PROCESS FOR MAKI NG AN ARRAY OF TAPERED PHOTOPOLYMERI ZED WAVEGUI DES P. D.
F|Ie 82- 3307 (6100) Background of the Invention The present invention

rlel ates to a process for making an array of tapered photopol ymerized
wavegui des. Wavegui des, also known in the art as light transm ssive devices
or lightguides, are used in display devices, such as for exanple projection
di spl ay devices, off screen display deviceg, and direct view displays. See
for exanple U S. Patents 3,218 924 and 3 279,314 to MIler and U S. Patent

4,767,186 to Bradley, Jr. de range of
appl I cations including co A%& %@ 6l¥m
TAPERED PHOTOPOLYMERIZED WAVEGUIDES
P.D, File 82-3307 (6100)

Background of the Invention

The present invention relates to a process for making an array of
tapered photopolymerized waveguides.

10 Waveguides, also known in the art as light transmissive devices
or lightguides, are used in display devices, suth as for example
projection display devices, off screen display devices, and direct view
displays. See for example U.S. Patents 3,218,924 and 3,279,314 to
Miller and U.S. Patent 4,767,186 to Bradley, Jr. et al. Such displays

15 are used in a wide range of applications including computer terminals,
airplane cockpit displays, automotive instrument panels, televisions,
and other devices that provide text, graphics, or video information.

Processes for making waveguides for use in display devices are
known. For example, U.S. Patents 3,218,924, 3,279,314; and

20 4,767,186 teach that projection screens may be manufactured by
known processes and list compression molding, injection molding,
extrusion, hot roller pressing, casting, and photopolymerization. U.S.
Patent 3,767,445 teaches a method for producing integrated optical
waveguides by making a die having a surface matching the desired

25 uniform cross section waveguide shape, embossing a transparent
plastic substrate with the die, and coating the embossed substrate with
a high refractive index material.

U.S. Patent 5,230,990 teaches a process for making an optical
waveguide array of light transmissive cores with uniform cross section

30 throughout the core length. A resist master is formed first by exposing
a photoresist layer through a photomask, dissolving the exposed areas,
and heating the non-exposed areas to form parallel rows of semicircular
shaped protuberances. The resist is heated until it is melted and the
liquid surface tension draws it into a line of a semicircular cross section

35 or a hemispherical bead. Thus, semicircular grooves and hemispherical
dots are the only shapes attainable with this method. A stamper is then
formed from the resist master by sputtering an electroconductive film
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ai rpl ane cockpit displays, autonotive instrunent panels, televisi

_other devices that provide text, graphics, or vidgo infbrnat?ghélgpzéegggs
for maki ng wavegui des for use in display devices are known. For exanple
U S. Patents 3,218,924; 3,279,314; and 4,767,186 teach that projection ’
screens may be manufactured by known processes and list conpression
nol di ng, injection molding, extrusion, hotzroller pressing, casting, and
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the optical waveguide array by exposing a low refractive index material
5 on the stamper, removing the cured layer, putting a high refractive
index material into the semicircular shaped grooves of the cured layer,
curing the high refractive index, putting a low refractive material on the
high refractive index material, and curing. See also U.S. Patents
4,902,086; 5,113,471; and 5,136,678.

10 Kokai Patent Publication 245106 published October 31, 1991
teaches a process of making an optical plate of a substrate having high
refractive index waveguides with uniform cross section throughout the
waveguide length, wherein the waveguides are separated by low
refractive index material. The optical plate is made by placing high

15 refractive index photosensitive resin on a substrate, covering the

* photosensitive resin with a low oxygen permeable sheet, and exposing
the photosensitive resin to ultraviolet light through a photomask and the
low oxygen permeable sheet to form uniform cross section waveguides.
The unexposed resin and low oxygen permeable sheet are removed and

20 low refractive index material is placed around the waveguides.

The 245106 process is disadvantageous because it produces
waveguides which when used on a display, would suffer from low
contrast and changes in visual chromaticity as the viewing angle
changes. In order to obtain good collection of light at the input end of

25  the waveguides, they must be close packed at the input end, as taught
in Kokai 245106. Since the cross-section is uniform, this close packed
arrangement persists throughout the optical plate, along the length of
the waveguides. This results in difficulty in removing the unexposed
material from the wall area during the development step and

30 additionally, does not provide space on the output end of the plate for
contrast improving materials to be added. Moreover, waveguides with
uniform cross section do not increase the angular distribution of the
light which passes through them. Itis often highly desirable that the
waveguides should cause such an increase in angular distribution as is

35 taught in commonly assigned U.S. patent application Serial No. 86,414
filed July 1, 1993.
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U. S. Patent 5,230,990 teaches a process for naking an optical wavegui de
array of light transm ssive cores with uniformcross section throughout the
Gore length. A resist master is forned first by exposing a photoresist

| ayer through a photomask, dissolving the exposed areas, and heating the
non- exposed areas to formparallel rows of semcircul ar shaped

prot uberances. The resist is heated until ityis nelted and the liquid

surface tension draws it into a line of a sém.circular c¢cross section or a
hemi spherical bead. Ththerquecesses fonmaking,optical wavegwidgsavingunform are

the only shapes atfggsrabtion whé distlosed iR UNSd Patenté /1831136 ahd SN 3PP from
the resist master Eb c)pS alﬁtlsﬁéﬁtnﬁuﬁlri]caﬁo%cﬁﬁ@%n S%%shéﬁ 1\f:I'a}crH 7, 1990; Kokai
Patent Publication 24121 published February 2, 1993; and Kokai
s Patent Publication 119203 published May 18, 1993.

U.S. Patent 4,712,854 teaches two processes for forming optical
waveguides suitable for connection to optical fibers. The first process
involves a first ultraviolet light exposure step to form a refractive index
profile in the depthwise direction of the photopolymerization material

10 and a second uitraviolet light exposure step te form a refractive index
profile in the widthwise direction to form an optical waveguide having
good matching characteristics relative to a graded index type optical
fiber. This process is disadvantageous because two ultraviolet light
exposure steps are required. In addition, no relief image is formed and

15 the waveguide consists of a higher refractive index region within a
sheet of continuous polymer film, or a lamination of several of such
films. Optical waveguide propagation is therefore strictly limited to the
plane of the film, never to propagation normal to the film surface.

Kokai Patent Publication 42241 published September 19, 1986

20 teaches a process of making a lightguide array by moving a substrate
through a container of monomer solution while exposing the solution to
uitraviolet light through a photomask so that uniform cross section
lightguide bodies form on the substrate. During the process, the
monomer solution being exposed is positioned between the photomask

25 and substrate and the photomask is positioned between the ultraviolet
light and the monomer solution. During the exposure, the substrate is
moved perpendicularly away from the light source. The substrate is
then removed from the container and a lower refractive index material
is poured around the rod-shaped lightguide bodies and cured. Tapered

30 lightguide bodies are formed by positioning a lens between the
photomask and monomer solution and moving the lens, thereby altering
the mask image magnification, so that the lightguide bodies taper in a
direction away from the substrate toward the lens, photomask, and
ultraviolet light. The complicated moving mask and lens system makes

35 this process disadvantageous to use. Also, this process is incapable of
making tapered lightguide bodies wherein the center-to-center distance
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2 on the resist master to forma nmetal nmaster and then formng a netallic
filmon the nmetal master to forma stanper having parallel rows of

sem circul ar shaped protuberances. The stanper is then used to formthe
optical waveguide array by exposing a low refractive index material on the
stanper, renoving the cured layer, putting a high refractive index materi al
into the sem circul ar shaped grooves of the cured |ayer, curing the high
refractive index, putting a |ow refractive faterial on the high refractive

i ndex material, dyetweenilivht ifine ﬂ&ﬁoeyoﬁadj%%bﬁﬂbédlés w&mﬁmﬂf ?éri and
5,136, 678. Koka tRR Rfite. Tt drital EiRfn?d bR eBl Rihe BEPut’sh38&Ls Beteot
As a result, the area of the input and output surfaces of the array cannot
be equal. The array area at the tapered end is decreased by the square
5  of the reduction ratio of the individual elements, as is clear from the
diagrams of Kokai 42241. This method is therefore of no use for
creating tapered waveguide arrays for use in display applications such
as liquid crystal displays (LCD's), as it is highly undesirable to shrink
the size of the display. Further, the cross sections of individual
10 elements in an array created by a moving lens are not uniform. Those
which are close to the optical axis of the lens system have a different
cross-sectional profile than those lying at the perimeter of the array.
This effect is also clearly shown in the diagrams of Kokai 42241. Asa
result, the individual elements of the array will have nonuniform optical
15 properties, which is highly undesirable in display systems where such
nonuniformities would degrade the image qualities.

As such, the need exists in the art for a simple process for
making an array of tapered photopolymerized waveguides wherein the
array of tapered photopolymerized waveguides has improved

20 properties.

Summary of the Invention
We have developed a process for making an array of tapered

photopolymerized waveguides which responds to the foregoing need in

25 the art. In step (a), a photomask is placed in substantial contact with a
substrate wherein the photomask has opaque and transparent regions.
In step (b), a substantially uniform thickness of photopolymerizable
mixture is placed on the substrate so that the substrate is positioned
between the photopolymerizable mixture and the photomask wherein

30 (i) the photopolymerizable mixture comprises at least one reactive
monomer and photoinitiator and (ii) the photoinitiator is present in an
amount sufficient to form a gradient of substantiaily collimated actinic
radiation across the thickness of the photopolymerizable mixture during
subsequent step (c). In step (c), while maintaining the

35 photopolymerizable mixture and substrate in a substantially fixed plane
relative to the substantially collimated actinic radiation, the
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teaches a process of nmaking an optical plate of a substrate having high
refractive i ndex wavegui des with uniformcross section throughout the
wavegui de | ength, wherein the wavegui des are separated by low refractive

i ndex material. The optical plate is nmade by placing high refractive index
phot osensitive resin on a substrate, covering the photosensitive resin with
a | ow oxygen perneabl e sheet, and exposing t phot osensitive resin to
ultraviolet light t rough a photoma,sk and the | ow oxygen perneabl e sheet to

f or m uni f or m cr osspbetopolymerzab)eimuzture 1s expossd-thsough the tnansparentwegiongen
per meabl e sheet argf cﬁém?dﬁﬁ tbQH‘é Eﬁﬁsft%ﬁallsecél ed3thhicta a"ho%' fRrgd

around t he wavegui ges. i cm ?Pl r ocess | g ant ageous. cause it

produces wavegui de % aBﬁ"é‘Yd? P MPBO grizeds r om | ow
waveguides wherein (i) the tapered end of each of the waveguides

5 extends outward from the substrate, (ii) each of the waveguides has a
light input surface adjacent the substrate and a light output surface
distal from the light input surface, and (iii) the area of the light input
surface of each of the waveguides is greater than the area of its light
output surface. In step (d), the photomask and photopolymerizable

10 mixture which was not substantially polymerized by the substantially
collimated actinic radiation during step (c) are removed from the
substrate.

In another embodiment, in step (a), a substantially uniform
thickness of photopolymerizable mixture is placed on a photomask

15 wherein (i) the photomask has opaque and transparent regions, (i) the
photopolymerizable mixture comprises at least one reactive monomer
and photoinitiator, and (iii) the photoinitiator is present in an amount
sufficient to form a gradient of substantially collimated actinic radiation
across the thickness of the photopolymerizable mixture during

20  subsequent step (b). In step (b), while maintaining the
photopolymerizable mixture and photomask in a substantially fixed
plane relative to the substantially collimated actinic radiation,
photopolymerizable mixture is exposed through the transparent regions
of the photomask to the substantially collimated actinic radiation for a

25 time sufficient to form an array of tapered photopolymerized
waveguides wherein (i) the tapered end of each of the waveguides
extends outward from the photomask, (ii) each of the waveguides has
a light input surface adjacent the photomask and a light output surface
distal from the light input surface, and (iii) the area of the light input

30 surface of each of the waveguides is greater than the area of its light
output surface. In step (c), photopolymerizable mixture which was not
substantially polymerized by the substantially collimated actinic
radiation during step (b) is removed from the photomask.

Unlike the process of Kokai Patent Publication 42241, the

35 present process is advantageous because it does not require movement

of the photopolymerizable mixture during the exposure step or a
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contrast and changes in visual chromaticity as the view ng angl e changes.
In order to obtain good collection of |[ight at the input end of the

wavegui des, they nust be cl ose packed at the input end, as taught in Kokai
245106. Since the cross-section is uniform this close packed arrangenent
persists throughout the optical plate, along the | ength of the wavegui des.
This results in difficulty in renoving the Qpexposed material fromthe wall
area during the devel gpnent. step and, addi ti onally, does not provide space
on the output end<ompligateg) lans sygemcaArdss to makedapergd lightguides Moree

angul ar di str i but LEpoAsatly thiareh ufiHieMpue QS Dl suifcEpofth atrdy OTTRP | "¢
highly desirable § taPﬁEe‘ﬁH\?ggE'i"g@ lss%?%“ suncagpge ﬁng]r\%iaé'gg in
angul ar di stri but indepeadeént of the degree of taper of the individual waveguides.

5 Additionally, each individual waveguide is substantially identical
regardless of its position within the array which results in uniform
optical properties across the array.

Other advantages of the present invention will be apparent from
the following description, attached drawings, and attached claims.
10 *
Brief Description of the Drawings
FIG. 1 shows a substrate useful in practicing the present process.
FIG. 2 shows a side view of a photomask useful in practicing the
present process. FIG. 2A shows a top view of the photomask.
15 FIG. 3 shows the combination of the substrate of FIG. 1 and the
photomask of FIG. 2.
. FIG. 4 shows the FIG. 3 combination with a photopolymerizable
material useful in practicing the present process.
FIG. 5 shows FIG. 4 with a cover plate useful in practicing the
20 present process.
FIG. 6 illustrates exposure of the FIG. 5 combination to
substantiaily collimated light.
FIG. 7 illustrates the FIG. 6 combination after removal of the
photomask and cover plate.
25 FIG. 8 illustrates the removal of unexposed polymerizable
material from the FIG. 7 combination.
FIG. 9 illustrates the combination resulting from FIG. 8.
FIG. 9A illustrates the combination resulting from another
embodiment of the present process.
30 FIG. 10 illustrates the flood exposure of the FIG. 9 combination.
FIG. 11 is an exploded sectional view of an array of tapered
waveguides with straight sidewalls made by the present process.
FIG. 12 is an array of tapered waveguides with rectangular
cross-sections viewed in perspective made by the present process.
3s FIG. 13 is an array of tapered waveguides with round cross-
sections viewed in perspective made by the present process.
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taught in commonly assigned U S. patent application Serial No. 86,414 filed
July 1, 1993. 3 O her processes for nmeking optical wavegui des having

ufii form cross section are disclosed in U S. Patents 4,783,136 and
5,138, 687; European Patent Publication 357396 published March 7, 1990;

Kokai Patent Publication 24121 published February 2, 1993; and Kokai Patent
Publ i cati on 119203 published May 1 8, 1993. U S. Patent 4,712,854 teaches
two processes for form ng optlcal

FIG. 14 is a sectional view of a single tapered waveguide with
straight sidewalls made by the present process.

FIG. 15 is an exploded sectional view of an array of tapered
waveguides with curved sidewalls made by the present process.

5 FIG. 16 shows an array of tapered waveguides made by the
present process wherein the interstitial regions between waveguides
contain a light absorptive black particulate amaterial.

FIG. 17 shows an array of tapered waveguides made by the
present process wherein the output faces of the waveguide array are

10 covered by a transparent protective layer. )

FIG. 18 shows an array of tapered waveguides made by the
present process wherein the output faces of the waveguide array are
covered by a transparent protective layer incorporating an array of
lenses.

15

Description of the Preferred Embodiments

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

20 Figures are not intended to be exhaustive or to limit the invention to the
precise form disclosed. The Figures 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.

25 A waveguide substrate 2 as illustrated in FIG. 1 is useful in
practicing the present process. Waveguide substrate 2 comprises
substrate 4 and an optional adhesion promoting layer 6. At a minimum,
substrate 4 is transparent to light within the wavelength range from
about 400 to about 700 nm, as this visible wavelength region is the

30 most desirable region in which the optical waveguides to be formed
will operate. It is more preferred that the substrate 4 also transmits
ultraviolet light in the region from about 250 to about 400 nm as this is
the region in which many useful photoinitiators absorb light.
Additionally, if it is desired to utilize the tapered waveguide array in

15 the near infrared region, from about 700 nm to about 2000 nm, then it
would be preferred to use a substrate 4 which is transparent in that
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wavegui des suitable for connection to optical fibers. The first process

I pvolves a first ultraviolet light exposure step to forma refractive index
pfofile in the depthw se direction of the photopol ynerization material and
a second ultraviolet |ight exposure step to forma refractive index profile
in the widthwi se direction to form an opticgld wavegui de havi ng good

mat chi ng characteristics relative to a grad I ndex type optical fiber.

This process is dregidnastwelbodbeindexofrefractiont of:substrate 4 myyt rangefeome
navegui de consi ot 2098 'aﬁﬁbtfb?’% 1785, Fhe st igfenisd ip8ERBEreicidills,
cont i nuous pol yme&om ﬁg?ufog- § tpaﬂiﬂoﬁ&ﬂi@- OSUMQAI may beymade from anvpt i cal
wavegu de propagairafi§pdrent M@ﬁﬁ:&éﬁeﬂ? fPﬁeférb’?d ixﬁtér?ﬂs bfe totinferéfaflyof the
"1 m never 1o, propatidic hdIRciude uga%sf)areent bo{?rﬁéjrg, Efaﬁs, and fused silica.
Useful transparent polymers include polyesters, polyacryiates and
methacrylates, polystyrene, and polycarbonates. Desired
characteristics of these materials include mechanical and optical
stability at typical operating temperatures of the display device.

10 Compared with glass, transparent polymers have the added advantage
of structural flexibility which allows products to be formed in large
sheets and then cut and laminated as necessary. The preferred
materials for substrate 4 are glass and polyester such as polyethylene
terephthalate. The thickness of substrate 4 may vary widely.

15 Preferably, the thickness of substrate 4 is about 1 mil (0.001 inch or 25
microns) to about 10 mil (0.01 inch or 250 microns).

Preferably, the adhesion promoting layer 6 is an organic material
which is light transmissive and causes the waveguides to be formed
thereon, especially waveguides formed from polymers as for example

20 photocrosslinked acrylate monomer materials, to adhere strongly to
substrate 4. Such materials are well known to those skilled in the art,
are commercially available, and will not be described herein in great
detail. For example, if substrate 4 is glass and waveguides are formed
from acrylate monomer materials, then an appropriate adhesion

25 promoting layer 6 may be formed by reacting the glass surface with
certain types of silane compounds including 3-(trimethoxysilyl)propyl
methacrylate; 3-acryloxypropy! trichlorosilane; and
trimethylsilylpropylmethacrylate. If substrate 4 is polyethylene
terephthalate (PET) and waveguides are formed from acrylate

30 monomer materials for example, adhesion promoting layer 6 may be
provided by using dn adhesion treated PET film such as Hostaphan
4500 (Hoechst-Celanese). If substrate 4 is emuision coated and the
waveguides are formed from acrylate monomer materials for example,
adhesion promoting layer 6 may be formed from 3-

35 acryloxypropyitrichlorosilane (Hiils America A0396). The thickness of
adhesion promotion layer 6 may vary widely. Usually, the thickness of

iR

This Sheet Has Been Rep ced P

il TEIS SHEET ¥IA




s
Kokai Patent Publication 42241 published Septenber 19, 19 86 teaches a
process of making a lightguide array by noving a substrate through a
c¢ont ai ner of nononmer solution while exposing the solution to ultraviolet

i ght through a photomask so that uniformcross section fightguide bodies
formon the substrate. During the process, the nononmer sol ution being
exposed is positioned between the photonaskgand substrate and the photonmask

Dur g LS“E%SSE&@E&‘%{ES&%@&% &S ”%feper shp SpRPRPEEHASEIN B8, ¢ e
light source. Theceunsntionabdirect view fl display devicesnintheprefemed | over
r e‘;r acti \ée 'T“dex éﬁbﬁﬂiﬁﬁéntbd%fﬂﬁé' ix%n%ﬁuﬁéhédi&é g&béﬁﬁ?%&éﬂ@kﬂ@é’# fiainPodi es
E‘Qt ng:,et he Perey cutgl ﬁg}oﬁeter ick. ?fﬁ is defermined Bla% adhesion of the ©
s  waveguides to a bare substrate 4 is sufficient, then adhesion layer 6
may be omitted.

