting surface of greater than 30% and
a forward luminous transmittance of greater than 50%. In
another embodiment of this invention, a light recycling direc-
tional control element has a diffuse reflectance measured on
the light exiting surface of greater than 20% and a forward
luminous transmittance of greater than 40%. In another
embodiment of this invention, the optical system efficiency of
a backlight incorporating a light recycling directional control
element is greater than 60% as measured comparing the light
source flux output and the flux output of a backlight incorpo-
rating the same light source in a sufficiently large calibrated
integrating sphere.

In one embodiment of this invention, a light recycling
directional control element comprises a light absorbing
region disposed between a lenticular lens array and a light
reflecting region such that the separation between the light
reflecting region and the light absorbing region is greater than
the thickness of the thinner of the two regions. By spatially
separating the two regions, the angular output of the light
exiting the light recycling directional control element will
have a reduced angular width. By separating the light reflect-
ing and light absorbing regions they form a parallax barrier
which can be used to limit the angular output without requir-
ing a reduction in aperture width.

In a further embodiment of this invention, the focal point of
the lenticules is substantially near at least one of the light
absorbing region or the light reflecting region. In a further
embodiment, the focal point is substantially in-between the
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light absorbing region and the light reflecting region. By
designing the substrate thickness, refractive index, curvature
and surface profile of the lenticules such that the focal point is
located at the midpoint between the light reflecting and light
absorbing regions, the light throughput is optimized due to
the angular spread from the focal point to the light absorbing
region being equal to the angular spread from the focal point
to the light reflecting region.

In a further embodiment of this invention, the light reflect-
ing regions and the light absorbing regions are in contact with
each other such as white ink printed on a cured black ink or a
black toner transferred onto a white toner or a co-extruded
polyester film with a black light absorbing layer and a white
light reflecting layer.

Area Ratios

In one embodiment of this invention, the light recycling
directional control element comprises at least one of light
absorbing region with light transmitting regions and a light
reflecting region with light transmitting regions. The light
transmitting aperture ratio, AR, is the ratio of the surface
area of the light transmitting region to the total area of either
the light absorbing region or the light reflecting region plus
the area ofthe light transmitting region. This area ratio affects
the total optical efficiency, angular output, the spatial color
and luminance uniformity, and the angular color and illumi-
nance uniformity of the light recycling directional control
element or a backlight employing the same. For an element
comprising a light reflecting region, the light transmitting
aperture ratio, AR ;- is defined by the equation:

At

ARp= ———
T Ap + A7

where A ;is the area of the light transmitting region and A is
the area of the light reflecting region. Similarly, for an ele-
ment comprising a light absorbing region, the ratio of the
surface areas is

Ar

ARp=—1
"= A +Ar

where A ;is the area of the light transmitting region and A , is
the area of the light absorbing region.

For linear lenticular lens arrays and linear light transmit-
ting apertures, the ratio of the areas can also be determined by
the ratio of the width of the light transmitting aperture to the
pitch where the pitch is the width of the light transmitting
region plus either the width of the light absorbing region or
the light reflecting region.

In one embodiment of this invention, a light recycling
directional control element has a small light transmitting
aperture ratio and outputs more collimated light (light with a
smaller angular FWHM cross-section of the intensity) within
the plane perpendicular to the output surface and parallel to
the array the lenticular lenses (parallel to the plane compris-
ing the refraction due to the refractive lenses). In a further
embodiment, light recycling directional control element with
small light transmitting aperture ratios will filter out more
spatial light intensity irregularities (non-uniformities such as
blemishes) and when the element comprises a light reflecting
region, the recycling will improve the spatial color and lumi-
nance uniformity and enable more thinner optical designs of
backlights.
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In edge-lit backlights, the light extracted near the incident
edge is often much brighter than that at the far edge. In
edge-lit LED backlights, the same can be true and the regions
of the waveguide corresponding to the regions between the
LED’s may less bright than the regions closer to the LED’s.
The type, size, shape, and spatial arrangement of the light
extraction features in edge-lit designs is typically adjusted to
result in more uniform output from the backlight. Recycling
films such as 90 degree prism films, diffusers, light scattering
films, and white reflective films aid the uniformity through
recycling and scattering, however, for a given size light
entrance edge, the fewer the LED’s, the more difficult it is to
create a spatially uniform light extraction profile.
Luminance Mixing Distance (Parallel)

A term that can be used to measure the distance required to
mix and extract the light from the waveguide is the Lumi-
nance Mixing Distance (LMD). For backlights, it is desirable
to have a luminance uniformity of at least 70%, or more
preferably at least 80%. The uniformity (100%*[1-(Lmax—
Lmin)/(Lmax+Lmin)]) is measured in the direction parallel
to the entrance edge (typically parallel to the LED array) or in
the direction perpendicular to the entrance edge. The LMD is
the distance measured from the entrance edge of the
waveguide to the point where the linear spatial luminance
cross-section on the output surface of the backlight along
direction parallel to the entrance edge has a luminance uni-
formity of at least 80%. Secondary optics on the LED’s or
optical components such as reflectors, lenticular lens arrays
and anisotropic diffusers may be used on the entrance edge to
reduce the LMD,. The length in the plane parallel to the
entrance edge of the incident light profile which is incident on
the edge of a substantially planar waveguide is termed
Entrance Source Length (ESL). The Entrance Source Length
is defined as the maximum spatial length on the entrance edge
surface along a direction parallel to the edge of the waveguide
enclosed by the angular FWHM of the intensity profile of the
light incident on the edge. For backlights with a constant LED
pitch and constant intensity profile incident on the edge, the
ESL can be measured from the LED pitch, the angular inten-
sity profile from the LED (or LED plus secondary optics) and
the distance from the LED (or LED plus secondary optics) to
the edge of the waveguide. A larger ESL will have a higher
luminance uniformity near the edge of the waveguide and
thus the LMD is reduced. In the case of a multiple-LED
edge-lit backlight, the larger the spacing or pitch (P;)
between the LED’s along one edge of a backlight, the larger
the LMD, will be for a fixed optical system (same waveguide
and optical components). As a result, one metric for describ-
ing the incident light profile on the edge of a waveguide in
relationship to its affect on the uniformity is the Input Light
Ratio, ILR, defined as

Backlights with a small Input Light Ratio will typically
require more light recycling to achieve a fixed LMD, than a
those with a high ILR. In cases where the LED’s are spaced
from the edge and the input profiles overlap, the ILR ratio can
be greater than 1. In the special case where a single LED is
used, the ILR is the ESL divided by the length of the dimen-
sion of the output surface substantially parallel to the entrance
edge. In one embodiment of this invention, a light recycling
directional control element comprises a lenticular lens array,
a light reflecting region, and a light transmitting region



US 8,408,775 B1

21
wherein the ILR is less than one selected from the group of' 1,
0.7, 0.5, 0.3, 0.2 and 0.1. A metric for evaluating the effec-
tiveness of a backlight to mix the light is the Source Adjusted
Luminance Mixing Distance (LM,,) which adjusts the
LMD, by the Input Light Ratio and is defined as
LMD, ~LMDxILR

A backlight with a high level of “fast mixing” (mixing the
light well over a short distance from the edge) has a very low
LM, and can provide a smaller form factor (smaller back-
light or display bevel or aluminum reflector). These high
performance “fast mixing” backlights have a small LMD and
a small ILR value and thus a very small LM|,. A backlight
that has a large LMD and a small ILR or a small LMD, and a
large LR has an average performance and medium LM,
value. Backlights with a large LMD, and a large ILR high
have a very large LM,5,, and poor mixing performance. In one
embodiment of this invention, a light recycling directional
control element comprises a lenticular lens array, a light
reflecting region, and a light transmitting region wherein the
LM, is less than one selected from the group of 5 mm, 3
mm, 2 mm, and 1 mm.

Luminance Mixing Distance (Perpendicular)

The luminance of the backlight in the direction perpen-
dicular to the input edge will typically be very high near the
edge and fall-off the further the distance from the edge. The
luminance mixing distance of a backlight in the direction
perpendicular to the input edge, LMD.L, is the distance mea-
sured along a line on the light emitting surface perpendicular
to the entrance edge (passing through the midpoint of the light
emitting surface in the direction parallel to the edge) from the
entrance edge of the waveguide to the closest point at which
the luminance at any further point along the line is within 80%
of the average of the remaining points along the line within
the designed emitting area (such as that corresponding to the
display area). In one example, if the LED array is on the left
side of a backlight, then the LMD is the distance from the
edge of the waveguide to the first point along the middle of the
backlight where all other points to the right within the design
emitting out area are within 80% of the average of the remain-
ing points to the right. Secondary optics on the LED’s or
optical components such as reflectors, lenticular lens arrays
and anisotropic diffusers may be used on the entrance edge to
reduce the LMD.L. The length in the plane parallel to the
entrance edge of the incident light profile which is incident on
the edge of a substantially planar waveguide is termed
Entrance Source Length (ESL). The Entrance Source Length
is defined as the maximum spatial length on the entrance edge
along a direction parallel to the edge of the waveguide
enclosed by the angular FWHM of the intensity profile of the
light incident on the edge. For backlights with a constant LED
pitch and constant intensity profile incident on the edge, this
can be measured from the LED pitch, the angular intensity
profile from the LED (or LED plus secondary optics) and the
distance from the LED (or LED plus secondary optics) to the
edge of the waveguide. The location, size, spacing, shape,
type, etc. of the light extraction features will have a significant
affect on the LMDL.

A backlight with a high level of “fast mixing” along a
direction perpendicular to the LED array (mixing the light
uniformly across the backlight in a short distance) has a very
high LMD.L. In one embodiment of this invention, a light
recycling directional control element comprises a lenticular
lens array, a light reflecting region, and a light transmitting
region wherein the LMDLL is less than one selected from the
group of 5 mm, 3 mm, 2 mm, and 1 mm.

20

25

30

35

40

45

50

55

60

65

22

Color Mixing Distance (Parallel)

As disclosed above in relation to luminance uniformity,
one can also measure the performance in terms of color uni-
formity. For color uniformity, the Au'v' value is measured
between all points in the direction parallel to the entrance
edge (typically parallel to the LED array) or in the direction
perpendicular to the entrance edge. The Color Mixing Dis-
tance, CMD) is the distance measured from the entrance edge
of'the waveguide to the point where the color uniformity Au'v'
is less than 0.04 along a cross-section on the output surface of
the backlight along direction parallel to the entrance edge.
Similarly, the Color Mixing Distance (Source Adjusted) is
defined as

CMDj5,~CMDxILR.

In one embodiment of this invention, a light recycling
directional control element comprises a lenticular lens array,
a light reflecting region, and a light transmitting region
wherein the CMD), is less than one selected from the group
of 5 mm, 3 mm, 2 mm, and 1 mm.

