(11) Avplication No. Al 2004253109 C1

(19) AUSTRALIAN PATENT OFFICE

(54)

(51)8

Title

Micro-lens array based light transmitting screen with high resclution and low imaging artifacts

International Patent Classification(s)

GO2B 27,10 (2006.01)4BMEP GO03B
GO03B 21,60 (2006.01)21/60
302B 27710 20060101AL12007022
20060101AF12007022 4BMEP
PCT/US2004/017446
Application No: 2004253109 (22) Application Date: 2004 06 02

WIPO No:  wops, 002196

Priority Data

Number (32) Date (33) Country
10,452,254 2003 .06 .03 us
Publication Date : 2005 01 06

Applicant(s)
Bright View Technologies, Inc

Inventor(s)
Walker, Dale S.. Reed, David, Freese, Robert P.

Agent/Attorney
PIZZEYS, ANZ Centre Level 14 324 Queen Street, Brisbane, QLD, 4000

Related Art
US 3893748 A




“
<
o
c\
—
N
=
=
S~
v

@ (57) Abstract: A light-transmission screen includes a diffusing clement formed from a micro-lens acray (190) for projecting images

=

WO 2

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATE

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date

T COOPERATION TREATY (PCT)

)00 0 0O O OO

(10) International Publication Number

6 January 2005 (06.01.2005) PCT WO 2005/002196 A3
(51) International Patent Classification’; O3B 21/60, Chapel I1ill, North Carolina 27514 (US). WALKER, Dale
GO2B 27/10 S. |US/US]: 13416 Jones Road. Houston, lexas 77070
(US).
(21) International Application Number: ; v
PCT/US2004/01744¢ (74 Agent: MYERS BIGEL SIBLEY & SAJOVEC, PA.;

(22) International Filing Date: 2 June 2004 (02.06.2004)

(25) Filing Language: Lnglish

(26) Publication Language: English
(30) Priority Data:

10/452,254 3 Tune 2003 (03.06.2003)  US

(71) Applicant (for all designated States except US): BRIGHT
VIEW TECHNOLOGIES, INC. [US/US]: 513
Lakeshore Lane, Chapel Hill, North Carolina 27514
(US).

{72) Inventors; and

{75) Inventors/Applicants (for U/S only): FREESE, Robert P.
[US/US]; 119 Basswood Ct., Chapel TIill, North Carolina
27514 (US). REED, David [US/US]; 513 Lakeshore Lane,

PO. Box 37428, Raleigh, North Carolina 27627 (US).
(81) Designated States (unless otherwise indicated, for every
kind of national proteciion available): AE, AG, AL, AM,
AT, AU, AZ. BA, BB, BG, BR. BW. BY. BZ, CA. CIL.CN,
CO, CKR, CU, C4, DE, DK, DM, DZ, EC, EE, BG, ES, K1,
GB, GD, GE, GH, GM, HR, HU, TD, TT,, IN, TS, IP, KF,
KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA, MD,
MG, MK, MN, MW, MX, MZ, NA, N1, NO, NZ, OM, PG,
PH, PL, PT, RO, RU, SC, SD, SE, (3, 8K, SL, 8Y, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, YU, ZA, ZM,
LW.

(84

Designated Stules (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GITI,
GM, KL, LS, MW, MZ, NA, 8D, SL, 87, 17, UG, /M,
7W), Eurasian (AM, A7, BY, KG, K7, MD, RU, T1, TM),
European (AT, BE, BG, CII, CY, CZ, DE, DK, EE, ES, FI,
I'R, GB, GR, HU, 1L, I'1, LU, MC, NL, PL, PL, RO, 81%, S1,
SK. TR), OAPI (BF, BI, CF, CG, CI, CM, GA, GN, GQ,
CW, ML, MR, NL, SN, TD, TG).

]

[Continued on next puge]

(54) Title: MICRO-LLENS ARRAY BASED LIGIIT’TRANSMITTING SCREEN WITITTIGIT RESOLUTION AND LOW IMAG-

ING ARTIFACTS

in aviewing space. The screen generates images of improved quality by varying structural features of one or more lenses in the array
sa that light is directed in different dircctions and/or with different optical propertics compared with other lenses in the array. The
structural features which are varied include any spacing of the lenscs (180, 181, 182) in the array. As a result of these variations, the
screen achieves wider viewing angles, improved screen resolution and gain, and a greater ability to reduce or climinate aliasing or
other artifacts in the generated images compared with conventional scrcens.




WO 2005/002196 A3 1IN AIEIOVORHO010 OO 0

Published: For two-lerter codes and other abbreviations, refer to the "Guid-
—  with international search report ance Notes on Codes and Abbreviations” appearing at the begin-

i each regi issue of the PCT otte.
(88) Date of publication of the international search report: ning of each regular issue of the PCT Gazette

12 May 2005




2004253109 08 Jun 2007

MICRO-LENS ARRAY BASED LIGHT TRANSMITTING SCREEN WITH
HIGH RESOLUTION AND LOW IMAGING ARTIFACTS

BACKGROUND OF THE INVENTION
FIELD OF THE INVENTION

[0002] This invention relates to generating images, and more particularly to a light-
transmission screen for projecting images in televisions, computers, and/or other display devices. The

invention also relates to a method for making a light-transmission screen of the aforementioned type.
DESCRIPTION OF THE RELATED ART

[0003] Light-projection systems are used to generate images in computer monitors,
televisions, and other forms of display devices. Two types of light-projection systems are available in the
market today: rear-projection systems and front-projection systems. In a rear-projection system, a beam of
light is projected onto the rear side of an angle-transforming screen. The screen transmits an image
corresponding to the beam 10 a front side of the screen, where it can be seen by a viewer. Conversely, in a
front-projection system a light beam is directed onto the front side of a screen where it is then reflected
towards a viewer. Because of their optical properties, screens in rear-projection systems are often referred to

as transmission-type screens.