A photomask 8 as illustrated in FIG. 2 is useful in practicing the
present process. Photomask 8 controls the spatial profile of the
ultraviolet light, that is, where it falls upon the layer of

10 photopolymerizable material. Photomask 8 comprises transparent
substrate 10 which has opaque regions 12 and transparent regions 14
on one surface which allow radiation directed at photomask 8 to fall
only on the desired regions of photopolymerizable material. As shown
in FIG. 2A, photomask 8 has a pattern of opaque regions 12 and

15 transparent regions 14 which comprise the desired pattern of the array
of tapered waveguides. The pattern in Fig 2A is one of many useful
patterns and is intended to be illustrative only. Many other patterns of
transparent and opaque regions are useful within the scope of the
present invention. Commercially available photomasks are useful in

20 the present process.

In the first step of one embodiment of the present invention,
photomask 8 is placed in substantial contact with waveguide substrate
2 as illustrated in FIG. 3. As used herein, the term "substantial
contact” means that the photomask 8 and waveguide substrate 2 do not

25 become separated during the remainder of the present process. Any
known method for maintaining substantial contact between two
substrates may be used herein. For example, a liquid such as
isopropanol, methanol, or water may be placed between photomask 8
and waveguide substrate 2 and then a rubber roller may be used to

30 press photomask 8 and waveguide substrate 2 together. Other known
methods for maintaining substantial contact between two substrates
include mechanical fixturing, vacuum contact, static contact and others
which enable off-contact or proximity printing, soft-contact printing,
and scanning.

35 In the second step of the first embodiment of the present
invention, a substantially uniform thickness of a photopolymerizable
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phot omask and nononer solution and noving the |lens, thereby altering the
mask i nmage magnification, so that the |ightguide bodies taper in a
direction away fromthe substrate toward the |ens, photonmask, and
ultraviolet light. The conplicated noving nask and | ens system nmakes this
process di sadvantageous to use. Al so, this process is incapable of making
tapered |ightgui de bodi es wherein the cent et 0-center di st ance 4

bet ween |ight input, surfaces %f a&i@gcent h &I es iIs subﬂs]t antially equal to
the center to-cenfRXIUEds B wakuaeéubmtwgr akthe wavemude

substrate is positioned between the photopolymerizable mixture and the
photomask wherein the photopolymerizable mixture comprises a
reactive monomer, or mixture of such monomers, and photoinitiator, or
5  mixture of such photoinitiators, and the photoinitiator is present in an
amount sufficient to form a gradient of substantially collimated
ultraviolet light across the thickness of the photopolymerizable mixture
during a subsequent step. Any known method for placing a
substantially uniform thickness of a photopolymerizable material on a

10 substrate may be used in the present process.. As used herein, the term
"substantially uniform thickness" means less than about 10 percent
variation in thickness across the area of the mixture, and more
preferably less than about 5 percent variation in thickness. As will be
explained in more detail later, the thickness of photopolymerizable

15 mixture is the desired final length of a photopolymerized tapered
waveguide which, in turn, is determined by the minimum transverse
distance across the waveguide input surface. Preferably, the length of a
photopolymerized tapered waveguide or the thickness of
photopolymerizable mixture is from about 1 to about 4000 microns,

20 more preferably from about 15 to about 1600 microns, and most
preferably from about 50 to about 400 microns.

Methods for placing a substantially uniform thickness of
photopolymerizable material include spin coating, roller coating, doctor
blading, patch coating using a slot, extrusion coating, and the like.

25 FIG. 4 and § illustrate another method. Spacers 16 are positioned on
waveguide substrate 2. The height of spacers 16 is the desired final
length of the photopolymerized tapered waveguide.
Photopolymerizable mixture 18 is then placed on waveguide substrate
2 so that waveguide substrate 2 is positioned between

30 photopolymerizable mixture 18 and the photomask 8.

Photopolymerizable material 18 comprises two essential
ingredients. The first essential ingredient is a photopolymerizable
monomer, especially an ethylenically unsaturated monomer which will
provide a transparent solid polymer material. Preferred solid polymer

35 materials have an index of refraction between about 1.45 and about
1.65 and include commercially available polymethylmethacrylate,

7
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As a result, the area of the input and output surfaces of the array cannot
be equal. The array area at the tapered end is decreased by the square of
the reduction ratio of the individual elenents, as is clear fromthe

di agrans of Kokai 42241. This nmethod is therefore of no use for creating

t apered wavegui de arrays for use in display applications such as |iquid
crystal displays (LCD s), as it is highly undesirable to shrink the size of
the display. Further, the cross sections ofllnd|V|duaI el ements in an array

opti cal axis of ¢ g;‘YFgﬂ?ﬁ*fMe“& , POURyrEnes And Dot Tormed By’ 0 17
than those |ying BROIORE )@g Q&gfg?crb’l?ée ar athi%temmerssﬁw@o clearly
shown in the di agprefered marenals4a4 fan itder of eefithétion betwern abalitdl S@hadent s
of the array will al?«ﬂifel 86348 ih e Poiitiks formed by photopolymerization of
5 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. It is useful to utilize a mixture of
monomers in the photopolymerizable mixture in order to fine tune the
10 properties of the composition such as to fine fune crosslinking density,
viscosity, adhesion, curing rate, and refractive index and to reduce
discoloration, cracking, and delamination properties of the
photopolymer formed from the composition.
Examples of useful more preferred monomers include methyl
15 methacrylate; n-butyl acrylate (BA), 2-ethylhexyl acrylate (EHA),
isodecyl acrylate; 2-hydroxyethyl acrylate; 2-hydroxypropyl acrylate;
cyclohexyl acrylate (CHA); 1,4-butanediol diacrylate; ethoxylated
bisphenol A diacrylate; neopentylglycol diacrylate (NPGDA);
diethyleneglycol diacrylate (DEGDA); diethylene glycol dimethacrylate
20 (PEGDMA); 1,6-hexanediol diacrylate (HDDA); trimethylol propane
triacrylate (TMPTA); pentaerythritol triacrylate (PETA);
pentaerythritol tetra-acrylate (PETTA); phenoxyethyl acrylate (PEA); B
-carboxylethyl acrylate ( B-CEA); isobornyl acrylate (IBOA);
tetrahydrofurfuryl acrylate (THFFA); propylene glycol monoacrylate
25 (MPPGA); 2<(2-ethoxyethoxy) ethyl acrylate (EOEOEA); N-viny!
pyrrolidone (NVP); 1,6-hexanediol dimethacrylate (HDDMA);
triethylene glycol diacrylate (TEGDA) or dimethacrylate (TEGDMA);
tetracthylene glycol diacrylate (TTEGDA) or dimethacrylate
(TTEGDMA); polyethylene glycol diacrylate (PEGDA) or
30 dimethacrylate (PEGDMA); dipropylene glycol diacrylate (DPGDA);
tripropylene glycol diacrylate (TPGDA); ethoxylated neopentyl glycol
diacrylate (NPEOGDA), propoxylated neopentyl glycol diacrylate
(NPPOGDA); aliphatic diacrylate (ADA); alkoxylated aliphatic
diacrylate (AADA); aliphatic carbonate diacrylate (ACDA);
35 trimethylolpropane trimethacrylate (TMPTMA); ethoxylated
trimethylolpropane tnacrylate (TMPEOTA); propoxylated .
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properties, which is highly undesirable in display systens where such
nonuni formties would degrade the image qualities. As such, the need exists
i‘n the art for a sinple process for maeking an array of tapered

phot opol yneri zed, wavegui des wherein the array of tapered photopol ynerized
wavegui des has inproved properties. Sunnar of the Invention W have

devel oped a process for making an array o aper ed phot opol yneri zed
wavegui des whi chmlmsﬂnddlgropanmmacnyla@)( HA)nglyberydproxylated ep (a), a
phot omask is pl aggsl W y sﬂg&%, oIS in the
phot omask has op ryﬂlé trans areg(ih ns. §|Ij]n Sstep f%ih?%\é&%{t antially
uni f or m t hi cknes bﬁ&’@lﬁé@ pentaacry late (DPEPA);

d1tmnethylolpropane tetraacrylate (DTMPTTA); and alkoxylated
5 tetraacrylate (ATTA).

Especially useful 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 are

10 crosslinked polymers formed by photopolymerizing mixtures of
ethoxylated bisphenol A diacrylate and trimethylol 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 of
the transparent solid material be homogeneous throughout the

15 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.

The amount of monomer in photopolymerizable material may

20 vary widely. The amount of monomer or the total amount of a mixture
of monomers is usually from about 60 to about 99.8 percent by weight
of the photopolymerizable material, preferably from about 80 to about
99 percent by weight of the photopolymerizable material, and more
preferably from about 85 to about 99 percent by weight of the

25 photopolymerizable material.

As another essential component, the polymerizable material 18
includes a photoinitiator which is activated by actinic radiation to
produce activated species which lead to photopolymerization of the
monomer. The photoinitiator system will contain a photoinitiator and

30 preferably a conventional sensitizer which extends the spectral
response into regions having spectral utility, e.g. the near ultraviolet
region and the visible spectral regions where lasers excite and where
many common optical materials are transmissive. Usually the photo-
initiator is a free radical-generating addition polymerization initiator

35 activated by actinic light and is preferably thermally inactive at and
below room temperature (e.g. about 20°C to about 25°C.)
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m xture is placed on the substrate so that the substrate is positioned

bet ween the phot opol yneri zabl e m xture and the photonask wherein (i) the
phot opol yneri zbl e m xture conprises at |east one reactive nononer and
photoinitiator and (ii) the photoinitiator is present in an anmount
sufficient to forma gradient of subsiantially collimted actinic radiation
across the thickness of the photopol ynerizahlse m xture during subsequent

substrate in a subst andirENERLGR RIS ER0A s B, Baleat) © "
col li mated acti ni N@.a4948;1d2, and@ferences cited therein. Preferred free radxcal

initiators are 1-hydroxy-cyclohexyl-phenyl ketone (Irgacure 184);

benzoin, benzoin ethyl ether; benzoin isopropyl ether; benzophenone;

5 benzidimethyl ketal (Irgacure 651); a,a-diethyloxy acetophenone, a,c-
dimethyloxy-a--hydroxy acetophenone (Darocur 1173); 1-[4-(2-
hydroxyethoxy)phenyl]-2-hydroxy-2-methyl-propan-1-one (Darocur
2959); 2-methyl-1-{4-methylthio)phenyi]-2-morpholino-propan-1-one
(Irgacure 907); 2-benzyl-2-dimethylamino- 1-(4-morpholinophenyl)-

10  butan-1-one (Irgacure 369); poly{1-[4-(1-methylvinyl)phenyl}-2-
hydroxy-2-methyi-propan-1-one} (Esacure KIP); {4-(4-
methylphenylthio)-phenyl]phenylmethanone (Quantacure BMS); di-
campherquinone; and 50% 1-hydroxycyclohexy! phenyl ketone and
50% benzophenone (Irgacure 500).

15 The more preferred photoinitiators includes benzidimethyl ketal
(Irgacure 651); a,a-diethyloxy acetophenone; a,a-dimethyloxy-a-
hydroxy acetophenone (Darocur 1173); 1-hydroxy-cyclohexyl-phenyl
ketone (Irgacure 184); 1-[4-(2-hydroxyethoxy)phenyl]-2-hydroxy-2-
methyl-propan-1-one (Darocur 2959); 2-methyl-1-4-

20 (methylthio)phenyl]}-2-morpholino-propan-1-one (Irgacure 907); 2-
benzyl-2-dimethylamino- 1 -(4-morpholinophenyl)butan-1-one (Irgacure
369); and 50% 1-hydroxycyclohexyl pheny! ketone and 50%
benzophenone (Irgacure 500). The most preferred photoinitiators are
those which tend not to yellow upon irradiation and, thus, do not

25 increase the coloration of the composition on the Gardner scale to a
value of greater than 8 points on exposure to a temperature of 190°C
for 24 hours as determined by ASTM D1544-80. Such photoinitiators
include benzidimethyl ketal (Irgacure 651); o, a-dimethyloxy-a-
hydroxy acetophenone (Darocur 1173); 1-hydroxy-cyclohexyl-phenyl

30 ketone (Irgacure-184); 1-{4-(2-hydroxyethoxy)phenyl]-2-hydroxy-2-
methyl-propan-1-one (Darocur 2959); and 50% 1-hydroxycyclohexyl
phenyl Ketone and 50% benzophenone (Irgacure 500).

The amount of photoinitiator which must be present to form a
gradient of substantially collimated uitraviolet light across the thickness

35 of the photopolymerizable mixture 18 during a subsequent step is from
about 0.1 to about 12 percent by weight based on the total weight of
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phot opol yneri zabl e mi xture i s exposed through the transparent regions of
the photomask to the substantially collimated actinic radiation for a tinme
sufficient to forman array of tapered photopol yneri zed wavegui des wherein
(i) the tapered end of each of the wavegui des extends outward fromthe
substrate, (ii) each of the waveguides has a |ight input surface adjacent
the substrate and a |ight output surface diggal fromthe |ight input

vavegut dee s or el PRoRERRftrizitis hitelial "PHS abidynt of pRoretREAS i, "<, o

(d), the phot onas prefatably drom abput0i5ztababouti 12 pereentby weiglt, and more

during st ep (o) af retady (i aBBu:Sicbaut d ertent by Wicight ilsel'dn fé¢! 21! O

g P total wrgxaght of the P otopoiymerizaa’tt)le'material. It is realized that the

5 desired gradient will be influenced not only by the concentration of the
initiator but by the choice of irradiating wavelengths present in the
exposure source, which may be controlled by those skilled in the art.

In addition to the essential ingredients, the photopolymerizable
material may include various optional ingredients such as stabilizers,

10 inhibitors, plasticizers, optical brightners, relaase agents, chain transfer
agents, other photopolymerizable monomers, and the like.

The photopolymerizable material preferably includes a stabilizer
to prevent or reduce degradation which leads to property deterioration
such as cracking and delamination after heat aging at 190°C in air for

15 24 hrs. as defined by ASTM D 4538-90A and yellowing (coloration of
greater than 8 on the Gardner Color Scale as determined by ASTM D
1544-80) after such heat aging. Such stabilizers include UV absorbers,
light stabilizers, and antioxidants.

UV absorbers include hydroxyphenyl benzotriazoles, such as 2-

20 [2-hydroxy-3,5-di(1,1-dimethylbenzyl)phenyl]-2-H-benzotriazole
(Tinuvin 900); Poly(oxy-1,2-ethanediyl), a-(3-(3-(2H-benzyotriazol-2-
yl)-5-(1,1-dimethylethyl)-4-hydroxyphenyl)-1-oxopropyl)-@-hydroxy
(Tinuvin 1130); and 2-[2-hydroxy-3,5-di(1,1-dimethylpropyl)phenyl]-2-
H-benzotriazole (Tinuvin 238) and hydroxybenzophenones such as 4-

25 methoxy-2-hydroxybenzophenone and 4-n-octoxy-2-
hydroxybenzophenone. Light stabilizers include hindered amines such
as 4-hydroxy-2,2,6,6-tetramethylpiperidine, 4-hydroxy-1,2,2,6,6-
pentamethylpiperidine, 4-benzoyloxy-2,2,6,6-tetramethylpiperidine,
bis(2,2,6,6-tetramethyl-4-piperidinyl)sebacate (Tinuvin 770);

30 bis(1,2,2,6,6-pentamethyl-4-piperidinyl)sebacate (Tinuvin 292);
bis(1,2,2,6,6-pentamethyl-4-piperidinyl)-2-n-butyl-2-(3,5-di -tert-butyl-
4-hydroxybenzyl)malonate (Tinuvin 144); and polyester of succinic
acid with N-B-hydroxy-ethyl-2,2,6,6-tetramethyi-4-hydroxy-piperidine
(Tinuvin 622). Antioxidants include substituted phenols such as 1,3,5-

35 trimethyl-2,4,6-tris(3,5-di-tert-butyl)-4-hydroxybenzyl)benzene, 1,1,3-
tris-(2-methyl-4-hydroxy-5-tert-butyl)phenyl)butane, 4,4-butylidene-
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I n anot her enbodinent, in step (a), a substantially uniformthickness of
phot opol yneri zable m xture is placed on a photomask wherein (i) the

phot omask has opaque and transparent regions, (ii) the photopol ynerizabl e
m xture conprises at |east one reactive nononer and photoinitiator, and
(iii1) the photoinitiator is present in an anmount sufficient to forma

gradi ent of substantially collinmated actinic radiation across the thickness
of the photopolynerizable m xture during suliSequent step (b). In step (b),

whi | e mai nt ai ni ng -3.qﬁéth gshﬁmﬂl 4'[4”!:510%551{2?&& k3dn a

substantiall'y flxe | mated actinic
radi ati on, phot opdR ﬁpﬁsmelegﬁﬁ-?ifér -kg-hut,y e’@i&"ifﬁ?% myfaan@:ta; ent

regions of the phaieoyted; B-dictettiisuty - dstiyirokpbénzeae!(OyanérhdUa2908)c3 15adi-at i on
for a tert-butyl-4-hydroxybenzoic acid, 1,3,5-tris-(tert-butyl-3-hydroxy-2,6-

s dimethylbenzyl) (Cyasorb 1790); stearyl-3-(3,5-di-tert-butyl-4-
hydroxyphenyi)proprionate (Irganox 1076); pentaerythritol tetrabis(3,5-
di-tert-butyl-4-hydroxyphenyl) (Irganox 1010); and thiodiethylene-bis-
(3,5-di-tert-butyl-4-hydroxy)hydrocinnamate (Irganox 1035).

The preferred stabilizers used in this invention are antioxidants.

10  Preferred antioxidants are selected from substituted phenols such as
1,3,5-trimethyl-2,4,6-tris(3,5-di-tert-butyl)-4-hydroxybenzyl)benzene,
1,1,3-tris-(2-methyl-4-hydroxy-S5-tert-butylphenyl)butane, 4,4'-
butylidene-bis-(6-tert-butyl-3-methylphenol, 4,4'-thiobis-(6-tert-butyl-3-
methylphenol, tris-(3,5-di-tert-butyl-4-hydroxybenzyl)isocyanurate,

15 cetyl-3,5-di-tert-butyl-4-hydroxybenzene (Cyasorb UV 2908); 3,5-di-
tert-butyl-4-hydroxybenzoic acid, 1,3,5-tris-tert-butyl-3-hydroxy-2,6-
dimethylbenzyl) (Cyasorb 1790); stearyl-3-(3,5-di-tert-butyl-4-
hydroxyphenyl)proprionate (Irganox 1076); pentaerythritol tetrabis(3,5-
di-tert-butyl-4-hydroxyphenyl) (Irganox 1010); and thiodiethylene-bis-

20 (3,5-di-tert-butyl-4-hydroxy)hydrocinnamate (Irganox 1035). The most
preferred stabilizers include pentaerythritol tetrabis(3,5-di-tert-butyl-4-
hydroxyphenyl) (Irganox 1010); thiodiethylene-bis-(3,5-di-tert-butyl-4-
hydroxy)hydrocinnamate (Irganox 1035); and stearyl-3-(3,5-di-tert-
butyl-4-hydroxyphenyl)proprionate (Irganox 1076).