Color Mixing Distance (Perpendicular)

In the direction perpendicular to the entrance edge, the
Color Mixing Distance, CMDL, is the distance measured
along a line on the light emitting surface perpendicular to the
entrance edge (passing through the midpoint of the light
emitting surface in the direction parallel to the edge) from the
entrance edge of the waveguide to the closest point at which
the color uniformity Au'v' at any point further point along the
line is less than 0.1 from the remaining points along the line
within the designed emitting area (such as that corresponding
to the display area). In one embodiment of this invention, a
light recycling directional control element comprises a len-
ticular lens array, a light reflecting region, and a light trans-
mitting region wherein the CMD" is less than one selected
from the group of 5 mm, 3 mm, 2 mm, and 1 mm.
Protective Layer

In one embodiment of this invention, a light recycling
directional control element further comprises a protective
layer to protect at least one of the light reflecting or light
absorbing region from being scratched during assembly or
function use in devices such as backlights. The protective
layer may be a laminated PET layer adhered using a pressure
sensitive adhesive, a protective hardcoating such as those
used in the projection screen and polarizer industry or other
protective layers or coatings known to increase scratch resis-
tance. In one embodiment of this invention, the protective
layer also provides the spacing between the lenticular lens
array and a light collimating element.

Anisotropic Light-Scattering Regions

The light recycling directional control element may
include more than one anisotropic light-scattering region or
layers. In one embodiment of this invention, a backlight com-
prises a light recycling directional control element with a first
input surface disposed to receive light and an first output
surface disposed to output light wherein the light recycling
directional control element collimates the light within a first
plane and the backlight further comprises a light scattering
element such as an anisotropic light scattering element dis-
posed in the optical path after the first light output surface
with a larger angular FWHM diffusion profile in the first
plane than in a second plane orthogonal to the first. In this
embodiment, the light filtering collimating lens filters out the
unwanted non-uniformities of the incident light in a very thin
profile and substantially collimates the incident light (such as
providing an output light with an angular FWHM ofless than
10 degrees FWHM in the first output plane). The anisotropic
diffuser can be provided with a range of angles to provide a
customizable light output profile. In one embodiment of this
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invention, a backlight with an angular FWHM of less than 10
degrees in at least one output plane and an anisotropic light
scattering film is provided as a kit wherein the combination of
the two provides a pre-determined light output profile.

One or more of the diffusing (scattering) regions may have
an asymmetric diffusion profile in the forward (transmission)
or backward (reflection) directions. The light recycling direc-
tional control element may contain volumetric and surface-
relief-based scattering regions that may be asymmetric or
symmetric. The scattering regions or layers may be optically
coupled or separated by another material or an air gap. In one
embodiment of this invention, substantially transparent mate-
rial separates two diffusing regions. In another embodiment
of this invention, the asymmetrically diffusive regions are
aligned such that the luminance uniformity of a backlight is
improved. In another embodiment, the spatial luminance pro-
file of a backlight using a linear or grid array of light sources
is made substantially uniform through the use of one or more
asymmetrically diffusing regions.

The use of a volumetric anisotropic light scattering region
in the backlight comprising a light recycling directional con-
trol element allows the scattering region to be optically
coupled to the light guide such that it will still support
waveguide conditions. An anisotropic surface relief scatter-
ing region on the surface of the light guide or a surface of a
component optically coupled to the light guide will substan-
tially scatter light in that region out of the light guide, thus not
permitting spatially uniform out-coupling in the case of scat-
tering over a significant portion of the light guide surface.
Additionally, anisotropic scattering surface relief structures
are difficult to manufacture in large sizes due to complex
holographic recording techniques required.

In one embodiment of this invention, the light recycling
directional control element comprises an anisotropic light
scattering region wherein asymmetrically shaped dispersed
phase domains of one polymer within another matrix polymer
contribute to the anisotropic light scattering. The anisotropic
scattering region may be non-polarization dependent aniso-
tropic light scattering (NPDALS) or polarization dependent
anisotropic light scattering (PDALS). Backlights with polar-
ized light output can reduce the glare off of surfaces and
discussed in U.S. Pat. No. 6,297,906, the contents of which
are incorporated herein by reference.

The amount of diffusion in the x-z and y-z planes for the
NPDALS or PDALS regions affects the luminance unifor-
mity and the angular light output profiles of the backlight. By
increasing the amount of diffusion in one plane preferentially
over that in the other plane, the angular light output from the
backlight is asymmetrically increased. For example, with
more diffusion in the x-z plane than the y-z plane, the angular
light output (measured in the FWHM of the intensity profile)
is increased in the x-z plane. The diffusion asymmetry intro-
duced through one or more of the anisotropic light-scattering
regions of the light recycling directional control element can
allow for greater control over the viewing angle, color shift,
coloruniformity, luminance uniformity, and angular intensity
profile of the backlight and the optical efficiency of the back-
light. In another embodiment, the amount of diffusion (mea-
sured as FWHM of the angular intensity profile) varies in the
plane of the diffusing layer. In another embodiment, the
amount of diffusion varies in the plane perpendicular to the
plane of the layer (z direction). In another embodiment of this
invention, the amount of diffusion is higher in the regions in
close proximity of one or more of the light sources.

The birefringence of one or more of the substrates, ele-
ments or dispersed phase domains may be greater than 0.1
such that a significant amount of polarization selectivity
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occurs due to the difference in the critical angle for different
polarization states when this optically anisotropic material is
optically coupled to or forms part of the light guide. An
example of this polarization selectivity is found in U.S. Pat.
No. 6,795,244, the contents are incorporated herein by refer-
ence.
Alignment of Major Diffusing Axis in Anisotropic Light
Scattering Region

The alignment of the major axis of diffusion in one or more
of the anisotropic light-scattering regions may be aligned
parallel, perpendicular or at an angle 0, with respect to a light
source or edge of the waveguide. In one embodiment, the axis
of stronger diffusion is aligned perpendicular to the length of
a linear light source in a cold-cathode fluorescent edge-lit
backlight. In another embodiment of this invention, the axis
of stronger diffusion is aligned perpendicular to the length of
a linear array of LED illuminating the edge of waveguide in
an edge-lit LED based backlight.
Domain Shape

The domains within one or more light scattering regions
may be fibrous, spheroidal, cylindrical, spherical, other non-
symmetric shape, or a combination of one or more of these
shapes. The shape of the domains may be engineered such
that substantially more diffusion occurs in the x-z plane than
that in the y-z plane. The shape of the domains or domains
may vary spatially along one or more of the x, y, or z direc-
tions. The variation may be regular, semi-random, or random.
Domain Alignment

The domains within a diffusing layer may be aligned at an
angle normal, parallel, or an angle theta with respect to an
edge of the diffusing layer or a linear light source or array of
light sources. In one embodiment, the domains in a diffusing
region are substantially aligned along one axis that is perpen-
dicular to a linear array of light sources.
Domain Location

The domains may be contained within the volume of a
continuous-phase material or they may be protruding (or
directly beneath a partially conformable protrusion) from the
surface of the continuous-phase material.
Domain Concentration

The domains described herein in one or more light-diffus-
ing regions may be in a low or high concentration. When the
diffusion layer is thick, a lower concentration of domains is
needed for an equivalent amount of diffusion. When the light-
diffusing layer is thin, a higher concentration of domains or a
greater difference in refractive index is needed for a high
amount of scattering. The concentration of the dispersed
domains may be from less than 1% by weight to 50% by
weight. In certain conditions, a concentration of domains
higher than 50% by volume may be achieved by careful
selection of materials and manufacturing techniques. A
higher concentration permits a thinner diffusive layer and as
a result, a thinner backlight or light recycling directional
control element. The concentration may also vary spatially
along one or more of the X, y, or z directions. The variation
may be regular, semi-random, or random.
Index of Refraction

The difference in refractive index between the domains and
the matrix in one or more of the NPDALS, PDALS or other
light scattering regions may be very small or large in one or
more of the x, y, or z directions. If the refractive index differ-
ence is small, then a higher concentration of domains may be
required to achieve sufficient diffusion in one or more direc-
tions. If the refractive index difference is large, then fewer
domains (lower concentration) are typically required to
achieve sufficient diffusion and luminance uniformity. The
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difference in refractive index between the domains and the
matrix may be zero or larger than zero in one or more of the x,
y, or z directions.

The refractive index of the individual polymeric domains is
one factor that contributes to the degree of light scattering by
the film. Combinations of low- and high-refractive-index
materials result in larger diffusion angles. In one embodiment
of this invention, the refractive index difference between the
dispersed phase domain and a light transmitting matrix mate-
rial is greater than one selected from the group of 0.03, 0.05,
0.1 and 0.12 in a first domain axis direction within a plane
parallel to a light transmitting layer such that the domains and
matrix combination for an anisotropic backscattering region
due to the large refractive index difference. The number of
domains within the optical path of the incident light will
contribute a total forward or backward scattering property.
Generally, the more domains in an optical path, the more light
will be scattered backwards. For a light scattering region
comprising a constant average density of domains, a thicker
light scattering region will backscatter more incident light
than a thinner light scattering region.

In cases where birefringent materials are used, the refrac-
tive indexes in the X, y, and z directions can each affect the
amount of diffusion or reflection in the processed material. In
some applications, one may use specific polymers for specific
qualities such as thermal, mechanical, or low-cost, however,
the refractive index difference between the materials (in the x,
y, or z directions, or some combination thereof) may not be
suitable to generate the desired amount of diffusion or other
optical characteristic such as reflection. In these cases, it is
known in the field to use small domains, typically less than
100 nm in size to increase or decrease the average bulk refrac-
tive index. Preferably, light does not directly scatter from
these added domains, and the addition of these domains does
not substantially increase the absorption or backscatter.

During production of the light recycling directional control
element or one of its regions, the refractive index of the
domains or the matrix or both may change along one or more
axes due to crystallization, stress- or strain-induced birefrin-
gence or other molecular or polymer-chain alignment tech-
nique.

Additive materials can increase or decrease the average
refractive index based on the amount of the materials and the
refractive index of the polymer to which they are added, and
the effective refractive index of the material. Such additives
can include: aerogels, sol-gel materials, silica, kaolin, alu-
mina, fine domains of MgF2 (its index of refraction is 1.38),
SiO2 (its index of refraction is 1.46), AIF3 (its index of
refraction is 1.33-1.39), CaF2 (its index of refraction is 1.44),
LiF (its index of refraction is 1.36-1.37), NaF (its index of
refraction is 1.32-1.34) and ThF4 (its index of refraction is
1.45-1.5) or the like can be considered, as discussed in U.S.
Pat. No. 6,773,801, the contents incorporated herein by ref-
erence. Alternatively, fine domains having a high index of
refraction, may be used such as fine particles of titania (TiO2)
or zirconia (ZrO2) or other metal oxides.

Other modifications and methods of manufacturing aniso-
tropic light scattering regions, and light emitting devices and
configurations incorporating anisotropic light scattering ele-
ments are disclosed in U.S. Pat. No. 7,278,775, the contents
of' which are incorporated by reference herein. The modifica-
tions and configurations disclosed therein may be employed
in an embodiment of this invention to create a uniform, effi-
cient backlight comprising a light recycling directional con-
trol element.
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Anisotropic Scattering Region Location

The light recycling directional control element or a back-
light comprising the light recycling directional control ele-
ment may comprise one or more anisotropic light scattering
regions. On or more of the anisotropic light scattering regions
may be located with the lenticular lens structure, within the
lenticular lens substrate, within the light absorbing region,
within the light reflecting region, within the light transmitting
region, within or adhered to the waveguide, between the light
recycling directional control element and the backlight light
output surface, between the light recycling directional control
element and the waveguide or between the waveguide and one
ormore light emitting sources such as LED’s. The anisotropic
light scattering region may be optically coupled to one or
more elements of the light recycling directional control ele-
ment or one or more elements of the backlight. In one embodi-
ment of this invention, the anisotropic light scattering element
is optically coupled to one or more components of the light
recycling directional control element or the backlight using a
low refractive index adhesive. In a further embodiment of this
invention, a light recycling directional control element com-
prises an anisotropic light scattering film optically coupled
using a pressure sensitive adhesive to the apex region of the
lenticules such that the anisotropic light scattering film pro-
vides a substantially planar output surface that is more resis-
tant to scratches. In one embodiment, the loss ofthe refractive
power at the apex of the lenticules where the pressure sensi-
tive adhesive effectively index matches out the interface
increases the FWHM angular intensity output in a plane per-
pendicular to the lenticules by less than one selected from the
group of 2 degrees, 5 degrees, 10 degrees, or 20 degrees
relative to the anisotropic light scattering film separated from
the lenticular lens array by an air gap.