[0004] Screens in conventional rear-projection displays perform a number of functions.

First, these screens distribute light from an image engine into a viewing
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space. An example of such a viewing space is shown in FIGS. 1(a) and 1(b). In these
figures, angles @y and @y define the range of viewing angles measured in vertical and
horizontal directions relative to a normal (dotted line) of the screen. The viewing
angles are delimited by beams 1 and 2, which correspond to places where the intensity
of the projected image falls to half the value it has in the normal direction. In
conventional screens, angles @y and Oy are small values, typically 15° and 35°
respectively. As a result, the images generated by these screens is projected into a

small viewing area.

[0005]  Second, rear-projection screens must generate images have a

certain minimum resolution.

[0006]  Third, rear-projection screens must provide the viewer with a high

contrast image.

[0007]  Fourth, rear-projection screens must provide sufficient gain to

enable comfortable viewing in normal ambient light conditions.

[0008] Fifth, rear-projection screens must minimize artifacts, such as
aliasing, which tends to degrade image quality. The exact parameters and

specifications for each of these requirements will vary with each application.

[0009]  FIG. 2a shows one type of conventional rear-projection screen
which performs the alorementioned functions. These screens are formed {rom an
array of lenticular lenses 3 separated by stripes 4 of black material. Current lenticular
lens arrays generate insufficient resolution and contrast for purposes of displaying

high-quality digital images.

[0010]  FIG. 2b shows another type of conventional rear-projection screen.
This screen includes a plurality of glass beads 5 embedded in a black matrix 6.
Screens of this type are often niche-type devices and have proven unsuitable for many
reasons. This is mainly attributable to their use of beads as optical elements for
projecting light. For example, it is difficult to produce different angular light-

distribution patterns in both vertical and horizontal directions using beads because
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they all have the same spherical shape and curvature. As a result, light is directed to unwanted areas, for
example, towards the ceiling where there are no viewers. In addition, manufacture difficulties associated
with this type of screen result in inhomogeneous placement of the beads, including areas with no beads

(“drop outs™).

[0011] In view of the foregoing considerations, it is clear that there is a need for a light-
transmission screen which overcomes the drawbacks of conventional screens, and more specifically one
which generates images of improved quality using a light-diffusing element which enhances control of the
projected light at less cost and with substantially fewer manufacturing steps compared with conventional

screens.

SUMMARY OF THE INVENTION

[0012] An object of the present invention is to provide a light-transmission screen which

overcomes the drawbacks of conventional screens.

[0013] Another object of the present invention is to provide a light-transmission screen

which generates images of improved quality compared with those produced by conventional screens.

[0014] Another object of the present invention is to provide a light-transmission screen
which improves image quality by providing independent control of viewing angles in vertical and

horizontal directions.

[0015] Another object of the present invention is to provide a light-transmission screen

which improves image quality by achieving higher resolution than is attainable by conventional screens.

[0016] Another object of the present invention is to provide a light-transmission screen
which improves image quality by achieving higher gain than is attainable by conventional screens.

[0017] Another object of the present invention is to provide a light-transmission screen
which improves image quality by more effectively eliminating aliasing and other image artifacts compared

with conventional screens.

[0018] Another object of the present invention is to achieve one or more of the

aforementioned objects by using a diffusing element which projects light into a viewing area with greater
3
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control than conventional screens.

[0019) Another object of the present invention is to achieve greater control using a
diffusing element which includes a micro-lens array, where structural features of individual lenses in the
array are varied so that some lenses project light in different directions and/or with different optical

properties than others.

[0020] Another object of the present invention is to provide a method of making a light-

transmission screen which satisfies one or more of the aforementioned objects.

[0021] Another object of the present invention is to provide a method for making a light-
transmission screen which has substantially fewer manufacturing steps and is more economical to

implement compared with conventional screens.

[0022] The foregoing and other objects and advantages of the present invention are
achieved by providing a light-transmission screen, including a lens array comprising a plurality of lenses
for projecting light, wherein at least two lenses are assigned 10 each pixel of the screen so as to obtain a

desired screen resolution.

[0023] tn accordance with another embodiment, the present invention provides a light-
transmission screen, including a lens array comprising a plurality of lenses for projecting light, a mask
layer, comprising a plurality of apertures, optically coupled to the lens array and positioned on a viewing
side of the lens array, wherein each aperture is registered to a corresponding lens in the lens array and is
adapted to pass light from its corresponding lens, wherein each pixel of the screen is generated by light

from at least two lens/aperture combinations.

[0024) The present invention is also a method for making a light-transmission screen

having any one or more of the aforementioned features. In accordance with one embodiment, the method
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includes providing a transparent substrate, coating a surface of the substrate with a mask layer, forming a
micro-lens array over the mask, and forming apertures in the mask, each of which are aligned to receive
light from one or more lenses in the array. The micro-lens array is preferably formed based on a stamping
operation using a master. An optional step includes forming an anti-reflective coating on an opposing

surface of the substrate.

[0025] In accordance with another embodiment, the present invention provides a method
for making a light-transmission apparatus, which is similar to the above method except that the mask layer

and lens array are formed on different sides of the substrate.