25 The amount of stabilizers in the composition may vary widely
and is usually from about 0.1 to about 10 percent by weight of the
photopolymerizable material. The amount of stabilizer is preferably
from about 0.1 to about 5 percent by weight of the photopolymerizable
material and more preferably from about 0.2 to about 3 percent by

30 weight of the photopolymerizable material.

Cover plate 20 is then placed over photopolymerizable mixture
18 and pressed down until it is in contact with spacers 16 as illustrated
in FIG. 5. Cover plate 20 comprises cover substrate 22 and release
layer 24. Cover substrate 22 may be made of any material such as

35 glass, quartz, fused silica, polymer sheet, or metal sheet. Release layer
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time sufficient to forman array of tapered photopol ynerized wavegui des
wherein (i) the tapered end of each of the wavegui des extends outward from
tthe photomask, (ii) each of the wavegui des has a |ight input surface

adj acent the photomask and a |ight output surface distal fromthe |ight

I nput surface, and (iii) the area of the light input surface of each of the
wavegui des is greater than the area of its Ilght out put surface In step

(c), photopol ynerizable m xture was not s antially meri zed by
the substantially %@ﬂ%b@e@éﬂoﬁéﬂ q)’@&!éﬂd@)ﬂs @%Dﬂg"tg@ep ‘ﬁ IY@(aﬂém)ved

from the phot omag. anuiﬂﬁ'éﬁted lyﬁnézcﬁm s@¢h L@b@lyeﬂwi@ﬂé té?éﬁhﬂﬁ?éteon 42241,
the present process i adv ou It "does not require, movenent of
t he phot opol ymeri zabI &gﬁm‘ﬁ% fﬂg PISSEREPIOCESS ,(wq'ggmd
substrate 2 1s not used and the photopolymenzable matenial 18 is
5 placed directly on photomask 8 (not illustrated).

In the next step of both embodiments of the present process,
while maintaining the photopolymerizable mixture substantially
stationary relative to the substantially collimated ultraviolet light, the
photopolymerizable mixture is exposed through the transparent regions

10 of the photomask to substantially collimated altraviolet light for a time
sufficient to form an array of tapered photopolymerized waveguides
wherein: (i) the tapered end of each of the waveguides extends
outward from the substrate or photomask, (ii) each of the waveguides
has a light input surface adjacent the substrate or photomask and a light

15 output surface distal from the light input surface, and (iii) the area of
the light input surface of each of the waveguides is greater than the area
of its light output surface. The assembly of FIG. 5 is then exposed to
substantially collimated actinic radiation 26 as illustrated in FIG. 6. As
used herein, the term "substantiaily collimated" means that the light

20 which exits the light source does not diverge from the optical axis of
the exposure system by more than 10 degrees.

The photopolymerizable material is exposed to actinic radiation
of the required wavelength and intensity for the required duration. As
used herein "actinic radiation” is defined as light in the visible,

25 ultraviolet or infrared regions of the spectrum, as well as electron
beam, ion or neutron beam or X-ray radiation. Actinic radiation may
be in the form of incoherent light or coherent light, as for example light
from a laser.

Sources of actinic light, and exposure procedures, times,

30 wavelengths and intensities may vary widely depending on the desired
degree of polymerization, the index of refraction of the photopolymer,
and other factors known to those of ordinary skill in the art. Such
conventional photopolymerization processes and their operational
parameters are well known in the art. See for example in S.P. Pappas

3s Ed. "Radiation Curing: Science and Technology" Plenum Press, New
York, NY; D.R. Randell Ed., "Radiation Curing of Polymers, II, Royal
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6 conplicated |l ens systemin order to nake tapered |ightguides. Mre

i nportantly, the area of the input and output surfaces of an array of such
t’aper ed wavegui des is substantially unchanged and is |argely independent of
t he degree of taper of the individual wavegui des. Additionally, each

i ndi vi dual wavegui de is substantially identical regardless of its position
within the array which results in uniform I cal properties across the

array. Other advantages of the present invention wll be apparent from
Society of Chemustry, Cambridge, Mass; and C.E. Hoyle and J.F.

Kristle, Ed., "Radiation Curing of Polymeric Materials", American
Chemical Society. Accordingly, they will not be described herein in
great detail. '

5 Sources of actinic radiation and the wavelength of the radiation
may vary widely, and any conventional wavelengths and sources may
be used. It is preferable that the photochemical excitation be carried
out with relatively short wavelength (or high energy) radiation so that
exposure to radiation normally encountered before processing (e.g.,

10 room lights) will not prematurely polymerize the polymerizable
material. Thus, exposure to ultraviolet light (300-400 nm wavelength)
and exposure by deep ultraviolet light (190-300 nm wavelength) are
preferred. Convenient sources are high pressure xenon or mercury-
xenon arc lamps fitted with appropriate optical filters to select the

15 desired wavelengths for processing. Also, short wavelength coherent
radiation is useful for the practice of this invention. An argon ion laser
operating in the "UV" mode at several wavelengths near 350 nm is
desirable. Also, a frequency-doubled Argon ion laser with output near
257 nm wavelength is desirable. Electron beam or ion beam excitation

20 may also be utilized. The most preferred actinic radiation is ultraviolet
light in the 300-400 nm region, such as produced by a mercury, xenon,
or mercury-xenon lamp.

Substantially collimated actinic radiation 26 passes through
transparent regions 14 of photomask 8 and causes a

25 photopolymerization reaction in the exposed regions 28 of
photopolymerizable mixture 18 which align with the transparent
regions 14 of the photomask 8 as illustrated in FIG. 6. No, or in some
cases, only limited photoreaction occurs in those areas of
photopolymerizable mixture 18 which are shielded from the

30 substantially collimated actinic radiation 26 by opaque regions 12 of
photomask 8.

In order that the exposed regions 28 have the proper tapered
shape, the optical absorption of the photopolymerizable mixture 18 at
the wavelengths of the ultraviolet light must be high enough such that a

35 gradient of actinic radiation intensity is established through the film

during actinic radiation exposure. That is, the amount of actinic
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the foll ow ng description, attached drawi ngs, and attached clains. Brief
Description of the Drawings FIG 1 shows a substrate useful in practicing
tshe present process. FIG 2 shows a side view of a photomask useful in
practicing the present process. FIG 2A shows a top view of the photonask.
FIG 3 shows the conmbination of the substrate of FIG 1 and the photomask
of FIG 2. FIG 4 shows the FIG 3 conbination with a photopol yneri zabl e
material useful in practicing the present pkbcess. FIG 5 shows FIG 4 with

a cover plate usefadiatich 8vARDIE inthe! plfotopSHATENAALRS Sikturd | §to®ausé Uil r at es
exposure of the Fﬁ%at?oncgfgfenﬁ{dtgpeatcﬁon will decrease from the photomask 8 side
towards the cover plate 20 side, due to the finite absorption of the
photopolymerizable mixture 18. This gradient of actinic radiation
5 causes a gradient in the amount of photopolymerization reaction that
occurs across the thickness of photopolymerizable mixture 18, and this
results in the unique tapered geometry of the developed waveguide
structures, a geometry which is easily accessible with the process of the
present invention.

10 The gradient in the amount of photopolymerization which occurs
across the thickness of photopolymerizable mixture 18 may be further
influenced by the presence of dissolved oxygen gas in the
photopolymerizable mixture 18, such oxygen acting to curtail or
quench the photopolymerization reaction except in those areas where

15 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-focusing.

20 That is, the light falling on the surface of the photopolymerizable
mixture 18 nearest the photomask 8 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

25 on the photopolymerizable mixture nearer to the cover plate side of the
layer is altered through refraction caused by the already-polymerized
material which lies closer to the photomask. This effect may cause a
narrowing of the resuitant polymerized structure from the mask side,
upon which the imaging light was directed, towards the cover plate 20.

30 In the last step of both embodiments of the present process, the
photopolymerizable mixture which was unexposed to substantially
collimated actinic radiation during the exposure step is removed.
Photomask 8, spacers 16, and cover plate 20 with release layer 24 are
removed as illustrated in FIG. 7. The unreacted monomers are washed

35 away with a suitable solvent 30 such as acetone, methanol, or
isopropanol in a container 32 as illustrated in FIG. 8 leaving a pattern
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substantially collimted light. FIG 7 illustrates the FIG 6 conbi nation
after renoval of the photomask and cover plate. FIG 8 illustrates the
renoval of unexposed polynerizable material fromthe FIG 7 conbination.
FIG 9 illustrates the conbination resulting fromFIG 8. FIG 9A

Il lustrates the conbination resulting from anot her enbodi nent of the
present process. FIG 10 illustrates the flg?d exposure of the FIG 9
conmbination. FIG 11 is an expl oded section view of an array of tapered

wavegui des with sof phgtnpolymenized segious 28\on the wavegmide pubstrate 2. FIG 12 is
an array of taper gepeaufip s the MbnbRfers86ELRH, it may be possible to use
aqueous-based solvents. The remaining final structure in the first
embodiment of the present invention consists of photopolymerized
5 regions 28 on waveguide substrate 2 as illustrated in FIG. 9. In the
other embodiment of the present invention, the pattern of
photopolymerized regions 28 remains on photomask 8 as illustrated in
FIG. 9A. The final structure containing the array of tapered
photopolymerized waveguides 28 may receive an optional post-
10 development flood exposure to ultraviolet light 34 as illustrated in FIG.
10 to further harden the photopolymer material.

In a commercial batch production line, the photomask and
substrate, if used, may be contacted at a first station. This assembly is
then advanced to a second station where a collimated ultraviolet light

15 source is located. A photopolymerizable mixture is placed on the
substrate or photomask and exposed through the transparent regions of
the photomask to the substantially collimated actinic radiation. The
exposed assembly is then advanced to a third station wherein the
photomask and unexposed photopolymerizable mixture are removed.

20 In a commercial continuous production line, a
photopolymerizable mixture may be extruded between a flexible
substrate and flexible cover plate (not illustrated). This assembly then
travels between two rollers wherein one roller comprises a photomask
having opaque and transparent regions thereon and an actinic radiation

25 source situated inside the roller. The photopolymerizable mixture is
then exposed through the transparent regions of the photomask to the
substantially collimated actinic radiation. The cover plate is then
removed from the exposed assembly and the exposed assembly
advances around another roller through a solvent bath to remove

30 unexposed mixture.

FIG. 11 shows an exploded sectional view of image display
means 36 made of the array of tapered photopolymerized waveguides
28 shown in FIG. 10. The image display means 36 is composed of the
substrate 4, adhesion promoting layer 6, and an array of tapered

35 waveguides 28. The tapered waveguides 28 have a light input surface
38, light output surface 40, sidewalls 42 and are separated by
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cross-sections viewed in perspective made by the present process. FIG 13
Is an array of tapered waveguides with round cross- sections viewed in
perspective made by the present process. FIG 14 is a sectional view of
a single tapered waveguide with straight sidewalls nmade by the present
process. FIG 15 is an expl oded sectional view of an array of tapered
wavegui des with curved sidewalls nade by the present process. FIG 16 shows
an array of tapered wavegui des made by the Bpesent process wherein the
interstitial regi cmtersutialeegionsddouithadower refractive index than the refractive

index of the waveguides. Input surface area 38 of each tapered
waveguide 28 is positioned adjacent to the adhesion promoting layer 6
and is larger than output surface area 40 of each waveguide 28, which
5 results in a tapered structure. The structure and positioning of tapered
waveguides 28 are critical.
As shown 1 FIG. 11, the area of light input surface 38 of each
tapered waveguide 28 is greater than the area of its light output surface
40, and the center-to-center distance between light input surfaces 38 of
10 adjacent waveguides 28 in the array is equal or substantially equal to
the center-to-center distance between light output surfaces 40 thereof,
so that the angular distribution of light emerging from light output
surfaces 40 of waveguides 28 is larger than the angular distribution of
light entering input surfaces 38 of waveguides 28. In order that the
15 resolution of the image formed by a modulating means such as an LCD
(not illustrated) not be degraded as it traverses image display means 36,
it is preferred that the center-to-center distance between light input
surfaces 38 of adjacent waveguides 28 is equal to or less than the
center-to-center distance between adjacent pixels of the modulating
20 means. In FIG. 11, sidewalls 42 are shown as straight. However, the
shape of sidewalls 42 may be straight or curved.
The cross-section of a tapered waveguide 28 in a plane parallel
to the surface of image display means 36 may have any shape including
a square, a rectangle, any equilateral polygon, a circle, or an oval. FIG.
25 12 shows an array composed of tapered waveguides 28 with
rectangular cross-sections viewed in perspective. FIG. 13 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
30 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 an array of tapered waveguides 28
are determined by the shape, size, and physical arrangement of the
35 individual waveguides 28. In FIG. 11, the center-to-center distance
between light input surfaces 38 of adjacent waveguides 28 is equal or
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contain a light absorptive black particulate amaterial. FIG 17 shows an
array of tapered wavegui des nade by the present process wherein the out put
faces of the waveguide array are covered by a transparent protective |ayer.
FIG 18 shows an array of tapered wavegui des nmade by the present process
wherein the output faces of the wavegui de array are covered by a
transparent protective |ayer incorporating gﬂbarray of |l enses. Description
of the Preferred Enbodlnents The referred odi ments of this invention
will be better unsithstansiadl eoteniRr-ta-center distance hetweendhedightt o t he

above Figures. Thanaﬁ%&ﬁ&% WBP%ﬁEEﬁtswﬁ(/eélﬂﬂés 8Y THeréfdré, dn'shticdied in
t he . ; . . . .
image entering the array at light input surfaces 38 will be neither
magnified or demagnified after traversing the array.

5 The tapered optical waveguides 28 of the arrays shown in FIG.
11, FIG. 12, and FIG. 13 are formed from a transparent solid material
having a higher index of refraction than interstitial regions 44 between
the waveguides. Light rays which enter waveguide 28 through light
input surface 38 (shown in FIG. 11) and thereafter are incident on

10 sidewalls 42 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 sidewalls 42 and, in most cases, emerge from
waveguide 28 through light output surface 40. A few light rays may
pass through the sidewalls 42 or be reflected back to the light input

15 surface 38. The operational function of tapered waveguide 28 differs
from a lens in that a lens does not utilize total internal reflection.

Since waveguide 28 has a taper such that the area of the light
output surface 40 is smaller than the area of light input surface 38, the
angular distribution of the light emerging from light output surface 40

20  will be larger than the angular distribution of the light entering the light
input surface 38. Image display means 36 having an array of tapered
waveguides 28 placed at the output surface of a modulating means will
alter the angular distribution of output light from the modulating means
such that the image from the modulating means may be viewed at

25 higher angles. It is preferred that the area of light output surface 40 of
each waveguide 28 be from about 1 to about 60 percent of the area of
the light input surface 38. It is more preferred that the area of the light
output surface 40 be from about 3 to about 40 percent of the area of the
light input surface 38. It is most preferred that the area of light output

30 surface 40 be from about 4 to about 20 percent of the area of light input
surface 38.

In order that image display means 36 has high overall light
throughput, it is preferred that the sum of the areas for all waveguide
light input surfaces 38 be greater than 40 percent of the total area of

35 substrate 4 of the array. It is more preferred that the sum of the areas
for all waveguide light input surfaces 38 in image display means 36 be
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Figures are not intended to be exhaustive or to limt the invention to the
preci se formdisclosed. The Figures 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

I nvention. A wavegui de substrate 2 as illustrated in FIG 1 is useful in
practicing the present process. Wavegui de sy strate 2 conprises substrate 4
and an optional adhesion pronoting |ayer 6 t a mninum substrate 4 is

transparent to || gm_aéw thanr60|c wca%t/@f egotal raagef subﬁtrggémggfmag. dbésit

O nm as this VigfdsepPefefréd tRR0the ufvbPthe Srehs foraif v ightifgatcn ' N

0 L)l e Bt 204 Gt 8t of
total area of substrate 4 of the array.

5 The index of refraction of interstitial region 44 between the
tapered waveguides 28 must be less than the index of refraction of the
tapered waveguides 28. 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

10 1.40. The most preferred material is air.  °

A single tapered waveguide 28 with light input surface 38, light

output surface 40, and straight sidewalls 42 is shown in FIG. 14. If
tapered straight sidewalls 42 in the drawing are extended until they
intersect, they form taper angle 46. Desired values for taper angle 46

15 range from about 2 degrees to about 14 degrees. More preferred
values for taper angle 46 range from about 4 degrees to about 12
degrees. Most preferred values for taper angle 46 are from about 6
degrees to about 10 degrees.

The length 48 of tapered waveguide 28 depends upon dimension

20 50 which is the minimum transverse distance across waveguide light
input surface 38. For example, if light input surface 38 has the shape of
a square, dimension 50 is the length of one side of the square. If light
input surface 38 has a rectangular shape, dimension 50 is the smaller of
the two side dimensions of the rectangle. The specific values for

25 dimension 50 may vary widely depending on the center-to-center
distance between adjacent pixels of a modulating means. In order that
the resolution of the image formed by a modulating means not be
degraded, dimension 50 should be equal to or less than the center-to-
center distance between adjacent pixels of a modulating means. For

30 example, if the center-to-center distance between adjacent pixels in a
modulating means is 200 microns, then dimension 50 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.