In one embodiment of this invention, a backlight comprises
two light recycling directional control elements wherein the
lenticules are arranged substantially orthogonal to each other.
When a backlight comprises a first light recycling directional
control element on the output side of the backlight from a
second light recycling directional control element wherein
the lenticules are arranged substantially orthogonal to each
other and the first light recycling directional control element
comprises symmetrically diffuse reflecting region, the
reflected light will reflectively scatter in a plane parallel to the
lenticules, which increases the angular FWHM output profile
in that plane. In applications where highly collimated back-
light output profiles in two orthogonal planes are desired, this
increase in the FWHM in a plane relative to the output from
the second light recycling directional control element is unde-
sirable. In one embodiment of this invention, a backlight
comprises a first light recycling directional control element
on the output side of the backlight from a second light recy-
cling directional control element wherein the lenticules are
arranged substantially orthogonal to each other and the first
light recycling directional control element comprises an
anisotropically reflecting region where the major axis of
anisotropically backscattered light is oriented in a plane per-
pendicular to the lenticules of the first light recycling direc-
tional control element and the reflected light will reflectively
scatter in a plane perpendicular to the lenticules of the first
light recycling directional control element and substantially
maintain the collimation in the plane parallel to the lenticules.
Backlight Thickness

In one embodiment of this invention, the backlight is a
direct-lit type. In another embodiment of this invention, the
backlight is an edge-lit type which can generally be made
thinner than a direct-lit type. In one embodiment of this
invention, the light recycling directional control element
increases the uniformity, reduces the thickness and provides
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increased collimation. In one embodiment of this invention,
the light recycling and uniformity derived from the light
reflecting region and the spatial filtering from the light trans-
mitting region and lenticular lens array reduces the thickness
of'an edge-lit backlight. In one embodiment of this invention,
a backlight comprises at least one LED light source, a
waveguide, and a light recycling directional control element
and the distance between an outer surface of the waveguide
and light output surface of the backlight is less than one
selected from the group of 1.5 millimeters, 1 millimeter and
0.5 millimeters.

In a further embodiment of this invention, a backlight
comprises a light recycling directional control element (com-
prising the light output surface of the backlight), an optical
waveguide, and a white diffusely reflecting film opposite the
light output side of the waveguide.

In a further embodiment of this invention, a backlight
comprises a light recycling directional control element and at
least one of the optical elements, films or waveguides dis-
closed in an embodiment of U.S. Pat. No. 5,594,830, the
contents of which are incorporated by reference herein.
Other Films and Components

In one embodiment of this invention, a light recycling
directional control element comprises a lenticular lens array,
at least one of a light absorbing or light reflecting region
designed to direct light along a direction such that the light
can effectively be coupled out from the waveguide spatially
such that the uniformity of the light exiting the element is
improved when illuminated from the edge. In one embodi-
ment of this invention, a light recycling directional control
element comprises a lenticular lens array optically coupled to
at least one of a light reflecting region with light transmitting
apertures or a light absorbing region with light transmitting
apertures, where one region is optically coupled to a
waveguide.

In another embodiment of this invention a backlight com-
prises a light recycling directional control element and at least
one additional collimating element such as a 90 degree apex
angle prismatic film. By pre-conditioning the light incident
on the light recycling directional control element, more light
is transmitted and the FWHM angular output angles of the
backlight along one or more output planes is reduced relative
to a backlight comprising just the light recycling directional
control element. In one embodiment of this invention, a back-
light comprises two crossed 90 degree prismatic collimating
films and a light recycling directional control element such
that the angular width of the FWHM intensity profile within
one output plane is less that 15 degrees. In a additional
embodiment of this invention, a backlight comprises two
crossed 90 degree prismatic collimating films and a light
recycling directional control element such that the angular
width of the FWHM intensity profile within one output plane
is less that 10 degrees. In another embodiment of this inven-
tion, a backlight comprises two crossed 90 degree prismatic
collimating films and a light recycling directional control
element such that the FWHM along one output plane is less
than 8 degrees. In another embodiment of this invention, a
backlight comprises a light recycling directional control ele-
ment, a first 90 degree prismatic collimating film and a second
90 degree prismatic film providing brightness enhancement
with anisotropic light scattering phase domains dispersed
within the substrate as describe in U.S. patent application Ser.
No. 11/679,628, the contents of which is incorporated herein
by reference. In this embodiment, the angular width of the
FWHM intensity profile within one output plane is less than
one selected from the group of 8 degrees, 10 degrees, 15
degrees or 20 degrees. In another embodiment of this inven-
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tion, a backlight comprises a 90 degree prismatic collimating
film disposed above a light recycling directional control ele-
ment wherein the prisms are oriented substantially orthogo-
nal to the lenticules and further comprises a second 90 degree
prismatic film disposed on the opposite side of the light recy-
cling directional control element providing brightness and
uniformity enhancement with anisotropic light scattering
phase domains dispersed within the substrate and a
waveguide and at least one light emitting diode. In one
embodiment of this invention, the use of at least one bright-
ness enhancing or collimating film along with a light recy-
cling directional control element which comprises a light
absorbing region permits more light to pass through the light
recycling directional control element due to the more highly
collimated incident light profile upon the light recycling
directional control element. In one embodiment of this inven-
tion, a light recycling directional control element, or back-
light comprising the same, comprises at least one collimating
film selected from the group of BEF, BEF II, BEF III, TBEF,
BEF-RP, BEFII 90/24, BEF II 90/50, DBEF-MF1-650,
DBEF-MF2-470, BEFRP2-RC, TBEF2 T 62i 90/24, TBEF2
M 65i 90/24, NBEF, NBEF M, Thick RBEF, WBEF-520,
WBEF-818, OLF-KR-1, and 3637T OLF Transport sold by
3M, PORTGRAM V7 sold by Dai Nippon Printing Co., Ltd.,
LUMTHRU that sold by Sumitomo Chemical Co., Ltd. and
ESTINAWAVE W518 and W425 DI sold by Sekisui Chemi-
cal Co., Ltd.

The backlight may also comprise a light recycling direc-
tional control element and a light re-directing component that
re-directs a substantially portion of the light into an off-axis
orientation. In one embodiment of this invention, a backlight
comprises a light recycling directional control element and a
non-symmetrical prismatic film such as a Image Directing
Film (IDF or IDFII) or Transmissive Right Angle Film
(TRAF or TRAFII) sold by 3M. In one embodiment of this
invention, a backlight comprises a light recycling directional
control element and a non-symmetrical prismatic film. In one
embodiment of this invention, a backlight comprises a light
recycling directional control element and a symmetrical pris-
matic film to re-distribute the light symmetrically about an
axis such as a prismatic film with a 60 degree apex angle with
the prisms oriented toward the output surface. In other
embodiment of this invention, a light recycling directional
control element, or a backlight comprising the same, com-
prises a lenticular lens array, a light reflecting region, light
transmitting regions, and a linear prism film with an apex
angle between 45 degrees and 75 degrees where the substrate
of'the linear prism film is coupled directly or through another
layer to the light reflecting regions with the prisms oriented
away from the lenticules. In another embodiment of this
invention, the linear prism film is a “reverse prism film” such
as sold by Mitsubishi Rayon Co., Ltd. under the trade names
of DIA ART H150, H210, P150 and P210, or is a prismatic
film of a similar type as disclosed in the embodiments within
U.S. Pat. Nos. 6,545,827, 6,151,169, 6,746,130, and 5,126,
882, the contents of which are incorporated by reference
herein.

In one embodiment of this invention, a backlight comprises
an LED array on a flexible circuit disposed in a circular or arc
shape in proximity to a waveguide within a light recycling
directional control element or as a separate component from
the light recycling directional control element. In one
embodiment of this invention, a backlight comprises a circu-
lar array of LED’s on flexible circuit such that the light from
the LED’s is directed inward toward the center of a circular
disc-shaped waveguide comprising light extraction elements
of at least one type selected from the group of embossed
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features, laser-ablated features, stamped features, inked sur-
face patterns, injection molded features, etched surface pat-
terns, sand or glass-blasted micro-patterns, uv cured emboss-
ing patterns, dispersed phase particle scattering, scattering
from region comprising beads, fibers or light scattering or
diffracting shapes. In one embodiment of this invention, the
backlight in the previous embodiment further comprises a
light recycling directional control element. In this embodi-
ment, the backlight can illuminate a circular display.

One or more elements or films within the backlight or light
recycling directional control element may be combined by
using adhesives (such as pressure sensitive adhesives), ther-
mally bonding, co-extrusion, insert molding, and other tech-
niques known to combine two polymeric films or elements. In
one embodiment of this invention, a light recycling direc-
tional control element comprises an element with surface
relief structures of a first material with a first refractive index
n, that is at least one of a lenticular lens array and light
collimating element wherein the element is physically
coupled to second optical element by using second material
with a second refractive index n_ such that n_—n_>0.01. In this
embodiment, the lenticular lens array or collimating element
can be physically coupled to another element while still
retaining a level of refraction or reflection. In another embodi-
ment, the value n,—n_ is greater than one selected from the
group of 0.05, 0.1, 0.2, 0.4 or 0.5. In one embodiment, the
lenticular lens array or collimating element is made of a high
refractive index UV curable material (such as known in the
optical film industry and described in U.S. Pat. Nos. 6,107,
364, 6,355,754, 6,359,170, 6,533,959, 6,541,591, 6,953,623
and international patent application PCT/GB2004/000667,
the contents of each are incorporated by reference herein.

In one embodiment of this invention, the light recycling
directional control element (or backlight comprising the
same) comprises at least one coating or component selected
from the group of anti-reflection coating or film, anti-glare
film or coating, tinted film or coating, colored coating or tint,
light scattering coating or film, hard-coating or film compris-
ing a hard-coating, housing or element to hold more than one
component together, element to enable rotation or translation
of one or more elements relative to the other.

In another embodiment of this invention, a backlight com-
prises an electrical device for controlling the color (such as
individually adjusting the output from a red, green and blue
LED), angular light output profile (such as by moving a lens),
direction of the light output profile, intensity of the light
output, and mode of operation.