[0026] In accordance with another embodiment, the present invention provides a method
for making a light-transmission apparatus which includes forming a micro-lens array on a transparent
substrate, coating a surface of the substrate opposing the lens array with an adhesive, curing the adhesive,
for example with UV light, and then forming a mask layer over the adhesive. The portions of the adhesive
struck by UV light are removed but those portions not exposed to the light remain. As a result, the mask

layer forms only over the unexposed portions of the adhesive layer leaving apertures.
BRIEF DESCRIPTION OF THE DRAWINGS
[0027] FIGS. 1(a) is a diagram of a viewing space produced in a vertical direction by a
conventional light-transmission screen, and FIG. 1(b) is a diagram of a viewing space produced in a

horizontal direction by a conventional Light-transmission screen;

[0028] FIG. 2a is a diagram of a conventional light-transmission apparatus including a

lenticular lens array;

[0029] FIG. 2b is a diagram of a conventional Light-transmission apparatus including

glass beads embedded in a black matrix;
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[0030] FIG. 3 is a diagram of a Light-transmission screen that may include
a micro-lens array in accordance with any of the embodiments of the present

invention;

[0031] FIG. 4 is a diagram showing the formation of lenses in a micro-lens

array in accordance with one embodiment of the invention,

[0032] FIG. 5 is a diagram showing the formation of lenses in a micro-lens

array in accordance with another embodiment of the invention;

[0033]  FIG. 6 is a diagram showing the formation of lenses in a micro-lens

array in accordance with another embodiment of the invention,

[0034]  FIG. 7 is a diagram showing the formation of lenses in a micro-lens

array in accordance with another embodiment of the invention;

[0035]  FIG. 8 is a diagram showing the formation of lenses in a micro-lens

array in accordance with another embodiment of the invention;

[0036])  FIG. 9 is a diagram showing the formation of lenses in a micro-lens

array in accordance with another embodiment of the invention;

[0037]  FIG. 10 is a diagram showing the formation of lenses in a micro-

lens array in accordance with another embodiment of the invention;

[0038]  FIG. 11 is a diagram showing the formation of lenses in a micro-

lens array in accordance with another embodiment of the invention;

[0039] FIG. 12 is a diagram showing the formation of lenses in a micro-

lens array in accordance with another embodiment of the invention;

[0040]  FIG. 13 is a graph showing a profile curve which may be used as a

basis for forming a micro-lens array in accordance with the present invention;
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[0041]  FIG. 14 is a diagram showing one example of a viewing range in
the horizontal direction achieved by the light-transmission screen of the present

invention;

[0042] FIG. 15 is a diagram showing one example of a viewing range in
the vertical dircction achieved by the light-transmission screen of the present

invention;

[0043] FIG. 16 is a diagram of an embodiment of a light-transmission

screen in accordance with the present invention;

[0044]  FIG. 17 is a diagram showing an aperture-to-pixel arrangement in

accordance with one embodiment of the present invention;

[0045) FIG. 18 is a flow diagram showing steps included in one
embodiment of the method of the present invention for making a light-transmission

screen,

[0046] FIGS. 19a-¢ are diagrams showing results obtained at various steps
of the method in FIG. 18;

[0047]  FIG. 20 is a diagram of another embodiment of a light-transmission

screen in accordance with the present invention;
[0048]  FIG. 21 is a flow diagram showing steps included in another
embodiment of the method of the present invention for making a light transmission

screen;

[0049]  FIGS. 22a-d are diagrams showing results obtained at various steps
of the method in FIG. 21;

[0050]  FIG. 23 is a flow diagram showing steps included in another

embodiment of a method of the present invention for making a light-transmission

-10-
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screen; and

[0051]  FIGS. 24a-d are diagrams showing results obtained at various steps
of the method of FIG. 23.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0052]  The present invention is a light-transmission screen which
generates images of improved quality compared with conventional screens of this
type. The screen is particularly suitable for generating images in rear-projection
systems, such as televisions and computer monitors, and will be described below in
that context for illustrative purposes. However, the screen of the present invention
may be used in other applications including, but not limited to, diffusers and other
diffractive optical systems which evenly diffuse light over large areas and solar

panels.

[0053]  FIG. 3 shows a light-transmission screen which includes a plurality
of lenses 100 for projecting an image within a predetermined viewing area. These
lenses are formed in a micro-lens array, the structure of which will be explained in
greater detail below. For illustrative purposes, the lenses are grouped into five
regions: regions 101 and 102 are located along lateral sides of the séreen, two regions
103 and 104 are located along top and bottom portions of the screen, and one region
105 is located at a central portion of the screen. While only five regions are shown,
those skilled in the art can appreciale that the entire screen may be populated with

lenses in order Lo provide a complete image to the viewer.

[0054] In accordance with the present invention, the screen lenses may be
structurally varied to improve the quality of the projected image, expand the effective
viewing range of the screen, reduce image artifacts, and/or achieve any one of a
number of other objectives. The structural variances may exist between or among the
lenses in one region of the screen or in different regions. Each structural variance may
he individually taken to correspond to a different embodiment of the screen of the

present invention. Additionally, these variances may be combined to achieve one or

11-
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more of the quality, range, or anti-artifact objectives previously mentioned.

[0055]  FIG. 4 shows how lenses may be structurally varied in accordance
with one embodiment of the light-transmission screen of the present invention. In this
embodiment, at least two lenses have an aspherical shape. In the example shown,
lenses 120 and 122 are substantially elliptical, however the lenses may have other
aspherical shapes or curvatures if desired. Also, the aspherical lenses may be adjacent

one another or separated by one or more lenses having the same or different shapes.

[0056] FIG. 5 shows how lenses may be structurally varied in accordance
with another embodiment of the screen of the present invention. In this cmbodiment,
at least two lenses not only have an aspherical shape, but are also asymmetrical. The
asymmetry may exist along one or more axes or the lenses may be completely
asymmetrical so as to be irregular in shape. In the example shown, lenses 130 and 132
are substantially egg-shaped and thus are asymmetrical with respect to a horizontal
axis passing through the lens. Also, the asymmetrical lenses may be adjacent one

another or separated by one or more lenses having the same or different shapes.