35 Once dimension 50 is chosen, length 48 may be specified by the
ratio of length 48 to dimension 50. The ratio of length 48 to dimension
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ultraviolet light in the region fromabout 250 to about 400 nmas this is
the region in which many useful photoinitiators absorb Iight. Additionally,
if it is desired to utilize the tapered waveguide array in the near
infrared region, fromabout 700 nmto about 2000 nm then it would be
preferred to use a substrate 4 which is transparent in that region as
wel I. The index of refraction of substrate 4ymy range fromabout 1.45 to

about 1.65. The referre f refract|o is fromabout 1.50 to
about 1. 60. Subs?gﬁ V%&WB&*}@% gRe vWishes todngraasei al .
Preferred nateri atie atgularodistitniton of llght emergmg fmm the light output surface
40 compared to the angular distribution of light entering input surface
38. The ratio of length 48 to dimension 50 is usually from about 0.25
5 to about 20. It is more preferred that the ratio of length 48 to
dimension 50 be from about 1 to about 8. It is most preferred that the
ratio of length 48 to dimension 50 be from about 2 to about 4.
A further embodiment of the present invention is illustrated in
FIG. 15. Image display means 36 is composed of a substrate 4, an
10 adhesion promoting layer 6, and individual tapered waveguides 28.
Waveguides 28 have curved sidewalls 52 instead of straight sidewalls
as was shown in FIG. 11. The preferred relationships between the area
of the light output surface 54 and the area of the light input surface 56
are the same as the preferred relationships previously stated for tapered
15 waveguides 28 with straight sidewalls. In particular, it is preferred that
the area of light output surface 54 of each waveguide 28 be from about
1 to about 60 percent of the area of light input surface 56. It is more
preferred that the area of the light output surface 54 be from about 3 to
about 40 percent of the area of light input surface 56. It is most
20 preferred that the area of light output surface 54 be from about 4 to
about 20 percent of the area of light input surface 56.
A preferred embodiment of the present invention in which the
interstitial regions 44 between tapered waveguides 28 are filled with a
light absorptive material, as for example light absorptive black
25 particulate material 58 is shown in FIG. 16. By utilizing a light
absorptive material in interstitial regions 44, 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 58 be used for
the interstitial regions 44 rather than a continuous black material in
30  order to minimize the area of black material in contact with sidewalls
42 of the waveguides. A continuous black material in interstitial
regions 44 would result in excess absorption loss to light transmitted
through waveguides 28. Any light absorptive material can be used to
form light absorptive black particles 58. These materials can be
35 identified by a black color.
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5 avai l abl e and include transparent polyners, glass, and fused silica.
Useful transparent polyners include polyesters, polyacrylates and

et hacryl ates, polystyrene, and pol ycarbonates. Desired characteristics of
these materials include nechanical and optical stability at typica
operating tenperatures of the display device. 10 Conpared wth gl ass,
transparent pol yners have the added advantagg of structural flexibility
whi ch all ows products to be forned in_lar heets and then cut and

| ami nat ed as necessar yExamplgs-off usefiddightt oa)twerldackmmmdate material gl ass

ang ItOOI %/eszer Sucﬂncﬁ&é)@éﬂ%hflﬁin‘bb?a &Dﬂég%ﬁ th f &1] ‘o 4
s about 1 mi I (28 mixBie pfcatbon blackang pugropelimer. dnag ” Sg"at the fight - ©
output side of an array of tapered photopolymenzed wavegmdes the
5 light absorptive black particulate material causes the array to appear a
dark matte black and provides good light transmission and little
reflection. _
In one embodiment, light absorptive black particulate material 58
is confined to interstitial regions 44 between waveguides 28 by using a
10 low index polymer having light absorptive black particulate material
therein. It is possible to make suspensions or emulsions of light
absorptive black particulate material. In these cases, the carrier
material for the black particles should preferably have an index of
refraction less than the index of refraction of the individual tapered
15 waveguides. This lower index filling material allows for total internal
reflection (tir) of light propagating through the tapered waveguides to
occur. It is more preferred that the index of refraction be at least 0.1
units less than the index of the preferred tapered waveguide material.
It is most preferred that the index of refraction be 0.2 units or more less
20 than the index of the preferred tapered waveguide material. For
example, a suspension of amorphous teflon, such as Teflon AF®
available from DuPont Corporation, and carbon lampblack powder in
solvent may be coated onto an array of tapered photopolymerized
waveguides. The solvent is then evaporated and the teflon acts as an
25 optical buffer. In another example, an emulsion of fluoropolymer and
carbon lampblack powder in water may be used. In another example, a
low index fluorinated polyurethane resin mixed with carbon lampblack
powder may be used. The light absorptive black particulate material
mixtures are typically cured by heating or IR and after curing, the
30 surface may be cleaned by buffing.
A further embodiment of the present invention as shown in FIG.
17 which incorporates protective layer 60 over output ends of the
tapered waveguides 28. Protective layer 60 prevents mechanical
damage to the output surfaces of waveguides 28 and also serves to
35 confine light absorptive particulate material 58 to interstitial regions 44
between waveguides 28. Protective layer 60 may be an extruded or
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Preferably, the adhesion pronoting |layer 6 is an organic material which is
i ght transm ssive and causes the wavegui des to be forned thereon,

especi ally wavegui des forned from pol yners as for exanple 20

phot ocrossl i nked acryl ate nononmer materials, to adhere strongly to
substrate 4. Such materials are well known to those skilled in the art, are
comercially available, and will not be des28i bed herein in great det ai

rorylate mononer © AapinafPoderba! AroRii ggﬁéﬁﬁe agpiedio 4
| ayer 6 may be fopﬁﬁl!ltls AR WQVFB‘@ $§§sb g\ﬁhﬁhnfsﬁmlﬂlﬁ%@p&s of
si | ane conmpounds {a6yidsarlipht ab&éﬂﬁ%fmm hiticubate Riaterinl Bscﬁb&bﬁfv’e

3-acryl oxypropy! fa;y'gf ﬁ?ﬁr %@mposed ot'a transparenr%acklﬁlg :%a?eor}'al%'it haf pylate. If

substrate 4 |s po

example the material used to form substrate 4 and optionally and
preferably anti-reflective film 64 formed from a material such as
magnesium fluoride, which reduces specular reflections of ambient
light from the surface of image display means 36. An anti-reflective
coating may also be evaporated directly on the light output ends of the

10 tapered waveguides 28 and interstitial regions 44. Examples of useful

anti-reflective coatings are the fluoropolymers taught by commonly
assigned U.S. Patents 5,061,769; 5,118,579; 5,139,879, and 5,178,955
to Aharoni et al.

In FIG. 18, an embodiment of the present invention is illustrated

15 which utilizes a protective layer 66 which includes an array of negative
" lenses 68. Each lens 68 is formed on substrate 70 and is aligned with
the light output end 40 of tapered waveguide 28. Lens 68 is composed
of a material with a lower refractive index than the overcoat layer 72.
The advantage of incorporating an array of negative lenses with the
20 image display means 36 is that the resulting display will have increased
viewing angle.

The array of tapered waveguides produced by the present
process may be used as image display means in the direct-view flat
panel display devices of commonly assigned U.S. patent application

25 Serial No. 86,414 filed July 1, 1993 which is incorporated herein by
reference. Such display devices are used in computer terminals,
televisions, airplane cockpit displays, automotive instrument panels,
and other devices that provide text, graphics, or video information. In
addition, the array of tapered waveguides produced by the present

30 process may be used to alter or improve the optical characteristics of
other information displaying means such as road signs, cathode ray
tube (CRT) displays, dead front displays and other text, graphic or

- video information displays which do not fall in the category of flat
panel devices, or to alter or improve the brightness or optical

35 characternistics of lighting systems.
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terepht hal ate (PET) and wavegui des are fornmed from acrylate 30 nononer
materials for exanple, adhesion pronoting |ayer 6 may be provi ded by using
an adhesion treated PET film such as Hostaphan 4500 (Hoechst-Cel anese). |If
substrate 4 is enul sion coated and the wavegui des are formed from acryl ate
nononer materials for exanple, adhesion pronoting |ayer 6 may be forned
from3- 35 acryl oxypropyl trichlorosilane (gul s Arerica AO396) The

thi ckness of —adhesi A B lsgRs Jhpthed {08 tottndrold phodicnan e |
appl i cation such qrbotochemlcal manfactunng process described above may be used in
small scale to produce tapered waveguide masters. The tapered
waveguide master may then be used to create an inverted tapered
5 waveguide mold. The process for making such an inverted tapered
waveguide mold is well known to those skilled in the art (see e.g.
Michael T. Gale et al., "Continuous-relief Diffractive Optical Elements
for Two-dimensional Array Generation” in Applied Optics, Vol. 32,
No. 14, p. 2526 (1993)). Typically, the mold is made by electroless
10 depositing nickel metal. From this mold, further metal molds may be
fabricated. Each successive mold generation provides the opposite
profile polarity from the previous mold. Manufacture of the tapered
waveguides may then be carried out by filling a mold of opposite
profile polarity from the master with a photopolymerizable mixture and
15  exposing the mixture with actinic radiation. The resulting structure is
then separated from the mold and is a substantially exact replica of the
original tapered waveguide master. The replicated structure can be
made free standing or can be created on a substrate, such as glass or
polyester film, by applying the substrate to the photopolymerizable
20 mixture and mold before polymerization. A decision to employ the
replica from a mold technique will be guided by the exact dimensions
of the waveguide array being fabricated as well as the production scale.
The subsequent steps described in this process can now be applied to
either the original or replicated tapered waveguide arrays.

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

EXAMPLE I
30 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

35  between squares were opaque to ultraviolet and visible radiation. Onto
this mask a few drops of methanol were applied and then a 100 micron
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conventional direct view flat panel display devices. In the preferred
enbodi nents of the invention, adhesion pronoting |ayer 6 is | ess than about
1 mcroneter thick. If it is determ ned that adhesion of the wavegui des to
a bare substrate 4 is sufficient, then adhesion |ayer 6 may be omtted. A
photomask 8 as iltlustrated in FIG 2 is useful in practicing the present
process. Photomask 8 controls the spatial profile of the ultraviolet |ight,
that is, where it falls upon the |ayer of ﬁhbtopolynerlzable naterial.

Phot omask 8 conprihselé éﬁgterg Htﬂa!a%é)e 3 TRgi ons 12
and transparent ;ﬁﬁ:ro S X on one s ace ng L at| on d| E“cg ed at
phot omask 8 to f @ﬁ Wﬁ@arﬁgsw @nr‘g F"Cf ReH Jegtment, ¥
mat eri al . As showenders it reactive and adherable to polymenzmg monomer solution.

Such surface-activated films were known to those skilled in the art.

5 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 constituted the

10 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

15 the release film. This monomer solution consisted of 62 parts
ethoxylated bisphenol A diacrylate; 31 parts trimethylolpropane
triacrylate; 1 part pentaerythritol tetrabis(3,5-di-tert-butyl-4-
hydroxyphenyl) (Irganox 1010) antioxidant; 2 parts a,a-dimethyloxy-a
-hydroxy acetophenone (Darocur 1173) photoinitiator; 2 parts

20 benzidimethyl ketal (Irgacure 651) photoinitiator; and 2 parts of 50%
1-hydroxycyclohexyl phenyl ketone and 50% benzophenone (Irgacure
500) photoinitiator. The array substrate subassembly was then placed,
PET 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

25 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

30 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 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 disassembled and the PET film with

35 the array of tapered optical waveguides now formed, but still covered
with monomer solution in the interstitial regions between elements, was
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in FIG 2A, photomask 8 has a pattern of opaque regions 12 and transparent
regions 14 which conprise the desired pattern of the array of tapered
wavegui des. The pattern in Fig 2A is one of many useful patterns and is
intended to be illustrative only. Many other patterns of transparent and
opaque regions are useful within the scope of the present invention.
Comrerci ally avai |l abl e phot onasks are useful2gn the present process. In the

bl aced" 1 n'subst Qﬁtf@f?@%ﬂéﬁﬂé 4%2%@3%%8* BopEeadRL aBARATBY e LT eq i 1

FIG 3. As used hemiutes.t lsoprepanolsvasa selativelyqpoorsoiventéanthe: menomee

phot omask 8 and vepiaaveadeatitabdcisirod'tt aMOwePfoR e 2087 A allg'Ur 1 no the

remainder of the Pleve opmg tof the optlc)él waveguide elements' reflective walls. After

5 removal of 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

10 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. The width of the
smaller, output surface of the optical waveguides was 20 microns. The
reflective sidewalls were very smooth and joined together at a depth of

15 160 microns below the output surface face. The input 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

20 degrees.

EXAMPLE 11
Example I above was taken as a starting point. The tapered
optical waveguides were abundantly covered with carbon lampblack
25 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
30  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
35 85 percent.
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known met hod for maintaining substantial contact between two substrates may
be used herein. For exanple, a liquid such as isopropanol, nethanol, or

wat er nmay be pl aced between photonmask 8 and wavegui de substrate 2 and then
a rubber roller may be used to press photomask 8 and wavegui de substrate 2
together. Other known nethods for maintaining substantial contact between
two substrates include nechanical fixturing,, vacuum contact, static contact
and ot hers which enabl e off-contact or prox?%ity printing, soft-contact
printing, and scanni ngA transnhissidadneasusempnbwas icarried eut byrpassingat of t he

BL&SgB& ;/“m‘fflntz'ag rheﬁﬁ%ﬂ%é@ﬁéa\m WitH 8'gaubsiak isdSsidpetand a 6 degree full
ﬁivergence angle through the array of tapered optical waveguides.
When the light propagated from the light input side towards the light

5 output side of the waveguides, the transmission was 60%.

A further experiment was carried out on a separate array of
tapered optical waveguides. Here half the array was filled with
lampblack powder and the other half was filled with a black liquid
epoxy. After the epoxy dried, the two samples were compared. The

10 array area filled with lampblack when viewed from the light input side
appeared very transmissive and the array exhibited a transmission of 60
percent from the light input side to the light output side. The array area
filled with black epoxy when viewed from the light input side appeared
much less transmissive and the array exhibited a transmission of about

15 15 percent from the light input side to the light output side. This
showed that the choice of optically absorbing material was very critical
in allowing light to propagate successfully through the array of tapered
waveguides. Where the optically absorbing material was lampblack
powder, the powder came in direct contact with only a smail fraction of

20 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

25 material was a black epoxy, its index matched to the reflective
sidewalls and caused the light to couple through the sidewalls and be
absorbed by the optically absorbing material.

EXAMPLE III
30 Example I 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
35 the optical waveguides. The array of waveguides continued to show a
transmission of 60 percent as in Example II above. The array of tapered
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10 mixture is placed on the wavegui de substrate so that the wavegui de
substrate is positioned between the photopol ynerizable m xture and the
phot omask wherei n the photopol yneri zabl e m xture conprises a reactive
nmononer, or m xture of such nonomers, and photoinitiator, or m xture of
such photoinitiators, and the photoinitiator is present in an anmount
sufficient to forma gradient of substant i akpy collimated ultraviolet |ight
across the thicknes f the ot oI ti.zghl m xt rin subsequent
step. Any known erPﬁSé)ll ‘F’B}’eﬁ'ﬁa g "r"?%”ﬂ I?H@KW@% of a
phot opol yrer i zabl evashed fletedyrand handled w1thout damage to the waveguides and

without loss of the powdery, optically absorptive matenal.

5 EXAMPLE IV
Example II 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
10 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 I above.
The array of tapered optical waveguides was now fitted with a
protective layer and was washed, flexed, and handled without damage
15 to the waveguides and without loss of the powdery, optically
* absorptive material.

EXAMPLE V
Example IV above was taken as a starting point. When viewed
20 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 I above. On top of the array and monomer solution
25 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 2 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
30 reaching the viewer's eyes.

EXAMPLE V1
Example IV above was taken as a starting point. The protected
array of tapered optical waveguides with absorptive black material was
35 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
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substrate may be used in the present process. As used herein, the term
"substantially uniformthickness" neans | ess than about 10 percent
variation in thickness across the area of the mxture, and nore preferably
| ess than about 5 percent variation in thickness. As will be explained in
nore detail later, the thickness of photopol ynerizable m xture is the
desired final Iength of a photopolynerlzed Bapered maveQU|de whi ch, in

turn, is detern1n t egui de
I nput surface. Pre % FgmetE%?ngafﬁuﬂiopo r|ze @ﬁéﬁ%
wavegui de or the lﬂl’ﬁfbﬂ €@ O b‘f%/%ﬂ@&%’@eﬁﬁﬁ tEansit oma Paut 1 to
about 4000 mi cr onroad stt@mef’lém attetd Was zetusing eded! frd@e erablingns.

and most preferab Hsntlﬁﬁ&{tg%ﬂ ‘and cou?ptﬁgro S8 %aﬁ'ms showed that this
5 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 pattem contained four-fold symmetry and 8 spots of roughly
equal intensity. The full angular distribution of the regions of

10 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.

15 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, the array of tapered
optical waveguides provided 50 percent of the intensity of the ideal

20 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

25 direction.

EXAMPLE VII
Example I was taken as a starting point. A blackfilling mixture
was created by mixing 5 parts carbon lampblack (Degussa
30 Corporation) with 20 parts Fluorolink-T, 80 parts Fluorolink-B (from
Ausimont Corporation), and 0.005 parts hardener, dibutyl tin dilaurate.
This fluorinated polyurethane mixture had an index of refraction of
about 0.2 units less than the index of the photopolymer tapered
waveguides. This mixture was then applied to the interstitial regions of
35 the tapered waveguide array with a soft instrument, in this case a
gloved finger. The excess was removed by using the same instrument
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Met hods for placing a substantially uniformthickness of photopol ynerizabl e
mat eri al include spin coating, roller coating, doctor blading, patch
cobating using a slot, extrusion coating, and the like. FIG 4 and 5

il lustrate another method. Spacers 16 are positioned on wavegui de substrate
2. The hei ght of "spacers 16 is the desired final |length of the

phot opol yneri zed tapered wavegui de. Photopoﬁynerlzable nlxture 18 is then

pl aced on wavegui de,s strat wav UId substr osi tioned
bet ween phot opol yaRd HFC?PGaé”‘ngmrtmgebh sieR R ace ofthe Eones
Phot opol yneri zabl wembbsemfedlB beatpar ofthetblacle anenire.aThermgraydofaperedrhe

byt oo, PRl MR R O Sl e SRR

et hylenically un
mixture was then allowed to cure in an oven at 50 degrees Celsius for 2

5 hours.

Looking at the output side of the tapered waveguide array, the
blackfilling mixture 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.

10 A transmission measurement was carried out by passing a
helium-neon laser beam with a gaussian 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 57%.
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®

provi de a transparent solid polynmer material. Preferred—spiid Evt]i'inm

materi al s have an index of refraction betwagn about 145”“]"'@ uim]ﬂﬁmnd
e,
* [ Ts *

i‘ncl ude conmerci al | Wirl ¢ yl met hacryl at e, | il
pol yester, polystyr ; S, rormed by phot opol yneri zation o
acrylate or net hacryll-aﬁepmﬁ&ré@@l)ﬂmgethsr@wr@’d mat eri al s have an index

of refraction betweqg) "ﬂ?é%lg]a tofthskiiAubsdtafitiaPédhtabCivittiey pol yners forned

by phot opol yneri zatioh r te m)noiﬁlr m Xt ures ,conposed of urethane
acryl ates and substrate wherein said photomask has opaque and parent

5 regions;

(b) placing a substantially uniform thickness of
photopolymerizable mixture on said substrate so that said
substrate is positioned between said photopolymerizable mixture
and said photomask wherein:

10 (1) said photopolymerizable mixture comprises at
least one reactive monomer and photoinitiator, and
(i) said photoinitiator is present in an amount
sufficient to form a gradient of substantially
collimated actinic radiation across the thickness of

15 ] said photopolymerizable mixture during subsequent
step (c);

(c) while maintaining said photopolymerizable mixture
and substrate in a Substantially fixed plane relative to said
substantially collimated actinic radiation, exposing through said

20 transparent regions of said photomask said photopolymerizable
mixture to said substantially collimated actinic radiation for a
time sufficient to form an array of tapered photopolymerized
waveguides wherein:

(i) the tapered end of each of said waveguides

25 extends outward from said substrate,

(ii) each of said waveguides has a light input
surface adjacent said substrate and a light output
surface distal from said light input surface, and
(iii) the area of the light input surface of each of

30 said waveguides is greater than the area of its light

output surface; and

(d) removing said photomask and photopolymerizable
mixture which was not substantially polymerized by said
substantially collimated actinic radiation during step (c) from

35 said substrate.
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met hacry”"'ms ,'IHHIH}&HHI&I ates and net hacryl ates, epoxy acryl at es" é.nd

met hacryl ates, Ypaly ylene glycol acrylates and met hacryl ates and vi nyl

cont ai ni ng organi c nmonomers. It is useful tggutilize a m xture of nononers

in the photopol yneriga f i) the opertles of

t he conposition suchia?q%oﬁgﬂ)é%gg Eﬁﬁ@'@rrggg’le ?O{‘E ‘&t"rpsﬁ? EOSI ty,

adhesi on, curi nplataisplased ansaldsubstanuaﬂijeunﬁhdntthxclmdss:ef dl scol orati on,

cracking, and d s of the photopol yner forned fromthe
i EBW%S phezRy R

conposi tion. nore: preferred nononers include nethyl

met hacryl ate; n- buty ddeyprocesy efglaim-lewiichadditionally comprisesiA) ;i sodecy!
acryl ate; 2- §1ydroxye y H%ﬁ! b?sopg ?ﬂb?? cycl ohexyl
acrylate (CHA); é)h ?FZ’Z“‘% | a “}/ t?gé) et hoxy Pat edﬁrﬁ;’%f

tapere pho opo ymenzed waveguides.