Adjustable Light Output Profile

In one embodiment of this invention, at least one of the
peak direction or the FWHM of the angular light output
profile in one or more output planes of a backlight is manually
or electronically adjustable by rotating one or more of the
light recycling directional control element, prismatic colli-
mating film, moving the position of a light source such as an
LED or non-symmetric prismatic light re-directing film such
as Image Directing Film or Transmissive Right Angle Film,
both produced by 3M. In another embodiment of this inven-
tion, the peak direction or the FWHM of the angular light
output profile of a backlight comprising an light recycling
directional control element is adjustable electronically with-
out any moving parts by using an electronically reconfig-
urable diffusing element such as a Polymer Dispersed Liquid
Crystal element which can be switched from a substantially
diffuse state to a substantially clear state by the application of
an electric voltage in the regions corresponding to at least one
of the light blocking regions, light reflecting regions, light
absorbing regions, light transmitting regions, or region above
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the lenticular lens array of alight recycling directional control
element. In one embodiment, the backlight can be electroni-
cally controlled to switch from a light output profile of less
than 10 degrees FWHM to one that is greater than 40 degrees
within at least one light output plane.
Light Source

The light source used within one embodiment of this inven-
tion of a backlight comprising a light recycling collimating
element is at least one selected from the group of fluorescent
lamp, cold-cathode fluorescent lamp, compact fluorescent,
radiofluorescent, halogen, incandescent, Mercury vapor,
sodium vapor, high pressure sodium, metal halide, tungsten,
carbon arc, electroluminescent, LED, OLED, laser, photonic
bandgap based light source. In one embodiment of'this inven-
tion, the light source is a transparent OLED such as those
produced by Universal Display Corporation. In a further
embodiment of this invention, at least one of the light trans-
mitting regions comprises a phosphor or phosphorescent
material and the light source emits light capable of exciting
the phosphor. In one embodiment of this invention, the light
transmitting region contains at least one phosphor material
such that substantially blue or UV light from at least one LED
incident on the phosphor will cause the phosphor to emit light
which will be substantially collimated or directed by the
lenticular lens array or beads. By using a phosphor material in
the light transmitting regions which will effectively convert
the wavelength and transmit light, the backlight can be made
more uniform by light recycling and reflection from the light
reflecting regions of a light recycling directional control ele-
ment and the output will direction will be efficiently con-
trolled. In one embodiment of this invention, a backlight
comprises an organic light emitting diode (OLED) and a light
recycling directional control element where the angular width
of'the output of the backlight is less than the angular width of
the output of the OLED light source.
Method of Manufacturing the Light Recycling Directional
Control Element

In one embodiment of this invention, the light recycling
directional control element is manufactured by according to a
predetermined design by using traditional manufacturing
techniques such as offset lithography, web printing, letter-
press, digital printing, and screen printing used for lenticular
graphics, prints, images and 3D displays such as known in the
art. Methods of manufacturing lenticular prints are disclosed
in U.S. Pat. Nos. 7,136,185, 5,573,344, 5,560,799 and Ph.D.
thesis by Gary Jacobsen for Dissertation Presented to the
Faculty of the School of Engineering of Kennedy-Western
University for the Degree of Doctor of Philosophy in Engi-
neering Management titled “FIRST NOVEL INVENTION
OF INLINE WEB FED ROLL PRINT MANUFACTURING
PRODUCTION OF ANIMATED/THREE DIMENSIONAL
IMAGED PRINT PRODUCTS INCORPORATING
ADVANCED LENTICULAR TRANSPARENT SUB-
STRATE . . . ITS ADVANTAGES AND THE COMPARI-
SON/CONTRAST ORDER ANALYSIS TO PRIOR
U.S.P.T.O.PATENTED ART.”, the contents of each are incor-
porated by reference herein. Typically lenticular image prints
comprise 2 or more images separated into alternating strips
disposed near the focal point of the lenticular lenses to gen-
erate two or more views in a stereoscopic or “flip” or other
viewing mode. Similarly, light absorbing strips are printed,
adhered, transferred or otherwise formed on the light input
side of lenticular lens arrays in the projection screen and
display industry. Methods for producing the light absorbing
stripes or light absorbing regions within bead-based or len-
ticular screens are disclosed in U.S. Pat. Nos. 5,870,224,
6,307,675, 6,781,733, 6,829,086, 5,563,738, 6,631,030,



US 8,408,775 B1

31

5,563,738, 6,896,757, 6,912,089, 5,870,224 and 6,519,087,
the contents of each are incorporated by reference herein.
Other methods of obtaining light reflecting or light absorbing
regions on a substrate or substantially planar surface of a
lenticular lens array include thermal transfer such as dis-
closed in U.S. Pat. No. 4,871,609, the contents of which are
disclosed herein by reference. The lenticular print manufac-
turing or the projection screen manufacturing processes may
be altered or steps may be added to produce a light recycling
directional control element comprised of a lenticular array or
array of surface relief lenses such as beads, at least one of a
light absorbing or light reflecting region and a light transmit-
ting region. In one embodiment of this invention, the light
reflecting region is formed with a similar process to one of the
methods in the aforementioned patents wherein light absorb-
ing particles such as carbon black are replaced with light
reflecting particles such as BaSO, or TiO,. In one embodi-
ment of this invention, a method of producing a light recy-
cling directional control element comprises of forming a
layer of light reflecting material on a substrate, subsequently
forming alayer of light absorbing material on the light reflect-
ing material, thermally or optically transferring the light
absorbing and light reflecting material in selected regions
from the substrate to a substantially planar surface of a len-
ticular or surface relief lens array film such that the light
absorbing and light reflecting regions are registered at a pre-
determined location on the substantially planar side of the
lens array.

In another embodiment of this invention, a light recycling
directional control element is produced by printing a light
absorbing region upon a lenticular lens array in a predeter-
mined linear pattern in registration with the lenticules and
subsequently printing a light reflecting region in registration
and on top of or spaced apart from the light absorbing region.
In another embodiment of this invention, a light recycling
directional control element is produced by subsequently coat-
ing a light absorbing and light reflecting layer on lenticular
substrate and subsequently exposing through the lenticular
lens array with infra-red illumination such that the light is
focused in regions corresponding to the focal point of the
lenticular lenses such that at least one of the following occur:
the bond between the light absorbing region and the substrate
is broken, the light absorbing material is ablated off of the
substrate, the light absorbing material and the light reflecting
material is ablated off of the substrate. The light reflecting or
light absorbing regions may comprise compositions such as
infra-red absorbing dies, adhesion modifiers, light sensitive
adhesion modifiers etc. such that the ablation occurs or the
bond is broken at a sufficiently low laser power without
significantly damaging the lenticular lens surface or the oppo-
site, substantially planar surface. The IR exposure may be
from a frequency doubled-YAG laser, a CO, laser, a bank of
collimated infra-red heating lamps or other IR light sources
that can be collimated through reflective or refractive optics
or have a naturally low beam divergence. In another embodi-
ment of this invention, the light transmitting material used for
the lenticules has a light transmission greater than one
selected from the group of 50%, 60%, 70%, 80% and 90% at
the wavelength used for the exposure process.

In a further embodiment of this invention, a method of
producing a light recycling directional control element com-
prises forming a layer of light reflecting material on a sub-
strate, subsequently disposing a layer of light absorbing mate-
rial above the light reflecting material, depositing an array of
spherical or substantially spherical beads of a diameter that is
atleast twice as thick as the combined light reflective and light
absorbing regions, and applying pressure to the beads and
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substrate through the use of stamps, presses, rollers or films
onrollers such that the beads are pressed into the light absorb-
ing and light reflecting regions, wherein one or more of the
beads is in sufficiently close proximity to the substrate to
provide a light transmitting aperture. In a further embodiment
of this invention, the light transmitting aperture provided by
the bead permits at least 20% of the incident light from the
bead side to transmit through the light recycling directional
control element. In a further embodiment of this invention,
the method of manufacturing a light recycling directional
control element further comprises and additional step of ther-
mal, optical, evaporative, or radiation curing which substan-
tially increases the bonding or substantially fixes the location
of one or more of the beads. In one embodiment of this
invention, the exposed bead side of the light recycling direc-
tional control element is further coated with a substantially
conformal (or low refractive index) protective sealant and
cured (thermally, optically, evaporative, radiation, extrusion
coated, etc) such that beads are substantially fixed in their
location.

In a further embodiment of this invention, the light recy-
cling directional control element is produced by optically
coupling in one or more regions a lenticular or bead-based
surface refractive element to at least one of a light absorbing
and light reflecting region, and further optically coupling the
combined element to at least one of a light collimating film, a
prismatic refractive or total internal reflection based film such
as a “reverse prism” type film described in U.S. Pat. No.
5,126,882 or IDF or TRAF manufactured by 3M, a symmetri-
cally or anisotropically scattering volumetric or surface relief
diffuser, or a waveguide.

In a further embodiment of this invention, a method of
producing a light recycling directional control element com-
prises forming a layer of light reflecting material on a lenticu-
lar lens substrate or layer formed thereupon, exposing the
light reflecting region with electromagnetic radiation wherein
the light reflecting layer is altered to form light transmitting
regions in the areas of higher exposure by the process of the
voided reflecting materials being heated to a temperature
above it’s glass transition temperature and the voids collapse,
thus increasing the transmission in the region. In a further
embodiment, heat is applied to the light reflecting region
before or during exposure such that the light exposure
required is reduced. Materials suitable to change their trans-
mission due to collapsing voids due to heat or pressure are
described in U.S. patent application Ser. No. 10/984,390, the
contents are incorporated herein by reference. In a further
embodiment of this invention the method of manufacturing a
light recycling directional control element comprises the step
of applying pressure to a lenticular lens element with a light
reflecting layer disposed on the opposite side or a layer there-
upon of the lenticular lens element than the lenticules such
that a sufficient amount of pressure is transferred to the voided
light reflecting region to collapse one or more voided regions
disposed beneath the apex of the lenticules. In a further
embodiment, the resulting light filtering optical element of
the previous embodiment has a light transmission greater than
20% in the case of light entering the lenticule side as mea-
sured according to ASTM D1003. In a further embodiment,
heat is applied to the lenticular lens element during or before
the application of the pressure in the aforementioned embodi-
ment.

In a further embodiment of this invention, a method of
producing a light recycling directional control element com-
prises forming or adhering a multi-layer polymeric reflector
film on a lenticular lens substrate or layer formed thereupon,
exposing the multi-layer polymeric reflector with electro-
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magnetic radiation wherein the light reflecting layer is altered
to form light transmitting regions in the areas of higher expo-
sure. In this embodiment, the light reflecting regions may be
made more transmissive by the process of annealing (chang-
ing the refractive index in one or more directions in one or
more layers or regions, ablation (removing one or more layers
or regions), swelling or shrinking (expansion or shrinking in
the thickness direction of one or more layers or regions such
that the wavelengths corresponding to optical interference are
shifted closer to the infra-red or UV wavelength spectrum), or
deforming (heating the region to a temperature above it’s
glass transition temperature. Simultaneously applied pres-
sure or heating may be used with one or more of the embodi-
ments described herein for making a light recycling direc-
tional control element so as to provide the benefit of at least
one of increasing the transmittance in the region, increasing
production (or modification) speed, or enable the modifica-
tion to occur with a lower light intensity such as providing a
bias temperature for melting or deforming

In another embodiment of this invention, a method of
manufacturing a light recycling directional control element
comprises the steps of coating beads onto voided light reflect-
ing film such as described herein in the aforementioned
voided film patents, applying heat and pressure to the result-
ing film such that the beads penetrate into the light reflecting
film and collapse the voids and decrease the distance between
the opposite surface to the beads. In a further embodiment, the
resulting light filtering optical element of the previous
embodiment has a light transmission greater than 20% in the
case of light entering the bead side as measured according to
ASTM D1003. By using glass beads or beads made from
cross-linked materials, the deformation temperature can be
selected to be sufficiently greater than the voided material
such that when pressure or pressure and heat are applied, the
beads will displace the matrix material of the voided film
and/or collapse the voids in the voided material. In a further
embodiment of this invention, the voided film used in the
reflective region is one selected from the group of a biaxially
oriented PET film, a biaxially oriented polypropylene and a
PTFE film.