[0057)  FIG. 6 shows how lenses may be structurally varied in accordance
with another embodiment of the screen of the present invention. In this embodiment,
at least one lens has a spherical or hemispherical shape and at least another lens has an
aspherical shape or aspherical and asymmetrical shape. In the example shown, lens
140 has a hemispherical shape and lens 142 a shape which is asymmetrical along only
one axis. Alternatively, the lenses may be completely asymmetrical so as to be
trregular. The lenses may be adjacent one another or separated by one or more lenses

having the same or different shapes.

[0058]  FIG. 7 shows how lenses may be structurally varied in accordance
with another embodiment of the screen of the present invention. In this embodiment,
all lenses are spherically or hemispherically shaped, however their radiuses of
curvature are different. In the example shown, lenses 145 and 149 have a radius R;
which is greater than a radius R; of lenses 146 and 147. These lenses may be adjacent
one another or separated by lenses which have the same or different curvatures.

Hemispherical lens 148 is provided to show that lenses with varying radiuses of

-12-
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curvature may also be varied in terms of their spacing within a single micro-lens

array.

[0059} FIG. 8 shows how lenses may be structurally varied in accordance
with another embodiment of the screen of the present invention. In this embodiment,
at least two lenses have diffcrent sizes and/or shapes. The size differences may, for
example, be in terms of diameter, height, and/or thickness. In the example shown,
lenses 150, 151, and 152 differ in all three of these dimensions. Lenses 153, 154 and
155 show examples of how the shape of the lenses may differ. Lenses 153, 154 and
155 are square-shaped, triangular-shaped and polygonal-shaped, respectively. The
lenses may be adjacent one another or separated by one or more lenses having the

same or different shapes.

[0060]  FIG. 9 shows how lenses may be structurally varied in accordance
with another embodiment of the screen of the present invention. In this embodiment,
the packing arrangement is chosen to achieve a desired effect. For example, the
spacing may be varied in one or more directions in order to achieve a desired effect.
In the example shown, lenses 161-163 are in an abutting relationship to one another
and lenses 163 and 164 are separated by a distance D. If desired, the lenses may be
varied in horizontal and vertical directions to achieve a desired packing arrangement.
A hexagonal arrangement has been found to be preferable, but other arrangements,

such as a square or pentagonal packing arrangement, are possible.

[0061]  FIG. 10 shows how lenses may be structurally varied in accordance
with another embodiment of the screen of the present invention. In this embodiment,
the lenses overlap either uniformly or randomly. In the example shown, lenses 171-

173 overlap by a uniform amount, e.g., by 10%.

[0062]  FIG. 11 shows another overlapping pattern of lenses. This pattern
includes three rows of lenses. The first and second rows of lenses 180 and 181 include
spherically or hemispherically shaped lenses which are adjacent one another but do
not overlap. Centers of the lenses in the first and second rows may be spaced by an
amount Xp The third row of lenses 182 overlap the first and second rows by

predetermined amounts. Preferably, each of the lenses in the second row overlaps two

10
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lenses in the first tow and two lenses in the second row by a same amount. The
degree, uniformity, and pattern of overlap may be altered to produce any desired
effect. While the use of spherical or hemispherical lenses is preferable, aspherical
and/or asymmetrical lenses may be used in an overlapping pattern if desired. Also, the
lenses may be arranged according to a hexagonal packing scheme with fill factors

from 95% and above.

[0063] FIG. 12 shows another overlapping pattern of lenscs. In this
example, overlapping lenses are arranged in the form of a matrix 190. In the matrix,
the lenses randomly overlap one another in at least one direction and in some cases in
two directions. This may be achieved by allowing the centers of the lenses to travel up
to a predetermined amount (e.g., 20%) of the inter-lens spacing along one or more

axes. The following steps may be taken to generate such a randomized lens pattern.

[0064] First, initial parameters are selected including the size and initial
spacing of each lens in the array, as well as the number of lenses therein. Moor
example, each of the lenses may be 60 microns in diameter and may he spaced from
one another so that their centers are 50 microns apart in the horizontal direction and
30 microns apart in the vertical direction. Also, the lenses may be arranged, for

example, in a 20 x 20 matrix.

[0065] Second, a vector is computed for the center of each lens. The
horizontal component of the vector may be a random number in the range of -10
microns to +10 microns and the vertical component may be a random number in the
range of -6 microns to +6 microns. The center of each lens may then be displaced

from its original position based on the computed vector.

[0066]  Third, the newly computed centers of the lenses are used as a basis
for patterning a master. The master is then used to generate a micro-lens array, in a
manner that will be discussed in more detail below, which array includes one or more
replications of the 20 x 20 pattern of overlapping lenses. The initial parameters may
be varied to produce virtually any pattern of lenses desired, including ones which
overlap in a different manncr or which do not overlap at all. In addition, the size of

the pattern is not limited to the 20 x 20 pattern described above. This pattern may then

11
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15

20

25

30

35

be formed on the master roller so that, for example, the micro-lens array may be mass-producecd in

the quantity desired in order to meet consumer demands.

[0067] FIG. 13 is a graph which provides a profile curve may be used as a guide for
constructing an aspherical lens design for a 25-micron radius lens in accordance with the present
invention. In this graph, lens height is plotted against lens radius of curvature and the following table
sets forth values that lie along the curve. Only profile information is given since the lens is radially
symmetric. To image the full lens, the profile curve may be rotated about the y-axis. By using the
profile curve in the graph, a micro-lens array may be constructed in the form of a matrix which, for
example, has a lens spacing of 35 microns in the x-direction and 22 microns in the y-direction. Such a
matrix may also have a modified hexagonal packing arrangement, where the centers of lenses have a
randomized factor of plus or minus 20%. Such a factor may produce a matrix where the lenses overlap

in one or more directions.

