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1. Field of Invention

15 This invention is directed to a direct view displa'y devices as for
example, a liquid crystal display device. More preferably, this
invention relates to such displays which incorporate arra'y_s of tapered

o optical waveguides to achieve relatively high light transmission, high
- contrast, and large viewing angles. )

20

2.  Description of Related Art

_Display devices as for example projection display devices, off
screen display devices and direct view displays are known. See for
example, EPO 0 525 755 A1; U.S. Patent Nos. 4,659,185;

25 5,132,830; 5,159,478; Japanese Publication Nos. 245106 and
42241. Such displays are used in a wide range of applications which
include computer terminais, airplane cockpit displays, automotive | :
instrumen't panels, televisions and other devices that provide text, I |

- graphics or video information. Such displays can replace conventional s

30 cathode fay tube displays due to advantages of srhaller volume,
reduced weight, and lower power consumption.

Cor_wentional direct view displays as for example liquid crystai
displays suffer from a number o'f inherent disadvantages. For
example, at high viewing angles (Iarge angles from the direction

35 normal to the surface of the display), such displays suffer from low
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;Backgroa'n’d of the Invention 1. Field of the Invention Thi s
Anvention is directed to a direct view display devices as for exanple, a
_liquid crystal display device. Mre preferably, this invention relates to
“such di splays which incorporate arrays of tapered

-2-

contrast and changes in visual chromaticity as the viewing angle
changes.

Summary of the. invention
5 The present invention is directed to a direct view flat panel
display comprising: ' |
(@) light generating means for generating light;

(b}  modulating means for modulating light from said light

generating means to form an image; and

10 : {c) image display means for displaying said image from said
modulating means positioned adjacent to the light output surface of
said modulating means, said diéplav meéns comprising an array of
tapered optical waveguides on a planar substrate the tapei'ed end of
each of said waveguides eXtending outward from said substrate and

15 having a light input surface adiacent said substrate and a light output
surface distal from said light input surface, wherein:

(i} the area of the light input'surface of each waveguide is
greater than the area of its light output surface, and the center-to-
center distance between the light input surfaces of adjacent

2'0 waveguides in said array is equal to the center—to—center distance |
between the light output surfaces thereof, so that the angular -
distribution of light emerging from the output surfaces of the

- waveguides is larger than the angular distribution of light entering the
waveguides; and

25 (iiy the wa\)eguidas in said array are separated by interstitial
regions with a lower r_'efracti\)e index than the refractive index of said
waveguides. |

In the preferred embodiments of this invention, the device
further comprises
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‘optical waveguides to achieve relatively high light transm ssion, high
contrast, and |arge view ng angl es. 2. Description of Related Art

.Di splay devices as for exanple projection display devices, off screen

di spl ay devices and direct view displays are known. See for exanple, EPO O
525 755 Al; U. S. Patent Nos. 4,659,185; 5,132,830; 5,159, 478; Japanese
Publication Nos. 245106 and 42241. Such dispkays are used in a wde range
of applications which include conputer termnals, airplane cockpit

di splays, autonotive {(d)sinputeight poeizing redans ﬁosiﬁenedld)ewvbeh &Ry liges t hat
provide text, generating means and said modulating means for polarizing light
| generated by said generating means; and
(e) output light polarizing means positioned between said
5 modulating means and said image display means for polarizing light
emitted from said modulating means. - -
In another preferred embodiment of this invention, the flat panel
display of this invention further comprises
(f) light-collimating means for collimating light from said

10 generating means positioned adjacent to the light input surface of the
input polarizer of said modulating means, said light-collimating display
means comprising an array of tapered optical waveguides on a planar
substrate, the tabered end of each waveguide extending outward from
said substrate and having a light output surface adjacent said .

15 substrate and a light input surface distal said light output surface,
wherein:

(i) the area of the light input surface of each waveguide is
smaller than the area of its light output surface, and the center-to-
“center distance between the light input surfaces of adjacent _

20 waveguides in said array is equal to the center-to-center distance
'be‘tween the light output surfaces thereof, so that the divergent light
from an uncolhmated illumination system is partially collimated upon
emergence from their output surfaces, and

(ii) the waveguides in said array are separated by ihterstitial

25 regions with a lqwer refractive index than the refractive index of said

waveguides. | |

The direct view display device of this invention exhibits several
advantages over known devices. For example, the device of this
ir!vention 'has relatively high contrast and reduced changes in visual

30 chromaticity as a function of viewing angle.
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graphics or video information. Such displays can replace conventi onal

cat hode ray tube displays due to advantages of smaller volune, reduced

wei ght, and | ower power consunpti on. Conventional direct view

di spl ays -as for exanple liquid crystal displays suffer froma nunber of

I nherent di sadvant ages. For exanple, at high view ng angles (large angles
fromthe direction normal to the surface af =the display), such displays
suffer fromlow '

Brief Description of the Drawings

The invention will be more fully understood and further

advantages will become apparent when reference is made to the
5 following detailed description of the invention and the accompanying
drawings in which:
~ FIG.1isa cross-sectional view of an embodiment of a preferred
liquid crystal. display constructed in accordance with the present
~ invention. ' |

10 FIG. 2 is an éxploded sectional view of an array of tapered
waveguides with straight sidewalls.

FIG. 3 is an array of tapered waveguides with rectangular cross-
sectnons vaewed in perspective. ' | -

_ FIG. 4 is an array of tapered waveguides with round cross-
15 sections viewed in perspectlve.
" FIG. 5 is a sectional view of a single tapered waveguide with
straight sidewalls. B

FIG. 6 shows the theoretical non-imaging optical properties of a

single tapered waveguide having straight sidewalls and a taper angle
20 of 4.6°. | -

FIG. 7 shows the theoretical non-imaging optical properties of a
single tapered wavéguide having straight sidewalls and a taper angle
of 8¢,

| FIG.8 is an exploded sectional view of an array of tapered
25 waveguides with curved sidewalls. _
_ FIG. 9 shows a preferred embodiment of the present invention
wherein the interstitial regions between wav'eguides contain an -
optically absorptive material. -
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--2- contrast and changes in visual chromaticity as the viewng angte—

changes. Summary of the Invention
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FIG. 10 shows a preferred embodiment of the present invention

-5

wherein the output faces of the waveguide array are covered by a
transparent protective layer. = '.

FIG. 11 shows a preferred embodiment of the present invention
wherein the output faces of the waveguide array are covered by a
transparent protective layer incorporating an array of lenses.

FIG. 12 |llustrates,"aé;rl;‘;e;:eld'prog'eq:s’for the formation of a
tapered waveguide array of the present invention. _

FIG. 13 is a cross-sectional view of another embodiment of a
liquid crystal display constructed_in accordance with the present
invention. _

FIG. 14 is a cross-sectional view of another embodiment of a
liquid cryéta'l display constructed in accordance with the present -
invention. _

FIG. 15 is a cross-sectional view of another embodiment of a
liquid crystal display constructed in accordance with the present
invention. _

- FiG. 16 is a cross-sectional view of another embodiment of a
liquid crystal dispiay constructed in accordance with the present
invention. o _ '

FIG. 17 shows a preferred embodiment of a collimating array of
tapered waveguides. '

Description of the Preferred Embodiments
The present invention is directed to a direct-view device of the
type wherein the image being displayed is generated in the immediate
proximity of the display screcn. Such devices include emissive display
devices as for example gas discharge, plasma pancl,

'electrolum_inescent, light-emitting diode, diode laser, vacuum

fluorescent and flat cathode-ray tube and non-emissive display devices
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‘The present invention is directed to a direct view flat pan di spl ay
conpri si ng: (a) light generating neans for gene,hati ng light; | )
(b)  nodul ating neans for nodul ating light from said '}t HesBeerokdphgeq

means to forman i nmage; and - (c) image display ne; '_ | i ng
"said image from sai d nmodul ati ng means positioned adj acenik§iig¥ g o
out put surface of said nodul ati ng neans, sabd=di spl ay means conpri sitttg an

array of tapered optical waveguides on a planar substrate the tapered end
of each of sai d a&femgexaroplesinuiticrystalineaeléctroshremisin scaildidalt e and havi ng

3i ls't glht f Ir gﬁquts ais géLanp;eE\s?qd%Sqi?e&tgﬁ&é\geegoP ' 5@(& %_le%rtlpo%etl:r'mgnr}ct:aﬁu‘}’ﬁg tde%%Jcref gfc ©
this invention has improved display means which obviates all or
portion of the deficiencies of known direct view flat panel image
| 5 display devices such_a's low contrast and large changes in visual
chromaticity at high viewing angles, i.e. large angles from the
direction normal to the surface_' of the display. ._

The preferred embodiments of this invention will be better

understodd by those of skill in the art by reference to the above
10 figures. The preferred embodiments of this invention illustrated in the
figures are not inténded to be exhaustive or to limit the invention to
the precise form disclosed. They are chosen to descr'ibe dr to best
~ explain the princibles of the invention, and its application and practical -
use to thereby enable others skilled in the art to best utilize the
15 invention.

One breferred embodiment of a displéy of this invention is
shown in FIG. 1 represented by the number 10. The display is
composed of a light generating means 12, optional reflecting and/or
diffusing element 14, optional input light polarizing means 16, a

20 modulating means 18, optional output light polarizing means 20 and
image display means 22 positioned in contact with the output surface
of polarizer 20. Image display means 22 is comprised of substrate 24,
adhesion promoting layer 26 and an array of tapered waveguides 28
separated by interstitial regions 33. The exact features of light |

25 generating means 12, diffusing means 14, input light polarizing means
16, modulating means 18 and output light polarizing means 20 are not
critit_:al and can vary widely and any Such elements conventionally
used in the art may be employed in the practice of this invention.
lllustrative of useful .Iig'ht generating means 12 are lasers, fluorescent

30 tL;bes, light emitting diodes, incandescent lights, sunlight and the like.
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\
{i) +the area of the light input surface of each wavegw de is greater~than
the area of its light output surface, and the cent er etcﬂan&eﬁR hstance

between the light input surfaces of adjacent wavegui j‘ eé'y S
equal to the center-to-center distance between the || f.aces
thereof, so that the angular distribution of [ight energin he - out put

surfaces of the waveguides is |arger thar t7the angul ar distribution of |ight
entering the wavegui des; and (ii) the waveguides in said array are
separated by interst Use#fill neéigtting anidydr aiff\sweg miednsatd ivgludedeetalligan t he
refractive index of said wavegui des In the preferred enbodi nents of
this invention, rgfﬁ@tgéﬁ,,@gtal Cc ated‘3 glass mirrors, phosphor screens, reflectors

coated with white surfaces such as titanium dioxide layers and the

like. | _

5 ‘Exemplary of useful input Iight polarizing means 16 and ou_tpdt

light polarizing means 20 are plastic sheet polaroid material and the

like. IMustrative of useful modulating means 18 are liquid crystal cells,

electrochromic modulators, and lead zirconium lanthanum titanate

(PZLT) modulators. For emissive display devices as for example -

10 plasma panel displays the light generating means 12 and the light
modulating means 18 can be functionally combined. Preferred |
modulating means 18 for use in the practice of this invention are liquid
crystal cells. The liquid crystal material in liquid crystal cell 18 can =
‘vary widely and can be 6ne of several types including but not limited

15 to twisted nematic (TN) material, super-twisted nematic (STN) material
and polymer dispersed liquid crystal (PDLC) material.

The structure of image display means 22 and its positioning is
critical to the imprdved contrast and viewing angle and chromaticity
provided by the apparatus of this invention. In FIG.1, image display

20 means 22 is'positione'd in "proximity” to pdlérizing means 20 which -
|tself is in "proximity” with modulating means 18. In those
embodiments of the mvenﬂon which do not include optional po!anzmg
means 20, image displays means 22 is positioned in proxlmnty to
modulating means 18. As used herein, "proximity” means in intimate

25 physical contact or closely positioned (preferably within about 1 in.,
more preferably within about 0.75 in., most preferably within about
0.5 in. and within about 0.25 in. in the embodiments of choice) so
that light does not have to be "projected” from one element to the
next through space as in the case with projection systems such as

30 those described in U.S. Patent Nos. 4,573,764; 4,688,093;




-further conprises . -3-
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4.955,937; and 5,005,945. The device of FIG. 1 includes optional
polarizing means 20 and when such polarizing means 20.is not
included , the image display display means 22 is positioned in
proximity to modulating means 18.

FIG. 2 shows an exploded sectional view of image display
means 22. The image display means is composed of a substrate 24.
adhesion promoting layer 26 and an array of tapered waveguides 28.
The tapered waveguides 28 have a light input surface 30, light output
surface 31, sidewalls 32 and are separated by interstitial regions 33
with a lower refractive index than the refractive index of said
waveguides. Input surface area 30 of each tapered waveguide 28 is
positioned adjacent to the adhesion prorﬁoting layer 26 and is larger
than output surface area 31 of each waveguide 28, which in the -
embodiments of FIGs. 1 and 2 results in a tapered structure. The
structure and positioning of waveguides 28 are critical. As shown in
FIG. 2, the area of light input surface 30 of each waveguide 28 is
gréater than the area of its light output surface 31, and the center-to-
center distance between light input surfaces 30 of adjacent '
wavegdide; 28 in said array is equal or substantially equal to the
center-to-center distance between light output surfaces 31 thereof, so
that the angular distribution of light emerging from output surfaces 31
of waveguides 28 is larger than the angular distribution of light
entering input surfaces 30 of waveguides 28. In order that the
resolution of the image formed by modulating means 18 not be
degraded as it traverses image display means 22, it is preferred that
the center-to-center distance between light input surfaces 31 of
adjacent waveguides 28 is equal to or less than the center-to-center

distance between adjacent pixels of modulating means 18. In FIG. 2,

sidewalls 32 are shown as straight. However, shape of sidewalls 32
is not critical and sidewalls can be straight or curved.

heet Has Been Replaced
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(d) input light polarizing neans positioned between said |ight generating
means and sai d nodul ating nmeans for polarizing |ight generated by said
generating nmeans; and (e) output |ight polarizing means positioned
bet ween said nodul ating nmeans and said image display nmeans for polarizing
light emtted fromsaid nodul ati ng neans. I n another preferred
enbodi ment of this invention, the flat pan@ =display of this invention
further conprises (f)-Iight-coIIinating means for collimating |ight
from sai d generati ng TRBA{9S$88rtPD @ tapesed vaveguide: 28 igha planeuparallef ace

o (e 1 nPUt Potdithe Qurfabe Y ihdfRitbplay WedRE's2 i fald SR) sRgpb’ ™! N9
: including a square, a rectangie, any equilateral polygon, a circle or an
oval. FIG. 3 shows an array composed of tapered waveguides 28
5 with rectangular cross-sections viewed in'pe'rspective. FIG. 4 shows a
similar view of an array composed of tapered waveguides 28 which
have circular cross-sections. Examples of shapes for the entire
waveguide 28 include right circular cones, right oval cones, right
square p.yramid's, and right rectangular pyramids, any of which may be
10 whole or truncated.
. The.optical properties, i.e. contrast and change in chromaticity
as a function of viewing angle, of an array of tapered waveguides 28
“are determined by the shape, size and physical arrangement of the -
individual waveguides 28. In FIG. 2, the center-to-center distance
15 between light input surfaces 30 of adjacent waveguides 28 is equal or
substantially equal to the center-to-center distance between the light
output surfaces 31 of adjacent waveguides 28. Therefore, an optical
image entering the array at input surfaces 30 will be neither
magnified or demagnified after traversing the array.
20 Substrate 24 of waveguide array 22 in FIG. 2 is transparent to
light within the wavelength range f_rdm about 400 to about 700 nm.
The index of refraction of the substrate 'may range from about 1.45 to
about 1.65. The most prefeired index of refraction is from about 1.50
_ to about 1.60. The substrate may bé made from any transparent solid
25 material. Preferred materials include trans.parent polymers, glass and
fused silica. Desired characteristics of these materials include
mechanical and optical stability at typical operating temperatures of
the device. Compared with glass, transparent polymers have the |
added advantage of structural flexibility which allows display means
30 Zé to be formed in large sheets and then cut and laminated to the
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‘means conprising an array of tapered optical wavegui des on a pl anar
substrate, the tapered end of each wavegui de extendi ng outward from said
.Substrate and having a |light output surface adjacent said substrate and a
light input surface distal said |light output surface, wherein: (1)
the area of the light input surface of each waveguide is.snmaller than the
area of its light output surface, and the &@nter-to- center distance
between the light input surfaces of adjacent waveguides in said array is
equal to the cemusput potasizeeof ghe liguisectystaletisplaie Moghprefernedtmatariases

e ot 0 etiot S6n A 2B i sl e Bt el et e 1 Lum et on

and The tapered optical waveguides 28 of the arrays shown in FIG.
2, FIG. 3 and FIG. 4 are formed from a transparent solid material

5 having a higher index of refraction interstitial regions 33 between the

waveguides. Light rays which enter aneguide 28 through input
surface 30 (shown in FIG. 2) and thereafter are incident on side
surfaces 32 of the waveguide at angles greater than the critical
angle{as defined by Snell’s Law) will undergo one or more total

10 internal reflections from the side surfaces 32 and, in most cases,
emerge from waveguide 28 through output surface 31. A few light
rays may pass through the side surfaces 32 or be reflected back to
the input surface 30. The operational function of waveguide 28 -
differs from a lens in that a lens does not utilize total internal

15 reflection.

When waveguide 28 has a taper such that the area of the
output surface 31 is smaller than the area of input surface 30, the
angular distribution of the light emerging from output surface 31 will
be larger than the angutar distribution of the light entering the input

20 surface 30. Image display means 22 having an array of tapered
waveguides 28 placed at the output surface of modulating means 18
will alter the angular distribution of output light from modulating
rheans 18 such that the image from modulating meéns 18 can be
viewed at higher éngles. It is preferred that the area of output surface

25 31 of each waveguide 28 be from about 1 to about 50% of the area.
of the input surface 30. It is more preferred that the area of the
output suffacé 31 be from about 3 to about 25% of the area of the
input surface 30. It is most preferred thé_t the area of output surface

31 be from about 4 to about 12% of the area of input surface 30.
» /
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{i1i) the waveguides in said array are separated by interstitial regions
with a lower refractive index than the refractive index of said wavegui des.
The direct view display device of this invention exhibits several

advant ages over -known devices. For exanple, the device of this invention
has rel atively high contrast and reduced changes In visual chromaticity as
a functlon of vi ewi ng angl e. '

In order that image dasplav means 22 has high overall light
throughput, it is preferred that the sum of the areas for all waveguide
input surfaces 30 be greater than 40% of the total area of substrate
24 of the array. It is more preferred that the sum of the areas for all

5 waveguide input surfaces 30 in image disblay means 22 be greater
than 60% of the total area of substrate 24 of the array. It is most
preferred that the sum of the areas for all waveguide input surfaces
30 in image dnsplay means 22 be greater than 80% of the total area of

~ substrate 24 of the array. |

10 Tapered waveguides 28 can be constructed frbm any
transparent solid polymer material. Preferred materials have an index
of refraction between about 1.45 and about 1.65 and include
polymethylmethacrylate, polycarbonate, polyester, polystyrene and -
polymers formed by photopolymerization of acrylate monomers. More

15 preférred materials have an index of refraction between about 1.50
and about 1.60 and include polymers formed by photopdlymerization
of acrylate monomer mixtures composed of urethane acrylates and
methacrylates, ester acrylates and methacrylates, epoxy acrylates and
methacrylates, (poly) ethylene glycol acrylates and methacrylates and

20 vinyl containing orgariic monomers. Useful monomers include methyl
methacrylate, n-butyl acrylate, 2-ethylhexyl acrylate, isodecyl acylate, |
2-hydroxyethyl acrylate, 2-hydroxypropyl acrylate, cyciohexyl acrylate,
1.4-butanediol diacrylate, ethoxylated bisphenol A diacrylate,
neopentylglycol diacrylate, diethyleneglycol diacrylate, diethylene

- 25 glycol dimethacrylate, 1,6-hexanediol diacrylate, trimethylol propane

triacrylate, pentaerythritol triacrylate and pentaerythritol tetra-acrylate.
Especially useful are mixtures wherein at least one monomer is a |
multifunctional monomer such as a diacrylate or triacrylate, as these
will p}oduce a network of crosslinks within the reacted photopolymer.