In a further embodiment of this invention, the method of
producing a light recycling directional control element com-
prises the step of transferring a light reflecting region onto the
substantially planar side of a lenticular lens sheet or layer
thereupon by registering and laser printing or using another
electrostatic imaging process using a white scattering toner
such as produced by Automatic Transfer Inc or is described in
U.S. Pat. Nos. 4,855,204, 6,114,077, 6,921,617, and 6,797,
447, the contents of which are incorporated by reference
herein.

In one embodiment of this invention, the process of pro-
ducing a light recycling directional control element com-
prises the step of extrusion embossing (or UV cured emboss-
ing) onto or into a light scattering film a lenticular or other
lens pattern. In this embodiment, the thickness of the light
recycling directional control element is reduced since the
light scattering film serves as a substrate of the lenticular lens
array. In designs where the light scattering region is disposed
between the lenticules and at least one of the light absorbing
region and light reflecting region, the total thickness of the
light recycling directional control element is reduced. In one
embodiment of this invention the process of producing a light
recycling directional control element comprises extrusion
embossing lenticular lens elements onto an anisotropic light
scattering diffuser. The features maybe extrusion embossed
into the light scattering film during the production of the light
scattering film or as a subsequent step where the features are

20

25

30

35

40

45

50

55

60

65

34

embossed directly into a region of the light scattering film
(including capping or outer regions of sufficient thickness) or
a coating applied to the surface of the light scattering film. In
another embodiment of this invention, the process of produc-
ing a light recycling directional control element comprises
the step of extrusion embossing (or UV cured embossing)
onto or into a light scattering film a lenticular or other lens
pattern on one or both sides ofa light scattering region or film.

In one embodiment of this invention, the process of pro-
ducing a light recycling directional control element com-
prises the step of applying a UV sensitive material (such as
Cromalin by DuPont) to the substantially planar side of a
lenticular lens or layer thereupon, exposing through the len-
ticules with substantially collimated UV light incident sub-
stantially normal to the array of lenticules, applying light
absorbing or reflecting particles or toner to the UV sensitive
material whereupon the exposed regions are less tacky and
the particles do not adhere to the UV sensitive materials in the
region. In a further embodiment of this invention, the process
of producing a light recycling directional control element
comprises the step of applying a UV sensitive material to the
substantially planar side of a lenticular lens or layer there-
upon, exposing through the lenticules with substantially col-
limated UV light incident at an angle 3, from a surface normal
to the array of lenticules, applying light absorbing or reflect-
ing particles or toner to the UV sensitive material whereupon
the exposed regions are less tacky and the particles do not
adhere to the UV sensitive materials in the region. In one
embodiment of this invention, f3, is greater than one selected
from the group of 5 degrees, 10 degrees, 20 degrees, 30
degrees, and 45 degree. By exposing through the lenticules at
an angle, the resulting spatial locations of the linear light
transmitting regions are displaced relative to UV exposure
normal to the array of lenticules and the resulting light recy-
cling directional control element has an angular light output
profile wherein the peak is at an angle f3; from the normal to
the output surface where $;>0 degrees such that the peak
intensity of the output light is off-axis.

In a further embodiment of this invention, the method of
producing a light recycling directional control element com-
prises the step of using a white transfer pigment layer for the
light reflecting region on a lenticular lens film such as
described in U.S. Pat. No. 5,705,315. Other printing and
transfer methods known in the printing industries may also be
used.

FIG. 1 illustrates one embodiment of this invention of an
optical element 100 wherein a first portion of incident light
105 passes through the light transmitting regions 104 and a
second portion 106 of incident light is absorbed in the light
absorbing regions 103. The light passing through the lenticu-
lar substrate 102 and the lenticules 101 has an angular FWHM
of' a measured from the normal to the light recycling direc-
tional control element 100. After refraction from the lenti-
cules 101, the output light 107 is more collimated. The angu-
lar FWHM of the light 109 emitted from the optical element
100 has an angular FWHM of f in the plane perpendicular to
the lenticules where p<a.

FIG. 2 illustrates an embodiment of this invention of a light
recycling directional control element 200 wherein a first por-
tion of incident light 105 passes through the light transmitting
regions 104 and a second portion 106 of incident light is
reflected and scattered from the light reflecting regions 201 in
the light transmitting layer 202. The light passing through the
lenticular substrate 102 and the lenticules 101 has an angular
FWHM of a measured from the normal to the light recycling
directional control element 200 in the plane perpendicular to
the lenticules. After refraction from the lenticules 101, the
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output light 107 is more collimated. The angular FWHM of
the light 109 emitted from the light recycling directional
control element 100 has an angular FWHM of f§ in the plane
perpendicular to the lenticules where f<c.

FIG. 3 illustrates another embodiment of this invention of
a light recycling directional control element 300 wherein a
first portion of incident light 105 passes through the light
transmitting regions 104 in a light reflecting region 302 and a
light blocking region 301. The light blocking region may a
light absorbing region or a light reflecting region such that it
prevents a first portion of light from transmitting through the
region. A second portion 106 of incident light is reflected and
scattered from the light reflecting regions 302. The light pass-
ing through the lenticular substrate 102 and the lenticules 101
has an angular FWHM of a measured from the normal to the
light recycling directional control element 300 in the plane
perpendicular to the lenticules. After refraction from the len-
ticules 101, the output light 107 is more collimated. The
angular FWHM of the light 109 emitted from the light recy-
cling directional control element 100 has an angular FWHM
of § in the plane perpendicular to the lenticules where p<c.
External light 108 incident upon the light recycling direc-
tional control element 300 from the side of the lenticules 101
passes through the lenticules 101 and the lenticular substrate
102 and is absorbed in the light blocking region 301. In
another embodiment of this invention, the portion of incident
light on the light reflecting region side of the light recycling
directional control element which is not reflected is substan-
tially absorbed by the light absorbing region.

FIG. 4 illustrates another embodiment of this invention of
a light recycling directional control element 400 wherein a
first portion of incident light 105 passes through the light
transmitting regions 104 in a light reflecting region 302 and a
light blocking region 301 and is scattered anisotropically in a
plane parallel to the lenticules 101 by asymmetrically shaped
dispersed phase domains 401 within the lenticular substrate
102. The light passing through the lenticular substrate 102
and the lenticules 101 has an angular FWHM of o measured
from the normal to the light recycling directional control
element 400 in the plane perpendicular to the lenticules. After
refraction from the lenticules 101, the output light 107 is more
collimated. The angular FWHM of'the light 109 emitted from
the light recycling directional control element 100 has an
angular FWHM of p in the plane perpendicular to the lenti-
cules where f<a. A second portion 106 of incident light is
reflected and scattered from the light reflecting regions 302.
External light 108 incident upon the light recycling direc-
tional control element 400 from the side of the lenticules 101
passes through the lenticules 101 and the lenticular substrate
102 and is absorbed in the light blocking region 301. In
another embodiment of this invention, the portion of incident
light on the light reflecting region side of the light recycling
directional control element which is not reflected is substan-
tially absorbed by the light absorbing region.

FIG. 5 illustrates another embodiment of this invention of
a light recycling directional control element 500 comprising
a light transmitting layer 507 comprising light transmitting
regions 104 and anisotropically backscattering regions 506. A
first portion of incident light 105 passes through the light
transmitting regions 104. The light passing through the len-
ticular substrate 102 and the array of lenticular lenses 101 has
an angular FWHM of o measured from the normal to the light
recycling directional control element 500 in the plane perpen-
dicular to the array of lenticular lenses 101 oriented along a
first axis 505 parallel to the y direction. After refraction from
array of lenticular lenses 101, the output light 107 from the
output surface 504 is more collimated. The angular FWHM of
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the light 109 emitted from the light recycling directional
control element 500 has an angular FWHM of {§ in the plane
perpendicular to the lenticules where pf<a. A second portion
502 of light 106 incident on the input surface 503 is anisotro-
pically scattered back from the anisotropically backscattering
regions 506 comprising asymmetrically shaped dispersed
phase domains 501. External light 108 incident upon the light
recycling directional control element 500 from the side of the
array of lenticular lenses 101 passes through the array of
lenticular lenses 101 and the lenticular substrate 102 and is
absorbed in the light blocking region 301.

In another embodiment of this invention, the portion of
incident light on the light reflecting region side of the light
recycling directional control element which is not reflected is
substantially absorbed by the light absorbing region. In a
further embodiment of this invention, the light reflecting
region reflectively scatters light anisotropically into a larger
angular FWHM in the plane perpendicular to the lenticules
than parallel to the lenticules due to scattering from the asym-
metrically shaped disperse phased domains oriented with
their larger axis substantially parallel to the lenticules. By
reflectively scattering the light more in the plane perpendicu-
lar to the lenticules, the light will more likely reach a neigh-
boring light transmitting region through fewer bounces and
reflections from the light reflecting region. Since the light
reflecting region is less than 100% reflective and some light is
either absorbed in the light reflecting region or passes through
(into undesirable angles or into a light absorbing region where
it can be absorbed), it is desirable for the light to travel
through the waveguide such that it will reach a neighboring
aperture through a minimal number of reflections from the
light reflecting region.

In one embodiment of this invention, a light recycling
directional control element comprises a lenticular lens array
and a light reflecting region comprising asymmetrically
shaped disperse phase domains that reflectively scatter aniso-
tropically such that the angular FWHM of the light scattering
in the plane perpendicular to the lenticules is greater than the
angular FWHM of'the light parallel to the lenticules, and light
transmitting regions disposed near the focus of the lenticules
such that light transmitted through the light transmitting aper-
tures has a smaller angular FWHM than the light incident on
the light recycling directional control element. In a further
embodiment, a backlight comprises the light recycling direc-
tional control element of the previously described embodi-
ment.

FIG. 6 illustrates another embodiment of this invention of
a light recycling directional control element 600 wherein a
first portion of incident light 105 passes through the light
transmitting regions 104 in a light reflecting region 302 and a
light blocking region 301. The light passing through the len-
ticular substrate 102 and the lenticules 101 has an angular
FWHM of a measured from the normal to the light recycling
directional control element 600 in the plane perpendicular to
the lenticules. After refraction from the lenticules 101, the
output light 107 is more collimated and passes through an
adhesive layer 604 and a anisotropic light scattering region
602 comprising asymmetrically shaped dispersed phase
domains. Passing through the anisotropic light scattering
region 602 the light 601 is scattering into a larger angular
FWHM in a plane parallel to the lenticules. The angular
FWHM of the light 109 emitted from the light recycling
directional control element 100 has an angular FWHM of f§ in
the plane perpendicular to the lenticules where f<a. A second
portion 106 of incident light is reflected and scattered from
the light reflecting regions 302. External light 108 incident
upon the light recycling directional control element 600 from
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the side of the lenticules 101 passes through the anisotropic
light scattering region 602, the lenticules 101 and the lenticu-
lar substrate 102 and is absorbed in the light blocking region
301. In another embodiment of this invention, the light recy-
cling directional control element 200 of FIG. 2 may be used in
the configuration of FIG. 6.