4. The process of claim 1 wherein said actinic radiation is
ultraviolet light.
10
5. The process of claim 1 wherein said monomer is
selected from the group consisting of methyl methacrylate, n-
butyl acrylate, 2-ethylhexyl acrylate, isodecyl acrylate, 2-
hydroxyethyl acrylate, 2-hydroxypropyl acrylate, cyclohexyl
15 acrylate, 1,4-butanediol diacrylate, ethoxylated bisphenof A
diacrylate, neopentylglycol diacrylate, diethyleneglycol
diacrylate, diethylene glycol dimethacrylate, 1,6-hexanediol
diacrylate, trimethylol-propane triacrylate, pentaerythritol
triacrylate, pentaerythritol tetra-acrylate, and mixtures thereof.

20
6. The process of claim 1 wherein said monomer is a
mixture of ethoxylated bisphenol A diacrylate and trimethylol
propane triacrylate.
25 7. The process of claim 1 wherein said photoititiator is

selected from the group consisting of benzidimethyi ketal; o, -
diethyloxy acetophenone; a,a-dimethyloxy-c-hydroxy
acetophenone; 50% 1-hydroxycyclohexyl phenyl ketone and
50% benzophenone; 1-hydroxy-cyclohexyl-phenyl ketone; 1-[4-

30 (2-hydroxyethoxy)phenyl]-2-hydroxy-2-methyi-propan-1-one; 2-
methyl-1-4-(methylthio)phenyl}-2- morpholino-propan-1-one;
and 2-benzyl-2-dimethylamino-1-(4-morpholinophenyl)butan-1-
one.

35 8. The process of claim 1 wherein said photoinitiator is
selected from the group consisting of benzidimethyl ketal; a,a-
dimethyloxy-a-hydroxy acetophenone; 50% 1-
hydroxycyclohexyl phenyl ketone and 50% benzophenone; 1-
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(PEGDMR) ; 1, 6- hexanedi ol di acryl ate (HDDA) ;3% rinethylol prdpafe tritacryl a ,m
(TMPTA) ;  pent achydivxy-eyclohéxydl %k&ﬁﬁéﬁ\)mdae £@+ythritol tetra-acrylate

PETTA heno rhox I acryl ate
Eer r] - )CEAI)O i séﬁ%%&&%ﬁée@fl &'%ﬂéﬁ%&%ﬁyr Lo yl gt e (TI(—|FFA)
propyl ene glycol monoacrylate (NPPGA); 2-(2-ethoxyethoxy) ethyl acrylate

eyl one g veo e I I

tetraet hyl en® gpsesent int an amauné fromr abouy 0.5r tocnbaut Hacpercentby TTEGDWA) ;
pol yethyl ene gl yepbhtBaRel it totE W¥ikhebf said photopolymerizable

mixture.

10. The process of claim 1 wherein said photoinitiator is
10 present in an amount from about 0.5 to about 8 percent by
weight based on the total weight of said photopolymerizable
mixture.
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di et hacryl ate (PEGDMA); dipropyl ene glycol diacrylate (DPGDA);
tripropylene glycol diacrylate (TPGDA); ethoxyl ated neopentyl glycol

di acryl ate (NPEOCGDA); propoxyl ated neopentyl glycol diacrylate (NPPOGDA);
al i phatic diacrylate (ADA); al koxyl ated al iﬁéhat i c diacrylate (AADA);

al i phatic carbonate diacrylate (ACDA); trinethylol propane trinethacryl ate
(TMPTMR) ; ethoxyl ated trinethyl ol propane triacrylate (TMPEOTA);

pr opoxyl at ed 12 trimethyl ol propane triacrylate (TMPPOTA); gl yceryl

pr oxyl at ed '

Abstract of the Disclosure

PROCESS FOR MAKING AN ARRAY OF
TAPERED PHOTOPOLYMERIZED WAVEGUIDES

_ The present invention is directed to a process for making an
array of tapered photopolymerized waveguides. The tapered
waveguides are useful as a display means in direct view devices and
projection display devices.

In step (a), a photomask is placed in substantial contact with a
substrate wherein the photomask has opaque and transparent regions.
In step (b), a substantially uniform thickness of photopolymerizable
mixture is placed on the substrate so that the substrate is positioned
between the photopolymerizable mixture and the photomask wherein
(1) the photopolymerizable mixture comprises at least one reactive
monomer and photoinitiator and (ii) the photoinitiator is present in an
amount sufficient to form a gradient of substantially collimated actinic
radiation across the thickness of the photopolymerizable mixture during
subsequent step (c). In step (c), while maintaining the
photopolymerizable mixture and substrate in a substantially fixed plane
relative to the substantially collimated actinic radiation, the
photopolymerizable mixture is exposed through the transparent regions
of the photomask to the substantially collimated actinic radiation for a
time sufficient to form an array of tapered photopolymerized
waveguides wherein (i) the tapered end of each of the waveguides
extends outward from the substrate, (ii) each of the waveguides has a
light input surface adjacent the substrate and a light output surface
distal from the light input surface, and (iii) the area of the light input
surface of each of the waveguides is greater than the area of its light
output surface. In step (d), the photomask and photopolymerizable
mixture which was not substantially polymerized by the substantially
collimated actinic radiation during step (c) are removed from the
substrate,
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\triacrylate (GPTA); tris (2-hydroxyethyl) isocyanurate triacrylate

(THEI CTA); dipentaerythritol pentaacrylate (DPEPA); ditrinethyl ol propane

tdetraacrylate (DTMPTTA); and al koxyl ated tetraacrylate (ATTA). Especially
useful are m xtures wherein at |east one nmononmer is a nultifunctional
nononer such as a diacrylate or triacrylate, as these will produce a
network of crosslinks within the reacted photopol yner. The nost preferred
materials for use in the nmethod of the invention are crosslinked polyners
formed by photopol yneri zing m xtures of ethoxyl ated bi sphenol A diacrylate
and trinmethylol propane triacrylate. The index of refraction of the nost
preferred materials ranges fromabout 1.53 to about 1.56. It is not
essential that the refractive index of

1/18
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t.he transparent solid material be honogeneous throughout the wavegui de
elenment. It may be advantageous to cause to be present, inhonobgeneities in
Tefractive index, such as striations or scattering particles or domains, as
t hese i nhonogeneities may further increase the divergence of light fromthe
out put of the waveguide array. The anmount of nonomer in photopol ynerizabl e
material may vary wi dely. The anount of nononmer or the total amount of a

m xture of nononers is usually from about 60 to about 99.8 percent by

wei ght of the photopol yneri zable materj| preferably from about 80 to
about 99 percent by weight of the phothl(ﬂ yneri zable material, and nore
preferably from about 85 to about 99 percent by weight of the

phot opol yneri zabl e materi al .

2 14
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As anot her essential conponent, the polynerizable material 18 includes a
photoinitiator which is activated by actinic radiation to produce activated
Speci es which | ead to photopol yneri zati on of the nononmer. The
photoinitiator systemw ||l contain a photoinitiator and preferably a
conventional sensitizer which extends the spectral response into regions
havi ng spectral utility, e.g. the near ultraviolet region and the visible
spectral regions where | asers excite and where nany conmon opti cal
materials are transm ssive. Usually the photo- initiator is a free

radi cal -generating -addition polynerization initiator activated by actinic
light and is preferably thermally inactive at and bel ow room t enperat ure
(e.g. about 20[err]C to about 25[err]C.)

3/18

P '}::8

FIG.3

This Sheet Has Been Re

I

THIS SHEET HAS BEEN
REPLACED




13 Illustrative of such initiators are those described in U S. Patent No.
4,943,112 and references cited therein. Preferred free radical initiators
are 1-hydroxy-cycl ohexyl - phenyl ketone (lrgacure 184); benzoin; benzoin

et hyl ether; benzoin isopropyl ether; benzophenone; benzidinethyl ketal
(Irgacure 651); [err]-diethyl oxy acetophenone, [err]

di nmet hyl oxy-[err]-hydroxy acetophenone (Darocur 1173); 1-[4-(2-

hydr oxyet hoxy) phenyl ] - 2- hydr oxy- 2- met hyl - pr opan- 1- one (Darocur 2959);

2- met hyl - 1- [ 4- net hyl t hi 0) phenyl ] - 2- nor phol i no- propan- 1-one (Irgacure 907);
2- benzyl - 2- di et hyl am no- 1- ( 4- nor phol i nophenyl ) -
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Pbut an- 1-one (Irgacure 369); poly{1l-[4-(1-nethylvinyl)phenyl]-2-

hydr oxy- 2- net hyl - pr opan- 1-one} (Esacure KIP); [4-(4-

tret hyl phenyl t hi 0) - phenyl ] phenyl met hanone (Quantacure BWMS); di -
canpher qui none; and 50% 1- hydr oxycycl ohexyl phenyl ketone and 50%
benzophenone (Irgacure 500). The nore preferred photoinitiators includes
benzi di net hyl ketal (lrgacure 651); [err]-diethyl oxy acetophenone;
[err]-dimethyl oxy-[err]- hydroxy acetophenone (Darocur 1173);

1- hydr oxy- cycl ohexyl - phenyl ketone (lrgacure 184);

1-[ 4- (2- hydr oxyet hoxy) phenyl ] - 2- hydr oxy- 2- net hyl - propan- 1-one (Darocur
2959); 2-nethyl-1-4- (nethylthio)phenyl]-2-norpholino-propan-1-one
(I'rgacure 907); 2- benzyl -2-di et hyl am no- 1- (4- nor phol i nophenyl ) but an- 1- one
(I'rgacure

5/18
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369); and 50% 1- hydroxycycl ohexyl phenyl ketone and 50% benzophenone
(I'rgacure 500). The nost preferred photoinitiators are those which tend not
to yellow upon irradiation and, thus, do not increase the coloration of the
conposition on the Gardner scale to a value of greater than 8 points on
exposure to a tenperature of 190C for 24 hours as determ ned by ASTM
D1544-80. Such photoinitiators include benzidinethyl ketal (Irgacure 651);
[ err]-di met hyl oxy-a- hydroxy acetophenone (Darocur 1173);

1- hydr oxy- cycl ohexyl - phenyl ketone (Irgacure-184);

1-[ 4- (2- hydr oxyet hoxy) phenyl ] - 2- hydr oxy- 2- net hyl - propan- 1- one ( Darocur
2959); and 50% 1- hydroxycycl ohexyl phenyl ketone and 50% benzophenone
(I'rgacure 500). The amount of photoinitiator which nust be present to form
a

6/18

JhTm

FIG.6

26

’I‘hxs Sheet Has Been Replaced

HHJEH M

"3

THIS SHEET HAS BEEN |
REPLACED




gradi ent of substantially collimated ultraviolet Iight across the thickness
of the photopol ynerizable m xture 18 during a subsequent step is from about
P.1 to about 12 percent by wei ght based on the total weight of 14 the
phot opol yneri zabl e material. The amount of photoinitiator is preferably
fromabout 0.5 to about 12 percent by weight, and nore preferably from
about 0.5 to about 8 percent by weight based on the total weight of the
phot opol yneri zable material. It is realized that the desired gradient wll
be influenced not only by the concentration of the

7/18
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initiator but by the choice of irradiating wavel engths present in the
exposure source, which may be controlled by those skilled in the art. In
addition to the essential ingredients, the photopol ynerizable naterial nmay
i nclude various optional ingredients such as stabilizers, inhibitors,

pl asticizers, optical brightners, rel ease agents, chain transfer agents,

ot her phot opol yneri zabl e nononers, and the |ike. The photopol yneri zabl e
material preferably includes a stabilizer to prevent or reduce degradation
which | eads to property deterioration such as cracking and del am nati on
after heat aging at 190[err]C in air for 24 hrs. as defined by ASTM D
4538-90A and yell owing (coloration of greater than 8 on the Gardner Col or
Scal e as determ ned by ASTM D 1544-80) after such heat agi ng. Such
stabilizers include UV absorbers, 8/18
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I'i ght stabilizers, and antioxidants. UV absorbers include hydroxyphenyl
benzotri azol es, such as 2-

f 2- hydr oxy- 3, 5-di (1, 1- di net hyl benzyl ) phenyl ] -2- H benzotri azol e (Tinuvin
900); Poly(oxy-1,2-ethanediyl), [err]-(3-(3-(2H benzyotri azol - 2-

yl)-5-(1, 1-di et hyl et hyl ) - 4- hydr oxyphenyl ) - 1- oxopropyl )-[err] - hydr oxy
(Tinuvin 1130); and 2-[ 2-hydroxy-3,5-di (1, 1-di net hyl propyl ) phenyl ] - 2-

H benzotri azol e (Tinuvin 238) and hydroxybenzophenones such as 4-

met hoxy- 2- hydr oxybenzophenone and 4-n-octoxy-2- hydroxybenzophenone. Light
stabilizers include hindered am nes 5 38 as
4- hydr oxy- 2, 2, 6, 6-t et ranet hyl pi perid z 4- hydr oxy-1, 2, 2, 6, 6-

pent anet hyl pi peri di ne, 4-benzoyl oxy-2, 2,6, 6-tetranet hyl pi peri di ne,
bis(2, 2,6, 6-tetranet hyl 4-pi peridi nyl)sebacate (Tinuvin 770);

28
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bis(1, 2, 2,6, 6-pent anet hyl - 4-pi peridi nyl)sebacate (Ti nuvin 292);

bis(1, 2, 2,6, 6-pentanet hyl -4-piperidinyl)-2-n-butyl-2-(3,5-di -tert-butyl-
4- hydr oxybenzyl ) mal onate (Ti nuvin 144); and pol yester of succinic acid with
N-[err]-hydroxy-ethyl-2,2,6, 6-tetranethyl -4-hydroxy-piperidine (Tinuvin
622). Antioxidants include substituted phenols such as 1, 3, 5-
trimethyl-2,4,6-tris(3,5-di-tert-butyl)-4-hydroxybenzyl)benzene, 1,1, 3-
tris-(2-nethyl-4-hydroxy-5-tert-butyl)phenyl)butane, 4,4'-butylidene-

bi s-(6-tert-butyl-3-nethyl)phenol, 4,4'-thiobis-(6-tert-butyl-3-

met hyl ) phenol , tris-(3,5-di-tert-butyl-4-hydroxybenzyl )i socyanurat e,

10/18
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cetyl-3,5-di-tert-butyl -4-hydroxybenzene (Cyasorb UV2908); 3,5-di-
tert-butyl-4-hydroxybenzoic acid, 1,3,5-tris-(tert-butyl-3-hydroxy-2, 6-

gi met hyl benzyl) (Cyasorb 1790); stearyl-3-(3 ,5-di-tert-butyl-4-

hydr oxyphenyl ) propri onate (lIrganox 1076); pentaerythritol tetrabis(3,5-

di -tert-butyl - 4- hydroxyphenyl) (Irganox 1010); and thi odi et hyl ene-bi s-
(3,5-di-tert-butyl-4-hydroxy)hydroci nnamate (Irganox 1035). The preferred
stabilizers used in this invention ar g 2@ﬁioxidants. Preferred anti oxi dants
are selected from substituted phenols 4 as 1,3 ,5-trinmethyl-2,4,6-tris(3
,5-di -tert-butyl)-4-hydroxybenzyl ) benzene,

1,1,3-tris-(2-nmethyl 4-hydroxy-5-tert-butyl phenyl)butane, 4,4'-

butyl i dene-bi s-(6-tert-butyl -3-net hyl phenol, 4,4'-thiobis-(6-tert-butyl-3-
met hyl phenol , tris-(3,5-di-tert-butyl-4-hydroxybenzyl)i socyanurate,

6 ", 2
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cetyl-3,5-di-tert-butyl-4-hydroxybenzene (Cyasorb UV 2908); 3,5-di-
tert-butyl-4-hydroxybenzoic acid, 1,3,5-tris-tert-butyl-3-hydroxy-2, 6-

di met hyl benzyl) (Cyasorb 1790); stearyl-3-(3,5-di-tert-butyl-4-

hydr oxyphenyl ) propri onate (lIrganox 1076); pentaerythritol tetrabis(3,5-

di -tert-butyl - 4-hydroxyphenyl) (Irganox 1010); and thi odi et hyl ene- bi s-
(3,5-di-tert-butyl-4-hydroxy)hydroci nnamate (1rganox 1035). The nobst
preferred stabilizers include pentaerythritol tetrabis(3,5-di-tert-butyl 4-
hydr oxyphenyl ) (Irganox 1010); thi odiethyl ene-bis-(3,5-di-tert-butyl-4-
hydr oxy) hydroci nnamate (I1rganox 1035); and stearyl-3-(3,5-di-tert-

but yl - 4- hydr oxyphenyl ) propri onate (lrganox 1076). The anount of stabilizers

in the conposition may vary w dely f2?1és usual ly fromabout 0.1 to about
10 percent by weight of the
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®

phot opol yneri zabl e material. The ampbunt of stabilizer is preferably from
about 0.1 to about 5 percent by weight of the photopol ynerizable materi al
and nore preferably fromabout 0.2 to about 3 percent by weight of the
phot opol yneri zabl e material. Cover plate 20 is then placed over

phot opol yneri zabl e m xture 18 and pressed down until it is in contact with
spacers 16 as illustrated in FIG 5. Cover plate 20 conprises cover
substrate 22 and rel ease | ayer 24. Cover substrate 22 may be made of any
mat eri al such as gl ass, quartz, fuseq37q8ica, pol ymer sheet, or netal
sheet. Rel ease |ayer
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16 24 may be a fluorinated pol yner such as Teflon AF[err], a polysil oxane,
or an untreated polyner filmsuch as polyethylene terephthalate. In another
enbodi nent of the present process, wavegui de substrate 2 is not used and

t he photopol yneri zable material 18 is placed directly on photomask 8 (not
illustrated). In the next step of both enbodi nents of the present process,
whi | e mai ntai ning the photopol yneri zable m xture substantially stationary
relative to the substantially collinmated ultraviolet |ight, the

phot opol yneri zabl e m xture i s exposed through the transparent regi ons of

t he photomask to substantially collimated ultraviolet light for a tine
sufficient to forman array of tapered photopol yneri zed wavegui des

14/18
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wherein: (i) the tapered end of each of the wavegui des extends outward from
t he substrate or photomask, (ii) each of the wavegui des has a |ight input
surface adjacent the substrate or photonmask and a |ight output surface
distal fromthe light input surface, and (iii) the area of the |ight input
surface of each of the waveguides is greater than the area of its |ight

out put surface. The assenbly of FIG 5 is then exposed to substantially
collimated actinic radiation 26 as iL&SZi ated in FIG 6. As used herein,
the term"substantially collinmated" that the light which exits the

| i ght source does not diverge fromthe optical axis of the exposure system
by nore than 10 degrees. The photopol yneri zable material is exposed to
actinic radiation of the required wavel ength and intensity for the required
duration. As

/6 w A B
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*

used herein "actinic radiation" is defined as light in the visible,
ultraviolet or infrared regions of the spectrum as well as el ectron beam
ton or neutron beamor X-ray radiation. Actinic radiation nay be in the
formof incoherent |ight or coherent light, as for exanple light froma

| aser. Sources of actinic light, and exposure procedures, tines,

wavel engths and intensities may vary w dely depending on the desired degree
of polynerization, the index of refraction of the photopol ynmer, and ot her
factors known to those of ordinary s 'ki in the art. Such conventi onal
phot opol yneri zati on processes and th %perational paranmeters are wel |
known in the art. See for exanple in S.P. Pappas Ed. "Radi ation Curing:
Sci ence and Technol ogy" Pl enum Press, New
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York, NY; D.R Randell Ed., "Radiation Curing of Polymers, |1, Royal 17
Soci ety of Chem stry, Canbridge, Mass; and C E. Hoyle and J.F. Kristle,
€d., "Radiation Curing of Polyneric Materials", American Chenical Society.
Accordingly, they will not be described herein in great detail. Sources of
actinic radiation and the wavel ength of the radiation may vary w dely, and
any conventional wavel engths and sources may be used. It is preferable that
t he photochem cal excitation be carried
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out with relatively short wavel ength (or high energy) radiation so that
exposure to radiation nornmally encountered before processing (e.g., room
tights) will not prematurely polynerize the polynerizable material. Thus,
exposure to ultraviolet |ight (300-400 nm wavel ength) and exposure by deep
ultraviolet light (190-300 nm wavel ength) are preferred. Conveni ent sources
are high pressure xenon or nercury- xenon arc lanps fitted with appropriate
optical filters to select the desired wavel engths for processing. Al so,
short wavel ength coherent radiatioz ii useful for the practice of this

I nvention. An argon ion |aser oper @/ Q in the "UV' node at several

wavel engths near 350 nmis desirable. Al so, a frequency-doubled Argon ion

| aser with out put near 257 nm wavel ength is desirable. Electron beamor ion
beam excitation

66

36

This Sheet Has Been Replaced

T T

THIS SHEET HAS BEEN
REPLACED

.



may al so be utilized. The nost preferred actinic radiation is ultraviol et

l'ight in the 300-400 nmregion, such as produced by a nercury, xenon, or
mer Gury-xenon | anp. Substantially collimated actinic radiation 26 .passes
t hrotigh transparent regions 14 of photonask 8 and causes §
phot opol yneri zati on reaction in the exposed regi ons 28 ofl

hot opol yneri zable mixture 18 which align with the transpar dnt L egi. l
phot opol y R p k&g&gwﬂ

of the photonask 8 as illustrated in FFG 6. No, or in soi- cases!
limted photoreaction occurs in those areas of photopol ymgrifizabl emxt-ured

18 which are shiel ded fPROCESSFOR MARKING AN ARRAEY @t i nic radiation
26 by opaque regi oS, BF ¥ DPPRIGTOPOL.Y MERIZED WA VEG UHDES S
P.D. File 82-3307 (6100) '

Background of the Invention

The present invention relates to a process for making an array of
tapered photopolymerized waveguides. ‘

Waveguides, also known in the art as light transmissive devices
or lightguides, are used in display devices, suth as for example
projection display devices, off screen display devices, and direct view
displays. See for example U.S. Patents 3,218,924 and 3,279,314 to

~ Miller and U.S. Patent 4,767,186 to Bradley, Jr. et al. Such displays
:  are used in a wide range of applications including computer terminals,
airplane cockpit displays, automotive instrument panels, televisions,
and other devices that provide text, graphics, or video information.