Height (um; Radius of Structure (um)
25.0 1.0

249 2.0

24.7 3.0

24.5 4.0

242 5.0

23.7 6.0

23.1 7.0

224 8.0

214 9.0

20.2 10.0

18.6 11.0

16.7 12.0

143 13.0

114 14.0

7.9 15.0

3.5 16.0

0.0 17.0

[0068] The aforementioned embodiments of the screen of the present invention may

be combined in any manner desired. For example, varying the shape, curvature, spacing, and/or size of
the lenses may be used as a basis for improving image quality, expanding viewing angle,
independently controlling the viewing angles in two or more directions (e.g,, vertical and horizontal

directions), and controlling or

12
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reducing or eliminating aliasing or other unwanted image artifacts. Some specific

examples will now be provided.

[0069]  FIG. 14 shows an example of a light-transmission screen where the
curvatures of the lenses are decreased from the center of the screen to its edges in a
horizontal direction. Through this lens pattern, a wide viewing 0y may be achieved in
the horizontal direction. This angle may, for example, extend £70° from a normal
perpendicular to the screen, which is substantially wider than viewing ranges that can
be achieved by conventional transmission screens. [t desired, the curvatures of the
lenses may be varied less in the vertical direction, e.g., a viewing angle of Oy
extending £15 from normal may be achieved. (See FIG. 15). Alternatively, instead of
a progressive change in lens curvature from a center to a perimeter of the screen,
lenses located in a central region of the screen may all have the same structural
design. In this case, outer lenses (e.g., lenses along the edges) may be varied in

curvature in order to produce the enhanced viewing angle.

[0070)  Structural variations to achieve other improvements are also
possible. For example, the structure of the screen lenses may be varied to achieve a
predetermined gain within a viewing area. The term gain refers to a ratio of intensities
of light based on an effect known as the Lambertian screen. Lambertian screen effect
occurs when an intensity of light at a small area in the screen is uniformly distributed
in every angle. Screen gain refers to a ratio of the intensity of fight at an arbitrary
point where a viewer is located and the Lambertian screen at that point. As those

skilled in the art can appreciate, the gain may be greater or less than unity.

[0071]  In accordance with another embodiment of the present invention,
the lenses at one or more regions of the screen may therefore be structurally varied to
project beams in a manner and/or in directions that will achieve a desired gainin a
viewing area. This may be accomplished, for example, by forming the lenses so that a
greater intensity of light is directed at one particular direction of the screen than at
another. Through these structural variations, a light-transmission screen included, for
example, in a rear-projection system may be designed to have a gain sufficient to

provide comfortable viewing of projected images from digital image engines in a

-16-
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wide variety of ambient light conditions.

[0072]  In accordance with another embodiment of the present invention,
lenses in one or more regions of the screen may be varied to distribute light to
appropriate half-power half-angles in horizontal and/or vertical directions. This may
be accomplished, for example, using aspherical and/or asymmetrical lenses which
generate an angular distribution of light from an image engine in the direction(s)
desired. By using lenses of this type, light can be distributed differently in different

directions.

[0073] FIG. 16 shows a cross-sectional view of a transmission screen
including a micro-lens array having any of the aforementioned structural variations.
This screen includes first and second optical layers 200 and 202 which ate at least
substantially parallel and spaced by an air gap 204. The first optical layer includes a
collimator in the form of a Fresnel lens 201. This lens converts incident light 206
from an image engine 208 into collimated beams 210. Other types of light
collimators, such as holographic optical elements, may be used in place of the Fresnel
lens 201.

[0074]  The second optical layer is a diffuser 212 which includes a
plurality of lenses 221-227 situated along an incident surface. The lenses may be
made from any one of a variety of transparent materials. A mask layer 250 containing
a plurality of apertures 255 is formed on a light-exiting side of the substrate. The
mask layer may be a black mask and the apertures are preferably aligned precisely
with exit pupils of corresponding ones of the lenses. Aligning the apertures in this
manner is beneficial because it increases contrast, reduces reflected light, and
prevents transmission of stray light from within the projection system to the viewer.
The aligned apertures are preferably formed using the techniques disclosed in U.S.
patent application Ser. No. 10/452,238 titled "Micro-Lens Array with Precisely
Aligned Aperture Mask and Methods of Producing Same", the contents of which are
incorporated herein by reference. Also, as shown, the micro-lens array may be formed
from combinations of spherical/hemispherical, aspherical, and asymmetrical lenses as

desired, as well has ones have varying radiuses of curvature, diameters, spacings, and

14
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other size differences.

[0075]  In order to achieve a desired resolution, FIG. 17 shows that the
screen may be fabricated so that light passing through a plurality of apertures 255 in
the mask layer corresponds to one pixel in the screen. By altering the number of
lenses per pixel, a desired screen resolution may be achieved which produces images
of improved quality comparcd with conventional sereens. Moreover, the number of
lenses or apertures per pixel may be selected to achicve oversampling of the digital
image being projected. This oversampling is preferably performed at or above the
Nyquist rate so as to prevent aliasing effects in the resulting image. In accordance
with one exemplary embodiment, oversampling is performed at 2 or 3 times the
Nyquist rate. In a 10 times oversampling screen, 100 lenses would be provided per

pixel.

[0076]  In addition to or as an alternative to the aforementioned control
techniques, screen resolution may be controlled by the size of the lenses. For digital
image engines, spherical or hemispherical lenses with radii less than approximately 25
microns may be used. Also, lens size may be chosen to remove aliasing effects, and

the lens array may be randomized to remove other types of image artifacts.