FIG. 7 illustrates another embodiment of this invention of
a backlight 700 comprising the light recycling directional
control element 300 of FIG. 3 wherein light 706 emitted from
a linear array of LEDs 702 enters a waveguide 703 and is
redirected through scattering from a white printed dot light
extraction feature 704 such that a portion of the light 107
passes through the light recycling directional control element
300. A second portion 705 of the light reflected or scattered
from the light extraction feature 704 is reflected and scattered
from the light reflecting regions of the light recycling direc-
tional control element 300. The angular FWHM of the light
701 emitted from the backlight 700 has an angular FWHM of
¢ in the plane perpendicular to the lenticules of the light
recycling directional control element 300 where ¢<a. In
another embodiment of this invention, the light recycling
directional control element 200 of FIG. 2 may be used in the
configuration of FIG. 7.

In one embodiment of this invention, a backlight comprises
a linear array of LED’s illuminating a waveguide from a least
two opposing sides of a waveguide through the edges. In
another embodiment of this invention a light recycling direc-
tional control element comprises a lenticular lens array dis-
posed on a substrate, light reflecting regions disposed on the
other side of the substrate than the lenticules, light transmit-
ting regions disposed to filter and transmit a portion of light
incident to the lenticular lens array from the light reflection
region side and a waveguide wherein the light reflecting
region is adhered to the waveguide and the waveguide com-
prises at least one selected from the group of light extraction
features, an anisotropic light scattering region, and a spatially
modified reflective region (departure in one or more regions
from a regular linear array of clear apertures to an array of
dots for example) to provide increased uniformity and light
extraction from the waveguide. In one embodiment of this
invention, a backlight comprises a light recycling directional
control element comprising a reflective region that defines
light transmitting apertures that vary in length and width in
the directions parallel and perpendicular to the lenticules and
are disposed substantially near the optical axes of the lenti-
cules such that the light exits the waveguide through the
apertures and exits the backlight within an angular FWHM of
less that 70 degrees in at least one output plane.

FIG. 8 illustrates another embodiment of this invention of
a edge-lit backlight 800 comprising the light recycling direc-
tional control element 300 of FIG. 3, an anisotropic light
scattering film 802 optically coupled to a waveguide 806 and
an LED array 807. Light 801 emitted from a linear array of
LEDs 807 enters the waveguide 806 and is anisotropically
scattered in a direction parallel to the LED array 807 by the
asymmetrically shaped dispersed phase domains 803 in the
anisotropic light scattering film 802 and redirected through
reflection or scattering from a light extraction features 804
such that a portion of the light 107 passes through the light
recycling directional control element 300. A second portion
805 of'the light reflected or scattered from the light extraction
feature 804 is reflected and scattered from the light reflecting
regions of the light recycling directional control element 300.
The angular FWHM of the light 701 emitted from the back-
light 800 has an angular FWHM of ¢ in the plane perpendicu-
lar to the lenticules of the light recycling directional control
element 300 where ¢<c.. In another embodiment of this
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invention, the light recycling directional control element 200
of FIG. 2 may be used in the configuration of FIG. 8.

FIG. 9 illustrates another embodiment of this invention of
a direct-lit backlight 900 comprising the light recycling direc-
tional control element 300 of FIG. 3, an anisotropic light
scattering film 902 optically coupled to a substrate 907 and an
LEDarray 807. Light 801 emitted from a linear array of LEDs
807 enters the waveguide, a reflective housing 906, and an
array of substantially parallel cold cathode fluorescent lamps
904 with reflective regions 905 beneath the lamps. A portion
of the light 107 emitted from the cold cathode fluorescent
lamps 904 passes through the substrate 907 and is anisotro-
pically scattered in a direction perpendicular to the array of
fluorescent lamps 904 by the asymmetrically shaped dis-
persed phase domains 903 in the anisotropic light scattering
film 902 and passes through the light recycling directional
control element 300. A second portion 908 of the light from
the cold cathode fluorescent lamps passes through the sub-
strate 907 and is anisotropically scattered in a direction per-
pendicular to the array of fluorescent lamps 904 by the asym-
metrically shaped dispersed phase domains 903 in the
anisotropic light scattering film 902 and is reflected and scat-
tered from the light reflecting regions of the light recycling
directional control element 300. The anisotropic light scatter-
ing film efficiently increases the spatial luminance uniformity
in the direction perpendicular to the cold cathode fluorescent
lamps. The angular FWHM of the light 901 emitted from the
backlight 900 has an angular FWHM of ¢ in the plane per-
pendicular to the lenticules of the light recycling directional
control element 300 where ¢p<c.. In another embodiment of
this invention, the light recycling directional control element
300 of FIG. 2 may be used in the configuration of FIG. 9. In
another embodiment of this invention the lenticules are
arranged perpendicular to the cold cathode fluorescent lamps.

In one embodiment of this invention, a direct lit backlight
comprises an array of LED’s illuminating a light recycling
directional control element comprising an anisotropic light
scattering region, a light reflecting region, and an array of
lenticular lenses.

FIG. 10 illustrates one embodiment of this invention of a
backlight 1000 comprising the light recycling directional
control element 300 of FIG. 3, a light collimating element
1002 with linear prismatic features with 90 degree apex
angles, a diffuser 1001, a waveguide 703, a white reflector
film 1008, and a linear array of LEDs 702 comprising an array
of LED:s. Light 706 emitted from the linear array of LEDs 702
enters a waveguide 703 and is redirected through scattering
from a white printed dot light extraction feature 704 such that
a portion of the light 1006 passes through the diffuser 1002,
the light collimating element 1002 and the light recycling
directional control element 300. A portion of light 1005 is
scattered from the white printed dot light extraction feature
704 is scattered by the diffuser 1001, and is re-directed by the
collimating element 1002 and is reflected by the light reflect-
ing region in the light recycling directional control element
300. Light 1003 is scattered from the white printed dot light
extraction feature 704 and a portion of this light 1004 is
reflectively scattered by the diffuser 1002. A second portion
of the light 1007 that is scattered from the white printed dot
light extraction feature 704 and the diffuser 1001 totally inter-
nally reflects (TIR) and is redirected back to the waveguide. A
portion of the light 1004 scattered from the extraction features
704 is reflectively scattered from the diffuser 1001 back into
the waveguide 703. The light recycling directional control
element 300 comprises a lenticular lens array surface of a first
pitch P1 and the light collimating element has a second pitch
P2. In one embodiment of this invention, P2/P1=1/(N+0.5)
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where N is an integer. The light recycling directional control
element of this invention can achieve higher level of collima-
tion (smaller angular FWHM) than a prismatic film such as a
light collimating prismatic film with 90 degree apex angles.
Light oriented at large angles to the light recycling directional
control element has a lower percentage chance of passing
through the light transmitting regions because of the finite
thickness of at least one of the light absorbing and light
reflecting regions. By reducing the angular FWHM of the
light incident on the light recycling directional control ele-
ment the throughput is higher and the optical flux output is
greater. One technique for reducing the angular FWHM of'the
light incident on the light recycling directional control ele-
ment is to use a light collimating element such as a 90 degree
linear prismatic film with the prisms oriented substantially
parallel to the lenticules. In one embodiment of this invention,
a backlight comprises a light recycling directional control
element and a “reverse prism” film is disposed between the
light reflecting regions and a waveguide with the prisms ori-
ented toward the waveguide in order to produce a more col-
limated input to the light recycling directional control ele-
ment.

FIG. 11 illustrates one embodiment of this invention of a
method for producing the light recycling directional control
element 300 of FIG. 3. A lenticular lens film 1100 is coated
with a thin layer of a light absorbing material 1101 such as
carbon black particles dispersed in a UV curable or evapora-
tive based (solvent cured) ink. After curing the light absorbing
material 1101 a thin layer of a light reflecting material 1102
such as barium sulfate particles dispersed in a UV curable or
evaporative based (solvent cured) ink is coated on the light
absorbing material 1101. Substantially collimated infra-red
light 1103 from a frequency-doubled YAG laser is directed
through the lenticular and near the focal regions such that the
intensity of the irradiation is sufficient enough to ablate the
light absorbing material from the lenticular substrate and
carry the corresponding light reflecting region from it, thus
creating light transmitting regions 1104.

FIG. 12 illustrates another embodiment of this invention of
a backlight 1200 comprising a light recycling directional
control element 1206 wherein a first portion of incident light
1201 emitted from a linear array of LEDs 1212 is scattered
from a light extraction feature 704 and passes through the
light transmitting regions 1208 in a light reflecting region
1207 and a light absorbing region 1208. The light transmit-
ting regions 1208 are disposed such that they are substantially
centered in-between the lenticules 1210. A second portion
1211 of incident light is scattered from the extraction feature
704 reflected and scattered from the light reflecting regions
1207. The light passing through the lenticular substrate 1209
and the lenticules 1210 is refracted by the lenticules 1210
such that it is separated into light 1205 traveling at a first peak
luminance angle 1213 and light 1204 traveling at a second
peak luminance angle 1214 from a normal 1215 to the light
transmitting region. The two angular luminance peaks are the
result of the position of the light transmitting regions relative
to the lenticules. In a further embodiment of this invention, a
display incorporating the backlight 1200 can be readily view
from two directions with a higher luminance than that at an
angle normal to the display.

In some embodiments of this invention, the light recycling
directional control element permits the thickness of the light
emitting device relative to the width of the device to be
reduced. In some embodiments of this invention, the thick-
ness of the light emitting device comprising a light recycling
directional control element can be reduced relative to the
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distance, L. In a further embodiment of this invention, the
light emitting device has a width, w, such that

w w w
—>5o0r —>10 or — > 20.
1 1 1

In a further embodiment of this invention

L L L L
—>5o0r —>10o0r — >20 or — > 50.
1 1 1 1

FIG. 13 illustrates another embodiment of this invention of
a display 1300 incorporating the backlight 1000 of FIG. 10
wherein the output 1006 from the backlight 1000 passes
through a liquid crystal display panel 1301 and the resulting
angular light output 1303 is substantially collimated such that
the angular FHWM 1302 of the angular luminance profile in
the plane parallel to the array of lenticules is less than 40
degrees. In one embodiment of this invention, the display
panel 1301 may be a liquid crystal display panel. In a further
embodiment of this invention, the display is a sign and the
display panel is a light transmissive graphic, image, text or
other indicia panel such as used with backlit signs. In this
embodiment, the light recycling directional control element
can direct the light output into primarily the directions where
it is likely to be viewed, thus increasing the brightness or
reducing the power requirements. In a further embodiment of
this invention, a sign comprises the light recycling directional
control element of FIG. 2 wherein the light output is substan-
tially collimated for when the sign is in emissive mode and the
ambient light reflects off the light reflecting region in a day-
light (or non-emissive) mode. In one embodiment the reflec-
tance of the light reflecting regions is greater than 50% and
the sign has a high luminance due to reflected ambient light.