Processes for making waveguides for use in display devices are
known. For example, U.S. Patents 3,218,924; 3,279,314; and
4,767,186 teach that projection screens may be manufactured by
known processes and list compression molding, injection molding,
extrusion, hot roller pressing, casting, and photopolymerization. U.3.
Patent 3,767,445 teaches a method for producing integrated optical
waveguides by making a die having a surface matching the desired
uniform cross section waveguide shape, embossing a transparent
plastic substrate with the die, and coating the embossed substrate with
a high refractive index material.

U.S. Patent 5,230,990 teaches a process for making an optical
waveguide array of light transmissive cores with uniform cross section
throughout the core length. A resist master is formed first by exposing
a photoresist layer through a photomask, dissolving the exposed areas,
and heating the non-exposed areas to form parallel rows of semicircular
shaped protuberances. The resist is heated until it is melted and the
liquid surface tension draws it into a line of a semicircular cross section
or a hemispherical bead. Thus, semicircular grooves and hemispherical
dots are the only shapes attainable with this method. A stamper is then
formed from the resist master by sputtering an electroconductive film



In order that the exposed regions 28 have the proper taper
optical absorption of the photopol ynerizable m xture 18 at [ty B
of the ultraviolet Iight nust be high enough such that a gf
actinic radiation intensity is established through the fil
radi ation exposure. That is, the anpunt of actinic 18 r dfaflﬁors&fw [
avail able in the photopol ymerizable m xture 18 to cause the ' :
the photoreaction will decrease fromthe photomask 8 side towards the cover

plate 20 side, due to the finite absorpt®on of the o

on the resist master to form a metal master and then fortmng a metallic
film on the metal master to form a stamper having parallel rows of K
semicircular shaped protuberances. The stamper is then used to form
the optical waveguide array by exposing a low refractive index material
on the stamper, removing the cured layer, putting a high refractive

index material into the semicircular shaped grooves of the cured layer,
curing the high refractive index, putting a low refractive material on the
high refractive index material, and curing. See also U.S. Patents
4,902,086; 5,113,471; and 5,136,678.

Kokai Patent Publication 245106 published October 31, 1991
teaches a process of making an optical plate of a substrate having high
refractive index waveguides with uniform cross section throughout the
waveguide length, wherein the waveguides are separated by low
refractive index material. The optical plate is made by placing high
refractive index photosensitive resin on a substrate, covering the
photosensitive resin with a low oxygen permeable sheet, and exposing
the photosensitive resin to ultraviolet light through a photomask and the
fow oxygen permeable sheet to form uniform cross section waveguides.
The unexposed resin and low oxygen permeable sheet are removed and
low refractive index material is placed around the waveguides.

The 245106 process is disadvantageous because it produces
waveguides which when used on a display, would suffer from low
contrast and changes in visual chromaticity as the viewing angle
changes. In order to obtain good collection of light at the input end of
the waveguides, they must be close packed at the input end, as taught -
in Kokai 245106. Since the cross-section is uniform, this close packed
arrangement persists throughout the optical plate, along the length of
the waveguides. This results in difficuity in removing the unexposed
material from the wall area during the development step and
additionally, does not provide space on the output end of the plate for
contrast improving materials to be added. Moreover, waveguides with
uniform cross section do not increase the angular distribution of the
light which passes through them. It is often highly desirable that the
waveguides should cause such an increase in angular distribution as is
taught in commonly assigned U.S. patent application Serial No. 86,414
filed July 1, 1993.




phot opbl ynmerizable m xture 18. This gradient of actinic radi ptyon causes-—a—--—
gradient in the amount of phot opol yreri zation reaction that cEiAC ﬁ\ér‘bsgwﬂ
the thi ckness of photopol ynerizable m xture 18, and this res I['S""T‘n“t*he -
uni que"tapered geonetry of the devel oped wavegui de structures,jazgequet ry §
which is easily accessible with the process of the present ipvention. The' 3
gradient in the anount of photopol ynerization which occurs ross thne

thi ckness of photopol ymeri zable nmixture 18 may be further |rffl uenced by the

xygen acting to cuerad PaReseE "‘?“ﬁgﬁ Rafcapfay Hé??éﬁ“‘ LR, ckcent "
i ny'?hose ar egs cWﬁasr-‘@Cgpp B% eé X r%g? r?é‘dfsé ;6§a|. cal s g
produced in t h&uropean Patent Publication 357396 published March 7, 1990; Kokai '
Patent Publication 24121 published February 2, 1993, and Kokai
Patent Publication 119203 published May 18, 1993.

U.S. Patent 4,712,854 teaches two processes for forming optical
waveguides suitable for connection to optical fibers. The first process
involves a first ultraviolet light exposure step to form a refractive index
profile in the depthwise direction of the photopolymerization material
and a second ultraviolet light exposure step to form a refractive index
profile in the widthwise direction to form an optical waveguide having
good matching characteristics relative to a graded index type optical
fiber. This process is disadvantageous because two ultraviolet light
exposure steps are required. In addition, no relief image is formed and
the waveguide consists of a higher refractive index region within a
sheet of continuous polymer film, or a lamination of several of such
films. Optical waveguide propagation is therefore strictly limited to the
plane of the film, never to propagation normal to the film surface.

Kokai Patent Publication 42241 published September 19, 1586
teaches a process of making a lightguide array by moving a substrate
through a container of monomer solution while exposing the solution to
ultraviolet light through a photomask so that uniform cross section
lightguide bodies form on the substrate. During the process, the
monomer solution being exposed is positioned between the photomask
and substrate and the photomask is positioned between the ultraviolet
light and the monomer solution. During the exposure, the substrate is
moved perpendicularly away from the light source. The substrate is
then removed from the container and a lower refractive index material
is poured around the rod-shaped lightguide bodies and cured. Tapered
lightguide bodies are formed by positioning a lens between the
photomask and monomer solution and moving the lens, thereby altering
the mask image magnification, so that the lightguide bodies taper in a
direction away from the substrate toward the lens, photomask, and
ultraviolet light. The complicated moving mask and lens system makes
this process disadvantageous to use. Also, this process is incapable of
making tapered lightguide bodies wherein the center-to-center distance




phot opol yneri zati on process. Such action of dissolved oxygery gag
progress of photopol ynerization reactions is well known to tfht §€£§Rf$J€dah;T:7
the art. Further, the requisite geonetry of the photopol yne
be further |nfluenced by the process of self-focusing. That {i
falling on the surface of the photopol ynerizable m xture 18 anLest t he
phot omask 8 initiates photopol yneri zation at that surface,
refractive index of the solidified polynmer material is hig than that of
the Iiquid nononer,

this manner, eﬁ&gg@ﬂ 2@%2, mépmg@uﬁﬁcés ehadjagéatl H&Jé‘s"xstéiﬂasfﬁgil?% 72 é"‘?ﬁ%ﬁaﬁl e.
refraction caftege By rf&ch ?é%ﬁ%%ﬁ’é??%ég@ﬂ{%ﬁ §+‘% éﬁ efeols | oger to

thi s manner,

t he phot omask.AsTairssudt, fthe aremgf theusputand output surfaces of the array cannot

be equal. The array area at the tapered end is decreased by the square
of the reduction ratio of the individual elements, as is clear from the
diagrams of Kokai 42241. This method is therefore of no use for
creating tapered waveguide arrays for use in display applications such
as liquid crystal displays (LCD's), as it is highly undesirable to shrink
the size of the display. Further, the cross sections of individual
elements in an array created by a moving lens are not uniform. Those
which are close to the optical axis of the lens system have a different
cross-sectional profile than those lying at the perimeter of the array.
This effect is also clearly shown in the diagrams of Kokai 42241. Asa
result, the individual elements of the array will have nonuniform optical
properties, which is highly undesirable in display systems where such
nonuniformities would degrade the image qualities.

As such, the need exists in the art for a simple process for
making an array of tapered photopolymerized waveguides wherein the
array of tapered photopolymerized waveguides has improved
properties.

Summary of the Invention
We have developed a process for making an array of tapered

photopolymerized waveguides which responds to the foregoing need in
the art. In step (a), a photomask is placed in substantial contact with a
substrate wherein the photomask has opaque and transparent regions.
In step (b), a substantially uniform thickness of photopolymerizable
mixture is placed on the substrate so that the substrate is positioned
between the photopolymerizable mixture and the photomask wherein
(i) the photopolymerizable mixture comprises at least one reactive
monomer and photoinitiator and (ii) the photoinitiator is present in an
amount sufficient to form a gradient of substantially collimated actinic
radiation across the thickness of the photopolymerizable mixture during
subsequent step (c). In step (c), while maintaining the
photopolymerizable mixture and substrate in a substantially fixed plane
relative to the substantially collimated actinic radiation, the
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narrowi ng of the resultant polynerized structure fromthe [aask -Si.de,_upon

which the imaging light was directed, towards the cover pliaRer2h.{n-t hqg,\«» ]

| ast step of both enmbodi nents of the present process, the ] oo

phot opol ymerizabl e m xture which was unexposed to substantji I Iﬁykchl i qm f
l
|
|

actinic radiation during the exposure step is renoved. Phctc1 spa!ce;s
16, and cover plate 20 with rel ease | ayer 24 are renoved gs Y4lustrated ih
FIG 7. The unreacted nononers are vvasheﬁl away W th a suitable solvent 30

such as acetone, nethano|, r l.sopr opano nac alner 2—as-—ust.Lat.ed
in FIG 8 | eaRhofoRolymenzahle mixture is exposed throug% e transparent regions

of the photomask to the substantially coilimated actinic radiation for a
time sufficient to form an array of tapered photopolymerized
waveguides wherein (i) the tapered end of each of the waveguides
extends outward from the substrate, (i) each of the wavegwdes has a
light input surface adjacent the substrate and a light output surface
distal from the light input surface, and (iii) the area of the light input
surface of each of the waveguides is greater than the area of its light
output surface. In step (d), the photomask and photopolymerizable
mixture which was not substantially polymeneed by the substantially
collimated actinic radiation during step (c) are removed from the
substrate.

In another embodiment, in step (2), a substantially uniform
thickness of photopolymerizable mixture is placed on a photomask
wherein (i) the photomask has opaque and transparent regions, (i) the
photopolymerizable mixture comprises at least one reactive monomer
and photoinitiator, and (iii) the photoinitiator is present in an amount
sufficient to form a gradient of substantially collimated actinic radiation
across the thickness of the photopolymerizable mixture during
subsequent step (b). In step (b), while maintaining the
photopolymerizable mixture and photomask in a substantially fixed
plane relative to the substantially collimated actinic radiation,
photopolymerizable mixture is exposed through the transparent regions
of the photomask to the substantially collimated actinic radiation for a
time sufficient to form an array of tapered photopolymerized
waveguides wherein (i) the tapered end of each of the waveguides
extends outward from the photomask, (if) each of the waveguides has
a light input surface adjacent the photomask and a light output surface
distal from the light input surface, and (iii) the area of the light input
surface of each of the waveguides is greater than the area of its light
output surface. In step (c), photopolymerizable mixture which was not
substantially polymerized by the substantially collimated actinic
radiation during step (b) is removed from the photomask.

Unlike the process of Kokai Patent Publication 42241, the
present process is advantageous because it does not require movement
of the photopolymerizable mixture during the exposure step or a




19 of photopol ynerized regions 28 on the wavegui de substrate 2 Dependi ng
upon the nononers selected, it nmay be possible to use aquePTs=hased
solvents. The remaining final structure in the first enbod rl‘é"tf‘toi Athe SHEET

presént invention consists of photopol ynerized regi ons 28 pnywavegui-te«
substrate 2 as illustrated in FIG 9. In the other enbodinent of; the ses ||
present invention, the pattern of photopol ynerized regionsf 28 fenai'ns on § [
photonmask 8 as illustrated in FIG 9A. The final structurdg contarning-ttes

array of tapered photopol ynerized waveg® des 28 may recei e an opti onal j

post - devel opoemplithteddess pystementardet to makeltapereddight@hides Mdr@STTatedm
FIG 10 to Tugh BSkadtly 468 StOfoPHR BBAE XHB bulfth $hitdes of an array of

such tapered waveguides is substantially unchanged and is largely

independent of the degree of taper of the individual waveguides.

Additionally, each individual waveguide is substantially identical

regardless of its position within the array which results in uniform

optical properties across the array.

Other advantages of the present invention will be apparent from
the following description, attached drawings, and attached claims.

\

Brief Description of the Drawings
FIG. 1 shows a substrate useful in practicing the present process.

FIG. 2 shows a side view of a photomask useful in practicing the
present process. FIG. 2A shows a top view of the photomask.

FIG. 3 shows the combination of the substrate of FIG. 1 and the
photomask of FIG. 2.

FIG. 4 shows the FIG. 3 combination with a photopolymenzable
material useful in practicing the present process.

FIG. 5 shows FIG. 4 with a cover plate useful in practicing the
present process.

FIG. 6 illustrates exposure of the FIG. 5 combination to
substantially collimated light.

FIG. 7 illustrates the FIG. 6 combination after removal of the
photomask and cover plate.

FIG. 8 illustrates the removal of unexposed polymerizable
material from the FIG. 7 combination.

FIG. 9 illustrates the combination resulting from FIG. 8.

FIG. 9A illustrates the combination resulting from another
embodiment of the present process.

FIG. 10 illustrates the flood exposure of the FIG. 9 combination.

FIG. 11 is an exploded sectional view of an array of tapered
waveguides with straight sidewalls made by the present process.

FIG. 12 is an array of tapered waveguides with rectangular
cross-sections viewed in perspective made by the present process.

FIG. 13 is an array of tapered waveguides with round cross-
sections viewed in perspective made by the present process.




In a comercial batch production line, the photomask and substrate, if

used, may be contacted at a first station. This assenbly i g-ther—advanced
to a second station where a collimted ultraviolet |ight suREB!ﬁC\%E?%.!?{J@}}"aS@ﬂIT
A phot dpol yneri zabl e mixture is placed on the substrate or pl"-rat-eﬁas-.-kwa,n' _,_;
exposed through the transparent regions of the photonmask tg¢ th% Eorrn gy
substantially collinmated actinic radiati on. The exposed asgernbl y“’i’§~§f her {
advanced to a third station wherein the photonmask and unexposet———
phot opol yneri zabl e mi xture are renoved. In a comrercial copti
production |ine, a phordAds @riectignal dwew aof asngle japssed yaveguiae

flexible subst sgairRidéWAl Blade BVBE preddi® proddss! | | ustrated). This - _
asserbl y then (7 avelssbebueen Lo 1ol L eho WIEkS) BNty offapSl’ ' 565 @
phot omask P . 0 y ot {ap
waveguides with curved sidewalls made by the present process.
FIG. 16 shows an array of tapered waveguides made by the
present process wherein the interstitial regions between waveguides
contain a light absorptive black particulate amaterial.
FIG. 17 shows an array of tapered waveguides made by the
present process wherein the output faces of the waveguide array are
covered by a transparent protective layer.
FIG. 18 shows an array of tapered waveguides made by the
present process wherein the output faces of the waveguide array are
covered by a transparent protective layer incorporating an array of
lenses. '

) s

Description of the Preferred Embodiments
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. The Figures 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.

A waveguide substrate 2 as illustrated in FIG. 1 is useful in
practicing the present process. Waveguide substrate 2 comprises
substrate 4 and an optional adhesion promoting layer 6. At a minimum,
substrate 4 is transparent to light within the wavelength range from
about 400 to about 700 nm, as this visible wavelength region is the
most desirable region in which the optical waveguides to be formed
will operate. It is more preferred that the substrate 4 also transmits
ultraviolet light in the region from about 250 to about 400 nm as this is
the region in which many useful photoinitiators absorb light.
Additionaily, if it is desired to utilize the tapered waveguide array in
the near infrared region, from about 700 nm to about 2000 nm, then it
would be preferred to use a substrate 4 which is transparent in that
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havi ng- opaque and transparent regions thereon and an actini. ag(taq;la*tlﬂn B p—
source situated inside the roller. The photopol yneri zabl e XLure..Ls. then ’5
exposed through the transparent regions of the photomask to tfhe o e
substahtially collimted actinic radiation. The cover platd i s & Bent ‘bemﬁ/ed
fromthe exposed assenbly and the exposed assenbly advances ound anot her |
roller through a solvent bath to renove unexposed m xture. jFl G 11 shows an
expl oded sectional view of image display &eans 36 made of tthe—array of

——e

taper eg6phot O PEYYAHE s z\fa:ﬂ Witie dndelesf asfradtionnof Jubstrate 4Qnayrmx n@e di spl ay
reens 3 ;zpzfg@o@:easapéz@u;m@ﬁ%gg o SRR TARIAY o,
i nput surface from about 1.50 to about 1.60. Substrate 4 may be made from any ; :

transparent solid material. Preferred materials are commercially

available and include transparent polymers, glass, and fused silica.

Useful transparent polymers include polyesters, polyacrylates and

methacrylates, polystyrene, and polycarbonates. Desired

characteristics of these materials include mechanical and optical

stability at typical operating temperatures of the display device.