30 The most preférred materials for use in the method of the invention

.
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- 4- Brief Description of the Draw ngs The
jgnvention will be more fully understood and further advantages will become
‘apparent when reference is nade to the follomnng detail ed description of
the invention and the acconpanyi ng

- 12 -

are crosslinked polymers formed by photopolymerizing mixtures of
ethoxylated bisphenol A diacrylate and frim_ethylol propane triacrylate.
The index of refraction of the most preferred materials ranges from .
about 1.53 to about 1.56. It is not essential that the refractive index

5 of the transparent solid material be homogeneous throughout the
waveguide element. It may be advantageous to cause to be present,
inhomogeneities in refractive index, such as striations or scattering
particles or domains, as these inhomogeneities may further increase
the divergence of light from the output of the waveguide array. -

10 The index of refraction of interstitial region 33 between the
waveguides 28 must be less than the index of refraction of the
waveguides. Preferred materials for interstitial regions include air,
with an index of refraction of 1.00, and fluoropolymer materials with
an index of refraction ranging from about 1.30 to about 1.40. The

15 most préferred material is air.

The adhesion 'prornoting layer 26 of the array of tapered
waveguides 28 shown in FIG. 2 is an organic material that is light'
transmissivé and that causes the waveguides 28, especially
waveguides formed from polymers as for example photocrosslinked

20 ac'rylate monomer materials, to adhere strongly to the substrate 24,
Such materials are well known to those skilled in the art and will not
be described herein in great detail. For example, if substrate 24 is
glass and wavqguide's 28 are formed by photocrosslinking acrylate
monomer materials, then appropriéte adhesion promoting layers can be

25 | formed by reacting the glass surface with certain types of silane |
compounds including 3-(trimethoxysily|ipropyl methacrylate or 3-
acryloxypropy! trichlorosilane. The thickness of adhesion promotion
layer 26 is not critical and can vary widely. Usually, the thickness of
the layer is as used in conventional direct view flat panel display

/
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-drawi ngs i n which: - FIG 1 is a cross-sectional view of an enbodi nent
of a preferred liquid crystal display constructed in accordance with the
present invention. FIG. 2 i's an expl oded sectional view of an array
of tapered wavegui des with straight sidewalls. FIG 3 is an array of
t apered wavegui des with rectangul ar cross- sections viewed in perspectlve
FIG 4 is an array of tapered wavegui des=wkBh=round cross- sections vi ewed
in perspective. FIG 5 is a sectional view of a single tapered
wavegui de with gervg;q;qtlrgmgamfeged embodiments of the invention, adhesion

promoting layer 26 is less than about 1 micrometer thick.
A single tapered waveguide 28 with input surface 30, output
surface 31 and straight sidewalls 32 is shown in FIG. 5. If tapered
5 straight sidewalls 32 in the drawing are extended until they intersect,
they form taper angle 36. Desired values for taper angle 36 range
from about 2 degrees to about 14 degrees. More preferred values for
taper angle 36 range from about 4 degrees to about 12 degrees.
Most preferred values for taper angle 33 are from about 6 degrees to
10 about 10 degrees. °
The length of tapered waveguide 28 has dimension 34.
Dimension 35 is the mininum transverse distance across waveguide
input surface 30. For example, if input surface 30 has the shépe of-a
square, dimension 35 is the length of one side of the square. If input
15 surface 30 has a rectangular shape, dimension 35 is the smaller of the
two side dimensions of the rectangle. The specific values for
dimension 35 may vary widely depending on the center-to-center
distance between adjacent pixels of modulating means 18. In order
that the resolution of the iniage formed by'modulating means 18 not
20 be degraded, dimension 35 should be 'equal 10 of less than the center-
to-center distance between adjacent pixels of modulating means 18.
For example, if the center-to-center distance between adjacent ;pixéls
in modulating means 18 is 200 microns, then dimension 35 is
generally in the range from about 5 mickpns to about 200 microns,
25 more preferably from about 15 microns to about 200 microns and
most preferably from about 25 microns to about 100 microns. |
Once dimension 35 is chosen, dimension 34 can be specified by
the ratio of dimension 34 to dlménsion 35. The ratio of dimension 34
to dimension 35 may vary widely depending on how much one wishes
30 to.increase the angular distribution of light emerging from the output

—_
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‘FIG 6 shows the theoretical non-inmaging optical properties of a single

t apered wavegui de having straight sidewalls and a taper angle of 4.6.

FIG 7 shows the theoretical non-inmaging optical properties of a single

t apered wavegui de having strai ght sidewalls and a taper angle of 8.

FIG 8 is an expl oded sectional view of an array of tapered wavegui des with
curved sidewal I's. FIG 9 shows a pretérred enbodi ment of the present
invention wherein the interstitial regions between wavegui des contain an
optical |y absor gtrfaeenht epmpared to the angular distribution of light entering input

surface 30. The ratio of dimension 34 to dimension 35 is usually from
about 0.25 to about 20. It is more preferred that the ratio of
dimension 34 to dimension 35 be from about 1 to about 8. It is most
5 preferred that the ratio of dimension 34 to dimension 35 be from
~ about 2 to about 4.
The non-imaging optical properties of tapered waveguides 28
can be modeled using a non-sequential ray tracing computer program.
| FIG. 6 shows the output distribution of a particular tapered waveguide

10 assuming an input of 10,000 light rays randomly distributed over the
input surface 30 of the cone and randomly distributed over input
angles of -10 to + 10 degrees. The cone that was modelled in FIG. 6
has a square input surface 30 that is 45 microns on a side, a square-

| output surface 31 that is 25 microns on a side, a length 34 of 125

15 microns, straight sidewalls 32 and a taper angle 36 of 4.6 degrees.

~ The output area of surface 31 is 31% of the area of input surface 30.
The tapered waveguide has improved the light distribution from the
input range of -10 to + 10 degrees to approxlmately -30 to +30
degrees.

20 The output light distribution of a different and more preferred
tapered waveguide configuration is illustrated in FIG. 7. Tapered
waveguide 28 has a square input surface 30 that is 46 microns on a
side, a square output surface 31 that is 10 microns on a side, a length
34 of 125 rnicrons' , straight sidewalls 32 and a taper angle 36 of 8

25 degrees. The output area of surface 31 is 5% of the area of input

| surface 30. Using an input light ray distribution of -10 to +10
degrees results in a calculated output distribution of approximately -80
to +80 degrees. The output distribution shown in FIG. 7 is a-
significant-'improvement conipared to the distribution illustrated in FIG.

30 6. it should be noted that increasing or decreasing dimensions 34 and
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«5- FIG 10 shows a preferred enbodi nent of t fmventi on
wherein the output faces of the wavegui de array are coyersﬁ-zd Y Bé&n Replaced

N L

35 by the same muitiplicative factar will not change the properties of

- 15 =

the output light distribution as long as both the ratio of output area to _
input area and the taper angle are not changed. |
A further embodiment of the present invention is illustrated in
5 FlG. 8. Image display means 22 is composed of a substrate 24, an
adhesion promoting layer 26 'and individual tapered waveguides 28.
Waveguides 28 have curved sidewalls 38 instead of straight sidewalls
as was previously shown in FIG. 2. The preferred relationships
between the area of the output surface 40 and the area of the input
10 surface 39 are the same as the preferred relationships previously
stated for tapered waveguides 28 with straight sidewalls. In
particular, it is preferred that the area of output surface 40 of each
waveguide 28 be from about 1 to about 50% of the area of iripu_t -
surface 39. It is more preferred that the area of the output surface 40
15 be from about 3 to about 25% of the area of input surface 39. Itis
most preferred that the area of output surface 40 be from about 4 to
about 12% of the area of input surface 39.
A preferred embodiment of the present invention in Which the
interstitial regions 33 between tapered waveguides are filled with a
20 light absorptive material, as for example light absorptive bléck
particulate material 41 is shown in FIG. 9. By utilizing a light
absorptive material in interstitial regions 33, the direct view display
device has higher contrast and less ambient light is reflected back to
the observer. 'It is preferred that light absorptive particles 41 be used
25 for the interstitial regions rather than a continuous black material in
order to minimize the area of black material in contact with side
surfaces 32 of the waveguides. A continuous black material in
interstitial regiohs 33 would result in excess absorption loss to light
transmitted throu'gh waveguides 28. Any light absorptive material can
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-transparent protective |ayer. FIG 11 shows & preferred—enbodinent of
the present invention wherein the output faces of t%m\g@ééﬁgu de array are

covered by a transparent protective |ayer incorporjati cefl enses.
"FIGS. 12A, 12B, and 12C illustrate a preferred procef’H"m” ‘Wlmat i on
of a tapered wavegui de array of the present inventio 13 is a
cross-sectional view of another enbodi nemt 16f =a |iquid crystal displ ay
constructed in accordance with the present invention. - FIG 14 is a
cross-sectional bg usedto daun nartielesdti rré'mesefmateria&mcaw @wdeataf:eldw ay
constructed in aoqg&gggﬂﬁe wi th the present

A further embodiment of the present invention as shown in FIG.
10 Whic_h incarporates protective layer 42 over output ends of the
5 _tapered waveguides 28. Protective layer 42 prevents mechanical
damage to the output surfaces of waveguides 28 and also serves to |
confine light absorptive particulate material 41 to interstitial regions
33 between waveguides 28. Protective layer 42 is composed of a
transparent backing material 43 as for example the material used to
10 form substrate 24 and optionally and preferably anti-reflective film 44
- formed from a material such as magnesium fiuoride, which reduces
specular reflections of ambient light from the surface o'f waveguide
array 22. | | . -
_' In FIG. 11, an embodiment of the present invention is illustrated
15 which utilizes a protective layer 45 which includes an array of
negative lenses 46. Each lens 46 is formed on substrate 48 and is
aligned with the output end 310f waveguide 28. Lens 46 is
composed of a material with a lower refractive index than the
overcoat' layer 50. The advantage of incorporating an array of
20 'negative lenses with the image display means 22 is that the resulting
display wnll have increased viewing angle
Arrays of tapered optical waveguides can be manufactured by a
variety of techniques including injection molding, compression
moiding, hot roner pressing casting, and photopolymerization
25 processes. A preferred technique us a photopolymerization process
illustrated m[FIG 12]wher2e‘b\’;the tapered waveguides are formed by
ultraviolet (UV) light irradiation of a layer of photoreactive monomers
through a patterned mask. In FIG. 12Ar substrate 24 which is coated
with adhesion promoting layer 26 is Iami‘nated onto the surface of a
30 panially transparent maek 51. This assembly is placed on top of a
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i nventi on. FIG 15 is a cross-sectional view of another enbodi nent
of aliquid crystal display constructed in accordance with the present
invention. FIG 16 is a cross-sectional view of another enbodi nent
of a liquid crystal display constructed in accordance with the present

I nventi on. FIG 17 shows a preferred enbodi ment of a collimting
array of tapered wavegui des. - 17 Description of the Preferred
Enbodi nment s

layer of photoreactive monomers 52 which, in turn, is placed over a
bottom support plate 53 having a release layer 54. Mask 51 bears a
pattern of opaque areas 55 which allow UV light 56 (FIG., 12B) to
pass through ohly in the areas which comprise the desired pattern of

5 the array of tape'red optical wavéguides. Ultraviolet light 56, as from
a mercury or xenon lamp, is directed to fail on the surface of the

_ image mask 51. Ultraviolet light which passes through the clear areas
of the mask causes a photopolymerization reaction in the regions 57
of monomer layer 52 which are directly under the clear image areas of

10 the mask 51. No photoreaction occurs in those areas of mohomer
layer 52 which are shielded from the UV light by the opaque areas 55
of image mask 51. After-irradiation by UV light, both image mask 51
and bottom support plate 53 with release layer 54 are removed (FIG.
12C). The unreacted monomers ére washed away with a suitable_'

15 solvent such as acetone, methanol, or isopropanol leaving a pattern of
photopolymerized regions 58 on the substrate 24. Photopolymerized
regions 58 correspond to the tapered optical waveguides 28 of the
present invention.

In order that the optical waveg_uides 28 have the proper tapered
20 ‘shape, the optical absorption of the unreacted monomer layer 52 at
the wavelengths of the UV light must be high enough such that a
gradient of UV light intensity is established through the film during UV
light exposure. That is, the amount of UV light available in the
monomer layer to cause the ihitiation of the photoreaction will

25 decrease from the top, or the image mask side, towards the bottom,

- or the bottom support plate side, due to the finite absorption of the
monomer layer. This gradient of UV light causes a gradient in the
amount of photopolymerization reaction that occurs from top to
bpttom. and this results in the unique tépered geometry of the

30 ' developed waveguide structures, a geon'ietry which is easily
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-The present invention is directed to a direct-view device of the type
wherein the i mage being displayed is generated in the imediate proximty
of the display screen. Such devices include em ssive display devices as

“for exanple gas di scharge, plasma panel, el ectrol umi nescent,
light-emtting diode, diode |aser, vacuum fl uorescent and flat cat hode-ray
t ube and non-eni ssive -di spl ay devices - 18

_ accessible with the method of the present invention. The gradient in
the amount of photopolymerization which occurs from the top to the
bottom of the film _méy be further influenced by the presence of
dissolved oxygen gas in the monomer layer 52, such oxygen acting to

5 curtail or quench the photopolymerization reaction except in those
areas where all oxygen has been consumed by the free radicals
produced in the photopolymerization process. Such action of
dissolved oxygen gas on the progress of photopolymerization reactions
is well known to those skilled in the art. Further, the requisite

10 'ge'ometry of the photopolymer'structures may be further influenced by
the process of seif-focussing. That'is', the light falling-on the surface
of the monomer layer initiates photopolymerization at that sufface,

- and since the refractive index of the solidified polymer material is -
highér than that of the liquid monomer, it acts to refract the light

15 passing through it. In this manner the aerial image of light falling on
the monomer nearer to the bottom of the monomer layer is altered
through refraction caused by the alreadv-poly_merized material which
lies above it. This effect may cause a narrowing of the resultant
polymerized structure from the top surface, upon which the imaging

20 light was directed, 'towards th e bottom, or support plate side of the

| layer. |

Another embodiment of the direct view image display device of
the present invention is shbwn in FIG. 13. Identified by the numeral
59, the display is composed of light source 60, reﬂecting and/or

25 diffusing'element 61, input light polarizer 62, liquid crystal cell 63,

- output light polarizer 64 and image display means 65 positioned in_
contact with the output surface of polarizer 64. Image display means
65 is composed of adhesion promoting layer 66 and individual tapered
waveguides 67, and is formed directly on the surface of output
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-6- as for exanple, liquid crystalline, el ectrochrom—sm—eel—l—eﬂﬂaleﬂ———

suspensi on,

el ectroactive solids and el ectronechani ca 1s J;lhe f it
i nvention has inproved display nmeans whi ch obvi ates a "p edy
defici enci es of known direct view flat panel inage di s jch:

| ow contrast and |arge changes in visual chronat|C|ty
angl es,

. €.

| arge angles fromthe - 19 =-
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polarizer 64 which serves as the substrate for image display means |
65. | |
Another embodiment of the direct view image display device of
the present invention is illustrated in FIG. 14, identified by number 68.
The display is éomposed of a light source 69, reflecting and/or
diffusing element 70, input light polarizer 71, liquid crystal ¢ell 72,
output light polarizer 73, fiber-optic faceplate 74 and image display
means 75'positioned in contact with the output surface of the fiber-
optic faceplate 74. Image display means 75 is composed of substraté

'76, adhesion promoting layer _77 and individual tapered waveguides

78. Fiber-optic faceplate 74 serves to transfer the image formed by

- the liquid crystal cell 72 to a image position away from the cell.

Image display means 75 can improve 'the vieWing angle of image
display' 68. |

Another embodiment of the direct view image display device of
the present invention is shown in FIG. 15 and is identified by numeral
79. Display 79 is composed of light source 80, reflecting and/or
diffusing element 81, input light polarizer 82, liquid crystal cell 83,
output light polarizer 84 and image display means 85 positioned' in
contact with the output surface of the output polarizer 84. The
output winddw of modulating means 83 is a fiber-optic face plate 89.
Fiber-optic face plate 89 accepts light only from a narrow range of
angles. Im_agé display means 85 is éqmposed of substrate 86,
adhesion promoting layer 87 and individual tapered waveguides 88.
Image display means 85 improves the viewing angle and chromaticity

- of the dusplay 79.