[0077]  In rear-projection television or monitor applications, it may be
desirable to direct some light at angles wider than the designed viewing angle of the
screen. For example, although the rear projection screen may be designed to have a
harizontal viewing angle of £70°, it may be desirable for the screen to direct some
amount of light at angles greater than £70°, so that a viewer will be able to tell if the
television or monitor is on when the viewer is positioned at angles greater than +70°.
The amount of light directed at angles greater than the designed viewing angle only
needs to be as much as is required to alert a viewer that the television or monitor is
on. The individual lenses of the screen of the present invention may be configured,

using the techniques described above, to achieve this result.

[0078]  FIG. 18 is a flow diagram showing Steps included in a method for
making a transmission screen as shown, for example, in FIG. 16. Accordingly, like

reference numerals are used whete applicable. Also, various stages of the method are
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shown in FIGS. 19a-e. The method includes as an initial step providing a substrate
240 made of, for example, a polycarbonate or acrylic plastic thick enough to provide a
desired level of mechanical stability. (Block 380 and FIG. 19a).

[0079] A second step includes coating a first surface 310 of the substrate
with a thin layer 320 of black masking material. (Block 381 and FIG. 19b). The
thickness of this layer may vary with the material employed but an order of magnitude
of 250 nm has been found to be preferable. Coating techniques include e-beam
vacuum deposition, sputtering, chemical vapor deposition, as well as other film-

deposition techniques.

[0080] A third step includes applying a material 360 from which the
micro-lens array is to be replicated over the mask layer. (Block 382), This material
may be, for example, a photopolymer epoxy, a polycarbonate, or PMMA or other
resin. Material layer 360 is then patterned to form the individual lenses in the array.
(Block 383 and FIG. 19¢). This patterning step may be performed by any one of a
variety of methods. For example, the patterning step may be performed in accordance
with a stamping operation petformed by a master which contains the lens pattern
thereon. "Stamping", as used herein, broadly covers the process of forming shapes on
a photopolymer, and curing the photopolymer material, and "stamper” broadly covers
any tool used to form such shapes. A stamping operation of this type is described in
U.S. patent application Ser. No. 10/120,785, the contents of which is incorporated
herein by reference. Other methods, including embossing, may also be employed to
pattern the material layer 360. By forming a pattern in this manner, two or more
lenses in the array may be structurally varied in accordance with any of the techniques
described herein in order to achieve a desired screen resolution or image quality,

prevent aliasing, define a desired viewing range, etc.

[0081] A fourth step includes forming apertures 370 in the mask layer.
(Block 384 FIG. 19e). This may be performed by directing pulsed laser radiation 375
(FIG. 19d) through the curved surface of the lens. The laser radiation is pulsed with
an energy sufficient to form a hole of a desired width in the masking layer without

damaging the other features of the lens or supporting substrate. Preferably, the laser is
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pulsed with an energy which is an order of magnitude of 10 mj.

[0082]  An optional fifth step includes forming an anti-reflective coating
390 on the opposing surface 395 of the substrate. (Block 385 and FIG. 19e).

[0083]  FIG. 20 shows a cross-sectional view of another transmission
screen including a micro-lens array having any of the aforementioned structural
variations. This screen is similar to the screen shown in FIG. 15 except that the mask
layer 400 and lens array 410 are provided on opposite sides of the transparent
substrate 420. Apertures 430 in the mask layer may be aligned as previously described

to project light from one or more of the lenses.

[0084]  FIG. 21 is a flow diagram showing steps included in a method for
making a transmission screen as shown in FIG. 20. In this method, the mask layer 400
and lenses 410 are formed on opposing sides of the substrate 420. FIGS. 22a d show
results obtained at various stages of this method. An initial step of the method
includes providing a substrate 420 made of, for example, a polycarbonate or acrylic
plastic thick enough to provide a desired level of mechanical stability. (Block 500 and
FIG. 22a).

[0085] A second step includes applying a material 440 from which the micro-
lens array is to be replicated on a surface 430 of the transparent substrate. (Block
510). This material may be, for example, a photopolymer epoxy, a polycarbonate, or
PMMA resin. Material layer 440 is then patterned to form the individual lenses in the
array. (Block 520 and FIG. 22a). This patterning step may be performed by any one of
a variety of methods. Preferably, the patterning step is performed in accordance with,
stamping operation performed by a master which contains the lens pattern thereon.
By forming a pattern in this manner, two or more lenses in the array may be
structurally varied in accordance with any of the techniques described herein in order
to achieve a desired screen resolution or image quality, prevent aliasing, define a

desired viewing range etc.

[0086] A third step includes coating a second surface 450 of the substrate with
a thin layer 460 of black masking material. (Block 530 aid FIG. 22b). The thickness
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of this layer may vary with the material employed but an order of magnitude of 250 nm has
been found to be preferable. Coating techniques include e-beam vacuum deposition,

sputtering, chemical vapor deposition, as well as other film-deposition techniques.

[0087] A fourth step includes forming apertures 470 in the mask layer. (Block
540 and FIG. 22d). This may be performed by directing pulsed laser radiation 480 (FIG. 22c)
through the curved surface of the lens. The laser radiation is pulsed with an energy sufficient
to form a hole of a desired width in the masking layer without, damaging the other features of
the lens or supporting substrate. Preferably, the laser is pulsed with an energy which is an

order of magnitude of 10 mJ.

[0088] An optional fifth step includes attaching a transparent layer 490 of
polycarbonate or other material to the mask latter to provide mechanical stability to the lens
screen. (Block 550 and FIG. 22d).

[0089] FIG. 23 is a flow diagram showing steps included in another method
for making a transmission screen as shown in FIG. 20, and FIGS. 24a-d show results obtained
at various stages of this method. The method includes as an initial step forming a lens array

610 using a stamping operation. (Block 700 and FIG. 24a).

