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LIGHT RECYCLING DIRECTIONAL 
CONTROL ELEMENT AND LIGHT 

EMITTING DEVICE USING THE SAME 

RELATED APPLICATIONS 

This applications claims the bene?t of US. Provisional 
Application No. 61/03 6,062, ?led 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 
?xture, backlight, display sign to control at least one of prop 
erties of light output pro?le, vieWing angles, uniformity, form 
factor, and ef?ciency. 

BACKGROUND OF THE INVENTION 

Light collimating ?lms can be used in backlights for dis 
plays or signs to collimate the light and increase uniformity 
through total internal re?ections. Traditional prismatic colli 
mation ?lms 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 ?rst 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. 1 is a perspective vieW of a light recycling directional 
control element of one embodiment of this invention com 
prising a light re?ecting 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 re?ecting 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 re?ecting regions and an aniso 
tropic light scattering region disposed in the substrate of the 
lenticular lens array. 
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2 
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 re?ecting 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 re?ecting regions and an anisotropic 
light scattering ?lm 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 FIG. 
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 FIG. 
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 FIG. 
3, an anisotropic light scattering region, a substrate, and an 
array of ?uorescent 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 re?ector ?lm, 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 re?ecting 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 
?le 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 
speci?ed. 

De?nitions 

For convenience, certain terms used in the speci?cation 
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 de?ned herein to include the ratio of 
the standard deviation of the intensity ?uctuation to the mean 
intensity over the area of interest. 

“Scatter,” “Scattering,” “Diffuse” and “Diffusing” as 
de?ned herein includes light scattering by re?ection, refrac 
tion or diffraction from particles, surfaces, or layers. 

“Optically coupled” is de?ned 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 
re?ection 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 pro?le of the intensity of light Within a plane of emitted 
light. Typically the diffusion angle is de?ned according to an 
angular Full-Width-at-Half-Maximum (FWHM) intensity 
de?ned by the total angular Width at 50% of the maximum 
intensity of the angular light output pro?le. For diffusive ?lms 
and sheets, this is typically measured With collimated incident 
light at a speci?c Wavelength or White light. Typically, for 
anisotropic diffusers, the FWHM values are speci?ed in tWo 
orthogonal planes such as the horizontal and vertical planes 
orthogonal to the plane of the ?lm. For example, if angles of 
+350 and —350 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 
?rst light exiting plane divided by the FWHM diffusion angle 
in a second light exiting plane orthogonal to the ?rst, and thus 
is a measure of the degree of asymmetry betWeen the intensity 
pro?le 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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4 
“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 ?lament like 
shapes. 

“PlanariZed,” “PlanariZation,” and “Planar,” includes cre 
ating a substantially ?at surface on an element. A ?at 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 
?lms or components can be easily laminated to another ele 
ment using pressure sensitive adhesives or hot-lamination 
Without trapping air bubbles of su?icient siZe to affect the 
optical performance of the combined element. Coatings, such 
as thin coatings used in some anti-re?ection coatings can be 
applied more uniformly to planariZed elements. 

In a ?rst embodiment of this invention, a light recycling 
directional control element comprises light absorbing 
regions, light transmitting apertures disposed on a ?rst 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 pro?le 
(spherical, aspherical, conic, etc), lenticule pitch, refractive 
index, etc. are designed to redirect light transmitted through 
the light transmitting apertures from a ?rst angular range in a 
?rst collimating plane and refract the transmitted light into a 
second angular range less than the ?rst angular range such 
that the ?lm 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 
?ltering 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 ?lm or exit surface of a backlight or display. In 
another embodiment of this invention, the diffuse re?ectance 
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 
re?ectance (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 re?ectance of ambient light. In a 
further embodiment of this invention, the re?ectance 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 re?ectance (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 ?ux 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 ?lm and further 
depositing a light re?ecting material on the light absorbing 
material. Light transmitting apertures are formed Within the 
light absorbing layer and the light re?ecting layer through 
laser ablation. The Width, location, thickness, and transmis 
sivity of the apertures are designed to provide a predeter 
mined angular light output pro?le, 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 pro?le, light re?ecting regions disposed to receive light 
and re?ect a portion of the incident light and light transmitting 
regions disposed in-betWeen or Within the light re?ecting 
regions disposed to transmit a portion of the incident light. A 
portion of the light incident on the light re?ecting layer is 
transmitted through the light re?ecting 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 ?rst 
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 ?rst 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 re?ecting 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 ?rst 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 pro?les 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 re?ection 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 
re?ects light through total internal re?ection and includes 
elements referred to as “non-lenticular” in Us. 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 ?rst 
focal point in the near ?eld and a group of lenticular elements 
may collectively have a far-?eld focal point de?ned as a 
region Where the spatial cross-sectional area of the light ?ux 
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 ?lms, 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 
pro?le 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 Us. 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 ?lms 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 ?rst 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 pro?le 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 pro?le 
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 ?rst 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 re?ecting 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 ?lter 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 
?ll-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 Us. 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 ?rst 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 ?rst 
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 moire. 
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 
or circle. The pitch of the 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 ?ltering 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 
re?ecting, 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 moire pattern is less than 100 um and is very 
dif?cult 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 ?lm. 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 moire interference pattern 
can be visually distracting in a backlight and reduces the 
luminance uniformity. The visibility, or luminance contrast of 
the moire patterns is de?ned 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 moire pattern When 
illuminated With diffuse incident light. In one embodiment of 
this invention, the moire contrast of the light recycling direc 
tional control element, or a light emitting device comprising 
the element thereof, is loW such that the moirecontrast is less 
than one selected from the group of 50%, 40%, 30%, 20% and 
10%. The moirecontrast may be reduced by shifting the pitch 
of the moire pattern such that it is suf?ciently 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 
reContrast 
By adjusting the pitch of one or both the lenticular lens 