Another embodiment of the direct view image d:splay device of
the present invention is shown in FIG. 16 and is identified by numeral
99. Display 90 is composed of a light source 91, reflecting and/or
diffusing element 92, collimating means 93, input light potaiizer' 97,

THIS SHEET HAS BEEN
REPLACED




direction normal to the surface of the di spl ay. ' The preferred

enbodi nents of this invention will be better understood by those of skill
in the art by reference to the above figures. The preferred enbodi nents of
this invention illustrated in the figures are not intended to be exhaustive

or tolimt the invention to the precise formdisclosed. They are chosen to
descri be or to best explain the principlesagf the invention, and its
application and practical use to thereby enable others skilled in the art

to best utilize |idufd ichysat temos, outpuﬂi@hpbalaﬁ&énedseaﬁ@ﬁh display di spl ay

of this invention is shown in FIG, 1 represented by the nunber 10. The
di splay is conpdBean®l0f pegtiongd iecantaet withrheioUtnysisusiase ofcthecoutowg

and/ or polarizer 99. The collimating array of tapered optical waveguides 93
is composed of substrate 94, adhesion promoting layer 95 and
5 individual tapered optical waveguides 96. The input area of each
tapered optical waveguide 96 faces the light source 91 and is smaller
than the output area of waveguide 96 which is positioned adjacent to
adhesion promoting layer 95. The collimating means 93 improves the
collimation of light entering the liquid crystal cell 98. Image display
10 means 100 is cdmdosed of a substrate 101, an adhesion promoting
layer. 102 and individual tapered waveguides 103. Image displéy
o . means 100 improves thé viewing angle and chromaticity of the
display. -
A preferred embodiment of collimating means 93 of the present
15 invention, is illus_trated in an exploded view in FIG. 17. The
collimating means 93 is composed of substrate 94, adhesion
promoting layer 95 and individual tapered waveguides 96. The
‘orientation of collimating means 93 with respect to the direction of
transmitted light is opposité to the orientation of image display means
20 100. Waveguides 96 of collimating means 93 have input surface 105
which is smaller in area than output surface 1086. Alfhough the
waveguides are illustrated with straight sidewalls 107, it is also
possible for the sidewalls to be curved. Uncollimated light which
enters input surfaces 105 or enters the waveguide through the
25 sidewalls 107 will emerge from the array partially collimated. The
improved collimation will improve the overall contrast of the liquid
crystal dusplav _
The direct-view displév device of this invention can be used for
fhpse applications for which t:ohventional'display devices are used.
30 |lllustrative of such applictions are computer terminals, televisions,

—
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-di ffusing el ement 14, optional input |light polarizing neans 16, a
.nmodul ati ng neans 18, optional output |ight polarizing neans 20 and i nage .
di spl ay neans 22 positioned in contact with the output surface of polarizer
"20. Inmage display neans 22 is conprised of substrate 24, adhesion pronoting
| ayer 26 and an array of tapered wavegui des 28 separated by interstitial
regi ons 33. The exact features of |ight gedkrating neans 12, diffusing
means 14, input |ight polarizing means 16, nodul ating neans 18 and out put
| i ght pol ari zi ngirptamescatikpitr displaysc autdroative inistcament pgneisdaid/ otvat any such
el enment s convent,i onal | sed .i,n the art, may be .enployed in the practice of
this invention. dPP’ﬁ%t%QFP\%‘"SF tgxLafpPhicsAr ﬂgﬁ%r"&ﬁ;ﬁ@t'ﬁ’ﬂans 12 are
| asers, fluorescent tuaeralloWigsp8aifict éxdmpie8 s prhdéradaacsatticLidiy S
sunlight and the |iKke.

illustrate the invention and should not be construed to place limitations

5  thereon.

EXAMPLE | _
The production of an array of tapered waveguides on a thin,
plastic film was achieved and was most desirable because of both its
10 thinness and economics. A photolithographically created mask
(5"x5"x0.09") with a two-dimensional grid of 45 micron wide clear
squares on 50‘ micron centers was used. The 5 micron wide spaces
between squares were opaque to uitraviolet and visible radiation. Orito -
th'is mask a few drdps of methanol were applied and'th_en a 100
15  micron thick poly{ethylene terephthalate) (PET) film was pressed on.
This PET film was prepared with an ultra-thin film surface treatment
which renders it reactive and adherable to polymerizing monomer
solution. Such surface-activated films were known to those skilled in
‘ the art. The surface tension of the methanol caused the film to mildly,
20 but firmly adhere to the mask. The mask and the surface-activated
PET film constituted the array substrate subassembly. Onto a
separate 5"x5"x0.25" blank glass plate was bonded a PET fil'm using
- a pressure sensitive adhesive. This constituted the release film
subassembly. The release film subassembly was placed film-side up
25 on a black, metal platform containing threaded holes. Metal spacers, 1
cm x 3 cm x 200 microns thick, were placed around the edges on top
of the release film. Abproximately 1 milliliter of a photopolymerizable
monomer solution was delivered to the center of the release film. This
monomer solution consisted of 62 parts ethoxylated bisphenol A
30 di.acryl_ate, 31 parts trimethylolpropane triacrylate, 1 part |rganox 1010
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antioxidant, 2 parts Darocure 1173 photoinitiator, 2 parts Irgacure
651 photoinitiator, and 2 parts l_rgac'ure 500 photoinitiator. The array
substrate subassembly was then placed, film-side down on top of the
monomer solution. A clear glass 5"x5"x0.25" plate was placed on
top of this entire fabrication assembly and metal clamps and screws
were uéed to fully and evenly compress the plates together resulting in
a 200 micron thick monomer solution layer between the release film
and the array substrate. .

At this point the entire fabrication assémbly was placed under
the collimating lens of a ultraviolet/visible (UV-vis) radiation exposure
system. The UV-vis system contained a 1000 Watt Mercury-Xenon
lamp and delivered even, collimated, and homogeneous full-spectrum
radiation with an intensity of 856 mW/cm? to the entire 5" x 5" area of ~
the fabrication assembly. The sample was irradiated for 0.76
seconds. The fabrication assémbly was then dissassembled and the
array film with the tapered optical waveguides now formed, but still
covered with monomer solution in the interstitial regions between
elements, was placed upside-down in a bath of isopropanol and left
for ten minutes. Isopropanol was a relatively poor solvent for the
monomer but was advantageous since it allowed for the even and mild
development of the optical waveguide elements’ reflective walls.

After removal of the the residual monomer, the tapered optical
waveguides were dried in a stream of nitrogen gas; placed in a a
nitrogen gas-purged ehclosure, and hard cured under the UV-vis
radiation for an additional 20 seconds. |

Electron microscopy and optical microscopy were used to
evaluate fhe_ tapered optical waveguides. The individual optical
waveguides were observed to have the shape of truncated right
square pyramids. The elements were 200 microns tail. The width of
the smaller, output surface of the optical Waveguides was 20 microns.
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-Useful reflecting and/or diffusing nmeans 14 include netallic reflectors,
nmetal coated glass mrrors, phosphor screens, reflectors coated wth white

. surfaces such as titani um di oxi de | ayers and the |iKke. ' Exenpl ary of
useful input light polarizing neans 16 and out put |ight polarizing neans 20
are plastic sheet polaroid material and the like. Illustrative of useful

modul ating means 18 are liquid crystal cell28, -el ectrochrom ¢ nodul ators,
and lead zirconiumlanthanumtitanate (PZLT) nodul ators. For em ssive
di spl ay devi ces Hhe feﬂeo;i«m;iuewaillamqommrl srdoeth apd jolhedltbgbthejeatea“'at i ng

T b e LB 8 oS i By Bt A B ek T
l'iquid _ surface of the waveguides was located at the interface between the
100 micron thick PET array substrate and the width of this input
5 surface was 50 microns although, as described, the input surfaces
were totally fused together in this example. The tap’ér angle of the
optical waveguides was thus 12 degrees.

|  EXAMPLE i
10 Example 1 above was taken as a starting point. The tapered
optical waveguides were abundantly covered with carbon lampblack
powder, an optically absdrbing material. The lampblack powder had a
average particle size much smaller than the 50 micron dimensions of
the optical waveguides. The powder was then carefully smoothed into
15 the interstitial regions of the array of tapered optical waveguides using
a soft instrument, in this case a gloved finger. The excess was
removed with the same instrument. The optical waveguides were so
robust that the lampblack could be spread without causing visible
damage. Looking at the output side of the tapered waveguide array,
20 the lampblack caused the array to appear a dark, matte black. The
percent of the visible surface area which was blackened was
determined to be 85 percent.
A transmission measurement was carried out by passing a
| helium-neon I_aser'beam with a gaussian mode shape and a 6 degree
25 full divergence angle through the array of tapered optical waveguides.
When the light propagated from the light input side towards the light
output side of the waveguides, the transmission was 60%
A further experiment was carried out on a seperate array of
tapered optical waveguades Here half the array was filled with
30 lampblack powder and the other half was filled with a black liquid
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crystal cells. The liquid crystal material in liquid crystal cell 18 can
vary wi dely and can be one of several types including but not limted to
twisted nematic (TN) material, super-tw sted nematic (STN) material and
pol ymer dispersed liquid crystal (PDLC) naterial . The structure of
I mage di splay neans 22 and its positioning is critical to the inproved
contrast and view ng angle and chromati ci< p4provi ded by the apparatus of
this invention. In FIG 1, image display neans 22 is positioned in
"proximty" to pRAQGKY.z Mtyrrther&pcﬁ(\}' diied the twel Sarhplesrweiy egimplated. The h

?ﬁSFL?}é‘ ot i onai Tk a1 7% PG el Eroelaek SuBenyviswag drare.he g impyiosRe: oned
i nt i Pr;;)él mty” 1o feiigt dNGUITRAIE apBeartd VET9 ArdlirRisBive dHP¥hEWBY a MEANS i N
transmission of 60 percent. The array area filled with black epoxy
5 when viewed from the light input side to the light output side
appeared much less transmissive and showed a tra_nsmission of about
15 percent. This showed that the choice of optically absorbing
material was very critical in allowing light to propogate successfully
through the array of tapered waveguides. Where the optically
10 absorbing'material was lampblack powder, the powder came in direct
contact with only a small fraction of the surface area of the
waveguide sidewalls and allowed the phenomenon of total internal
reflection to proceed unimpeded. Light was transmitted through the
waveguides by entering the input ends of the waveguides, réflecting
15 off the side walls of the waveguides and exiting through the output
surfaces. When the o'ptically absorbing material was a black epoxy, it
index matched to the reflective sidewalls and caused the light to
couple through the sidewalls and be absorbed by the optically
absorbing material.
20 ' _
EXAMPLE Ili
Example 2 above was taken as a starting point. The érray of
tapered optical waveguides with interstitial regions filled with
~ lampblack powder was laminated together with a piece of PET film
25 prepared with a pressure sensitive adhesive. The pressure-sensitive
adhesive formed an index matched interface with the output surface
of the optical waveguides. The array of waveguides continued to
show a transmission of 60 percent as in example 2 above. The array
of. tapered optical waveguides was now fitted with a protective layer
30 and was washed, flexed, and handled without damage to the
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physical contact or closely positioned (preferably within about 1 in.,
preferably within about 0.75 in., nost preferably within about 0.5 in.
wi thin about 0.25 in. in the enbodi nents of choice) so that |ight does
‘have to be "projected” fromone element to the next through space as in the

case with projection systens such as thosezgescrl bed in U S. Patent Nos.

4,573,764, 4,688,093,
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waveguides and without loss of the powdery, optlca!ly absorptive
matenal

EXAM v

Example 2 above was taken és a starting point. The array of
tapered optical waveguides with interstitial regions filled.with
lampblack powder was laminated together with a piece of plastic heat-
activated I.aminat'ion film, typically used to laminate identification
cards. The laminating film formed an index matched interface with the
output surface of the optical waveguides. The array of waveguides
continued to show a transmission of 60 peréent as in example 2
above. The array of tapered optical waveguides was now fitted with
a protective layer and was washed, flexed, and handled without -
damage to the waveguides and without loss of the powdery,' optically
absorptive material.

| EXAMPLE V
Example 4 above was taken as a starting point. When viewed
from the light output surface, the laminated, protective film offered a
continuous air-plastic interface which caused light from behind the
viewer to be reflected back into the viewer’s eye. The example was
covered with a layer of the same photopolymerizable monomer
solution as used in ekample 1 above. On top of the array and

‘monomer solution was then placed a glass plate with an anti-reflection

coating. After curing the monomer solution with UV-vis radiation, the
array of tapered optical waveguides with a protective, laminated
plastic film, and a further anti-reflection coated glass plate was
observed to appear much darker. This was due to the reduction in
reflected spurious light reaching the viewer’s eyes. '

»
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- 8- 4.955, 937,

and 5, 005,945. The device of FIG 1 includes optional

pol ari zi ng nmeans 20 and when such pol arizing nmeans 20 is not included ,
i mage di splay display neans 22 is positioned in proximty to nodul ating

‘means -18.

FIG 2 shows an expl oded sectional view of inage display

t he

means 22. The inmage display neans i's conposed of a substrate 24, adhesion

pronoting | ayer

10

15

20

25

26 and an array of tapered2gawegui des 28.

EXAMPLE VI

Example 4 above was taken as a starting paoint. The protected
array of tapered optical wa\)eguides with absorptive black material
was placed in front of a helium-neon laser beam with a gaussian mode
shape and a 6 degree full divergence angle. The laser beam
propagated from the light input side to the light output side. The light
output was then observed on a diffusive vnewmg screen to be
transformed into a broad pattern. This pattern was analyzed using
video frame grabbing instrumentation and computer software. .
Analysis showed that this array of tapered optical waveguides caused
light to be transformed into a broad output pattern centered about the
central laser.beam spot. Due to the use' of a single laser beam and the
geometry of the waveguides, the output pattern contained four-fold™
symmetry and 8 spots of roughly equal intensity. ’The_ full angular |
distribution of the regions of maximum spot intensity was 40 degrees.
The entire output pattern of the array of tapered waveguides showed
a relatively smoothly decreasing variation in light output intensity over
a full angle of about 60 degrees even though the laser beam input had
only a 6 degree divergence.

A lambertian diffuser offered an ob|ect to test the absolute
display characteristics of the array of tapered optical wavegu:des. The
intensity of the light propagating collinearly with the laser beam was
normalized to 1. At a full angle of 40 degrees, the array of tapered

~ optical waveguides provnded 50 percent of the intensity of the ideal

lambertian diffuser. At a full angle of 60 degrees, the array of

‘tapered optical waveguides provided 17 percent of the inte'nsity of the |

ideal lambertian diffuser. It should be pointed out that the lambertian
diffuser operates by a mechanism of intense scattering and

- transmitted only 47 percent of thé light incident on one surface in the

30

forward direction.
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.The tapered vvav | i ght ihput surface 30, |ight output.
surface 31, sid ﬂ!ll REH HIEM separated by interstitia—Tegions 33 Wth
a lower refractiwe kndex & han e refragyive index of sam;lsgﬂ@é(ﬁwgegg&placed

"I nput surface area 30 of each tapered waveguide 28 is pos

to the adheWIQRT | II er 26 and is larger than out ul H“‘I WéﬂMF
31 of each vah i n the enbodi nents -of FI Gs! ts
in a tapered structure. The structure and positioning of wavegui des 28 are

crltlcal As sho in A F?]catﬁv?h}ﬂﬁa@égﬁelqlsélw%w surface 30 of each

wavegui de 28 is &*eater a of put surface 31, and
the center-to- c ter3d‘i9§f~'mefﬂamnﬁlfghsenﬂmﬂ\gslﬂmaces 30 of adjacent

wavegui dgs 28 i n(Hai daahodulatiigafigdns ir MddalatiNg RGN tfréMUsdidiight he
generating means to form an image; and
{¢) an image display means for displaying said image from said
modulating means positioned adjacent to the light output surface of said
modulating means, said display means comprising an array of tapered
10 optical waveguides on a planar substrate the tapered end of each of said
waveguides extending outward from said substrate and having a light
input surface adjacent said substrate and a light dutput surface distal -
from said light input surface, wherein:
(i) the area of the light input surface of each waveguide is
15 greater than the area of its light output surface, and the center-to-center
distance between the light input surfaces of adjacent waveguides in said
array is equél to the center-to-center distance between the light output
surfaces thereof, so that the angular distribution of light emerging from
the output surfaces of the waveguides is larger than the angular
20 distribution of light entering the waveguides; and
- (i) the waveguides in said array are separated by interstitial
regions with a lower refractive index than the refractive index of said
waveguides.

25 2. The device of claim 1 wherein said modulating means is a
liquid crystal modulator. |

3.  The device of claim 2 which futher comprises:
(d) an input light polarizing means positioned between said light
30 generating means and said modulating means for polarizing light
generated by said light generating means; and _
(e}  an output light polarizing means positioned between said
modulating means and said image display means for polarizing light
. emitted from said modulatlng means.
35
4, The device of claim 1, 2 or 3 wherein all or a portion of said
interstitial regions are opticially absorptive.




center-to-center distance between |ight output surfaces 3t thereefs—so-t hat
the angular distribution of light emerging from out put’

~ wavegui des 28 is larger than the angul di stribution mm, ,ﬂ 'mm, m,g

i nput surfaces 30 of wavegui des 28. IR der that the resélution

| mage forned by rmdul ating neans 18 not be degraded as it traverses I mage

di spl ay neans 2 that the.c ter to ent r di stance
between light in ut Jﬁ? gé\é'ggéfe(g?"ﬁg gi’@ﬁ?'n 5@ sal qual to or
| ess t han tinterstitiakregions:contain dnsxp_xmaﬂvtattsnwmad)aieedt pl xel s of

nmodul ating nmeans 18. In FIG. 2, sidewalls 32 are shown as straight.

However, shape of sidewalls 32 is not critical and sidewalls can be
strai ght5 or curv®d. The device of claim 5 wherein all or a portion of said

material is in particulate form.
7. The device of claim 6 wherein said material is carbon black.

10 8.  The device of claim 1, 2 or 3 wherein the tapered optical
waveguides are constructed from organic polymeric material.

9. The device of claim 1 wherein said waveguides are striated.

15 10. The device of claim 1 wherein said waveguides contain
scattering centers.
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The cross-section of a tapered waveguide 28 in a plane parall el
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10 the surface of image display neans 22 may have any shape including a
square, a rectangle, any equilateral polygon, a circle or an oval. FIG 3
sshows an array conposed of tapered wavegui des 28 with rectangul ar
cross-sections viewed in perspective. FIG 4 shows a simlar view of an
array conposed of tapered wavegui des 28 whi ch have circul ar cross-sections.
Exanpl es of shapes for the entire wavegui de 28 include right circul ar
cones, right oval cones, right square pyramds, and rF‘ﬁr*reePanguLgr'

pyram ds, any of which may be whol e or t runcat ed. |cal :
properties, i.e. contrast and chang ro city as : Bﬁplacccr '
viewi ng angle, of an array of taper d gui 28 are H ”’ he

shape, size and physical arrangenent of the
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i ndividual waveguides 28. In FIG 2, the center-to-center distance between
| i ght input surfaces 30 of adjacent wavegui des 28 is equal or substantially
sequal to the center-to-center distance between the light output surfaces 31
of adj acent wavegui des 28. Therefore, an optical imge entering the array
at- input surfaces 30 will be neither magnified or demagnified after
traversing the array. Substrate 24 of waveguide array 22 in FIG 2 is
transparent to light within the wavel ength range from about 400 to- about
700 nm The index of refraction of the substrate nay range from about 1.45
to about 1.65. The nost preferred index of refraction is fromabout 1.50 to
about 1.60. -The substrate may be nmade from any transparent solid material.
Preferred materials include transparent polyners, glass and

FIG. 3

—33 .