FIG. 14 illustrates another embodiment of this invention of
an optical element 1400 which recycles and controls the
direction of light. The optical element 1400 comprising a
light transmitting layer 1404 comprising light transmitting
regions 104 and anisotropically backscattering regions 506. A
first portion of incident light 105 passes through the light
transmitting regions 104 in the light transmitting layer 1404.
Thelight 107 passing through the lenticular substrate 102 and
the lenticular elements 1405 has an angular FWHM of a
measured from the normal to the light recycling directional
control element 1400 in the plane perpendicular to the len-
ticular elements 1405 oriented along a first axis 505 parallel to
the y direction. After refraction from the lenticular elements
1405, the output light 107 from the output surface 504 is more
collimated. The angular FWHM of'the light 109 emitted from
the optical element 1400 has an angular FWHM of § in the
plane perpendicular to the first axis 505 where f<a. A second
portion 1402 of light 106 incident on the input surface 503 is
anisotropically scattered back from the anisotropically back-
scattering regions 506 comprising asymmetrically shaped
dispersed phase domains 501 oriented parallel to the first axis
505. The anisotropically backscattered light 1402 has a larger
angular FWHM intensity in the x-z plane than in the y-z
plane. External light 108 incident upon the optical element
1400 from the side of the lenticular elements 1405 passes
through the lenticular elements 1405 and the lenticular sub-
strate 102 and is anisotropically scattered back toward the
lenticular elements 1405.

FIG. 15 illustrates another embodiment of this invention of
alight recycling directional control element 1500 comprising
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a light transmitting layer 1404 comprising light transmitting
regions 104 and anisotropically backscattering regions 506. A
first portion of incident light 105 passes through the light
transmitting regions 104 in the light transmitting layer 1404.
The light 107 passing through the lenticular substrate 102 and
the lenticular elements 1405 has an angular FWHM of a
measured from the normal to the light recycling directional
control element 1400 in the plane perpendicular to the len-
ticular elements 1405 oriented along a first axis 505 parallel to
the y direction. After refraction from the lenticular elements
1405, the output light 107 from the output surface 504 is more
collimated. The angular FWHM of'the light 109 emitted from
the light recycling directional control element 1500 has an
angular FWHM of f in the plane perpendicular to the first axis
505 where f<a. A second portion 1402 of light 106 incident
onthe input surface 503 is anisotropically scattered back from
the anisotropically backscattering regions 506 comprising
asymmetrically shaped dispersed phase domains 501 ori-
ented parallel to the first axis 505. The anisotropically back-
scattered light 1402 has a larger angular FWHM intensity in
the x-z plane than in the y-z plane. External light 108 incident
upon the light recycling directional control element 1500
from the side of the lenticular elements 1405 passes through
the lenticular elements 1405 and the lenticular substrate 102
and is absorbed in the light blocking region 301.

FIG. 16 illustrates another embodiment of this invention of
alight recycling directional control element 1600 comprising
the optical element 1400 of FIG. 14. The light recycling
directional control element 1600 further comprises a second
group of lenticular elements 1608 coupled to the optical ele-
ment 1400. The second group of lenticular elements 1608 are
oriented substantially parallel to a second axis 1609 which is
orthogonal to the first axis 505 of the optical element 1400. A
first portion of light 105 incident on the input surface 1612
passes through the second light transmitting regions 1602 in
a second light transmitting layer 1601.

The light 1611 passing through second light transmitting
regions 1602 in the second light transmitting layer 1601 and
the second lenticular substrate 1607 is redirected by the sec-
ond group of lenticular elements 1608 toward the optical
element 1400 and is more collimated in the y-z plane. Light
105 incident on the optical element 1400 is further collimated
in the x-z plane. The light 109 having passed through the light
recycling directional control element 1500 comprising the
optical element 1400 is collimated in two orthogonal planes.
The angular FWHM of the light 109 emitted from the light
recycling directional control element 1400 has an angular
FWHM of B in the plane perpendicular to the first axis 505
where <. A second portion of light 1610 incident on the
input surface 1612 is collimated in the y-z plane by the second
group of lenticular elements 1608 and is anisotropically scat-
tered back from the anisotropically backscattering regions
506 comprising asymmetrically shaped dispersed phase
domains 501 oriented parallel to the first axis 505. A first
portion of light 1606 of the light backscattered from the
anisotropic backscattering regions 506 is further anisotropi-
cally backscattered by light reflecting regions 1603 disposed
between the second light transmitting regions 1602 in the
second light transmitting layer 1601. In one embodiment of
this invention, the light reflecting region comprises asym-
metrically shaped dispersed phase domains 1604 oriented
perpendicular to the first axis 505. In a further embodiment of
this invention, the light reflecting regions 1603 specularly
reflect light. In the case where the light reflecting regions
1603 anisotropically scatter more light in x-z plane and less in
the y-z plane (by having a larger and smaller angular FWHM
scattering intensity in the corresponding scatter planes) and
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the case where the light reflecting regions 1603 specularly
reflect light, neither will reduce the collimation that has been
gained from the light having passed through the second group
of lenticular elements 1608 in combination with the second
light transmitting layer 1601. Furthermore, the light will
reflect in a cavity-like configuration between the light reflect-
ing region 1603 and the anisotropic backscattering regions
506 without significantly spreading further in angle in the y-z
plane and a portion of the light will passes through the light
transmitting regions of the optical element 1400, thus main-
taining the collimation in the X-z plane and enabling collima-
tion in both the x-z and y-z planes.

FIG. 17 illustrates another embodiment of this invention of
alight recycling directional control element 1700 comprising
an input surface 1715, an output surface 1711, a first light
transmitting layer 1703, a first linear array of lenticular ele-
ments 1714 oriented parallel to a first axis 1707 which is
parallel to the y direction. The first linear array of lenticular
elements have a first pitch P1. The light recycling directional
control element 1700 further comprises a light transmitting
layer 1703 comprising first light reflecting regions 1706 dis-
posed in-between the first light transmitting regions 1705,
and a light collimating element 1701 comprising a linear
array of light redirecting features 1716 oriented substantially
parallel to the first axis 1707 with a second pitch P2. A first
portion of incident light 1708 travels through the light trans-
mitting regions 1705 and is redirected to an angle 6 of peak
luminance from the normal 1712 to the first light transmitting
layer 1703. In one embodiment of this invention, 6 is between
20 degrees and 40 degrees. In a further embodiment of this
invention,

09 P 11 09 P11
N+05 PL N+05 T N+05 P2 N+05

where N is an integer such that the luminance contrast of the
moiré interference pattern is between the first linear array of
lenticular elements 1714 and the linear array of light redirect-
ing features 1716 in the light collimating element 1701 is
reduced. In one embodiment of this invention, the luminance
contrast of the moiré pattern is less then one selected from the
group of 30%, 20% and 10%. In one embodiment of this
invention, the first light transmitting layer is disposed
between the light collimating element and the first linear
array of lenticular elements. In a further embodiment of this
invention, the first linear array of lenticular elements 1714 are
disposed between the light transmitting layer 1703 and the
light collimating element 1701. In one embodiment of this
invention, the light recycling directional control element
1700 comprises a first linear array of lenticular elements
optically coupled to the light collimating element at the
apexes of the lenticular elements using a pressure sensitive
adhesive that is substantially thinner than the height of the
lenticules. By using a pressure sensitive adhesive that it sub-
stantially thinner than the height of the lenticules, the refrac-
tive power lost due to the refractive index match at the inter-
face between the lenticules and the pressure sensitive
adhesive is minimized. In one embodiment, the adhesive
thickness is less than 30% of the height of the lenticules. In
another embodiment, the adhesive thickness is less than 20%
of'the height of the lenticules. The light collimating film 1701
may be optically coupled to an optical element 1702 com-
prising a linear array of lenticular lenses 1714 by using a low
refractive index region such as a fluorinated adhesive, a fluo-
ropolymer region, or other suitable low refractive index
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region such as discussed herein and in the patent applications
referenced herein and known in the industry. This region may
be in the form of an adhesive, co-extruded layer, have tie or
adhesion promoting surfaces or layers, injection molded
layer, or other form suitable for providing a low refractive
index material such that it is substantially conformal to the
linear array of lenticular lenses. In a further embodiment of
this invention, the first group of lenticular elements and the
light collimating element have a pitch combination selected
from the group P1 is between 180 um and 195 pm and P2 is
between 20 um and 30 um, P1 is between 415 pm and 435 pm
and P2 is between 40 and 60 um, and P1 is between 40 um and
55 pm and P2 is between 350 and 365 pm. In the embodiment
depicted in FIG. 17, a second portion of incident light 1709
will reflect from the light reflecting regions 1706. A third
portion of incident light 1710 will totally internally reflect
from the linear array of light redirecting features 1716 and
pass back through the first group of lenticular elements 1714.
A portion of this reflected light 1713 will reflect from the light
reflecting regions 1706 back toward the light collimating
element 1701.

FIG. 18 illustrates another embodiment of this invention of
a light emitting device comprising a light source 1802, a first
output surface 1711 and a light recycling directional control
element 1702 comprising a first light transmitting layer 1703,
a linear array of lenticular elements 1714 formed in a first
light transmitting material oriented parallel to a first axis 1707
which is parallel to the y direction. The first linear array of
lenticular elements have a first pitch P1. The light transmit-
ting layer 1703 comprises first light reflecting regions 1706
disposed in-between the first light transmitting regions 1705.
The light emitting device further comprises a light collimat-
ing element 1701 comprising a linear array of light redirect-
ing features 1716 oriented substantially parallel to the first
axis 1707 with a second pitch P2. light 706 from the light
source 1802 is directed toward the light recycling directional
control element. In one embodiment of this invention, the
light source 1812 is a linear array of LEDs and the light from
the LEDs is coupled into the edge of a waveguide 703 wherein
light extraction features 704 in a pattern on the lightguide 703
redirect a portion of light such that it escapes the lightguide
703. A first portion of light 1708 originating at the light source
1812 travels through the light transmitting regions 1705 and
is redirected to an angle 8 of peak luminance from the normal
1712 to the first light transmitting layer 1703. In one embodi-
ment of this invention, 6 is between 20 degrees and 40
degrees. In a further embodiment of this invention,

I 09 Pl L1
N+05 P “N+05 " N+05 P2 “N+03

where N is an integer such that the luminance contrast of the
moiré interference pattern is between the first linear array of
lenticular elements 1714 and the linear array of light redirect-
ing features 1716 in the light collimating element 1701 is
reduced. In one embodiment of this invention, the luminance
contrast of the moiré pattern is less then one selected from the
group of 30%, 20% and 10%. In one embodiment of this
invention, the first light transmitting layer is disposed
between the light collimating element and the first linear
array of lenticular elements. In a further embodiment of this
invention, the first linear array of lenticular elements 1714 are
disposed between the light transmitting layer 1703 and the
light collimating element 1701. In one embodiment of this
invention, the light recycling directional control element
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1700 comprises a first linear array of lenticular elements
optically coupled to the light collimating element at the
apexes of the lenticular elements using a pressure sensitive
adhesive that is substantially thinner than the height of the
lenticules. By using a pressure sensitive adhesive that it sub-
stantially thinner than the height of the lenticules, the refrac-
tive power lost due to the refractive index match at the inter-
face between the lenticules and the pressure sensitive
adhesive is minimized. In one embodiment, the adhesive
thickness is less than 30% of the height of the lenticules. In
another embodiment, the adhesive thickness is less than 20%
of'the height of the lenticules. The light collimating film 1701
may be optically coupled to an optical element 1702 com-
prising a linear array of lenticular lenses 1714 by using a low
refractive index region such as a fluorinated adhesive, a fluo-
ropolymer region, or other suitable low refractive index
region such as discussed herein and in the patent applications
referenced herein and known in the industry. This region may
be in the form of an adhesive, co-extruded layer, have tie or
adhesion promoting surfaces or layers, injection molded
layer, or other form suitable for providing a low refractive
index material such that it is substantially conformal to the
linear array of lenticular lenses. In a further embodiment of
this invention, the first group of lenticular elements and the
light collimating element have a pitch combination selected
from the group P1 is between 180 um and 195 um and P2 is
between 20 um and 30 um, P1 is between 415 um and 435 pm
and P2 is between 40 and 60 um, and P1 is between 40 um and
55 pm and P2 is between 350 and 365 pm. In the embodiment
depicted in FIG. 18, a second portion of light 1709 originating
at the light source 1812 will reflect from the light reflecting
regions 1706. A third portion of light 1710 originating from
the light source 1802 will totally internally reflect from the
linear array of light redirecting features 1716 and pass back
through the first group of lenticular elements 1714. A portion
of'this reflected light 1713 will reflect from the light reflecting
regions 1706 back toward the light collimating element 1701.
In one embodiment of this invention, the light emitting device
has a peak luminance angle, ¢, defined from the normal 1712
to the first light transmitting layer 1703. In one embodiment,
¢, is less than 5 degrees. In a further embodiment of this
invention, the light collimating element 1701 comprises a
linear array of prisms 1716 with an apex angle 1801 between
80 degrees and 110 degrees and pitch, P2, between 40 um and
60 pum.