Compared with glass, transparent polymers have the added advantage

of structural flexibility which allows products to be formed in large

sheets and then cut and laminated as necessary. The preferred

materials for substrate 4 are glass and polyester such as polyethylene

terephthalate. The thickness of substrate 4 may vary widely.

Preferably, the thickness of substrate 4 is about 1 mil (0.001 inch or 25

microns) to about 10 mul (0.01 inch or 250 microns).

Preferably, the adhesion promoting layer 6 is an organic material
which is light transmissive and causes the waveguides to be formed
thereon, especially waveguides formed from polymers as for example
photocrosslinked acrylate monomer materials, to adhere strongly to
substrate 4. Such materials are well known to those skilled in the art,
are commercially available, and will not be described herein in great
detail. For example, if substrate 4 is glass and waveguides are formed
from acrylate monomer materials, then an appropriate adhesion
promoting layer 6 may be formed by reacting the glass surface with
certain types of silane compounds including 3-(trimethoxysilyl)propyl
methacrylate; 3-acryloxypropyl trichlorosilane; and
trimethylsilylpropylmethacrylate. If substrate 4 is polyethylene
terephthalate (PET) and waveguides are formed from acrylate
monomer materials for example, adhesion promoting layer 6 may be
provided by using an adhesion treated PET film such as Hostaphan
4500 (Hoechst-Celanese). If substrate 4 is emulsion coated and the
waveguides are formed from acrylate monomer materials for example,
adhesion promoting layer 6 may be formed from 3-
acryloxypropyltrichlorosilane (Hiils America A0396). The thickness of
adhesion promotion layer 6 may vary widely. Usually, the thickness of
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38, light output surface 40, sidewalls 42 and are separated by 20

interstitial

i ndex_of the waveguides. Input surface area 38 of each taperjed~
is positioned adjacent to the adhesion pronoting |ayer 6 and i& Targer-tharn;

regions 44 with a |ower refractive index than t‘h““réf““ra:ct"rve

jiiicdeSte. | ‘

out put surface area 40 of each wavegui de 28, which results |§_n gaggpgr@d‘t‘gm

structure. The structure and positioning of tapered waveguid
critical. As shown in FIG 11, the area of light input surfa

Jesj 28 ar

38 of eacn'

adhesion promoting layer 6 is as used in the end application ¢

conventional direct view flat panel display devices. In the preferred
embodiments of the invention, adhesion promoting layer 6 is less than
about 1 micrometer thick. If it is determined that adhesion of the
waveguides to a bare substrate 4 is sufficient, then adhesion layer 6
may be omitted.

A photomask 8 as illustrated in FIG. 2 is useful in practicing the
present process. Photomask 8 controls the spatial profile of the

-ultraviolet light, that is, where it falls upon the layer of

photopolymerizable material. Photomask 8 comprises transparent
substrate 10 which has opaque regions 12 and transparent regions 14
on one surface which allow radiation directed at photomask 8 to fall
only on the desired regions of photopolymerizable material. As shown
in FIG. 2A, photomask 8 has a pattern of opaque regions 12 and
transparent regions 14 which comprise the desired pattern of the array
of tapered waveguides. The pattern in Fig 2A is one of many useful
patterns and is intended to be illustrative only. Many other patterns of
transparent and opaque regions are useful within the scope of the
present invention. Commerciaily available photomasks are useful in
the present process.

In the first step of one embodiment of the present invention,
photomask 8 is placed in substantial contact with waveguide substrate
2 as illustrated in FIG. 3. As used herein, the term "substantial
contact” means that the photomask 8 and waveguide substrate 2 do not
become separated during the remainder of the present process. Any
known method for maintaining substantial contact between two
substrates may be used herein. For example, a liquid such as
isopropanol, methanol, or water may be placed between photomask 8
and waveguide substrate 2 and then a rubber roller may be used to
press photomask 8 and waveguide substrate 2 together. Other known
methods for maintaining substantial contact between two substrates
include mechanical fixturing, vacuum contact, static contact and others
which enable off-contact or proximity printing, soft-contact printing,
and scanning.

In the second step of the first embodiment of the present
invention, a substantially uniform thickness of a photopolymerizable



t apered waveguide 28 is greater than the area of its |igni_. &lﬁtrp \qs i e
40, and the center-to-center distance between |ight input""“ : _gg ET
adj acent waveguides 28 in the array is equal or substan gl’l”"y”eq”ual oith
center-to-center distance between |ight output surfacesj Hefedf o t h t
the angul ar distribution of |ight emerging fromlight out @ut surface

wavegui des 28 is larger than the angular distribution of I |ght entering
i nput surfaces 38 of waveguides 28. In order that the regsolution. of the
i mage formed by a nodul ati ng neans such®s an LCD (not illustrated) not be

degraded as i tmixfhiareqs éd@gﬁzéﬂw&%gxd@%aawﬁ@ S0 ﬂ:at&z@mbegmaé that the

eveou des. 28 SHBSERES Bostedceverd e REOolERefigatle iturs Afee.

wavegui des 28 SHESEHELF ppélqﬂﬂ

bet ween adj ac ¢otgrhisk sirkeinithe Photdmilimerizable mixture comprises a
reactive monomer, or mixture of such monomers, and photoinitiator, or
mixture of such photoinitiators, and the photoinitiator is present in an
amount sufficient to form a gradient of substantially collimated
ultraviolet light across the thickness of the photopolymerizable mixture
during a subsequent step. Any known method for placing a
substantially uniform thickness of a photopolymerizable materal on a
substrate may be used in the present process.. As used herein, the term
"substantially uniform thickness" means less than about 10 percent
variation in thickness across the area of the mixture, and more
preferably less than about 5 percent variation in thickness. As will be
explained in more detail later, the thickness of photopolymernizable
mixture is the desired final length of a photopolymerized tapered
waveguide which, in tum; is determined by the minimum transverse
distance across the waveguide input surface. Preferably, the length of a
photopolymerized tapered waveguide or the thickness of
photopolymerizable mixture is from about 1 to about 4000 microns,
more preferably from about 15 to about 1600 microns, and most
preferably from about 50 to about 400 microns.

Methods for placing a substantially uniform thickness of
photopolymerizable material include spin coating, roller coating, doctor
blading, patch coating using a slot, extrusion coating, and the like.

FIG. 4 and 5 illustrate another method. Spacers 16 are positioned on
waveguide substrate 2. The height of spacers 16 is the desired final
length of the photopolymerized tapered waveguide.
Photopolymerizable mixture 18 is then placed on waveguide substrate
2 so that waveguide substrate 2 is positioned between
photopolymerizable mixture 18 and the photomask 8.

Photopolymerizable material 18 comprises two essential
ingredients. The first essential ingredient is a photopolymerizable
monomer, especially an ethylenically unsaturated monomer which will
provide a transparent solid polymer material. Preferred solid polymer
materials have an index of refraction between about 1.45 and about
1.65 and include commercially available polymethylmethacrylate,



means. In FIG 11, sidewalls 42 are shown as straight Ho “Mhﬂ
sidewal | s 42 may be straight or curved. The cross-section d’fE\a t"éber q,,_,‘ |
wavegui de 28 in a plane parallel to the surface of inage di ay means 36‘ \

o

may Rave any shape including a square, a rectangle, any equill qt@ria?f’* w2 ]
polygon, a circle, or an oval. FIG 12 shows an array co josed of tap,er,e.dx
wavegui des 28 with rectangul ar cross-sections viewed in pgrspective. FIG hJ
13 shows a simlar view of an array conposed of tapered egui des_28 whi-e
have circul ar cross-sections. Exanpl esiaf shapes for the entire wavegui de
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) otopolymenzanon o acry ate or methacrylate monomers. More
preferred 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. It is useful to utilize a mixture of
monomers in the photopolymerizable mixture in order to fine tune the
properties of the composition such as to fine fune crosslinking density,
viscosity, adhesion, curing rate, and refractive index and to reduce
discoloration, cracking, and delamination properties of the
photopolymer formed from the composition.

Examples of useful more preferred monomers include methyl
methacrylate; n-butyl acrylate (BA); 2-ethylhexyl acrylate (EHA),
isodecyl acrylate; 2-hydroxyethyl acrylate; 2-hydroxypropyl acrylate;
cyclohexyl acrylate (CHA); 1,4-butanediol diacrylate; ethoxylated
bisphenol A diacrylate; neopentylglycol diacrylate (NPGDA);
diethyleneglycol diacrylate (DEGDA); diethylene glycol dimethacrylate

. (PEGDMA); 1,6-hexanediol diacrylate (HDDA); trimethylol propane

- triacrylate (TMPTA); pentaerythritol triacrylate (PETA);
pentaerythritol tetra-acrylate (PETTA); phenoxyethyl acrylate (PEA); B
-carboxylethyl acrylate ( B-CEA); isobornyl acrylate (IBOA);
tetrahydrofurfuryl acrylate (THFFA); propylene glycol monoacrylate
(MPPGA); 2-(2-ethoxyethoxy) ethyl acrylate (EOEOEA); N-vinyl
pyrrolidone (NVP); 1,6-hexarediol dimethacrylate (HDDMA);
triethylene glycol diacrylate (TEGDA) or dimethacrylate (TEGDMA);
tetraethylene glycol diacrylate (TTEGDA) or dimethacrylate
(TTEGDMA); polyethylene glycol diacrylate (PEGDA) or :
dimethacrylate (PEGDMA); dipropylene glycol diacrylate (DPGDA);
tripropylene glycol diacrylate (TPGDA); ethoxylated neopentyl glycol
diacrylate NPEOGDA); propoxylated neopentyl glycol diacrylate
(NPPOGDA); aliphatic diacrylate (ADA); alkoxylated aliphatic
diacrylate (AADA); aliphatic carbonate diacrylate (ACDA);
trimethylolpropane trimethacrylate (TMPTMA); ethoxylated
trimethylolpropane triacrylate (TMPEOTA); propoxylated



The optical properties, i.e. contrast and change in chromatgei-ty..as..a,
function of viewi ng angle, of an array of tapered waveguid 's‘%‘ZB;,ig*‘e;,sm Biipg
deterni ned by the shape, size, and physical arrangenent of -'the»+nd.|%VLdu‘aJ_. ET
wavegui des 28. In FIG 11, the center-to-center distance bgtveen.l,igh

i nput surfaces 38 of adj acent wavegui des 28 is equal or 12 §wbstwaiht K Izy
equal to the center-to-center distance between the |ight optput—sutfaces. 40
of adj acent wavegui des 28. Therefore, ani®ptical image entgring the array ;

at light input  SHEARESBrAhnY tHacRAaRYTMPPOTA); glyceryl proxylated ===
triacrylate (GPTA); tris (2-hydroxyethyl) isocyanurate triacrylate -
(THEICTA); dipentaerythritol pentaacrylate (DPEPA);
ditrimethylolpropane tetraacrylate (DTMPTTA); and alkoxylated
tetraacrylate (ATTA).

Especially useful are mixtures wherein at least one monomer is 2
multifunctional monomer such as a diacrylate or triacrylate, as these
will produce a network of crosslinks within the reacted photopolymer.
The most preferred matenals for use in the method of the invention are
crosslinked polymers formed by photopolymerizing mixtures of
ethoxylated bisphenol A diacrylate and trimethylol 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 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.

The amount of monomer in photopolymerizable material may
vary widely. The amount of monomer or the total amount of a mixture
of monomers is usually from about 60 to about 99.8 percent by weight
of the photopolymerizable material, preferably from about 80 to about
99 percent by weight of the photopolymerizable material, and more
preferably from about 85 to about 99 percent by weight of the
photopolymerizable material.

As another essential component, the polymerizable material 18
includes a photoinitiator which is activated by actinic radiation to
produce activated species which lead to photopolymerization of the
monomer. The photoinitiator system will contain a photoinitiator and
preferably a conventional sensitizer which extends the spectral
response into regions having spectral utility, e.g. the near ultraviolet
region and the visible spectral regions where lasers excite and where
many common optical materials are transmissive. Usually the photo-
initiator is a free radical-generating addition polymerization initiator
activated by actinic light and is preferably thermally inactive at and
below room temperature (e.g. about 20°C to about 25°C.)
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magni fi ed or demagnified after traversing the array. The th‘pered -epti-cal....

wavegui des 28 of the arrays shown in FIG 11, FIG 12,

formed froma transparent solid material having a hlgher |ndéX of~

and P &/ 143 arethz,
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refraetion than interstitial regions 44 between the wavegyi Lrght,e((gg?a t
whi ch enter wavegui de 28 through |ight input surface 38 ( wh i n FFG#11
and thereafter are incident on sidewalls 42 of the maveguii? ar angtes-—
greater than the critical angle (as defl ed by Snell's Lap) will undergo

one or nore t
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benzoin; benzoin ethyl ether; benzoin isopropyl ether; benzophenone;
benzidimethyl ketal (Irgacure 651); o, a-diethyloxy acetophenone, o, -
dimethyloxy-a-hydroxy acetophenone (Darocur 1173); 1-{4-(2-
hydroxyethoxy)phenyl]}-2-hydroxy-2-methyl-propan-1-one (Darocur
2959); 2-methyl-1-{4-methyithio)phenyl]-2-morpholino-propan-1-one
(Irgacure 907); 2-benzyl-2-dimethylamino- 1 -(4-morpholinophenyl)-
butan-1-one (Irgacure 369); poly{1-[4-(1-methyivinyl)phenyi]}-2-
hydroxy-2-methyi-propan-1-one} (Esacure KIP); {4-(4-
methylphenylthio)-phenyl]phenylmethanone (Quantacure BMS); di-
campherquinone; and 50% 1-hydroxycyclohexyl phenyl ketone and
50% benzophenone (Irgacure 500).

The more preferred photoinitiators includes benzidimethyl ketal
(Irgacure 651); a,a-diethyloxy acetophenone; o,a-dimethyloxy-a-
hydroxy acetophenone (Darocur 1173); 1-hydroxy-cyclohexyl-phenyl
ketone (Irgacure 184); 1-{4-(2-hydroxyethoxy)phenyi]-2-hydroxy-2-
methyi-propan-1-one (Darocur 2959); 2-methyl-1-4-
(methylthio)phenyl]-2-morpholino-propan-1-one (Irgacure 907); 2-
benzyl-2-dimethylamino- 1-(4-morpholinophenyl)butan-1-one (Irgacure
369); and 50% 1-hydroxycyclohexyl phenyl ketone and 50%
benzophenone (Irgacure 500). The most preferred photoinitiators are
those which tend not to yellow upon irradiation and, thus, do not
increase the coloration of the composition on the Gardner scale to a
value of greater than 8 points on exposure to a temperature of 190°C
for 24 hours as determined by ASTM D1544-80. Such photoinitiators
include benzidimethyl ketal (Irgacure 651); a,a-dimethyloxy-a-
hydroxy acetophenone (Darocur 1173); 1-hydroxy-cyclohexyl-phenyi
ketone (Irgacure-184); 1-[4-(2-hydroxyethoxy)phenyl]-2-hydroxy-2-
methyl-propan-1-one (Darocur 2959); and 50% 1-hydroxycyclohexyl
phenyl Ketone and 50% benzophenone (Irgacure 500).

The amount of photoinitiator which must be present to form a
gradient of substantially collimated ultraviolet light across the thickness

 of the photopolymerizable mixture 18 during a subsequent step is from

about 0.1 to about 12 percent by weight based on the total weight of
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froma lens in that a | ens does not utilize total internal Weflectlon _ it !’
Since wavegui de 28 has a taper such that the area of the IlghT out put Y “
surface 40 is smaller than the area of |ight input surface |38, it he! aﬁ@hﬁér
di str¥bution of the li ght emerging fromlight output surfage 40 will_ be ]
| arger than the angul ar distribution of the light enteringjthe l'i ght |nput
surface 38. | nage display neans 36 haV|ng an array of tapere

placed at the output surface of a nodul at4 ng means will alter the angul ar
di stribution ﬁt ut |I%ht g om t he nqﬁ%lat q? ns such that the inmge

¢ P r0

from t he nodul emﬁeé\ﬁéd tggn TS preferred
that the ar eaprefdralgimfrmahﬁutmﬁft@abodolbbemhb eght,dmd’@oke fram about

breFerred (ha ARl Som AR bl b o Wb L Al ofthe | 1 TS

preferred t hat
total weight of the photopolymenzable material. It is realized that the

desired gradient will be influenced not only by the concentration of the
initiator but by the choice of irradiating wavelengths present in the
exposure source, which may be controlled by those skilled in the art.

In addition to the essential ingredients, the photopolymerizable
material may include various optional ingredients such as stabilizers,
inhibitors, plasticizers, optical brightners, relaase agents, chain transfer
agents, other photopolymerizable monomers, and the like.

The photopolymerizable material preferably includes a stabilizer
to prevent or reduce degradation which leads to property deterioration
such as cracking and delamination after heat aging at 190°C in air for
24 hrs. as defined by ASTM D 4538-90A and yellowing (coloration of
greater than 8 on the Gardner Color Scale as determined by ASTM D
1544-80) after such heat aging. Such stabilizers include UV absorbers,
light stabilizers, and antioxidants.

UV absorbers include hydroxyphenyl benzotriazoles, such as 2-
[2-hydroxy-3,5-di(1,1-dimethylbenzyl)phenyl]-2-H-benzotriazole
(Tinuvin 900); Poly(oxy-1,2-ethanediyl), a-(3-(3«(2H-benzyotnazol-2-
yD-5<(1,1-dimethylethyl)-4-hydroxyphenyl)-1-oxopropyl)-o-hydroxy
(Tinuvin 1130); and 2-[2-hydroxy-3,5-di(1,1-dimethylpropyl)phenyi}-2-
H-benzotriazole (Tinuvin 238) and hydroxybenzophenones such as 4-
methoxy-2-hydroxybenzophenone and 4-n-octoxy-2-
hydroxybenzophenone. Light stabilizers include hindered amines such
as 4-hydroxy-2,2,6,6-tetramethylpiperidine, 4-hydroxy-1,2,2,6,6-
pentamethylpiperidine, 4-benzoyloxy-2,2,6,6-tetramethylpiperidine,
bis(2,2,6,6-tetramethyl-4-piperidinyt)sebacate (Tinuvin 770);
bis(1,2,2,6,6-pentamethyl-4-piperidinyl)sebacate (Tinuvin 292);
bis(1,2,2,6,6-pentamethyl-4-piperidinyl)-2-n-butyl-2-(3,5-di -tert-butyl-
4-hydroxybenzyl)malonate (Tinuvin 144); and polyester of succinic
acid with N-B-hydroxy-ethyl-2 2,6 6-tetramethyl-4-hydroxy-piperidine
(Tinuvin 622). Antioxidants include substituted phenols such as 1,3,5-
trimethyl-2,4,6-tris(3,5-di-tert-butyl)-4-hydroxybenzyl)benzene, 1,1,3-
tris-(2-methyl-4-hydroxy-5-tert-butyl)phenyl)butane, 4,4'-butylidene-

P o, covtitam



out put surface 40 be from about 3 to about 40 percent of the area of the
| ight input surface 38. It is nost preferred that the are{a‘:o,f 1ight output -
surface 40 be from about 4 to about 20 percent of the ar ﬁia of..light input:
surface 38. In order that image display means 36 has high dveral ,I_,Wlmigh_t |
throughput, it is preferred that the sumof the areas fon all: m‘v?e*édvii?e
light input surfaces 38 be greater than 40 percent of th¢ tetal.area. of_ |
substrate 4 of the array. It is nore preferred that the $§um of the areas
for all waveguide light input surfaces 3& in i mage displ &ay-ears-36.he

bis-(6-tert-butyl-3-methyl)phenol, 4,4'-thiobis-(6-tert-butyl-3-
methyl)phenol, tris-(3,5-di-tert-butyl-4-hydroxybenzyl)isocyanurate,
cetyl-3,5-di-tert-butyl-4-hydroxybenzene (Cyasorb UV2908); 3,5-di-
tert-butyl-4-hydroxybenzoic acid, 1,3,5-tris-(tert-butyl-3-hydroxy-2,6-
- dimethylbenzyl) (Cyasorb 1790); stearyl-3-(3,5-di-tert-butyl-4-
hydroxyphenyl)proprionate (Irganox 1076); pentaerythritol tetrabis(3,5-
di-tert-butyl-4-hydroxyphenyl) (Irganox 1010); and thiodiethylene-bis-
(3,5-di-tert-butyl-4-hydroxy)hydrocinnamate (Irganox 1035).