31
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fused silica. Desired characteristics of these materials include mechanical
and optical stability at typical operating tenperatures of the device.
:Conpared with glass, transparent polyners have the added advant age of
structural flexi b|||ty which allows display neans 22 to be forned in large
sheets and then cut and |lam nated to the

\

\
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~ 10 - out put polarizer of the liquid crystal display. Mst preferred

materials for substrate 24 are gl ass and pol yester. The tapered
sopti cal wavegui des 28 of the arrays shown in FIG 2, FIG 3 and FIG 4 are

formed froma transparent solid material having a higher index of
refraction interstitial regions 33 between the wavegui des. Light rays which

enter wavegui de 28 through input surface 30 (shown in FIG 2) and
thereafter are incident on side '

N
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surfaces 32 of the waveguide at angles greater than the critical angle(as
defined by Snell's Law) will undergo one or nore total internal reflections
fromthe side surfaces 32 and, in nost cases, energe from wavegui de 28

t hrough output surface 31. A few light rays may pass through the side
surfaces 32 or be reflected back to the input surface 30. The operational .
function of waveguide 28 differs froma lens in that a | ens does nhot
utilize total internal reflection. When wavegui de 28 has a taper such
that the area of the output surface 31 is snmaller than the area of . input
surface 30, the angular distribution of the |ight emergi ng from out put
surface 31 will be larger than the angular distribution of the Iight

entering the input

ey
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surface 30. Image display nmeans 22 having an array of tapered wavegui des 28
pl aced at the output surface of nodulating neans 18 will alter the angular
distribution of output |ight fromnodul ating nmeans 18 such that the image
from nmodul ati ng means 18 can be viewed at higher angles. It is preferred
that the area of output surface 31 of each wavegui de 28 be from about 1 to:
about 50% of the area of the input surface 30. It is nore preferred that
the area of the output surface 31 be from about 3 to_about 25% of the area
of the input surface 30. It is nost preferred that—the—area of output
surface 31 be from about 4 to about 129@9@dkgqh@§§§R Lm&ﬁpUt surface 30.

il I
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1n order that image display neans 22 has high overall |ight throughput, it
is preferred that the sumof the areas for all wavegui de

.
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input surfaces 30 be greater than 40% of the total area of substrate 24 of
the array. It is nore preferred that the sumof the areas for all wavegui de
«input surfaces 30 in image di splay nmeans 22 be greater-than 60% of the
total area of substrate 24 of the array. It is nost preferred that the sum
of the areas for all waveguide input surfaces 30 in |nagé‘d#spLay§neans 22
- be greater than 80% of the total area of substrate 24 Q%m% elgrr

Taper ed wavegui des 28 can be constructed from any trans quqﬂagyner
material. Preferred materials ‘have an index of refract| m

1. 45 and about 1.65 and i ncl ude pF | retgmgcryl at e,
pol yester, polystyrene and pol yner qz:;% hotopolynerlzatlon 0

acryl ate nononers. More
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preferred materials have an index of refraction between about 1.50 and
about 1.60 and include polyners formed by photopol ynerization of acrylate
nmononer m xtures conposed of urethane acryl ates and net hacryl ates, ester
acryl ates and nethacryl ates, epoxy acrylates and nethacryl ates, (poly)

et hyl ene gl ycol acrylates and net hacryl ates and vinyl containi ng organic
nmononers. Useful nononers include nethyl nethacrylate, n-butyl acrylate,
2- et hyl hexyl acrylate, isodecyl acylate, 2-hydroxyethyl acrylate,

2- hydr oxypropyl acrylate, cyclohexyl acrylate, 1, 4-butanediol diacrylate,
et hoxyl at ed bi sphenol A diacryl ate ntyI di acryl ate,

di et hyl enegl ycol diacryl ate, diet hF;GI ycol Cret hacrytate,

1, 6- hexanedi ol diacrylate, trimethylol propane t acryiﬁg enta‘ry%hLJtoI

triacrylate and pentaerythritol tetra-acrylate. //II/I///II/////I/I//?I?W
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Especially useful are m xtures wherein at |east one nononer is a

mul tifunctional nononmer such as a diacrylate or triacrylate, as these wll
‘pr oduce a network of crosslinks within the reacted photopol yner. The nost
preferred materials for use in the method of the invention

AR
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2 12 - are crosslinked polymers formed by photopol ymerizing m xtures of

et hoxyl at ed bi sphenol A diacrylate and trinethylol propane triacrylate. The
-index of refraction of the nost preferred materials ranges from about 1.53
to about 1.56. It is not essential that the refractive index of the.

transparent solid material be honbgeneous throughout the wavegui de el erfé_ht
It may be advantageous to cause to be present, i nhonpgsiseShedt Has Betn Repl:

refractive index, such as striations or scattering parti ﬂlmﬂm fﬁln“

t hese inhonngeneities may further increase

FIG. 12A
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T he divergence of light fromthe output of the waveguide array. The

i ndex of refraction of interstitial region 33 between the wavegui des 28
.must be less than the index of refraction of the wavegui des. Preferred
materials for interstitial regions include air, with an index of refraction
of 1.00, and fluoropolyner materials with an index of refraction ranging
fromabout 1.30 to about 1.40. The nost preferred material is air.

The adhesion pronoting |ayer 26 of the array of tapered-wavegui des 28 shown -
in FIG 2 is an organic material that is |ight transnissgjve and that-causes
t he wavegui des 28, especially wavegui des forned fron1poﬁ? st Rgpf 0

exanpl e phot ocrosslinked acryl ate nononer materials, to Iﬂ’”f/ﬂﬁ ﬁ‘ﬂeq.o _

t he substrate 24.

FIG. 13
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Such materials are well known to those skilled in the art and will not be
descri bed herein in great detail. For exanple, if substrate 24 is glass and
.wavegui des 28 are fornmed by photocrosslinking acrylate nmonomer materials,

t hen appropriate adhesion pronoting |ayers can be fornmed by reacting the

gl ass surface with certain types of silane conpounds i ncl uding
3-(trimethoxysilyl)propyl methacrylate or 3- acryl oxypropyl

trichlorosilane. The thickness of adhesion pronotienlayer 26 is not
critical and can vary widely. Usually, the thi ckness of t he Iaym
used in conventional direct view flat panel disp This Sheet Has Been

L iy I Ill i

FIG. 14
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devices. In the preferred enbodi ments of the invention, adhesion pronoting
| ayer 26 is |less than about 1 mcroneter thick. A single tapered
wavegui de 28 with input surface 30, output
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Surface 31 and straight sidewalls 32 is shown in FIG 5. |If tapered
straight sidewalls 32 in the drawing are extended until they intersect,
they formtaper angle 36. Desired values for taper angle 36 range from ,
about 2 degrees to about 14 degrees. Mire preferred values for taper angle
36 range from about 4 degrees to about 12 degrees. Mst preferred val ues
for taper angle 33 are from about 6 degrees to about 10 degr ees. The
| engt h of tapered wavegui de 28 has dinension 34. Dinension 35 is the '
m ni num transver se di stance across wavegui de i nput surface 30. For exanpl e,
I f input surface 30 has the shape of a square, dinmension 35 is the length
of one side of the square. If input surface 30 has a rectangul ar shape,
di mrension 35 is the snaller of the F: T TTe———
This Sheet Has B i
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two side dinensions of the rectangle. The specific values for dinmension 35
may vary wi dely depending on the center-to-center distance between adjacent
pi xel s of nodul ati ng neans 18. In order that the resolution of the inmge
formed by nodul ati ng neans 18 not be degraded, dinension 35 should be equal
to or less than the center- to-center distance between adjacent pixels of
nodul ati ng nmeans. 18. For exanple, if the center-to-center distance between
adj acent pixels in nodul ating neans 18 is 200 microns, then dinmension 35 is
generally in the range fromabout 5 mcrons to about 20Qhi3ShdeHYS BediReaced -
preferably from about 15 mi.crons tFatG 200 ons and ly.
from about 25 mcrons to about 100 S 111‘7 Hmun"m”lmm

chosen, dinension 34 can be specified by
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the ratio of dinension 34 to dinension 35. The ratio of dinmension 34 to
di nmensi on 35 may vary w dely dependi ng on how nuch one wi.shes to increase
the angular distribution of light enmerging fromthe output

- 29 -

Abstract of the Disclosure

Vi DEVI
YOFT ' \ D

A direct view display comprising:

(a)  light generating means for generating light;

(b}  modulating means for modulating light from said light
generating means to form an ifnage: and |

(c) image. display means for displaying said image from said
modulating means positioned adjacent to the light output surface of
'said mo'dulating means, said display means comprising an array of
tapered optical waveguides on a planar substrate the tapered end of
each of said waveguides extending outward from said substrate and
having a light input surface adjacent said substrate and a light output
surface distal from said light input surface, wherein: _

(i),  the area of the light input surface of each waveguide is
greater than the aréa of its light output surface, and the center-to-
center distance between the light input surféces of adjacent

" waveguides in said array is equal to the center-to-center distance

" between the light output surfaces thereof, so that the angular
distribution of light emerging from the output surfaces of the
waveguides is larger than the angular distribution of light entering the
waveguides; and

(ii) the waveguides in said array are separated by interstitial
regions with a lower refractive index than the refractive index of said

~ waveguides. - |
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- 14-- surface 31 conpared to the angular distribution QZ@ ot sentering
i.nput surface-30._ The ratio of dinmension 34 to dinension Is uSually from
-about 0.25 {0 about “20—+t--i.s_nore preferred that the ratig 'qun»{d.i\frE@&beq. 34
to di mension e%Haszfegmegpout' 1 to about 8. It is nost preferred that the

rati o of di I/ feflensi on 35 be from about Pr [0 ab Wof 1996  The
non-i magi ng ,’H ties of tapejed wavegui des' 28 can be nodel ed

usi ng a non-sequen traci ng conputer program FIG —6 shows the
out put distribution of a particul ar tapered wavegui de PGJ

DIRECT VIEW DISPLAY DEVICE
WITH ARRAY OF TAPERED WAVEGUIDE

Background of the Invention

1. Field of the Invention
This invention is directed to a direct view display devices as for

example, a liquid crystal display device. More preferably, this
invention relates to such displays which incorporate arrays of tapered

. optical waveguides to achieve relatively high light transmission, high
contrast, and large viewing angles.

2. Description of Related Art

Display devices as for example projection display devices, off
screen display devices and direct view displays are known. See for
example, EPO 0 525 755 A1; U.S. Patent Nos. 4,659,185;
5,132,830; 5,159,478; Japanese Publication Nos. 245106 and
42241, Such displays are used in a wide range of applications which
include computer terminals, airplane cockpit displays, automotive
instrumeht panels, televisions and other devices that provide text,
graphics or video information. Such displays can replace conventional
cathode ray tube displays due to advantages of smaller volume,
reduced weight, and lower power consumption.

Cor_wentional direct view displays as fqr example liquid crystal
displays suffer from a number of inherent dfsadvantageé. For
example, at high viewing angles (large angles from the direction
normal to the surface of the display), such displays suffer from low

| " REPLACEMENT SHEET |
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assuming an input of 10,000 light rays randomy distributed over the input
_Surface 30 of the cone and randonly distributed over input angles of -10 to
+ 10 degrees. The cone that was nodelled in FIG 6 has a square input
surface 30 that is 45 mcrons on a side, a square output surface 31 that is
25 mcrons on a side, a length 34 of 125 mcrons, straight sidewalls 32 and
a taper angle 36 of 4.6 degrees. The output area of surface 31 is 31 % of
the area of input surface 30. The tapered wavegui de has inproved the |ight
di stribution fromthe input range:of T18 fo + 10 degrees to approxinmately

-30 t 30 d ) Th tput,li i but.i f di ff t d
e oot orr EaTIESLARd chapess S EhrPatichy Hs th%?@@?fﬂ@@@%‘%h fa 7o

Taper ed changes.

Summary of the Invention

The present invention is directed to a direct view flat panel
display comprising:

(a) light generating means for generating light;

{b)  modulating means for modulating light from said light
generating means to form an image; and

() image display means for displaying said image from said
modulating means positioned adjacent to the light output surface of
said modulating means, said display meéns comprising an array of

" tapered optical wayeguides on a planar substrate the tapered end of
each of said waveguides extending outward from said substrate and
having a light input surface adjacent said substrate and a light output
surface distal from said light input surface, wherein:

(i) the area of the light input surface of each waveguide is
greater than the area of its light output surface, and the center-to-
center distance between the light input surfaces of adjacent
waveguides in said array is equal to the center-to-center distance
between the light output surfaces thereof, so that the angular
distribution of light emerging from the output surfaces of the
waveguides is larger than the angular distribution of light entering the
waveguides; and ' |

(ii) the waveguides in said array are separated by interstitial
regions with a lower refractive index than the refractive index of said
waveguides.

In the preferred embodiments of this invention, the device
further comprises
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waveégui de 28 has a square input surface 30 that is 45 microns on a side, a
square output surface 31 that is 10 mcrons on a side, a length 34 of 125
mcrons, straight sidewalls 32 and a taper angle 36 of 8 degrees. The
output area of surface 31 is 5%of the area of input surface 30. Using an

i nput light ray distribution of -10 to + 10 degrees results in a cal cul ated
out put distribution of approxi mately -80 to + 80 degrees. The out put
distribution shown in FIG 7 is a signi4izant inprovenent conpared to the
distribution illustrated in FIG 6. It should be noted that increasing or

decreasi ng di nensi ddk iBgunlight polarizing means positioned between said light
generating means and said modulating means for polarizing light
generated by said generating means; and

(e) output light polarizing means positioned between said
modulating means and said image display means for polarizing light
emitted from said modulating means.

In another preferred embodiment of this invention, the flat panel
display of this invention further comprises

(f) light-collimating means for collimating light from said
generating means positioned adjacent to the light input surface of the
input polarizer of said modulating means, said light-collimating display
means comprising an array of tapered optical waveguides on a planar
substrate, the tapered end of each waveguide extending outward from
said substrate and having a light output surface adjacent said
substrate and a light input surface distal said light output surface,
wherein:

(i) the area of the light input surface of each waveguide is
smaller than the area of its light output surface, and the center-to-
center distance between the light input surfaces of adjacent
waveguides in said array is equal to the center-to-center distance
between the light output surfaces thereof, so that the divergent light
from an uncollimated illumination system is partially collimated upon
emergence from their output surfaces; and

(ii) the waveguides in said array are separated by interstitial
regions with a lower refractive index than the refractive index of said
waveguides.

The direct view display device of this invention exhibits several
advantages over known devices. For example, the device of this
invention has relatively high contrast and reduced changes in visual

chromaticity as a function of viewing angle.




- 15 - 35 by the same nultiplicative factor will not change the properties
of the output light distribution as long as both the ratio of output area
to input area and the taper angle are not changed.

Brief Description of the Drawings
The invention will be more fully understood and further

‘advantages will become apparent when réferenc_e is made to the
following detailed description of the invention and the accompanying
drawings in which:

FIG. 1 is a cross-sectional view of an embodiment of a preferred
liquid crystal display constructed in accordance with the present |
invention.

FIG. 2 is an exploded sectional view of an array of tapered
waveguides with straight sidewalls.

FIG. 3 is an array of tapered waveguides with rectangular cross-
sections viewed in perspective.

. FIG. 4 is an array of tapered waveguides with round cross-
sections viewed in perspective.

FIG. 5 is a sectional view of a single tapered waveguide with.
straight sidewalls. .

FIG. 6 shows the theoretical non-imaging optical properties of a
single tapered waveguide having straight sidewalls and a taper angle
of 4.6°.

FIG. 7 shows the theoretical non-imaging optical properties of a
single tapered waveguide having straight sidewalls and a taper angle
of 8°.

FIG.8 is an exploded sectional view of an array of tapered
waveguides with curved sidewalls.

FIG. 9 shows a preferred embodiment of the present invention
wherein the interstitial regions between wav'eguidés contain an

optically absorptive material.
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A further enbodi ment of the present invention is illTustrated i-r—F-G-_8.
I mage display neans 22 is conposed of a substrate 24128
| ayer 26 and i ndividual tapered wavegui des 28. Wavegui
sidewal I s 38 instead of straight sidewalls as was pre mg
2. The preferred relationshi ps between the area of 'th

and the area of the input surface 39 are the sane ¥s the preferred

rel ati onships previously stated for tap8red wavegui des 28 with strai ght
sidewal Is. In particular, it is preferred that the area of output surface
40 of each waveguFi@& 1@ shews amrafesiad ambedipent o6 0te eresens iaventian i nput

R i e e e T

transparent protective layer.

FIG. 11 shows a preferred embodiment of the present invention
wherein the output faces of the waveguide array are covered by a
-transparent protective layer incorporating an array of lenses.

FIG. 12 illustrates}?’g%rlé;é;,r(éd'é;glgggsffor the formation of a -
tapered waveguide array of the present invention.

FIG. 13 is a cross-sectional view of another embodiment of a
liquid crystal display constructed in accordance with the present
invention.

FIG. 14 is a cross-sectional view of another embodiment of a
liquid crystal display constructed in accordance with the present
invention.

FIG. 15 is a cross-sectional view of another embodiment of a
liquid crystal display constructed in accordance with the present
invention. '

FIG. 16 is a cross-sectional view of another embodiment of a
liquid crystal display constructed in accordance with the present
inventi_on.

FIG. 17 shows a preferred embodiment of a collimating array of

| tapered waveguides.

ription of Prefarr imen
The present invention is directed to a direct-view device of the
type wherein the image being displayed is generated in the immediate
proximity of the display screen. Such devices include emissive display
devices as for example gas discharge, plasma panel,
electroluminescent, light-emitting diode, diode laser, vacuum
fluorescent and flat cathode-ray tube and non-emissive display devices
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nost preferred that the area of output surface 40 be from about 4 to about
12% of the area of input surface 39. A preferred enbodi nent of the
"present invention in which the interstitial regions 33 between tapered
wavegui des are filled with a light absorptive material, as for exanple

| i ght absorptive black particulate material 41 is shown in FIG 9. By
utilizing a light absorptive material in interstitial regions 33, the

di rect view display device has hlgher contrast and |less anbient light is
refl ected back to the observer. S pr ferred that |ight absorptive

bl ack materi 4 19 Eqafe §fid ?fh@i@% See kBT b % R Cont act
with side surdirpeasidd, eledthractiieestlidiesnd deetidimédtidicdll arke aBYReigH 1n
this invention has improved display means which obviates all or
portion of the deficiencies of known direct view flat panel image
display devices such as low contrast and large changes in visual
chromaticity at high viewing angles, i.e. large angles from the
direction normal to the surface of the display.

The preferred embodiments of this invention will be better
understood by those of skill in the art by reference to the above
figures. The preferred embodiments of this invention illustrated in the
figures are not intended to be exhaustive or to limit the invention to
the precise form disclosed. They are chosen to describe or to best
-explain the principles of the invention, and its application and practical
use to thereby enable others skilled in the art to best utilize the
invention.

One preferred embodiment of a display of this invention is
shown in FIG. 1 represented by the number 10. The display is
composed of a light generating means 12, optional reflecting and/or
diffusing element 14, optional input Iight polarizing means 16, a
modulating means 18, optional output light polarizing means 20 and
image display means 22 positioned in contact with the output surface
of polarizer 20. Image display means 22 is comprised of substrate 24,
adhesion promoting layer 26 and an array of tapered waveguides 28
separated by interstitial regions 33. The exact features of light
generating means 12, diffusing means 14, input light polarizing means
16, modulating means 18 and output light polarizing means 20 are not
critical and can vary widely and any such elements conventionally
used in the art may be employed in the practice of this invention.
Ilustrative of useful light generating means 12 are lasers, fluorescent
tubes, light emitting diodes, incandescent lights, sunlight and the like.
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interstitial regions 33 would result in excess absorption |oss to |ight
t-ransmtted through wavegui des 28. Any |ight absorptive material can

-7 =

Useful reflecting and/or diffusing means 14 include metallic
reflectors, metal coated glass mirrors, phosphor screens, reflectors
coated with white surfaces such as titanium dioxide layers and the
like.