[0090] A second step includes coating an opposing surface 620 of the array
with a photocurable adhesive 630 which, for example, may be UV curable. (Block 610 and
FIG. 24b). The photocurable adhesive is preferably one whose adhesive properties are
affected by exposure to UV light, suitably a photocurable adhesive that becomes non-adhesive
when exposed to UV light.

[0091] A third step includes directing a beam of light 630 through the lens
array. If a photocurable adhesive 630 is used that becomes non-adhesive upon exposure to
light of a predetermined frequency and intensity, then the light beam has a frequency (e.g.,
UV light) and intensity sufficient to cause the portions of the adhesive layer which are
exposed to the beam to become non-adhesive. (Block 620 and FIG. 24c).

18
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[0092] A fourth step includes applying a layer 650 of black mask material
over the adhesive layer. As a result of the third step, the mask material will adhere
only to those places which have not been irradiated, thereby leaving apertures in the
mask layer. (Block 630 and FIG. 24d).

[0093] In all the foregoing embodiments of the method of the present
invention, a one-to-onc correspondence has been shown between the lenses and
apertures, 1.¢., cach aperturc is shown to cmit a beam from only one of the respective
lenses. In order to achieve enhanced screen resolution and/or to diminish the effects of
aliasing or other image artifacts, the lenses and apertures may be formed so that each

aperture emits light from multiple lenses.

[0094]  Other modifications and variations to the invention will be
apparent to those skilled in the art from the foregoing disclosure. Thus, while only
certain embodiments of the invention have been specifically described herein, it will
be apparent that numerous modifications may be made thereto without departing from

the spirit and scope of the invention.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A light-transmission screen, comprising:
a lens array comprising a plurality of lenses for projecting light,
wherein at least one hundred lenses are assigned to each pixel of an image so as to

obtain a desired screen resolution.

2. The screen of claim 1, wherein a number of lenses assigned to provide light for each
pixel in the screen is sufficient to reduce aliasing below visible thresholds in an image produced by the
screen.

3. The screen of claim 1, further comprising a mask layer optically coupled to the lens
array and positioned on a viewing side of the lens array, wherein the mask layer comprises a plurality
of apertures.

4, The screen of claim 3, wherein the lens array is formed on a first side of a substrate.

5. The screen of claim 4, wherein the mask layer is coupled to a second side of the

substrate opposite said first side.

6. The screen of claim 3, wherein the mask layer and the lens array are formed on a first

side of a substrate.

7. The screen of claim 3, wherein each aperture in the mask layer is registered with a

corresponding lens in the lens array.

8. The screen of claim 1, wherein the lenses in said array sample an image at a spatial

frequency which reduces aliasing below visible thresholds.

9. The screen of claim 1, wherein spacing between lenses in the lens array is randomized to

reduce image artifacts.

10. The screen of claim 9, wherein the image artifacts comprise moire or partial coherence

effects.
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1l The screen of claim 1 wherein the plurality of lenses are less than approximately 25

microns in radius.

12. A light-transmission screen, comprising:
a lens array comprising a plurality of lenses for projecting light,
wherein at least two lenses are assigned to each pixel of an image so as to obtain a desired
screen resolution; and
wherein spacing between two adjacent lenses is less than approximately 105% of a diameter

of one of the two adjacent lenses.

13. A light-transmission screen for displaying an image, comprising:

a lens array comprising a plurality of lenses for projecting light;

a mask layer, comprising a plurality of apertures, optically coupled to the lens array and
positioned on a viewing side of the Jens array, wherein each aperture is registered to a corresponding
lens in the lens array and is adapted to pass light from its corresponding lens;

wherein each pixel of the image is generated by light from at least one hundred

lens/aperture combinations.
14. The screen of claim 13, wherein a number of lens/aperture combinations assigned to
provide light for each pixel in the screen is sufficient to reduce aliasing below visible thresholds in an

image produced by the screen.

15.  The screen of claim 13, wherein a number of lens/aperture combinations assigned to

provide light for each pixel in the screen is sufficient to obtain a desired screen resolution.

16. The screen of claim 13, wherein the lens array is formed on a first side of a substrate.

17. The screen of claim 16, wherein the mask layer is coupled to a second side of the

substrate opposite said first side.

18. The screen of claim 13, wherein the mask layer and the lens array are formed on a first

side of a substrate.

19. The screen of claim 13, wherein spacing between lenses in the lens array is

randomized to reduce image artifacts.

21

-24-




2004253109 21 Oct 2008

10

15

20

25

30

20.  The screen of claim 19, wherein the image artifacts comprise moire or partial

coherence effects.

21. A rear projection display comprising the light-transmission screen of claim 13.

22,  The screen of claim 13 wherein the plurality of lenses are less than

approximately 25 microns in radius.

23. A light-transmission screen for displaying an image, comprising:

a lens array comprising a plurality of lenses for projecting light;

a mask layer, comprising a plurality of apertures, optically coupled to the lens
array and positioned on a viewing side of the lens array, wherein each aperture is registered to
a corresponding lens in the lens array and is adapted to pass light from its corresponding lens;

wherein each pixel of the image is generated by light from at least two lens/aperture
combinations; and,
wherein spacing between two adjacent lenses is less than approximately 105% of a

diameter of one of the two adjacent lenses.

24. A light-transmission screen, comprising:
a lens array comprising a plurality of lenses for projecting light,
wherein at least two lenses are assigned to each pixel of an image so as to

oversample the image by at least ten times the Nyquist rate.

25.  The screen of claim 24, wherein a number of lenses assigned to provide light
for each pixel in the screen is sufficient to reduce aliasing below visible thresholds in an
image produced by the screen

26.  The screen of claim 24, further comprising a mask layer optically coupled to

the lens array and positioned on a viewing side of the lens array, wherein the mask layer

comprises a plurality of apertures.
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27.  The screen of claim 26, wherein the lens array is formed on a first side of a

substrate.