FIG. 19 illustrates another embodiment of this invention of
adisplay 1900 comprising a emitting device 1800 and a liquid
crystal display panel 1301. The display has a peak luminance
angle, ¢2, defined from the normal 1712 to the first light
transmitting layer 1703. In a further embodiment, ¢2, is less
than 5 degrees.

Example 1

An optical element is made from a 187 micron lenticular
lens array film printed on the flat side with linear array of
white lines using a laser transfer process. The white lines were
aligned substantially parallel to the lenticules and in the
regions directly beneath the apex of the lenticules. The white
lines are approximately 100 um wide with a pitch of approxi-
mately 187 um. The optical element is positioned above an
edge-lit waveguide with light extraction features and a white
PET-based reflector on the opposite side. The light output
from the resulting light emitting device has far-field peak
illuminance angles greater than 30 degrees from the normal.

Example 2

An optical element is made from a 187 micron lenticular
lens array film laminated with Cromalin light sensitive film
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from DuPont Inc. Collimated UV light from a 1 kW Tamarack
UV exposure system is directed to the lenticular film at angle
of 15 degrees from the normal to the film such that the light
passes through the lenticular elements and exposes the Cro-
malin light sensitive film. The protective cover is removed
from the Cromalin and white titanium dioxide powder is then
applied by soft brush to the cromalin film. The film is then
blanket UV cured to fully cure the Cromalin. When the opti-
cal element is positioned on a diffuser sheet which is directly
illuminated by LEDs with the light incident on the light
reflecting surface, the far-field peak angle of illuminance is at
15 degrees and light is visible in the angular ranges corre-
sponding to light passing through the white regions.

Example 3

An optical element is made from a 187 micron lenticular
lens array film laminated with Cromalin light sensitive film
from DuPont Inc. Collimated UV light from a 1 kW Tamarack
UV exposure system is directed to the lenticular film at angle
of 15 degrees from the normal to the film such that the light
passes through the lenticular elements and exposes the Cro-
malin light sensitive film. The protective cover is removed
from the Cromalin and carbon black powder is then applied
by soft brush to the Cromalin film. The film is then blanket
UV cured to fully cure the Cromalin. A second layer of
Cromalin film is laminated to the first Cromalin film. The
optical element is then exposed similarly with collimated UV
light directed at 15 degrees. The protective cover is removed
from the Cromalin and white titanium dioxide powder is then
applied by soft brush to the second layer of Cromalin film.
The film is then blanket UV cured to fully cure the Cromalin.
This resulted in an optical element with black regions dis-
posed in-between the lenticular elements and the white
reflecting regions. When the optical element is positioned on
a diftuser sheet which is directly illuminated by LEDs with
the light incident on the light reflecting surface, the far-field
peak angle of illuminance is at 15 degrees and light is not
visible in the angular ranges corresponding to light passing
through the white and black regions.

Example 4

An anisotropic backward scattering film is produced by
extruding a blend of 70% PETG and 30% LLDPE through a
twin screw extruder and stretched in the MD direction such
that diffuser has a backward scattering FWHM of 60 degrees
by 1 degrees. The anisotropic backscattering film is optically
coupled to a lenticular lens film with the domains oriented
parallel to the lenticules. Light from a laser with a wavelength
of 1064 nm is directed through the lenticules onto the back-
scattering film such that the focused laser light removes the
region of exposure within the film.

Example 4

A 187 micron lenticular lens array film is coated with an
acrylate based lacquer comprising carbon black particles with
amean particle size less than 2 um to a thickness of' S um onto
a PFA fluoropolymer film to planarize the coating. The FEP
film is removed and a layer of aluminum is vacuum deposited
on the acrylate based coating side of the film such that the
surface has a reflectance greater than 80%. Light from a laser
with a wavelength of 1064 nm is directed through the lenti-
cules onto the light reflecting region such that it ablates the
acrylate based region and removes the light reflecting coating
in the exposed region.
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EQUIVALENTS

Those skilled in the art will recognize, or be able to ascer-
tain using no more than routine experimentation, numerous
equivalents to the specific procedures described herein. Such
equivalents are considered to be within the scope of the inven-
tion. Various substitutions, alterations, and modifications
may be made to the invention without departing from the
spirit and scope of the invention. Other aspects, advantages,
and modifications are within the scope of the invention. The
contents of all references, issued patents, and published
patent applications cited throughout this application are
hereby incorporated by reference. The appropriate compo-
nents, processes, and methods of those patents, applications
and other documents may be selected for the invention and
embodiments thereof.

What is claimed is:

1. An optical element comprising:

a) an input surface;

b) an output surface;

c) first light transmitting regions;

d) first anisotropically backscattering regions comprising
asymmetrically shaped dispersed phase domains ori-
ented substantially parallel to a first axis dispersed in a
second light transmitting material;

e) lenticular elements formed in a first light transmitting
material wherein the lenticular elements comprise at
least a first group of lenticular elements oriented parallel
to the first axis;

) a light transmitting layer disposed in an optical path
between the input surface and the first group of lenticular
elements comprising the first anisotropically backscat-
tering regions disposed in-between the first light trans-
mitting regions;
wherein the first anisotropically backscattering regions

scatter light received from the input surface back
toward the input surface in a larger angular full-width
at half maximum intensity in a first plane orthogonal
to the input surface and parallel to the first axis than in
a second plane orthogonal to the first plane.

2. The optical element of claim 1 wherein the refractive
index difference between the dispersed phase domains and
the second light transmitting material is greater than 0.05 in a
first domain axis direction within a plane parallel to the first
light transmitting layer.

3. The optical element of claim 1 further comprising light
blocking regions disposed between the anisotropically back-
scattering regions and the first group of lenticular elements
with a transmission less than 20%.

4. The optical element of claim 3 wherein the light blocking
regions absorb more than 70% of incident light.

5. The optical element of claim 3 wherein light blocking
regions have a diffuse reflectance, DR, greater than 70% as
calculated by

DRT
DR= ———
(1-ART)

where DRT is the total diffuse reflectance of the optical ele-
ment measured from the input surface in the d/8 geometry
with the specular component included and ART is the per-
centage area ratio of the total of the first light blocking regions
and first light transmitting regions that is occupied by the first
light transmitting region.
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6. The optical element of claim 3 further comprising sec-
ond anisotropically backscattering regions disposed between
the light blocking regions and the first group of lenticular
elements.

7. A light emitting device with a substantially collimated
light output comprising the optical element of claim 1.

8. The optical element of claim 1 further comprising:

a) second light transmitting regions;

b) second light reflecting regions;

¢) second lenticular elements formed in a second light
transmitting material;

d) a second group of lenticular elements oriented perpen-
dicular to the first axis;

e) a second light transmitting layer disposed in an optical
path between the second group of lenticular elements
and the output surface comprising the second light
reflecting regions disposed in-between the second light
transmitting regions;

) wherein the second light reflecting regions are disposed
between the input surface and the first light transmitting
layer.

9. A light emitting device with a substantially collimated

light output comprising the optical element of claim 8.

10. An optical element comprising:

a) an input surface;

b) an output surface;

c) first light transmitting regions;

d) first light reflecting regions;

e) alinear array of lenticular elements formed in a first light
transmitting material;

1) a first group of lenticular elements oriented parallel to a
first axis with a first pitch P1;

g) a light transmitting layer comprising the first reflecting
regions disposed in-between the first light transmitting
regions wherein the light transmitting layer is disposed
in an optical path between the input surface and the first
group of lenticular elements;

h) a light collimating element comprising a linear array of
light redirecting features oriented substantially parallel
to the first axis with a second pitch P2 wherein

I 09 Pl L1
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where N is an integer.

11. The optical element of claim 10 wherein the first light
transmitting layer is disposed between the light collimating
element and the first group of lenticular elements.

12. The optical element of claim 10 wherein the first group
of lenticular elements are disposed between the light trans-
mitting layer and the light collimating element.

13. The optical element of claim 10 wherein the first group
of lenticular elements and the light collimating element have
a pitch combination selected from the group P1 is between
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180 um and 195 um and P2 is between 20 um and 30 um, P1
is between 415 um and 435 um and P2 is between 40 pm and
60 pum, and P1 is between 40 um and 55 pum and P2 is between
350 um and 365 pm.

14. A light emitting device comprising:

a) a light source;

b) a first output surface;

¢) a light recycling directional control element comprising;

i. a linear array of lenticular elements formed in a first
light transmitting material;

ii. first light transmitting regions;

ii. first light reflecting regions;

iv. a first group of lenticular elements oriented parallel to
a first axis with a first pitch P1;

v. a light transmitting layer comprising the first reflect-
ing regions disposed in-between the first light trans-
mitting regions wherein the light transmitting layer is
disposed in an optical path between the input surface
and the first group of lenticular elements;

d) a light collimating element comprising a linear array of
light redirecting features oriented substantially parallel
to the first axis with a second pitch P2 wherein

09 P 11 09 P11
N+05 PL N+05 T N+05 P2 N+05

where N is an integer.

15. The light emitting device of claim 14 wherein the light
recycling directional control element is disposed between the
light source and the light collimating element and the first
reflecting regions are disposed to intersect the optical axes of
the linear array of lenticular elements and the peak angle of
luminance of the light emitting from the light recycling direc-
tional control element is between 20 degrees and 40 degrees
from the normal to the first output surface.

16. The light emitting device of claim 15 wherein the angle
of'peak luminance of the light emitted from the light emitting
device is within 5 degrees from the normal to the light trans-
mitting layer.

17. The light emitting device of claim 15 wherein the light
collimating element comprises a linear array of prisms with
an apex angle between 80 degrees and 110 degrees and pitch
between 40 um and 60 pm.

18. The light emitting device of claim 14 wherein the linear
array of lenticular elements and the light collimating element
have a pitch combination selected from the group P1 is
between 180 um and 195 pm and P2 is between 20 pm and 30
um, P1 is between 415 pm and 435 um and P2 is between 40
um and 60 pm, and P1 is between 40 um and 55 pm and P2 is
between 350 um and 365 pm.

19. A display comprising a liquid crystal panel and a back-
light comprising the light emitting device of claim 14.
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