Exemplary of useful input light polarizing means 16 and output
light polarizing means 20 are plastic sheet polaroid material and the
like. lllustrative of useful modulating means 18 are liquid crystal cells,
electrochromic modulators, and lead zirconium lanthanum titanate
(PZLT) modulators. For emissive display devices as for example
plasma panel displays the light generating means 12 and the light
modulating means 18 can be functionally combined. Preferred
modulating means 18 for use in the practice of this invention are liquid

~crystal cells. The liquid crystal material in liquid crystal cell 18 can
vary widely and can be one of several types including but not limited
to twisted nematic (TN) material, super-twisted nematic (STN) material
and polymer dispersed liquid crystal (PDLC) material.

The structure of image display means 22 and its positioning is
critical to the improved contrast and viewing angle and chromaticity
provided by the apparatus of this invention. In FIG.1, image display
means 22 is positioned in "proximity" to polarizing means 20 which
itself is in "proximity” with modulating means 18. In those \
embodiments of the invention which do not include optional polarizing
means 20, imagé displays means 22 is positioned in "proximity” to
modulating means 18. As used herein, "proximity” means in intimate
physical contact or closely positioned (preferably within about 1 in.,
more preferably within about 0.75 in., most preferably within about
0.5 in. and within about 0.25 in. in the embodiments of choice) so
that light does not have to be "projected” from one element to the
next through space as in the case with projection systems such as
those described in U.S. Patent Nos. 4,573,764; 4,688,093;
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- 16 - be used to formparticles 41. These nmaterials can be identified by
a black col or. A further enbodi nent of the present invention as shown
in FIG 10 which incorporates protective |ayer 42 over output ends of the

t apered wavegui des 28. Protective |ayer 42 prevents nechani cal danmage to

t he out put surfaces of wavegui des 28 and al so serves to confine |ight
absorptive particulate material 41 to interstitial regions 33 between
wavegui des 28. Protective |ayer 42 iS'dbnposed of a. transparent backing
material 43 as for exanple the mater used to form substrate 24 and

optional |y #8523 and\p.8API4%1 Thetdewece pf fiG41 includes optional
polarizing means 20 and when such polarizing means 20 is not

included , the image display display means 22 is positioned in
proximity to modulating means 18.

FIG. 2 shows an exploded sectional view of image display
means 22. The image display means is composed of a substrate 24,
adhesion promoting layer 26 and an array of tapered waveguides 28.
The tapered waveguides 28 have a light input surface 30, light output
surface 31, sidewalls 32 and are separated by interstitial regions 33
with a lower refractive index than the refractive index of said
wavéguides. Input surface area 30 of each tapered waveguide 28 is
positioned adjacent to the adhesion promoting layer 26 and is larger
than output surface area 31 of each waveguide 28, which in the
embodiments of FIGs. 1 and 2 resuits in a tapered structure. The
structure and positioning of waveguides 28 are critical. As shown in
FIG. 2, the area of light input surface 30 of each waveguide 28 is
greater than the area of its light output surface 31, and the center-to-
center distance between light input surfaces 30 of adjacent
waveguides 28 in said array is equal or substantially equal to the
center-to-center distance between light output surfaces 31 thereof, so
that the angular distribution of light emerging from output surfaces 31
of waveguides 28 is iarger than the angular distribution of light
entering input surfaces 30 of waveguides 28. In order that the
resolution of the image formed by modulating means 18 not be
degraded as it traverses image display means 22, it is preferred that
the center-to-center distance between light input surfaces 31 of
adjacent waveguides 28 is equal to or less than the center-to-center
distance between adjacent pixels of modulating means 18. In FIG. 2,
sidewalls 32 are shown as straight. However, shape of sidewalls 32

is not critical and sidewalls can be straight or curved. REPLACEMENT SHEET
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formed froma material such as magnesi um fluoride, which reduces specul ar
refl ections of anbient |light fromthe surface of wavegui de array 22.

In FIG 11, an enbodi ment of the present invention is illustrated which
utilizes a protective |layer 45 which includes an array of negative | enses
46. Each lens 46 is formed on substrate 48 and is aligned with the output
end 31 of waveguide 28. Lens 46 is conposed of a material with a | ower
refractive index than the overcoat |ayerg 30. The advantage of incorporating
an array of negative lenses with the inage display neans 22 is that the

S St C2 Ao BRURCABR e s g 28 n  pandibane
to the surface of image display means 22 may have any shape
including a square, a rectangle, any equilateral polygon, a circle or an
oval. FIG. 3 shows an array composed of tapered waveguides 28
with rectang.u.lar cross-sections viewed in perspective. FIG. 4 shows a
similar view of an array composed of tapered waveguides 28 which
have circular cross-sections. Examples of shapes for the entire
waveguide 28 include right circular cones, right oval cones, right
square pyramids, and right rectangular pyramids, any of which may be
whole or truncated.

The optical properties, i.e. contrast and change in chromaticity
as a function of viewing angle, of ad array of tapered waveguides 28
are determined by the shape, size and physical arrangement of the
inpividual waveguides 28. In FiG. 2, the center-to-center distance
between light input surfaces 30 of adjacent waveguides 28 is equal or .
substantially equal to the center-to-center distance between the light
output surfaces 31 of adjacent waveguides 28. Therefore, an optical
image entering the array at input surfaces 30 will be neither
magnified or demagnified after traversing the array.

Substrate 24 of waveguide array 22 in FIG. 2 is transparent to
light within the wavelength range from about 400 to about 700 nm.
The index of refraction of the substrate may range from about 1.45 to
about 1.65. The most prefefred index of refraction is from about 1.50
to about 1.60. The substrate may be made from any transparent solid
material. Preferred materials include transparent polymers, glass and
fused silica. Desired characteristics of these materials include
mechanical and optical stability at typical operating temperatures of
the device. Compared with glass, transparent polymers have the
added advantage of structural flexibility which allows display means
22 to be formed in large sheets and then cut and laminated to the
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vari ety of techniques including injection nolding, conpression nolding,
hot roller pressing casting, and photopol ynerization processes. A
preferred technique is a photopol ynerization process illustrated in

FI GS. 12A, 12B and 12C whereby the tapered wavegui des are formed by
ultraviolet (UV) light irradiation of a |layer of photoreactive nononers
through a patterned nask. In FIG 12A, substrate 24 which is coated with
adhesi on pronoting layer 26 is |am nat q]qpto the surface of a partially
transparent mask 51. This assenbly is placed on top of a

output polarizer of the liquid crystal display. Most preferred materials
for substrate 24 are glass and polyester. '

The tapered optical waveguides 28 of the arrays shown in FIG.
2, FIG. 3 and FIG. 4 are formed from a transparent solid material
having a higher index of refraction interstitial regions 33 between the
waveguides. Light rays which enter waveguide 28 through input
surface 30 (shown in FIG. 2) and thereafter are incident on side
surfaces 32 of the waveguide at angles greater than the critical
angle(as defined by Snell’s Law) will undergo one or more total
internal reflections from the side surfaces 32 and, in most cases,
emerge from waveguide 28 through output surface 31. A few light
rays may pass through the side surfaces 32 or be reflected back to

~ the input surface 30. The operational function of waveguide 28
differs from a lens in that a lens does not utilize total internal
reflection.

When waveguide 28 has a taper such that the area of the
output surface 31 is smaller than the area of input surface 30, the
angular distribution of the light emerging from output surface 31 will
be larger than the angular distribution of the light entering the input
surface 30. Image display means 22 having an array of tapered
waveguides 28 placed at the output surface of modulating means 18
will alter the angular distribution of output light from modulating
means 18 such that the image from modulating means 18 can be
viewed at higher angles. It is preferred that the area of output surface
31 of each waveguide 28 be from about 1 to about 50% of the area
of the input surface 30. It is more preferred that the area of the
output surface 31 be from about 3 to about 25% of the area of the
input surface 30. It is most preferred that the area of output surface
31 be from about 4 to about 12% of the area of input surface 30.
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- 17 - layer of photoreactive nononmers 52 which, in turn, is placed over a
.bottom support plate 53 having a rel ease | ayer 54. Mask 51 bears a

- 11 -

In order that image display means 22 has high overall light
throughput, it is preferred that the sum of the areas for all waveguide
input surfaces 30 be greater than 40% of the total area of substrate
24 of the array. It is more preferred that the sum of the areas for all
waveguide input surfaces 30 in image display means 22 be greater
than 60% of the total area of substrate 24 of the array. It is most
preferred that the sum of the areas for all waveguide input surfaces
30 in image display means 22 be greater than 80% of the total area of
substrate 24 of the array.

Tapered waveguides 28 can be constructed from any
transparent solid polymer material. Preferred materials have an index
of refraction between about 1.45 and about 1.65 and include
polymethyimethacrylate, polycarbonate, polyester, polystyrene and
polymers formed by photopolymerization of acrylate monomers. More
preférred materials have an index of refraction between about 1.50
and about 1.60 and include polymers formed by photopolymerization
of acrylate monomer mixtures composed of urethane acrylates and
methacrylates, ester acrylates and methacrylates, epoxy acrylates and
methacrylates, (poly) ethylene glycol acrylates and methacrylates and
vinyl containing organic monomers. Useful monomers include methyl
methacrylate, n-butyl acrylate, 2-ethylhexyl acrylate, isodecyl acylate,
2-hydroxyethyl acrylate, 2-hydroxypropyl acrylate, cyclohexyl acrylate,
1,4-butanediol diacrylate, ethoxylated bisphenol A diacrylate,
neopentylglycol diacrylate, diethyleneglycol diacrylate, diethylene
glycol dimethacrylate, 1,6-hexanediol diacrylate, trimethylol propane
triacrylate, pentaerythritol triacrylate and pentaerythritol tetra-acrylate.
Especially'uéeful are mixtures wherein at least one monomer is a
multifunctional monomer such as a diacrylate or triacrylate, as these
will produce a network of crosslinks within the reacted photopolymer.
The most preferred materials for use in the method of the invention
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The index of refraction of the most preferred materials ranges from

about 1.5

3 to about 1,56. It is not essential that the refractive index

of the transparent solid material be homogeneous throughout the

waveguid

e element. It may be advantageous to cause to be present,

inhomogeneities in refractive index, such as striations or scattering

particles or domains, as these inhomogeneities may further increase

the divergence of light from the output of the waveguide array.

The index of refraction of interstitial region 33 between the

waveguid

waveguid

es 28 must be less than the index of refraction of the
es. Preferred materials for interstitial regions include air,

with an index of refraction of 1.00, and fluoropolymer materials with

an index of refraction ranging from about 1.30 to about 1.40. The

most preferred material is air.

The adhesion promoting layer 26 of the array of tapered

waveguid
transmiss

waveguid

es 28 shown in FIG. 2 is an organic material that is light
ive and that causes the waveguides 28, especially
es formed from polymers as for example photocrosslinked

acrylate monomer materials, to adhere strongly to the substrate 24.

Such materials are well known to those skilled in the art and will not

be described herein in great detail. For example, if substrate 24 is

glass and
monomer

waveguides 28 are formed by photocrosslinking acryiate
materials, then appropriate adhesion promoting layers can be

formed by reacting the glass surface with certain types of silane

compounds including 3-(trimethoxysilyl)propy! methacrylate or 3-

acryloxyp

ropyl trichlorosilane. The thickness of adhesion promotion

layer 26 is not critical and can vary widely. Usually, the thickness of

the layer is as used in conventional direct view flat panel display
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sol vent such as acetone, nethanol, or isopropanol |eaving a pattern of

phot opol yneri zed regi ons 58 on the substrate 24. Photopol yneri zed regi ons
58 correspond to the tapered optical waveguides 28 of the present

i nventi on. In order that the optical wavegui des 28 have the proper
tapered shape, the optical absorption of the unreacted nononmer |ayer 52 at
the wavel engths of the UV light nust be high enough such that a gradient of
W light intensity is established throu q the filmduring W |ight

exposure. That is, the anmount of UV Ifbﬁt avai lable in the nononer |ayer to

e e Tmukedee 1§ b PR bEBBH PR o} wEENBRRAl BREbHRR LD e
due to the figidodRg Myl 28 iXfesstAan about 1 micrometer thick.

A single tapered waveguide 28 with input surface 30, output
surface 31 and straight sidewalls 32 is shown in FIG. 5. [f tapered
straight sidewalls 32 in the drawing are extended until they intersect,
they form taper angle 36. Desired values for taper angle 36 range
from about 2 degrees to about 14 degrees. More preferred values for
taper angle 36 range from about 4 degrees to about 12 degrees.

Most preferred values for taper angle 33 are from about 6 degrees to
about 10 degrees.

The length of tapered waveguide 28 has dimension 34.
Dimension 35 is the mininum transverse distance across waveguide
input surface 30. For example, if input surface 30 has the shape of a
square, dimension 35 is the length of one side of the square. If input
surface 30 has a rectangular shape, dimension 35 is the smaller of the
two side dimensions of the rectangle. The specific values for
dimension 35 may vary widely depending on the center-to-center
distance between adjacent pixels of moduiating means 18. In order
that the resolution of the image formed by modulating means 18 not
be degraded, dimension 35 should be equal to or less than the center-
to-center distance between adjacent pixels of modulating means 18.
For exampie, if the center-to-center distance between adjacent pixels
in modulating means 18 is 200 microns, then dimension 35 is
generally in the range from about 5 microns to about 200 microns,
more preferably from about 15 microns to about 200 microns and
most preferably from about 25 microns to about 100 microns.

Once dimension 35 is chosen, dimension 34 can be specified by
the ratio of dimension 34 to dimension 35. The ratio of dimension 34
to dimension 35 may vary widely depending on how much one wishes

to increase the angular distribution of light emergihg from the output
REPLACEMENT SHEE
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mononer |ayer. This gradient of UV |ight causes a gradient in the amunt of
phot opol yneri zation reaction that occurs fromtop to bottom and this
results in the unique tapered geonetry of the devel oped wavegui de
structures, a geonetry which is easily

- 14 -

surface 31 compared to the angular distribution of light entering input
surface 30. The ratio of dimension 34 to dimension 35 is usually from
about 0.25 to about 20. It is more preferred that the ratio of
dimension 34 to dimension 35 be from about 1 to about 8. It is most
preferred that the ratio of dimension 34 to dimension 35 be from
about 2 to about 4. _

The non-imaging optical properties of tapered waveguides 28
can be modeled using a non-sequential ray tracing computer program.
FIG. 6 shows the output distribution of a particular tapered waveguide
assuming an input of 10,000 light rays randomly distributed over the
input surface 30 of the cone and randomly distributed over input
angles of -10 to +10 degrees. The cone that was modelled in FIG. 6
has a square input surface 30 that is 45 microns on a side, a square
output surface 31 that is 25 microns on a side, a length 34 of 125
microns, straight sidewalls 32 and a taper angle 36 of 4.6 degrees.
The output area of surface 31 is 31% of the area of input surface 30.
The tapered waveguide has improved the light distribution from the
input range of -10 to + 10 degrees to approximately -30 to +30
degrees.

The output Iight distribution of a different and more preferred
tapered waveguide configuration is illustrated in FIG. 7. Tapered
waveguide 28 has a square input surface 30 that is 45 microns on a
side, a square output surface 31 that is 10 microns on a side, a length
34 of 125 microns , straight sidewalls 32 and a taper angle 36 of 8
degrees. The output area of surface 31 is 5% of the area of input
surface 30. Using an input light ray distribution of -10 to + 10
degrees results in a calculated output distribution of approximately -80
to +80 degrees. The output distribution shown in FIG. 7 is a
significant improvement compared to the distribution illustrated in FIG.
6. It should be noted that increasing or decreasing dimensions 34 and
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accessible with the nethod of the present invention. The gradient in the
anmount of phot opol yneri zati on which occurs fromthe top to the bottom of
the filmmy be further influenced by the presence of dissolved oxygen gas
in the nononer |ayer 52, such oxygen acting to curtail or quench the

phot opol yneri zati on reacti on except in those areas where all ‘oxygen has
been consuned by the free radicals produced in the photopol ynerization
process. Such action of dissolved oxygas gas on the progress of

phot opol yneri zation reactions is well known to those skilled in the art.
Further, the3% e&yuihe $a&me muitiplicative factor will not change the properties of

the output light distribution as long as both the ratio of output area to
input area and the taper angle are not changed.

A further embodiment of the present invention is illustrated in
FIG. 8. Image display means 22 is composed of a substrate 24, an
adhesion promoting layer 26 and individual tapered aneguides 28.
Waveguides 28 have curved sidewalls 38 instead of straight sidewalls
as was previously shown in FIG. 2. The.preferred relationships
between the area of the output surface 40 and the area of the input
surface 39 are the same as the preferred relationships previously
stated for tapered waveguides 28 with straight sidewalls. In
particular, it is preferred that the area of output surface 40 of each
waveguide 28 be from about 1 to abodt 50% of the area of input
surface 39. Itis more preferred that the area of the output surface 40
be from about 3 to about 25% of the area of input surface 39. Itis
most preferred that the area of output surface 40 be from about 4 to
about 12% of the area of input surface 39.

A preferred embodiment of the present invention in which the
interstitial regions 33 between tapered waveguides are filled with a
light absorptive material, as for example light absorptive black
particulate material 41 is shown in FIG. 9. By utilizing a light
absorptive material in interstitial regions 33, the direct view display
device has higher contrast and less ambient light is reflected back to
the observer. It is preferred that light absorptive particles 41 be used
for the interstitial regions rather than a continuous black material in
order to minimize the area of black material in contact with side
surfaces 32 of the waveguides. A continuous black material in
interstitial regions 33 would result in excess absorption loss to light

transmitted through waveguides 28. Any light absorptive material can
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geonetry of the photopolyner structures nmay be further

nononer |ayer initiates photopol ynerization at that sur
refractive index of the solidified polyner material i

the Iiquid nmononer, it acts to refract the |ight passin
this manner the aerial imge of light falling on the no

process of self-focussing. That is, the light falling m@sggg{q{aggmg“ 8§28 the

rmftuenced—by—the

€ the
at of

noner nearer to the

bottom of the nononer |ayer is altered tlgrough refraction caused by the
al ready-pol yneri zed material which |ies above it. This effect may cause a

narrow ng of Bé"@sé&%"féﬂﬁtpd@ﬂbhéﬁﬁﬂ Zthesk s tadiats tanmet identitipdsay dace, upon
which the imaging |ight was directed, towards the bottom or support plate

si.de of the |klgek color.

A further embodiment of the present invention as shown in FIG.