array and the light collimating element, the moire contrast can 
be reduced. In order to avoid the moire, the ratio of the pitches 
betWeen the tWo arrays of the elements should be equal to 
l/(N+0.5) Where N is an integer. A pitch ratio from 0.9/(N+ 
0.5) to l.l/(N+0.5) Will have a relatively loW visibility of 
moire. 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 moire visibility. In one embodiment of this 
invention, a light recycling directional control element com 
prises a lenticular lens array surface of a ?rst pitch P1 and a 
light collimating element of a second pitch P2 Wherein 0.9/ 
(N+0.5)<P2/P1<l .l/(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 ?rst pitch P1 and a light collimating element of a 
second pitch P2 Wherein 0.95/(N+0.5)<P2/P1<l .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 ?rst pitch P1 and a light collimating element of a 
second pitch P2 Wherein P2/P1:l/(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.l33:l/(N+0.5)qvhere 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/P1:0.1l76:l/(N+0.5)qvhere 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 ?lm 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 lpi (lines per inch) 
lenticular lens array ?lm 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)qvhere N is 1. 
Various combinations of pitches of lenticular lens arrays and 
light collimating elements can result in a reduced moire 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 1/(N+0.5) N+O.5 urn urn urn prn* 

1 0.6667 1.5 38 75 534 237 
2 0.4000 2.5 63 125 890 142 
3 0.2857 3.5 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 elernent 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 rnoire contrast. In reference to the far right column, P2 = 356 p.rn*, the pitches 
displayed are determined byPl = 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 Moire 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 moire 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)1 is greater than one selected from group of 0 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 Moire 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 ?lm. In one 
embodiment of this invention, the moire 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 moire 
contrast can be reduced producing a random or predeter 
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10 
mined variation on the pitch or slop angle of a refracting or 
TIR element as described in reference to brightness enhanc 
ing ?lms in US. 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 Moire Contrast 
By increasing the distance betWeen the lenticular lens array 

and the refractive or TIR based element, the contrast of the 
moire pattern is reduced. In one embodiment of this inven 
tion, the moire contrast of the light recycling directional con 
trol element or the moire 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 moire contrast of 
the light recycling directional control element (or backlight 
using the same) or the moire 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 ?lters the intensity of 
the incident light and removes the appearance of non-unifor 
mities due to other optical ?lms 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 re?ecting and light 
absorbing region and a light transmitting region of Width A1 
measured along an axis perpendicular to the lenticules, opti 
cally coupled to a Waveguide With light extraction features 
With a maximum linear dimension Dmax measured in the 
plane of the Waveguide With a maximum separation distance 
of S d such that at least one of P1<Sd, P1<Dmax, A1<Dmax and 
A1<Sd. 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: 1 00%><[ 1 —(Lmax—Lmin)/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 ?lm 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 moire 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 moire 
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pattern is de?ned as CL:(Lmax—Lmin)/(Lmax+Lmin) and 
Lmax is the maximum luminance betWeen tWo successive 
dark moirepattems 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 ?ltering 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 ?ltering collimating lens is very close to the 
pitch betWeen tWo light extraction features, a moire pattern 
can be visible. In one embodiment of this invention, a back 
light comprises a light ?ltering 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 
?ltering 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)1 to the longer 
dimension of the light exiting aperture of the light emitting 
device. In an additional embodiment, (1)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 ?lm Wherein 90 
degrees>¢2>0 degrees and the contrast of the spatial lumi 
nance moire 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 re?ecting 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 ?rst 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 re?ecting regions, partially light 
absorbing regions, partially light re?ecting 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 re?ecting region and the lenticular 
elements. The light re?ecting regions may be diffusely re?ec 
tive or specularly re?ective 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 ?rst portion of 
light and transmits or re?ects a second portion of light. A light 
re?ecting or light blocking region, as used herein, may 
include a region that re?ects a ?rst portion of light and trans 
mits or absorbs a second portion of light. 
Light Transmitting Regions 

The light transmitting regions permit light from a speci?c 
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 e?iciency, a su?icient 
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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 pro?les 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 pro?le While 
maintaining a suf?cient level light ?ltering and light trans 
mission through the light ?ltering collimating lens. The ?ll 
factor is de?ned as the ratio of the light transmitting region 
Width to the Width of the light absorbing or re?ecting region 
betWeen the apertures along a ?rst axis parallel to the array of 
lenticules. In order for the light ?ltering collimating lens to 
provide a high degree of collimation, the Collimation Factor, 
CF, should be suf?ciently high assuming a constant focal 
point, lens shape and refractive index. The Collimation Factor 
is a relational metric used to compare the ability of a lenticular 
lens array to collimate light from a speci?c light transmitting 
region assuming a constant lenticule curvature and focal dis 
tance. The Collimation Factor is de?ned as the ratio of the 
pitch of the lenticular lens P1, to the aperture Width, A1, 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 um and the lineWidth of the 
light absorbing (or re?ecting) 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 de?ned by an angle, 
Y1, de?ned 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 Y1 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 0 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 






