28.  The screen of claim 27, wherein the mask layer is coupled to a second side of

the substrate opposite said first side.

29. The screen of claim 26, wherein the mask layer and the lens array are formed

on a first side of a substrate.

30.  The screen of claim 26, wherein each aperture in the mask layer is registered

with a corresponding lens in the lens array.

31.  The screen of claim 24, wherein the lenses in said array sample an image at a

spatial frequency which reduces aliasing below visible thresholds.

32.  The screen of claim 24, wherein spacing between two adjacent lenses is less

than approximately 105% of a diameter of one of the two adjacent lenses.

33.  The screen of claim 24, wherein spacing between lenses in the lens array is

randomized to reduce image artifacts.

34.  The screen of claim 33, wherein the image artifacts comprise moire or partial

coherence effects.

35.  The screen of claim 24 wherein the plurality of lenses are less than

approximately 25 microns in radius.

36. A light-transmission screen for displaying an image, comprising:
a lens array comprising a plurality of lenses for projecting light; and
a mask layer, comprising a plurality of apertures, optically coupled to the lens
array and positioned on a viewing side of the lens array, wherein each aperture is registered to

a corresponding lens in the lens array and is adapted to pass light from its corresponding lens;
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wherein each pixel of the image is generated by light from at least two lens/aperture

combinations so as to oversample the image by at least ten times the Nyquist rate.

37.  The screen of claim 36, wherein a number of lens/aperture combinations
assigned to provide light for each pixel in the screen is sufficient to reduce aliasing below
visible thresholds in an image produced by the screen.

38.  The screen of claim 36, wherein a number of lens/aperture combinations
assigned to provide light for each pixel in the screen is sufficient to obtain a desired screen

resolution.

39.  The screen of claim 36, wherein the lens array is formed on a first side of a

substrate.

40.  The screen of claim 39, wherein the mask layer is coupled to a second side of

the substrate opposite said first side.

41.  The screen of claim 36, wherein the mask layer and the lens array are formed

on a first side of a substrate.

42.  The screen of claim 36, wherein spacing between two adjacent lenses is less

than approximately 105% of a diameter of one of the two adjacent lenses.

43.  The screen of claim 36, wherein spacing between lenses in the lens array is

randomized to reduce image artifacts.

44.  The screen of claim 43, wherein the image artifacts comprise moire or partial

coherence effects.

45. A rear projection display comprising the light-transmission screen of claim 36.
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46.  The screen of claim 36 wherein the plurality of lenses are less than

approximately 25 microns in radius.

47. A light-transmission screen, comprising:
a lens array comprising a plurality of lenses for projecting light,
wherein more than three lenses are assigned to each pixel of an image so as to obtain

a desired screen resolution.

48.  The screen of claim 47, wherein a number of lenses assigned to provide light
for each pixel in the screen is sufficient to reduce aliasing below visible thresholds in an
image produced by the screen.

49.  The screen of claim 47, further comprising a mask layer optically coupled to
the lens array and positioned on a viewing side of the lens array, wherein the mask layer

comprises a plurality of apertures.

50.  The screen of claim 49, wherein the lens array is formed on a first side of a

substrate.

51.  The screen of claim 50, wherein the mask layer is coupled to a second side of

the substrate opposite said first side.

52.  The screen of claim 49, wherein the mask layer and the lens array are formed

on a first side of a substrate.

53.  The screen of claim 49, wherein each aperture in the mask layer is registered

with a corresponding lens in the lens array.

54.  The screen of claim 47, wherein the lenses in said array sample an image at a

spatial frequency which reduces aliasing below visible thresholds.
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55.  The screen of claim 47, wherein spacing between two adjacent lenses is less

than approximately 105% of a diameter of one of the two adjacent lenses

56.  The screen of claim 47, wherein spacing between lenses in the lens array is

randomized to reduce image artifacts.

57.  The screen of claim 56, wherein the image artifacts comprise moire or partial

coherence effects.

58.  The screen of claim 47 wherein the plurality of lenses are less than

approximately 25 microns in radius.

59. A light-transmission screen for displaying an image, comprising:
a lens array comprising a plurality of lenses for projecting light; and
a mask layer, comprising a plurality of apertures, optically coupled to the lens
array and positioned on a viewing side of the lens array, wherein each aperture is registered to
a corresponding lens in the lens array and is adapted to pass light from its corresponding lens;
wherein each pixel of the image is generated by light from more than three

lens/aperture combinations.

60.  The screen of claim 59, wherein a number of lens/aperture combinations
assigned to provide light for each pixel in the screen is sufficient to reduce aliasing below
visible thresholds in an image produced by the screen.

61.  The screen of claim 59, wherein a number of lens/aperture combinations
assigned to provide light for each pixel in the screen is sufficient to obtain a desired screen

resolution.

62.  The screen of claim 59, wherein the lens array is formed on a first side of a

substrate.
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63.  The screen of claim 62, wherein the mask layer is coupled to a second side of

the substrate opposite said first side.

64.  The screen of claim 59, wherein the mask layer and the lens array are formed

on a first side of a substrate.

65.  The screen of claim 59, wherein spacing between two adjacent lenses is Jess

than approximately 105% of a diameter of one of the two adjacent lenses.

66.  The screen of claim 59, wherein spacing between lenses in the lens array is

randomized to reduce image artifacts.

67.  The screen of claim 66, wherein the image artifacts comprise moire or partial

coherence effects.

68. A rear projection display comprising the light-transmission screen of claim 59.

69. The screen of claim 59 wherein the plurality of lenses are less than

approximately 25 microns in radius.
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