10 which incorporates protective layer 42 over output

ends of the

tapered waveguides 28. Protective layer 42 prevents mechanical

damage to the output surfaces of waveguides 28 and also serves to

confine light absorptive particulate material 41 to interstitial regions

33 between waveguides 28. Protective layer 42 is composed of a

transparent backing material 43 as for example the material used to

form substrate 24 and optionally and preferably anti-reflective film 44

formed from a material such as magnesium fluoride, which reduces

specular reflections of ambient light from the surface of waveguide

array 22.

In FIG. 11, an embodiment of the present invention is illustrated

which utilizes a protective layer 45 which includes an array of

negative lenses 46. Each lens 46 is formed on substrate 48 and is

aligned with the output end 31of waveguide 28. Lens 46 is

composed of a material with a lower refractive index than the

overcoat layer 50. The advantage of incorporating an

array of

negative lenses with the image display means 22 is that the resuiting

display will have increased viewing angle.

| Arrays of tapered optical waveguides can be manufactured by a

variety of techniques including injection molding, compression

molding, hot roller pressing casting, and photopolymerization

processes. A preferred technique |s a photopoiymerization process

FGS 124 22 ud >

illustrated m[FIG 12]whereby the tapered waveguides are formed by
ultraviolet (UV) light irradiation of a layer of photoreactive monomers

through a patterned mask. In FIG. 12A, substrate 24 which is coated

with adhesion promoting layer 26 is laminated onto the surface of a

partially transparent mask 51. This assembly is placed on top of a

THIS SHEET HAS BERN
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Anot her enbodi nent of the direct view inmage display device of the present
invention is showmn in FIG 13. ldentified by the nuneral 59, the display is
conposed of |ight source 60, reflecting and/or diffusing elenment 61, input

| ight polarizer 62, liquid crystal cell 63, output |ight polarizer 64 and

| mage di splay neans 65 positioned in contact with the output surface of

pol ari zer 64. | mage display neans 65 is conposed of adhesion pronoting

| ayer 66 and i ndividual tapered wavegudi ges-67, and is forned directly on

t he surface of output

layer of photoreactive monomers 52 which, in turn, is placed over a
bottom support plate 53 having a release layer 54. Mask 51 bears a
pattern of opaque areas 55 which allow UV light 56 (FIG. 12B) to
pass through ohly in the areas which comprise the desired pattern of
the array of tapered optical waveguides. Ultraviolet light 56, as from
a mercury or xenon lamp, is directed to fall on the surface of the
image mask 51. Ultraviolet light which passes through the clear areas
of the mask causes a photopolymerization Eeaction in the regions 57
of monomer layer 52 which are directly under the clear image areas of
the mask 51. No photoreaction occurs in those areas of monomer
layer 52 which are shielded from the UV light by the opaque areas 55
of image mask 51. After irradiation by UV light, both image mask 51
and bottom support plate 53 with release layer 54 are removed (FIG.
12C). The unreacted monomers are washed away with a suitable
solvent such as acetone, methanol, or isopropandl leaving a pattern of
photopolymerized regions 58 on the substrate 24. Photopolymerized
regions 58 correspond to the tapered optical waveguides 28 of the
present invention.

In order that the optical waveguides 28 have the proper tapered
shape, the optical absorption of the unreacted monomer layer 52 at
the wavelengths of the UV'light must be high enough such that a
gradient of UV light intensity is established through the film during UV
light exposure. That is, the amount of UV light available in the
monomer layer to cause the initiation of the photoreaction wiill
decrease from the top, or the image mask side, towards the bottom,
or the bottom support plate side, due to the finite absorption of the
monomer layer. This gradient of UV light causes a gradient in the
amount of photopolymerization reaction that occurs from top to

- bottom, and this results in the unique tapered geometry of the

developed waveguide structures, a geometry which is easily -
HOPSEEYR9 geomey REPLAGEMENT SHEET
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- 19 - polarizer 64 which serves as the substrate for imge display neans
. 65. Anot her enbodi nent of the direct view imge display device of the
present invention is illustrated in FIG 14, identified by nunmber 68.

- 18 -

accessible with the method of the present invention. The gradient in
the amount of photopolymerization which occurs from the top to the
bottom of the film may be further influenced by the presence of
dissolved oxygen gas in the monomer layer 52, such oxygen acting to
curtail or quench the photopolymerization reaction excépt in those
areas where all oxygen has been consumed by the free radicals
produced in the photopolymerization process. Such action of
dissolved oxygen gas on the progress of photopolymerization reactions
is well known to those skilled in the art. Further, the requisite
geometry of the photopolymer structures may be further influenced by
the process of self-focussing. That is, the light falling on the surface
of the monomer layer initiates photopolymerization at that surface,
-and since the refractive index of the solidified polymer material is
higher than that of the liquid monomer, it acts to refract the light
passing through it. In this manner the aerial image of light falling on
the monomer nearer to the bottom of the monomer layer is altered
through refraction caused by the already-poly_merized material which
lies above it. This effect may cause a narrowing of the resultant
polymerized structure from the top surface, upon which the |mag|ng
light was directed, towards the bottom, or support plate side of the
layer.

Another embodiment of the direct view image display device of
the present invention is shown in FIG. 13. Identified by the numeral
59, the display is composed of light source 60, reflecting and/or
diffusing element 61, inpui light polarizer 62, liquid crystai cell 63,
output light polarizer 64 and image display means 65 positioned in
contact with the output surface of polarizer 64. Image display means
65 is composed of adhesion promoting layer 66 and individual tapered
waveguides 67, and is formed directly on the surface of output
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The display is conposed of a light source 69, reflecting and/or diffusing
.element 70, input light polarizer 71, liquid crystal cell 72, output Iight
pol ari zer 73, fiber-optic faceplate 74 and i nage di splay nmeans 75
positioned in contact with the output surface of the fiber- optic faceplate
74. 1 mage display neans 75 is conposed of substrate 76, adhesion pronoting
| ayer 77 and individual tapered wavegui des 78. Fiber-optic faceplate 74
serves to transfer the image forned by the liquid crystal cell 72 to a

i mage position avvay fromthe cell. 1 mad@ di splay neans 75 can inprove the
view ng angl e of ﬁe di spl ay 68. Anot her enbodinent of the direct
vi ew i mage m@gﬂiw wm@h@ferveﬁeaprtbgénbstrmemn ioreges disptayvhmeansl G 15 and

S |dent|f|eé15by nuner al

Another embodiment of the direct view image display device of
the present invention is illustrated in FIG. 14, identified by number 68.
The display is composed of a light source 69, reﬂeéting and/or
diffusing element 70, input light poiarizer 71, liquid crystal cell 72,
output light polarizer 73, fiber-optic facepiate 74 and image display
means 75 positioned in contact with the output surface of the fiber-
optic faceplate 74. Image display means 75 is composed of substrate
76, adhesion promoting layer 77 and individual tapered waveguides
78. Fiber-optic faceplate 74 serves to transfer the image formed by
the liquid crystal cell 72 to a image position away from the cell.
Image display means 75 can improve the viewing angle of image
display 68.

Another embodiment of the direct view image display device of
the present invention is shown in FIG. 15 and is identified by numeral
79. Display 79 is composed of light source 80, reflecting and/or
diffusing elément 81, input light polarizer 82, liquid crystal cell 83,
output light polarizer 84 and image display means 85 positioned in
contact with the output surface of the output polarizer 84. The
output window of modulating means 83 is a fiber-optic face plate 89.
Fiber-optic face plate 89 accepts light only from a narrow range of

- angles. Image display means 85 is composed of substrate 86,
adhesion promating layer 87 and individual tapered waveguides 88.
Image display means 85 improves ihe viewing angle and chromaticity
of the dlsplay 79.

Another embodiment of the direct view image dlsplay device of
the present invention is shown in FIG. 16 and is identified by numeral
90. Display 90 is composed of a light source 91, reflecting and/or
diffusing element 92, collimating means 93, input light polarizer 97,
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79. Display 79 is conposed of |ight source 80, reflecting and/or diffusing
el ement 81, input light.polarizer 82, liquid crystal cell 83, output |ight
pol ari zer 84 and i nage display neans 85 positioned in contact with the

out put surface of the output polarizer 84. The out put w ndow of nodul ati ng
means 83 is a fiber-optic face plate 89. Fiber-optic face plate 89 accepts
light only froma narrow range of angles. Imge display neans 85 is
conposed of substrate 86, adhesion pro d ng |layer 87 and individual

tapered wavegui des 88. |mage display ngg%s 85 inproves the view ng angle

oo e o sk ol 5. b oo pord S R RRRESRY L o TS0,

i s identifiedragnsUrom pbsitioned in contact with the output surface of the output
polarizer 99. The collimating array of tapered optical waveguides 93
is composed of substrate 94, adhesion promoting layer 95 and
individual tapered optical waveguides 96. The input area of each
tapered optical waveguide 96 faces the light source 91 and is smaller
than the output area of waveguide 96 which is positioned adjacent to
adhesion promoting layer 95. The collimating means 93 improves the
collimation of light entering the liquid crystal cell 98. Image display
means 100 is composed of a substrate 101, an adhesion promoting
layer 102 and individual tapered waveguides 103. Image display
means 100 improves the viewing angle and chromaticity of the
display. |

A preferred embodiment of collimating means 93 of the present
invention, is illustrated in an explodéd view in FIG. 17. The
collimating means 93 is composed of substrate 94, adhesion
promoting layer 95 and individual tapered waveguides 96. The
.orientation_.of collimating means 93 with respect to the direction of
transmitte.d light is opposite to the orientation of image display means
100. Waveguides 96 of collimating means 93 have input surface 105
which is smaller in area than output surface 106. Although the
waveguides are illustrated with straight sidewalls 107, it is also
possible for the sidewalls to be curved. Uncollimated light which
enters input surfaces 105 or enters the waveguide through the
sidewalls 107 will emerge from the array partially collimated. The
improved collimation will improve the overall contrast of the liquid
crystal.display. '
The direct-view display device of this invention can be used for

those applications for which conventional d'isplay devices are used.
lllustrative of such applictions are computer terminals, televisions,
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90. Display 90 is conposed of a light source 91, reflecting and/or
.diffusing elenent 92, collimating neans 93, input l|ight polarizer 97,

- 21 -

airplane cockpit displays, automotive instrument panels and other
devices that provide text, graphics or video information.

The following specific examples are presented to particularly
illustrate the invention and should not be construed to place limitations

, thereon.

EXAMPLE |
The production of an array of tapered waveguides on a thin,

plastic film was achieved and was most desirable because of both its
thinness and economics. A photolithographically created mask
(5"x5"x0.09") with a two-dimensional grid of 45 micron wide clear
squares on 50 micron centers was used. The 5 micron wide spaces

- between squares were opaque to ultraviolet and visible radiation. Onto
this mask a few drops of methanol were applied and then a 100
micron thick poly({ethylene terephthalate) {(PET) film was pressed on.
This PET film was prepared with an uitra-thin film surface treatment
which renders it reactive and adherable to polymerizing monomer
solution. Such surface-activated films were known to those skilled in
the art. The surface tension of the methanol caused the film to mildly,
but firmly adhere to the mask. The mask and the surface-activated
PET film constituted the array substrate subassembly. Onto a
separate 5"x5"x0.25" blank glass plate was bonded a PET film using
a pressure sensitive adhesive. This constitﬁted the release film
subassembly. The -release film subassembly was placed film-side up
on a black, metal platform containing threaded holes. Metal spacers, 1
cm x 3 cm x 200 microns thick, were placed around the edges on top
of the release film. Approximately 1 milliliter of a photopolymerizable
monomer solution was delivered to the center of the release film. This
monomer solution consisted of 62 parts ethoxy|atéd bisphenol A
diacrylate, 31 parts trimethylolpropane triacrylate, 1 part irganox 1010




- 20 - liquid crystal cell 98, output light polarizer 99 and i nage displ ay
.means 100 positioned in contact wth the output surface of the output

pol ari zer 99. The collimting array of tapered optical waveguides 93 is
conposed of substrate 94, adhesion pronoting |ayer 95 and i ndi vi dual
tapered optical wavegui des 96. The input area of each tapered optical
wavegui de 96 faces the light source 91 and is smaller than the output area
of wavegui de 96 which is positioned adjacent to adhesion pronoting |ayer

95. The collimating neans 93 inproves (& col limation of light entering the
liquid crystal cell 98. Image display neans 100 is conposed of a substrate
101, an adhesamtioxidannt2 pgrts Darocure 1173 photoinitiator, 2 parts Irgacure

651 photoinitiator, and 2 parts Irgacure 500 photoinitiator. The array
substrate subassembly was then placed, film-side down on top of the
monomer solution. A clear glass 5"x5"x0.25" plate was placed on
top of this entire fabrication assembly and metal clamps and screws
were used to fully and evenly compress the plates together resulting in
a 200 micron thick monomer solution layer between the release film
and the array substrate.

At this point the entire fabrication assembly was placed under
the collimating lens of a ultraviolet/visible (UV-vis) radiation exposure
system. The UV-vis system contained a 1000 Watt Mercury-Xenon
lamp and delivered even, collimated, and homogeneou; full-spectrum
radiation with an intensity of 85 mW/cm? to the entire 5" x 5" area of
the fabrication assembly. The sample was irradiated for 0.76
seconds. The fabrication assembly was then dissassembled and the
array film with the tapered optical waveguides now formed, but still
covered with monomer solution in the interstitial regions between
elements, was placed upside-down in a bath of isopropanol and left
for ten minutes. Isopropanol was a relatively poor solvent for the
monomer but was advantageous since it allowed for the even and mild
development of the optical waveguide elements’ reflective walls.
After removal of the the residual monomer, the tapered optical
waveguides were dried in a stream of nitrogen gas, placed in a a
nitrogen gas-purged enclosure, and hard cured under the UV-vis
radiation for an additional 20 seconds.

Electron microscopy and optical microscopy were used to
evaluate the tapered optical waveguides. The individual optical
waveguides were observed to have the shape of truncated right
square pyramids. The elements were 200 microns tall. Thé width of

the s‘maller, output surface of the optical waveguides was 20 micro_ns. _
REPLACEMENT SHEE
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| ayer 102 and individual tapered wavegui des 103. Inmage di splay neans 100
dnproves the view ng angle and chromaticity of the display. A
preferred enbodi nent of collinmating neans 93 of the present invention, is
illustrated in an exploded viewin FIG 17. The collinmating neans 93 is
conposed of substrate 94, adhesion pronoting |ayer 95 and i ndi vi dual

t aper ed wavegui des 96. The orientation of collinmating nmeans 93 with respect
to the direction of transmtted |ight B8 epposite to the orientation of

i mage di splay neans 100. Wavegui des 96 of collimating neans 93 have i nput
surface 105 Tiei refilective reidewalls nvereecery lsamoatin and jojned 4ogeth@s.atA t hough t he

wavegui des %re%tﬁ Iolf ulséd ?ﬁi&%n"g Eé}osv‘\; ﬁei mpusti sdue? aéeI ?acle(.)zl'hei nlnpiu§ also
surface of the waveguides was located at the interface between the
100 micron thick PET array substrate and the width of this input
surface was 50 microns although, as described, the input surfaces
were totally fused together in this example. The taper angle of the
optical waveguides was thus 12 degrees.

EXAMPLE ll

Example 1 above was taken as a starting point. The tapered
optical waveguides were abundantly covered with carbon lampblack
powder, an optically absorbing material. The lampblack powder had a
average particle size much smaller than the 50 micron dimensions of
the optical waveguides. The powder was then carefully smoothed into
the interstitial regions of the array of tapered optical waveguides using
a soft instrument, in this case a gloved finger. The excess was
removed with the same instrument. The optical waveguides were so
robust that the lampblack could be spread without causing visible
damage. Looking at the output side of the tapered waveguide array,
the lampblack caused the array to appear a dark, matte black. The
percent of the visible surface area which was blackened was
determined to be 85 percent.

A transmission measurement was carried out by passing a
helium-neon laser beam with a ga_ussian mode shape and a 6 degree
full divergence angle through the array of tapered optical waveguides.
When the light propagated from the light input side towards the light
output side of the waveguides, the transmission was 60%.

A further experiment was carried out on a seperate array of
tapered optical waveguides. Here half the array was filled with

lampblack powder and the other half was filled with a black liqui _ —
- REPLACEMENT SHEET
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poséi ble for the sidewalls to be curved. Uncollimated Iight which enters
l-nput surfaces 105 or enters the waveguide through the sidewalls 107 w ||
energe fromthe array partially collimted. The inproved collimation wll

i nprove the overall contrast of the liquid crystal display.

The

direct-view di splay device of this invention can be used for those

applications for which conventional display devices are used.

of such applictions are conputer ternmi#fajg,-televisions,

[l lustrative

epoxy. After thé epoxy dried the two samples were compared. The
array area filled with lampblack when viewed from the light input side
to the light output side appeared very transmissive and showed a
transmission of 60 percent. The array area filled with black epoxy
when viewed from the light input side to the light output side
appeared much less transmissive and showed a transmission of about
15 percent. This showed that the choice of optically absorbing
‘material was very critical in allowing light to propogate successfully
through the array of tapered waveguides. Where the optically

| absorbing material was lampblack powder, the powder came in direct
contact with only a small fraction of the surface area of the
waveguide sidewalls and allowed the phenomenon of total internal
reflection to proceed unimpeded. Light was transmitted through the
waveguides By entering the input ends of the waveguides, reflecting
off the side walls of the waveguides and exiting through the output
surfaces. When the optically absorbing material was a black epoxy, it
index matched to the reflective sidewalls and caused the light to
couple through the sidewalls and be absorbed by the optically
absorbing material.

EXAMPLE i

Example 2 above was taken as a starting point. The array of
tapered optical waveguides with interstitial regions filled with
lampblack powder was laminated together with a piece of PET film
prepared with a pressure sensitive adhesive. The pressure-sensitive
adhesive formed an index matched interface with the output surface
of the optical waveguides. The array of waveguides continued to
show a transmission of 60 percent as in example 2 above. The array
of tapered optical waveguides was now fitted with a protective layer
- and was washed, flexed, and handled without damage to the

| ‘REPLACEMENT SHEET
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- 21 - airplane cockpit displays, autonotive instrument panels and other
devi ces that provide text, graphics or video infornmation. The

fol l ow ng specific exanples are presented to particularly illustrate the
i nvention and shoul d not be construed to place limtations

- 25 =

waveguides and without loss of the powdery, optically absorptive

material.

EXAMPLE IV

Example 2 above was taken as a starting point. The array of
tapered optical waveguides with interstitial regions filled with
lampblack powder was laminated together with a piece of plastic heat-
activated lamination film, typically used to laminate identification
cards. The laminating film formed an index matched interface with the
output surface of the optical waveguides. The array of waveguides
continued to show a transmission of 60 percent as in example 2
above. The array of tapered optical waveguides was now fitted with
a protective layer and was washed, flexed, and handled without
damage to the waveguides and without loss of the powdery, optically

absorptive material.

EXAMPLE V
Example 4 above was taken as a starting point. When viewed

from the light output surface, the laminated, protective film offered a
continuous air-plastic interface which caused light from behind the
viewer to be reflected back into the viewer’s eye. The example was
covered with a layer of the same photopolymerizable monomer
solution as used in example 1 above. On top of the array and
monomer solution was then placed a glass plate with an anti-reflection
coating. After curing the monomer solution with UV-vis radiation, the
array of tapered optical waveguides with a protective, laminated
plastic film, anc} a further anti-reflection coated glass plate was
observed to appear much darker. This was due to the reduction in

reflected spurious light reaching the viewer’s eyes. ' // /

REPLACEMENT SHEET E
ET

14 NOV 1996 | /1{t| 66




t her eon. EXAMPLE | The production of
an array of tapered waveguides on a thin, plastic filmwas achi eved and was
nost desirabl e because of both its thinness and econom cs. A
phot ol i t hographi cally created mask (5"x5"x0.09") with a two-di nensi onal
grid of 45 mcron wi de clear squares on 50 mcron centers was used. The 5
m cron w de spaces between squares were opaque to ultraviolet and visible
radiation. Onto this mask a few drops=oRénet hanol were applied and then a
100 mcron thick poly(ethylene terephthalate) (PET) filmwas pressed on.
EXAMPLE VI

Example 4 above was taken as a starting point. The protected
array of tapered optical waveguides with absorptive black material
was placed in front of a helium-neon laser beam with a gaussian mode
shape and a 6 degree full divergence angle. The laser beam
propagated from the light input side. to the light output side. The light
output was then observed on a diffusive viewing screen to be
transformed into a broad pattern. This pattern was analyzed using
video frame grabbing instrumentation and computer software. -
Analysis showed that this array of tapered optical waveguides caused
light to be transformed into a broad output pattern centered about the
central laser beam spot. Due to the use of a single laser beam and the
geometry of the waveguides, the output pattern contained four-fold
symmetry and 8 spots of roughly equal intensity. The full angular
distribution of the regions of maximum spot intensity was 40 degrees.
The entire output pattern of the array of tapered waveguides showec_i
a relatively smoothly decreasing variation in light output intensity over
a full angle of about 60 degrees even though the laser beam input had
only a 6 degree divergence. )

A lambertian diffuser offered an object to test the absolute
display characteristics of the array of tapered optical waveguides. The
intensity of the light propagating collinearly with the laser beam was
normalized to 1. At a full angle of 40 degrees, fhe array of tapered
optical waveguides provided 50 percent of the intensity of the ideal
lambertian diffuser. At a full angle of 60 degrees, the array of
tapered optical waveguides provided 17 percent of the intensity of the
ideal lambertian diffuser. It should be pointed out that the lambertian
diffuser operates by a mechanism of intense scattering and
transmitted only 47 percent of the light incident on one surface in the

forward direction. _REPLACEMENT SHEET
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Thi's PET fil mwaS prepared—w-th-an ultra-thin filmsurface treatment which
.renders it reamslgﬁ@ctﬁ,;}%egqpelra |l e to polynerizing nmonomer sol ution. Such

surface-activat own to those skilled in the art. The surface
tensi on of the d the filmto mldly, but firmy adhere to the
mask. The mask t e-activated PET film cenastituted the array
substrate subassenbly. Onto a separat e-27x5"x0. 25" bl umtmt m‘ﬁ“ﬂa
bonded a PET fil musing a pressure sensitive adhesi veﬂlm d the
rel ease fil rﬂ!ﬂ.ﬁaﬁii&hﬂl&&&lﬁ. rel ease film subassenbly*waé ptackd fi|'m side

up on a black, netal platformcontaining threaded holes. Metal spacers, 1
cmx 3 cmx 200 mcrons thick, were placed around the edges on top of the

rel ease film Apptoxi rhinegt Y‘Wlflqtlﬂac"@' display sREWSISNGier i zabl e
(a) a light generating means for generating light;

{b) a modulating means for modulating light: from said light
generating means to form an image; and

{c) an image display means for displaying said image from said
modulating means positioned adjacent to the light output surface of said
modulating means, said display means comprising an array of tapered
optical waveguides on a planar substrate the tapered end of each of said
waveguides extending outward from said substrate and having a light
input surface adjacent said substrate and a light output surface distal
from said light input surface, wherein:

(i) the area of the light input surface of each waveguide is
greater than the area of its light output surface, and the center-to-center
-distance between the light input surfaces of adjacent waveguides in said
array is equal to the center-to-center distance between the light output
surfaces thereof, so that the angular distribution of light emerging from
the output surfaces of the waveguides is larger than the angular
distribution of light entering the waveguides; and

(i) the waveguides in said array are separated by interstitial
regions with a lower refractive index than the refractive index of said
waveguides.

2. The device of claim 1 wherein said modulating means is a
liquid crystal modulator.

3. The device of claim 2 which futher comprises:

(d)  an input light polarizing means positioned between said light
generating means and said modulating means for polarizing light
generated by said light generating means; and

(e}  an output light polarizing means positioned between said
modulating means and said image display means for polarizing light
emitted from said modulating means.

4, The device of claim 1, 2 or 3 wherein all or a

interstitial regions are opticially absorptive. REP LACEMENT SHEET
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norioner sol ution was delivered to the center of the release film This
Jmononer sol ution consisted of 62 parts ethoxyl ated bi sphenol A diacryl ate,

31 parts trimethylol propane triacrylate, 1 part Irganox—3640—

R O i

- 28 -

5. The device of claim 4 wherein all or a portion of said
interstitial regions contain an optically absorptive material.

6. The device of claim 5 wherein all or a portion of said
material is in particulate form.

7. The device of claim 6 wherein said material is carbon black.

8. The device of claim 1, 2 or 3 wherein the tapered optical
waveguides are constructed from organic polymeric material. |

9. The device of claim 1 wherein said waveguides are striated.

10. The device of claim 1 wherein said waveguides contain
scattering centers.
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- 22 - antioxidant, 2 parts Darocure 1173 photoinitiator, 2 parts Irgacure
651 photoinitiator, and 2 parts Irgacure 500 photoinitiator. The array
substrate subassenbly was then placed, filmside down on top of the nonomer
solution. A clear glass 5"x5"x0.25" plate was placed on top of this entire
fabrication assenbly and netal clanps and screws were used to fully and
evenly—eonpress the pl ates toget her resughing in a 200 mcron thick nononer

sol ut ﬁgﬂ&x&m&ﬂt{y@eﬂ the release filmand the array substrate. At
'\

P S 5

DIRECT VIEW DISPLAY DEVICE
WIT RAY OF TAPERED WAVEGUIDE

A direct view display comprising:

(a) light generating means for generating light;

(b) modulating means for modulating light from said light
generating means to form an image; and

(c) i'mage display means for displaying said image from said
modulating means positioned adjacent to the light output surface of
said modulating means, said display means comprising an array of
tapered optical waveguides on a planar substrate the tapered end of
each of said waveguides extending outward from said substrate and
having a light input surface adjacent said substrate and a light output
surface distal from said light input surface, wherein: .

(i) the area of the light input surface of each waveguide is
greater than the area of its light output surface, and the center-to-
center distance between the light input surfaces of adjacent |
waveguides in said array is equal to the center-to-center distance
between the light output surfaces thereof, so that the angular
distribution of light emerging from the output surfaces of the
waveguides is larger than the angular distributiqn of light entering the
waveguides; and _

(ii) the waveguides in said array are separated by interstitial
regions with a lower refractive index than the refractive index of said
waveguides. |
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the collimating lens of a ultraviolet/visible (UV-vis) radiation exposure
-system The UV-vis system contained a 1000 Watt Mercury-Xenon | anp and
delivered even, collimted, and honbgeneous full-spectrumradiation with an
intensity of 85 mWcnjerr] to the entire 5" x 5" area of the fabrication
assenbly.. The sanple was irradiated for 0.76 seconds. The fabrication
assenbly was then dissassenbled and theqjarray filmwth the tapered optical
wavegui des now formed, but still covered with nonomer solution in the
interstitial regions between el enents, was placed upsi de-down in a bath of
| sopropanol and left for ten mnutes.. Isopropanol was a relatively poor

sol vent for the nononer but was advantageous since it allowed for the even
and m |l d devel opnent of the optical wavegui de el enents' reflective walls.
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After renoval of the the residual nonomer, the tapered optical wavegui des
were dried in a streamof nitrogen gas, placed in a a nitrogen gas-purged
encl osure, and hard cured under the UV-vis radiation for an additional 20
seconds. El ectron mcroscopy and optical mcroscopy were used to

eval uate the tapered optical wavegui des. The individual optical wavegui des
wer e observed to have the shape of truncated right square pyramds. The

el ements were 200 microns tall. The wid& hr of the snmal | er, output surface of

the optical wavegui des was 20 microns.
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- 23 - The reflective sidewalls were very snooth and joi ned together at a
depth of 160 m crons bel ow the output surface face. The input surface of

t he wavegui des was | ocated at the interface between the 100 m cron thick
PET array substrate and the width of this input

FIG. 3
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surface was 50 m crons although, as described, the input surfaces were
totally fused together in this exanple. The taper angle of the optical
wavegui des was thus 12 degrees. EXAMPLE 1 |
Exanpl e 1 above was taken as a starting p0|nt The tapered optical
wavegui des were abundantly covered wi th carbon | anpbl ack powder, an
optically absorbing material. The | anpbl ack powder had a average particle
size much smaller than the 50 m cron di-n#nsi ons of the optical wavegui des.
The powder was then carefully snmoothed into the interstitial regions of the
array of tapered optical wavegui des using

FIG. 4
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a soft instrunent, in this case a gloved finger. The excess was renoved
with the sane instrunent. The optical wavegui des were so robust that the

| anpbl ack coul d be spread w thout causing visible damage. Looking at the
out put side of the tapered wavegui de array, the |anpblack caused the array
to appear a dark, matte black. The percent of the visible surface area

whi ch was bl ackened was determ ned to be 85 percent. A transm ssion
measurement was carried out by passing & heliumneon |aser beamwith a
gaussi an node shape and a 6 degree full divergence angle through the array
of tapered optical waveguides. When the |ight propagated fromthe |ight

i nput side towards the |ight output S|de of the waveguides, the
transm ssi on was 60% _
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A further experinment was carried out on a seperate array of tapered optical
wavegui des. Here half the array was filled with | anpbl ack powder and the

other half was filled with a black liquic

i FIG.6
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- 24 - epoxy. After the epoxy dried the two sanples were conpared. The
array area filled with | anpbl ack when viewed fromthe |ight input side to
the |ight output side appeared very transm ssive and showed a transm ssion
of 60 percent. The array area filled w th black epoxy when viewed fromthe
light input side to the |ight output side appeared much | ess transm ssive
and showed a transm ssion of about 15 percent. This showed that the choice
of optically absorbing material was very Tritical in allowing light to

propogat e successfully through the array of tapered wavegui des. \Were the
optically
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absorbing material was |anpbl ack powder, the powder came in direct contact
wth only a small fraction of the surface area of the wavegui de sidewalls
and al l owed t he phenonenon of total internal reflection to proceed

uni npeded. Light was transmtted through the wavegui des by entering the

I nput ends of the waveguides, reflecting off the side walls of the
wavegui des and exiting through the output surfaces. Wien the optically
absorbing material was a bl ack epoxy, ~i 8 ndex matched to the reflective
sidewal I s and caused the light to couple through the sidewalls and be
absorbed by the optically absorbing materi al .

FIG. 8
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EXAMPLE 111 Exanpl e 2 above was taken as a starting point. The array
of tapered optical waveguides with interstitial regions filled with

| anpbl ack powder was | am nated together with a piece of PET film prepared

with a pressure sensitive adhesive. The pressure-sensitive adhesive forned
an index matched interface with the output surface of the optical

wavegui des. The array of wavegui des continued to show a transm ssion of 60
percent as in exanple 2 above. The arra§ of tapered optical wavegui des was
now fitted with a protective |ayer and was washed, flexed, and handl ed

wi t hout damege to the

FIG. 9
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- 25 - waveguides and without |oss of the powdery, optically absorptive

mat eri al .
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EXAMPLE |V Exanpl e 2 above was taken as a starting point. The array
-of tapered optical waveguides with interstitial regions filled with
| anpbl ack powder was | ami nated together with a piece of plastic heat-

activated lamnation film typically used to lamnate identification cards.

The lam nating filmformed an i ndex matched interface with the out put
surface of the optical wavegui des. The array of wavegui des continued to
show a transnission of 60 percent as~i Alexanpl e 2 above. The array of
tapered optical wavegui des was now fitted with a protective |ayer and was
washed, flexed, and handl ed w t hout

FIG. 11
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damage to the wavegui des and without |oss of the powdery, optically _
absorptive material . EXAMPLE V Exanpl e
4 above was taken as a starting point. Wen viewed fromthe |ight output
surface, the |am nated, protective filmoffered a continuous air-plastic

i nterface which caused |ight frombehind the viewer to be reflected back
into the viewer's eye. The exanple was ¢overed wth a | ayer of the sane
phot opol yneri zabl e nononer sol ution as L¢ed in exanpl e 1 above. On top of
the array and nononer solution was then placed a glass plate with an

FIG. 12A
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coéting. After curing the nononer solution with UV-vis radiation, the array
of tapered optical waveguides with a protective, lamnated plastic film
and a further anti-reflection coated glass plate was observed to appear

much darker. This was due to the reduction in reflected spurious |ight
reaching the viewer's eyes.

- 13 -
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EXAMPLE VI Exanpl e 4 above was

taken as a starting point. The protected array of tapered optical
wavegui des wi th absorptive black material was placed in front of a

hel i um neon | aser beam wi th a gaussi an node shape and a 6 degree ful

di vergence angle. The | aser beam propagated fromthe light input side to

the light output side.

The |ight output was then observed on a diffusive

viewi ng screen to be transforned into a4broad pattern. This pattern was

anal yzed usi ng
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video franme grabbing instrunmentation and conputer software. Analysis showed
that this array of tapered optical wavegui des caused light to be
transforned into a broad output pattern centered about the central | aser
beam spot. Due to the use of a single |aser beam and the geonetry of the
wavegui des, the output pattern contained four-fold symretry and 8 spots of
roughly equal intensity. The full angular distribution of the regi ons of
maxi mum spot intensity was 40 degrees. 1Phe entire output pattern of the
array of tapered wavegui des showed a relatively snoothly decreasing
variation in light output intensity over a full angle of about 60 degrees
even though the | aser beaminput had only a 6 degree divergence. A

| anbertian di ffuser offered an object to test the absolute

FIG. 15
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di splay characteristics of the array of tapered optical waveguides. The
intensity of the light propagating collinearly with the | aser beam was
normalized to 1. At a full angle of 40 degrees, the array of tapered

opti cal wavegui des provi ded 50 percent of the intensity of the ideal

| anmbertian diffuser. At a full angle of 60 degrees, the array of tapered
optical wavegui des provided 17 percent of the intensity of the ideal

| anbertian diffuser. It should be poind®d-out that the |anbertian diffuser
operates by a nechanismof intense scattering and transmitted only 47
percent of the light incident on one surface in the

FIG. 16
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-27 - \WHAT IS CLAIMED I'S: 1. A direct view flat panel display

~conpri si ng:
nodul ati ng
form

(a) a |light generating neans for generating |ight; (b) a
means for nodulating light fromsaid |ight generatlng nmeans to

e
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FIG. 17
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L

an iTade; and (c) an i mage display neans for displayi n@_"%ﬁ'&’fn& e from
saivd nodul ati ng neans positioned adjacent to the Ig evotif paeT :
surface of said nodul ati ng neans, said display mean co_r‘rq“,si ng -an
array of tapered optical wavegui des on a pl anar .substprage!t9& ' -
tapered end of each of said wavegui des extending outward fromsaid
substrate and having a |ight input surface .adjacegt said substrate
and a light output surface distal -fgom said |ight —iwyt surface,
wher ei n: (1) the area of the light input surface of each wavegui de -
is greater than the RIEa0 shows a preferredf emibddirhémt oPthid Biesent fitgenticind the
center-to center distance between the light - | nput surfaces of
adj acent waveguwheseinrtheautpyt fages of the waveguidr-ayayase coyered by a

center distance, b | L.ght put surfaces thereof, so that the
angul ar traﬁgg‘gfgﬁf%’?‘ﬁeﬁ&g?c}ﬂgﬁ l'ight energing fromthe output
surfaces of the wavepid.des shaws a preferred embodiment of the present invention

wherein the output faces of the waveguide array are covere& by a
transparent protective layer incorporating an array of lenses.
FIGS. 12A, 12B, and 12C illustrate a preferred process for

the formation of a tapered waveguide array of the present invendion.
FIG. 13 is a cross-sectional view of another embodiment of a

liquid crystal display constructed in accordance with the present
invention.

FIG. 14 is a cross-sectional view of another embodiment of a

- liquid crystal display constructed in accordance with the present
invention. '

FIG. 15 is a cross-sectional view of another embodiment of a
liquid crystal display constructed in accordance with the present
invention. '

FIG; 16 is a cross-sectional view of another embodiment of a
liquid crystal display constructed in accordance with the present
invention.

FIG. 17 shows a preferred embodiment of a collimating array of
tapered waveguides.

iption of the Prefarr mbodimen
The present invention is directed to a direct-view device of the
type wherein the image being displayed is generated in.the immediate
proximity of the display screen. Such devices include emissive display
devices as for example gas discharge, plasma panel,
electroluminescent, light-emitting diode, diode laser, vacuum
fluorescent and flat cathode-ray tube and non-emissive display devices

| REPLACEMENT SHEET
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| argersthan the angular distribution of |ight enteri ng' t he wavegui des; and
(iix) the waveguides in said array are separated by interstitial regions:

w th a | ower refractive index than the refractive index of

sai d wavegui des. 2. . The device of claim1l wherein said wavegui des are
stri ated. 3. .The -device of claim 1l wherein said wavegui des contain
scattering centers. - 4. The device of claim1l which further conprises a

fiber-optic face plate. - 16 -

be used to form pa'rtic!éé 4:1. These materials can be identified bya
black color. '

A further embodimént of the _preserit invention as shown in FIG,
10 which incbrporat_es protective layer 42 over output ends of the
tapered waveguidss 28. Protective layer 42 prevents mecha'mical
damage to the output surfaces 6f waveguides 28 and also serves to
confine light absorptive particulate material 41 to interstitial regions
33 between waveguides 28. Protective layer 42 is composed of a.
transparent backing material 43 as for example the material used to
form substrate 24 and optionally and pfeferably anti-reflective film 44
formed from a material such as magnesium fluaride, which reduces
specular reflections of ambient light from the surface of waveguide
array 22.

~ In FIG. 11, an embodiment of the present invention is illustrated
which utilizes a protective layer 45 which includes an array of
negative lenses 46. Each lens 46 is formed on substrate 48 and is
aligned with the output end 31of waveguide 28._ Lens 46 is
composed of a material with a lower refractive index than the
overcoat layer 50. The advantage of ir)corporating an array of
negative lenses with the image display means 22 is that the resulting
display will have increased viewing angle.

Arrays of tapered optical waveguides can be manufactured by a
variety of techniques including injection molding, compression
molding, hot roller pressing casting, and photopolymerization
processes. A preferred technique is a photopolymerization process

i1lustrated in FIGS.12A, 12B and 12C whereby the tapered waveguides

are formed by ultraviolet (UV) 1ight irradiation of a layer of
photoreactive monomers through a patterned mask. In FIG.12A,
substrate 24 which is coated with adhesion promoting layer 26 is
laminated onto the surface of a partially transparent mask 51.

This assembly is placed on top of a REPLACEMENT SHEET

17 FEB 1338




5. The direct view flat panel display of claim1 wherein said angul ar

distri but| | ight entering said wavegui des ranges from about -6

to about: ;ﬁw ﬁr \% The direct view flat panel display of claim1l
i

wherein s Wﬂ’ buti on of | ight entering said wavegui des
MO degrees - 27 -

ranges f r ont abou

WHAT IS CLAIMED IS:

1. A direct view flat panel display comprising:

(@)  alight generating means for generating light;

(b)  a modulating means for modulating light from said light generating means to form
an image; and

(c) an image display means for displaying said image from said modulating means
poeitioned adjacent to the light output surface of said modulating means, said display
means comprising an array of tapered optical waveguides on a planar substrate the
tapered end of each of said waveguides extending outward from said substrate and

having a light input surface adjacent said substrate and a-light output surface distal .

from said light input surface, wherein: .

@ the area of the light input surface of each waveguide is greater than the area
of its light output surface, and.the center-to center distance between the light
input surfaces of adjacent waveguides in said array is equal to: the: center-to-

 center distance between the ligﬁt output surfaces thereof, so that the angular |
distribution of light emerging from the output surfaces of the waveguideé is
larger than the angular distribution of light entering the Waveguides; and

(ii) the waveguides in said array are separéted by interstitial regions with a lower

refractive index than the refractive index of said waveguides.

2. The device of claim 1 wherein said waveguides are striated.

3. The device of claim 1 wherein said waveguides contain scattering centers.

4. The device of claim 1 which further comprises a fiber-optic face plate.

S. The direct view flat panel display of claim 1 wherein said angular. distribution of

light entering said waveguides ranges from about -6 to about +6 degrees.

6. The direct view flat panel display of claim 1 wherein said angular distribution of

o

light entering said waveguides ranges from about -10 to +10 degrefs\*

17 FEB 199"
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- 28 -+ 7.

The direct view flat panel display of claim1 wherein said

angul ar di stribution of || ght energing fromthe output surfaces of

t he wavegui dm“ﬁmma“m“muﬂout -30 to about +30 degr ees.
=: # L L W 5 %

10.

11.

@

12.

13.

14.

15.

-28 -

The direct view flat panel display of claim 1 wherein said angular distribution of
light emerging from the output surfaces of the waveguides ranges from about -30 to

about +30 degrees.

The direct view flat panel display of claim 1 wherein said angular distribution of
light emerging from the output surfaces of the waveguides ranges from about -60 to

about +60 degrees.

The direct view flat panel display of claim 1 wherein said angular distribution of
light emerging from the output surfaces of the waveguides ranges from about -80 to

about +80 degrees.
The device of claim 1 wherein said modulating means is a liquid crystal modulator.

The device of claim 10 which further comprises:

an input light polarizing means positioned between said light generating means and
said modulating means for polarizing light generated by said light generating means;
and

an output light polarizing means positioned between said modulating means and said

image display means for polarizing light emitted from said modulating means.

The device of claim 1, 10 or 11 wherein all or a portion of said interstitial regions

are optically absorptive.

The device of claim 12 wherein all or a portion of said interstitial regions contain an

optically absorptive material.

The device of claim 13 wherein all or a portion of said material is in particulate

form.

The device of claim 14 wherein said material is carbon black. REPLACEMENT SHEET

17 FEB 1998




8. ‘The direct view flat panel di splay of claim1 wherein said angul ar
distribution of ————}ight_energing fromthe output surfaces of the

wavegui des ran m 0Oto about +60 degrees. 9. The
direct viewifl "ﬂm of claim 1l wherein said angular distribution
of Ilght en“ergl ne he outpot- surfaces of the wavegui des ranges

from about -80 to - about +80 degr ees. 10. The device of claim1
wherein said nodulating neans is a liquid crystal nodul ator.

16.  The device of claim 1, 10 or 11 wherein the tapered optical waveguides are

constructed from organic polymeric material.

17.  The device of claim 1, 10 or 11 wherein the shape of said waveguides is selected
from the group consisting of right circular cones, right oval cones, right square

pyramids, and right rectangular pyramids, which may be whole or truncated.

18.  The device of claim 17 wherein the shape of said waveguides is a truncated right

circular cone.

'19.  The device of claim 17 wherein the shape of said waveguides is a truncated right

square pyramid.

20.  The device of claim 1, 10 or 11 wherein the tapered optical waveguides possess a
light input surface with largest dimension less than 100 microns across and a height

of at least 200 microns with the ration of input area to output area of at least 2.1.

21.  The device of claim 1, 10 or 11 wherein said device further comprises a protective
layer bonded to said waveguide array, said protective layer béing positioned to

receive output from the light output surfaces of the waveguides in said array.
22.  The device of claim 21 wherein said protective layer has an anti-reflective coating.

23.  The device of claim 11 wherein said device further comprises a protective layer
bonded to said waveguide array, said protective 'laycr being positioned to receive
output from the light output surfaces of the waveguides in said array and said

protective layer containing an array of negative lenses.

24.  The device of claim 11 which further comprises a light-collimating means for
collimating light from said generating means positioned adjacent to the light input

surface of the input polarized of said modulating means, said light-collimating méggs
REPLACEMENT -Shie]
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11. The device of claim 10 which further conprises: (d) an input I|ight
polari zr&g—mn& ositioned between said |ight generating nmeans and

sai d m)du for pol arizing |ight generated by said |ight
generatin M\Aﬂm ij” nd (e) an output |ight polarizing neans
positi oned*be dul ati ng nea®0s- and said I mage di spl ay

means for polarizing I | ght emtted fromsaid nodul ati ng neans. 12.  The
device of claim1, 10 or 11 wherein all or a portion of said interstitial
regions ccﬁﬁﬁis%g ot ﬁjrisy oiatgﬁé%@ E)bt‘f(%] waveguides on a planar substrate, the tapered

end of each waveguide extending outward from said substrate and having a light

output surface adjacent said substrate and a light input surface distal said light output

surface, wherein:

6] the area of the light input surface of each waveguide is smaller than the area
of its light output surface, and the center-to-center distance Between the light
input surfaces of adjacent waveguides in said array is equal to the center-to-
center distance between the light output surfaces thereof, so that the divergent
light from an uncollimated illumination system is partially collimated upon
emergence from their output surfaces; and |

(iiy  the waveguides in said array are separated by interstitial regions with a lower

refractive index than the refractive index of said waveguides.

25. A direct view flat panel display comprising:
(@ a light generating means for generating light; _
(b) a modulating means for modulating light from said light generating means to form
an image wherein said modulating means has pixels; and
(© an image display means for displaying said image from said modulating means
positioned adjacent to the light output surface of said modulating means, said display
means comprising an array of tapered optical waveguides on a planar substrate the
tapered end of each of said waveguides extending outward from said substrate and
having a light input surface adjacent said substrate and a light output surface distal
from said light input surface, wherein:
@) the area of the light input surface of each waveguide is greater than
the area of its light output surface, and the center-to-center distance
between the light input surfaces of adjacent waveguides in said array
is equal to the center-to-center distance between the light output
surfaces thereof, so that the angular distribution of light emerging

from the output surfaces of the waveguides is larger than the angular

distribution of light entering the waveguides; '
S S e e REPLAGEMENT SHEET
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13. The device of claim 12 wherein all or a portion of said interstitial

regi ons contain an ptically absorptive material. 14.  The
devi ce OWH or a portion of said material is in
particul at; g‘\g““\ . 15. The device of claim 14 wherein said

L

material i
(ii)  the waveguides in said array are separated by interstitial regions with a lower
refractive index than the refractive index of said waveguides; and
(i)  said center-to-center distance between said light input surfaces of adjacent
tapered optical waveguides is less than the center-to-center distance between

adjacent pixels said modulating means.

26.  The direct view flat panel display of claim 25 wherein the ratio of said center-to-
center distance between said light input surfaces of adjacent tapered optical
waveguides to said center-to-center distance between said adjacent pixels of said

modulating means is from about 0.025 to less than 1. -

27.  The direct view flat panel display of claim 25 wherein the ratio of said center-to-
center distance between said light input surfaces of adjacent tapered optical
waveguides to said center-to-center distance between said adjacent pixels of said

modulating means is from about 0.125 to about 0.50.

28.  The direct view flat panel display of claim 25 wherein the ratio of the length of each
of said tapered optical waveguides to said center-to-center distance between said light

input surfaces of adjacent tapered optical waveguides is from about 0.25 to about 20.

29.  The direct view flat panel display of claim 25 wherein the ratio of the length of each
of said tapered optical waveguides to said center-to-center distance between said light

input surfaces of adjacent tapered optical waveguides is from about 1 to about 8.

30.  The direct view flat panel display of claim 25 wherein said center-to-center distance
between said light input surfaces of adjacent tapered optical waveguides is from about

5 to less than 200 microns.

31.  The direct view flat panel display of claim 25 wherein said center-to-center distance

between said light input surfaces of adjacent tapered optical waveguides is from about

15 to less than 200 microns. | REPLACEMENT SHEET
17 FEB 1998
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- 29 -*  16.

The device of claim1, 10 or 11 wherein the tapered optical

wavegui des are———eenstrueted fromorganic polyneric material.

* [+ L M S *

3.

33.
34.
3s.

36.

37.

The direct view panel display of claim 25 wherein said center-to-center distance
between said light input surfaces of adjacent tapered optical waveguides is from about

25 to about 100 microns.

The direct view flat panel display of claim 25 wherein the length of each of said

tapered optical waveguides is up to 4,000 microns.

The direct view flat panel display of claim 25 wherein the length of each of said

tapered optical waveguides is from about 5 to about 1,600 microns.

The direct view flat panel display of claim 25 wherein the length of each of said

tapered optical waveguides is from about 10 to about 800 microns.

The direct view flat panel display of claim 25 wherein said light output surface area
of each of said tapered optical waveguides is from about 1 to about 50 percent of the

light input surface area of each of said tapered optical waveguides.

The direct view flat panel display of claim 25 wherein said light output surface area
of each of tapered optical waveguides is from about 3 to about 25 percent of the light

input surface area of each of said tapered optical waveguides.

REPLACEMENT SHEET
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17. The device of claim1, 10 or 11 wherein the shape of said wavegui des
i s*.sel ected fromthe group consisting of right circular cones, right
oval cones, right square pyram ds, and right rectangul ar pyram ds,
whi ch may be whol e or truncated. 18. The device of claim 17 wherein the
shape of said waveguides is a truncated right circul ar cone. 19.
The device of claim 17 wherein the shage_of said waveguides is a truncated
ri ght square pyram d

DIRECT VIEW DISPLAY DEVICE WITH ARRAY
OF TAPERED WAVEGUIDE ON VIEWER SIDE

ABSTRACT

A direct view display including a light generating means
for generating light, a modulating means for modulating
light from said light generating means to form an image,
and an image display means for displaying said image from
said modulating means positioned. adjacent to the light
output surface of said modulating means, said display means
comprising an array of tapered optical waveguides on a
planar substrate the tapered end of said waveguides
extending outward from said substrate and having a light
input surface adjacent said substrate and ‘a light output
- surface distal from said light input surface. The area of . .
the light input surface of each waveguide is greater than
the area of its light output surface, and the center-to-
center distance between the 1light input surfaces of
adjacent wavegqguides in said array is equal to the center-
to-center distance between the 1light output surfaces
thereof, so that the angular distribution of light emerging
from the output surfaces of the waveguides is larger than
the angular distribution of light entering the wavegquides.
Also, the waveguides in said array are separated by
interstitial regions'with a lower refractive index than the
refractive index of said wavegquides.

Figure 1.
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20. The device of claim1, 10 or 11 wherein the tapered optical

wavegui des possess a | ight input surface with |argest dinension |ess
than 100 mi crons across and a hei ght of at least 200 microns with
the ration of input area to output area of at |east 2.1. 21. The devi ce

of claim1, 10 or 11 wherein said device further conprises a protective

| ayer bonded to said wavegui de array, said protective |ayer being
positioned to "~ receive output fj§ the light output surfaces of the
wavegui des in said- array. 22. The device of claim 21 wherein said
protective |ayer has an anti-reflective coating.

FIG. 1
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23. The device of claim 11 wherein said device further conprises a
protective |ayer bonded to said wavegui de array, said protective

| ayer being positioned to receive output fromthe |ight output
surfaces of the waveguides in said array and said protective | ayer
containing an array of negative | enses. 24. The device of claim1l
whi ch further conprises a light-collimting nmeans for col li mati ng
light fromsaid generating neans positisgped adjacent to the light input
surface of the input polarized of said nodul ati ng neans, said

l'i ght-collimting neans

FIG. 2
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- 30 - conprising an array of tapered optical wavegui des on a
pl anar substrate, the tapered end of each wavegui de extendi ng
.outward from said substrate and having a |ight

3/17

FIG. 3
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out put surface adjacent said substrate and a |light input surface distal
sai d |ight output surface, wherein: (i) the area of the

| i ght input surface of each waveguide is snaller than the area

of its light output surface, and the center-to-center distance between the
| i ght I nput surfaces of adjacent waveguides in said array is
equal to the center-to- center distance between the |ight
out put surfaces thereof, so that the di ¥87gent light from an
uncol limated illum nation systemis partially collinmated upon

energence fromtheir output surfaces; and (ii1) the waveguides in
said array are separated by interstitial regions with a | ower

refractive index than the refractive index of said wavegui des.

FIG. 4
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25, A direct view flat panel display conprising: (a) a light generating
nmeans for generating |ight; (b) a nodul ati ng neans for nodul ating |ight

fromsaid |ight generating neans to form an i mage wherein said
nodul ati ng neans has pixels; and (c) an i mage di splay neans for
di spl ayi ng said i mage from sai d nodul ati ng neans posi ti oned adj acent

to the light output surface of said nodul ati ng neans, said display

means conprising an array of tapered opsygpl wavegui des on a planar
substrate the tapered end of each of said wavegui des extendi ng
outward from said substrate and having a |ight input surface

adj acent said substrate and a |ight output surface distal fromsaid
| i ght input surface, wherein: (1) the area of the Iight input
surface of each waveguide is greater than the area of its

| i ght output surface, and the center-to-center distance

FIG. 5
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bet ween' t he light input surfaces of adjacent waveguides in said array
Is equal to the center-to-center distance between the |ight output

surf aces t hereof,

so that the angular distribution of

| i ght energing

fromthe output surfaces of the waveguides is larger than the angul ar
distribution of light entering the wavegui des;

FIG. 6
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- 31 - (i1) the waveguides in said array are separated by
interstitial regions with a | ower refractive index than the
refractive index of said wavegui des; and (iii) said center-to-center
di stance between said light input surfaces of adjacent

tapered optical waveguides is |ess than the center-to-center distance

bet ween adj acent pi xel s ﬁiid nodul ati ng neans. 26. The
direct view flat panel display of clai 5 wherein the ratio of said
center-to- '
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center di stance between said Iight

opti cal

I nput surfaces of adjacent tapered

wavegui des to said center-to-center distance between said

adj acent pixels of said

than 1.

27. The direct view flat panel

rati o of said center-to-

surfaces of adjacent tapered optical

nodul ating neans is fromabout 0.025 to | ess
di splay of claim25 wherein the

center distance between said |ight input

wavegui des to said

center-to-center distance between said adj &&ht pi xel s of said
28. The direct view

nodul ati ng neans is fromabout 0.125 to about 0.50.
di splay of claim25 wherein the ratio of the |l ength of each

flat panel
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of said tapered optical waveguides to said center-to-center distance

bet ween said |ight I nput surfaces of adjacent tapered optica
wavegui des is fromabout 0.25 to about 20. 29. The direct view fl at
panel display of claim?25 wherein the ratio of the | ength of each of
sai d tapered optical waveguides to said center-to-center distance between
said |ight i nput surfaces of adjaceng # pered optical waveguides is
fromabout 1 to about 8. -30. The direct ew flat panel display of

claim25 wherein said center-to-center distance bet ween said |ight
I nput surfaces of adjacent tapered optical waveguides is from about

5to less than 200 m crons.
F'G- 9
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31. "The direct view flat panel display of claim25 wherein said
center-to-center distance between said |ight input surfaces of
adj acent tapered optical wavegui des is from about 15 to I ess than 200

m crons.

10/17

FIG. 10
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- 32 - 32. The direct view panel display of claim25 wherein said

center-to-center distance between said |ight input surfaces of
adj acent tapered optical wavegui des is from about 25 to about 100
m crons. 33. The direct view flat panel display of claim?25 wherein the
| engt h of each of said tapered optical waveguides is up to 4,000
m crons.
11/17

FIG. 11
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34. The direct view flat panel display of claim25 wherein the | ength of

each of said tapered optical waveguides is fromabout 5 to about

1, 600 m crons. 35. The direct view flat panel display of claim25
wherein the I ength of each of said tapered optical waveguides is
from about 10 to about 800 mi crons. 36. The direct view flat panel.

di splay of claim25 wherein said |light output surface area of each

of said tapered optical waveguides is 124mn about 1 to about 50 percent of
t he ‘ _
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| ight input surface area of each of said tapered optical wavegui des. 37.
The direct view flat panel display of claim25 wherein said |ight output
surface area of each of tapered optical waveguides is from about 3
to about 25 percent of the |ight i nput surface area of each of said
tapered optical wavegui des.
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DIRECT VIEW DISPLAY DEVICE WITH ARRAY OF TAPERED WAVEGUIDE ON

VIEWER -SIDE

Background of the invention

1. Field of the Invention

This invention is directed to a direct view display devices as for
example, a liquid crysfal display device. More preferably, this
invention relates to such displays which incorporate arrays of tapered
optical waveguides t0 achieve relatively high light transmission, high
contrast, and large viewing angles.

2. Description of Related Art

Display._devices as for example projection display devices, off
screen display devices and direct view displays are known. See for )
example, EPO O 525 755 A1; U.S. Patent Nos. 4,659,185; |
5,132,830; 5,159,478; Japanese Publication Nos. 245106 and
42241.: Such dfsplays are used in a wide range of applications which
includé computer terminals, airplane cockpit displays, automotive
instrument panels, televisions and other devices that provide text,
graphics or video information. Such displays can replace conventional
cathode ray tube displays due to advantages of smailer volume,
reduced weight, and lower power consumption.

'Cor_wentio'nal direct view displays as for example liquid crystal
displays suffer from a number of inherent disadvantages. For
example, at high viewing angles (large angles from the direction
normal to 'the-surface of the display), such displays suffer from low
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