The preferred stabilizers used in this invention are antioxidants.
Preferred antioxidants are selected from subsfituted phenols such as
1,3,5-timethyl-2,4,6-tris(3,5-di-tert-butyl)-4-hydroxybenzyl)benzene,
1,1,3-tris~(2-methyl-4-hydroxy-S-tert-butylphenyi)butane, 4,4'-
butylidene-bis-(6-tert-butyl-3-methylphenol, 4,4'-thiobis-(6-tert-butyl-3-
methylphenol, tris-(3,5-di-tert-butyl-4-hydroxybenzyl)isocyanurate,
cetyl-3,5-di-tert-butyl-4-hydroxybenzene (Cyasorb UV 2908); 3,5-di-
tert-butyl-4-hydroxybenzoic acid, 1,3,5-tris-tert-butyl-3-hydroxy-2,6-
dimethylbenzyl) (Cyasorb 1790); stearyl-3-(3,5-di-tert-butyl-4-
hydroxyphenyl)proprionate (Irganox 1076); pentaerythritol tetrabis(3,5-
di-tert-butyl-4-hydroxyphenyl) (Irganox 1010); and thiodiethylene-bis-

: (3,5-di-tert-butyi-4-hydroxy)hydrocinnamate (Irganox 1035). The most
_ preferred stabilizers include pentaerythritol tetrabis(3,5-di-tert-butyl-4-
hydroxyphenyl) (Irganox 1010); thiodiethylene-bis~(3,5-di-tert-butyl-4-
hydroxy)hydrocinnamate (Irganox 1035); and stearyl-3-(3,5-di-tert-
butyl-4-hydroxyphenyl)proprionate (Irganox 1076).

The amount of stabilizers in the composition may vary widely
and is usually from about 0.1 to about 10 percent by weight of the
photopolymerizable material. The amount of stabilizer is preferably
from about 0.1 to about 5 percent by weight of the photopolymerizable
material and more preferably from about 0.2 to about 3 percent by
weight of the photopolymerizable material.

Cover plate 20 is then placed over photopolymeriz!able mixture
18 and pressed down until it is in contact with spacers 16 as illustrated
in FIG. 5. Cover plate 20 comprises cover substrate 22 and release
layer 24. Cover substrate 22 may be made of any matenial such as
glass, quartz, fused silica, polymer sheet, or metal sheet. Release layer




22 greater than 60 percent of the total area of substrate 4 of the array.
It is nost preferred that the sumof the areas for all W&\femguwdetgfghl :
i nput surfaces 38 in inmage display neans 36 be greater t@a‘?ﬁ%ﬁfS@x‘QapﬁéFéUf”“@j )
the total area of substrate 4 of the array. The index of éra;fwr-*—a‘rf‘tﬁ“““o‘r”f'df"{

interstitial region 44 between the tapered wavegui des 28\§miste bert2<83% han
the index of refraction of the tapered wavegui des 28. Prefaearred mat er i al '_
for interstitial regions include air, with an index of rdf reeti"6i of 1.00, {
and fluoropolyner materials with an indeg of refraction l:'ré'iangi ng from about |
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or an untreated polymer film such as polyethylene terephthalate. '
[n another embodiment of the present process, waveguide
substrate 2 is not used and the photopolymerizable material 18 s
placed directly on photomask 8 (not illustrated).

In the next step of both embodiments of the present process,
while maintaining the photopolymerizable mixture substantially
stationary relative to the substantially collimated ultraviolet light, the
photopolymerizabie mixture is exposed through the transparent regions
of the photomask to substantiaily collimated altraviolet light for a time
sufficient to form an array of tapered photopolymerized waveguides
wherein: (i) the tapered end of each of the waveguides extends
outward from the substrate or photomask, (ii) each of the waveguides
has a light input surface adjacent the substrate or photomask and a light
output surface distal from the light input surface, and (iii) the area of
the light input surface of each of the waveguides is greater than the area
of its light output surface. The assembly of FIG. 5 is then exposed to
substantially collimated actinic radiation 26 as illustrated in FIG. 6. As
used herein, the term "substantially collimated” means that the light
which exits the light source does not diverge from the optical axis of
the exposure system by more than 10 degrees.

The photopolymerizable material is exposed to actinic radiation
of the required wavelength and intensity for the required duration. As
used herein "actinic radiation” is defined as light in the visible,
ultraviolet or infrared regions of the spectrum, as well as electron
beam, ion or neutron beam or X-ray radiation. Actinic radiation may
be in the form of incoherent light or coherent light, as for example light

- from a laser.

Sources of actinic light, and exposure procedures, times,
wavelengths and intensities may vary widely depending on the desired
degree of polymerization, the index of refraction of the photopolymer,
and other factors known to those of ordinary skill in the art. Such
conventional photopolymerization processes and their operational
parameters are well known in the art. See for example in S.P. Pappas
Ed. "Radiation Curing: Science and Technology" Plenum Press, New
York, NY; D.R. Randell Ed., "Radiation Curing of Polymers, II, Royal




out put surface 40, and straight sidewalls 42 is shown |n-—,ELG~w-1-4?':“r'T’:'TE'1T
tapered straight sidewalls 42 in the drawing are extendjﬂ%@ﬁﬁ@ﬁ%&ﬁgyvﬁh ,

intersect, they formtaper angle 46. Desired val ues for |t aper==argt .
range”from about 2 degrees to about 14 degrees. More pref efred yahuas87for b
taper angle 46 range from about 4 degrees to about 12 déigrigeé.“'-" Most |
preferred values for taper angle 46 are from about 6 deggi; egsE#~d00Ut 10
degrees. The length 48 of tapered wavegui de 28 depends upon di nensi on 50
which is the minimumtransverse di stancet’across wavegui de=tige=TApPuL
surface 38. F&octetyrgfl Ehemisthy, Pambridge, ofass;anrl GE hHeylchandhdpe of a

sauare, 9 1on ghiehg: KU ERGC il of PoiaeR VPRl bl O™
Chemical Society. Accordingly, they will not be described herein in
great detail. '

Sources of actinic radiation and the wavelength of the radiation
may vary widely, and any conventional wavelengths and sources may
be used. It is preferable that the photochemical excitation be carried
out with relatively short wavelength (or high energy) radiation so that
exposure to radiation normally encountered before processing (e.g.,
room lights) will not prematurely polymerize the polymerizable
material. Thus, exposure to ultraviolet light (300-400 nm wavelength)
and exposure by deep ultraviolet light (190-300 om wavelength) are
preferred. Convenient sources are high pressure xenon or mercury-
xenon arc lamps fitted with appropriate optical filters to select the
desired wavelengths for processing. Also, short wavelength coherent
radiation is useful for the practice of this invention. An argon ion laser
operating in the "UV" mode at several wavelengths near 350 nm is
desirable. Also, a frequency-doubled Argon ion laser with output near
257 nm wavelength is desirable. Electron beam or ion beam excitation
may also be utilized. The most preferred actinic radiation is ultraviolet
light in the 300-400 nm region, such as produced by a mercury, xenon,
or mercury-xenon lamp.

Substantiaily collimated actinic radiation 26 passes through
transparent regions 14 of photomask 8 and causes a
photopolymerization reaction in the exposed regions 28 of
photopolymerizable mixture 18 which align with the transparent
regions 14 of the photomask 8 as illustrated in FIG. 6. No, or in some
cases, only limited photoreaction occurs in those areas of
photopolymerizable mixture 18 which are shielded from the
substantially collimated actinic radiation 26 by opaque regions 12 of
photomask 8.

In order that the exposed regions 28 have the proper tapered
shape, the optical absorption of the photopolymerizable mixture 18 at
the wavelengths of the ultraviolet light must be high enough such that a
gradient of actinic radiation intensity is established through the film
during actinic radiation exposure. That is, the amount of actinic




the two side dinmensions of the rectangle. The specific val Jeg:&OfdimEngicat
50 may vary widely depending on the center-to-center distarc8=peteen. ..
adj acent pixels of a nodulating means. In order that the rasol ution_ of the:
i magé formed by a nodul ati ng neans not be degraded, dinensilon} 5b%sksal §3f3e‘;
equal to or less than the center-to- center distance between gdj.acent i
pi xel s of a nodul ati ng neans. For exanple, if the center-tokcenter distance

bet ween adj acent pixels in a nodul ating means is 200 nicronf,..then
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di mension 50 is generally in the range fgom about 5 mcrons to about 200
most pr ef er ab[A ot Avatahle TP BllbrobdIhEioe AR T8 FPCalReiheTs Nl on
50 i s chosen, iiBaken ogﬂlenﬁbon@ée%qtm wilbdegrpase from the photomask 3 side

towards the cover plate 20 side, due to the finite absorption of the

photopolymerizable mixture 18. This gradient of actinic radiation

causes a gradient in the amount of photopolymerization reaction that

occurs across the thickness of photopolymerizable mixture 18, and this

results in the unique tapered geometry of the developed waveguide

structures, a geometry which is easily accessible with the process of the

present invention.

The gradient in the amount of photopolymerization which occurs
across the thickness of photopolymerizable mixture 18 may be further
influenced by the presence of dissolved oxygen gas in the
photopolymerizable mixture 18, such oxygen acting to 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 geometry of the photopolymer
structures may be further influenced by the process of self-focusing.
That is, the light falling on the surface of the photopolymerizable
mixture 18 nearest the photomask 8 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 photopolymerizable mixture nearer to the cover plate side of the
layer is altered through refraction caused by the already-polymerized
material which lies closer to the photomask. This effect may cause a
narrowing of the resultant polymerized structure from the mask side,
upon which the imaging light was directed, towards the cover plate 20.

In the last step of both embodiments of the present process, the
photopolymerizable mixture which was unexposed to substantially
collimated actinic radiation during the exposure step is removed.
Photomask 8, spacers 16, and cover plate 20 with release layer 24 are
removed as illustrated in FIG. 7. The unreacted monomers are washed
away with a suitable solvent 30 such as acetone, methanol, or
isopropanol in a container 32 as illustrated in FIG. 8 leaving a pattemn




ratie of length 48 to dinmension 50. The ratio of |length 48 to dinension

23 50 may vary w dely dependi ng on how much one wi shes to ing

angul.ar distribution of light energing fromthe |ight output
conpared to the angul ar distribution of Iight entering input
The ratio of length 48 to dinension 50 is usually from about

Surtace 387
0. 25 toraho@gty

20. It is nore preferred that the ratio of |length 48 to di nersipn 50 be

fromabout 1 to about 8. It is nost preferred that the ratio
to dinmension 50 be fromabout 2 to aboutt?4.
of photopolymerized regions 28 on the waveguide substrate 2.

of 'i‘T'engt h 48

Depending upon the monomers selected, it may be possible to use
aqueous-based solvents. The remaining fina! structure in the first
embodiment of the present invention consists of photopolymerized
regions 28 on waveguide substrate 2 as illustrated in FIG. 9. In the

other embodiment of the present invention, the pattern of

photopolymerized regions 28 remains on photomask 8 as illustrated in

FIG. 9A. The final structure containing the array of tapered

photopolymerized waveguides 28 may receive an optional post-
development flood exposure to ultraviolet light 34 as illustrated in FIG.

10 to further harden the photopolymer material.

In a commercial batch production line, the photomask and
substrate, if used, may be contacted at a first station. This assembly is
then advanced to a second station where a collimated ultraviolet light

., source is located. A photopolymerizable mixture is placed on the
substrate or photomask and exposed through the transparent regions of

the photomask to the substantially collimated actinic radiation.

The

exposed assembly is then advanced to a third station wherein the
photomask and unexposed photopolymerizable mixture are removed.

In a commercial continuous production line, a

photopolymerizable mixture may be extruded between a flexible
substrate and flexible cover plate (not illustrated). This assembly then
travels between two rollers wherein one roller comprises a photomask
having opaque and transparent regions thereon and an actinic radiation
source situated inside the roller. The photopolymerizable mixture is

then exposed through the transparent regions of the photomask

to the

substantially collimated actinic radiation. The cover plate is then

removed from the exposed assembly and the exposed assembly

advances around another roller through a solvent bath to remove

unexposed mixture.

FIG. 11 shows an exploded sectional view of image display
means 36 made of the array of tapered photopolymerized waveguides
28 shown in FIG. 10. The image display means 36 is composed of the
substrate 4, adhesion promoting layer 6, and an array of tapered
waveguides 28. The tapered waveguides 28 have a light input surface

38, light output surface 40, sidewalls 42 and are separated by
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A further enbodiment of the present invention is illustraiee-a~FlG 15.

| mage di splay neans 36 is conposed of a substrate 4z én adw 7prom)t| ng
| ayer_6, and individual tapered waveguides 28. \\ve uiydese 28~ have curved
sidewal I s 52 instead of straight sidewalls as was s% vh,,u&%l“@:"rr The
preferred rel ati onshi ps between the area of the Ilgiﬁ out put surface 54 and
the area of the light input surface 56 are the sane %as-—-jﬁe-mr"r’éﬂ’

rel ati onshi ps previously stated for tapered wavegui des 28 with straight
sidewalIs. In partlcul ar, it is preferreabthat the area of |ight output

surface 54 of gaGbiHaNeaouPGiftea |98 APIEL hoghml wedeRaLGRn of the

area of |ight Inpu area of the
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and is larger than output surface area 40 of each waveguide 28, which
results in a tapered structure. The structure and positioning of tapered
waveguides 28 are critical.

As shown in FIG. 11, the area of light input surface 38 of each
tapered waveguide 28 is greater than the area of its light output surface
40, and the center-to-center distance between light input surfaces 38 of
adjacent waveguides 28 in the array is equal or substantially equal to
the center-to-center distance between light output surfaces 40 thereof,
so that the angular distribution of light emerging from light output
surfaces 40 of waveguides 28 is larger than the angular distribution of
light entering input surfaces 38 of waveguides 28. In order that the
resolution of the image formed by a modulating means such as an LCD
(not illustrated) not be degraded as it traverses image display means 36,
it is preferred that the center-to-center distance between light input
surfaces 38 of adjacent waveguides 28 is equal to or less than the
center-to-center distance between adjacent pixels of the modulating

> means. InFIG. 11, sidewalls 42 are shown as straight. However, the
shape of sidewalls 42 may be straight or curved.

The cross-section of a tapered waveguide 28 in a plane parallel
to the surface of image display means 36 may have any shape including
a square, a rectangle, any equilateral polygon, a circle, or an oval. FIG.
12 shows an array composed of tapered waveguides 28 with
rectangular cross-sections viewed in perspective. FIG. 13 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 an array of tapered waveguides 28
are determined by the shape, size, and physical arrangement of the
ihdividual waveguides 28. In FIG. 11, the center-to-center distance
between light input surfaces 38 of adjacent waveguides 28 is equal or
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in interstitiHdnage entering the array at light npu surfeaces 38 will be neither
magnified or demagnified after traversing the array.

The tapered optical waveguides 28 of the arrays shown in FIG.
11, FIG. 12, and FIG. 13 are formed from a transparent solid material
having a higher index of refraction than interstitial regions 44 between
the waveguides. Light rays which enter waveguide 28 through light
input surface 38 (shown in FIG. 11) and thereafter are incident on
sidewalls 42 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 sidewalls 42 and, in most cases, emerge from
waveguide 28 through light output surface 40. A few light rays may
pass through the sidewalls 42 or be reflected back to the light input
surface 38. The operational function of tapered waveguide 28 differs
from a lens in that a lens does not utilize total internal reflection.

Since waveguide 28 has a taper such that the area of the light
output surface 40 is smaller than the area of light input surface 38, the
angular distribution of the light emerging from light output surface 40

i will be larger than the anguiar distribution of the light entering the light
input surface 38. Image display means 36 having an array of tapered
waveguides 28 placed at the output surface of a modulating means will
alter the angular distribution of output light from the modulating means
such that the image from the modulating means may be viewed at

-, higher angles. It is preferred that the area of light output surface 40 of
each waveguide 28 be from about 1 to about 60 percent of the area of
the light input surface 38. It is more preferred that the area of the light
output surface 40 be from about 3 to about 40 percent of the area of the
light input surface 38. It is most preferred that the area of light output
surface 40 be from about 4 to about 20 percent of the area of light input
surface 38.

In order that image display means 36 has high overall light
throughput, it is preferred that the sum of the areas for all waveguide.
light input surfaces 38 be greater than 40 percent of the total area of
substrate 4 of the array. It is more preferred that the sum of the areas
for all waveguide light input surfaces 38 in image display means 36 be
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greater than 60 percent of the total area of substrate 4 of the array. Itis
most preferred that the sum of the areas for all waveguide light input |
surfaces 38 in image display means 36 be greater than 80 percent of the
total area of substrate 4 of the array.

The index of refraction of interstitial region 44 between the
tapered waveguides 28 must be less than the index of refraction of the
tapered waveguides 28. 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.

A single tapered waveguide 28 with light input surface 38, light
output surface 40, and straight sidewalls 42 is shown in FIG. 14. If
tapered straight sidewalls 42 in the drawing are extended until they
intersect, they form taper angle 46. Desired values for taper angle 46
range from about 2 degrees to about 14 degrees. More preferred
values for taper angle 46 range from about 4 degrees to about 12
degrees. Most preferred values for taper angle 46 are from about 6
degrees to about 10 degrees.

The length 48 of tapered waveguide 28 depends upon dimension
50 which is the minimum transverse distance across waveguide light
input surface 38. For example, if light input surface 38 has the shape of |
a square, dimension 50 is the length of one side of the square. If light
input surface 38 has a rectangular shape, dimension 50 is the smaller of
the two side dimensions of the rectangle. The specific values for
dimension 50 may vary widely depending on the center-to-center
distance between adjacent pixels of a modulating means. In order that
the resolution of the image formed by a modulating means not be
degraded, dimension 50 should be equal to or less than the center-to-
center distance between adjacent pixels of a modulating means. For
example, if the center-to-center distance between adjacent pixels in a
modulating means is 200 microns, then dimension 50 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.

3T Once dimension 50 is chosen, length 48 may be specified by the
ratio of length 48 to dimension 50. The ratio of length 48 to dimension
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38. The ratio of length 48 to dimension 50 is usually from about 0.25
to about 20. [t is more preferred that the ratio of length 48 to
dimension 50 be from about 1 to about 8. It is most preferred that the
ratio of length 48 to dimension 50 be from about 2 to about 4.
A further embodiment of the present invention is illustrated in
FIG. 15. Image display means 36 is composed of a substrate 4, an
adhesion promoting layer 6, and individual tabered waveguides 28.
Waveguides 28 have curved sidewalls 52 instead of straight sidewalls
as was shown in FIG. 11. The preferred relationships between the area
of the light output surface 54 and the area of the light input surface 56
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 light output surface 54 of each waveguide 28 be from about
1 to about 60 percent of the area of light input surface 56. It is more
preferred that the area of the light ojhtput surface 54 be from about 3 to
about 40 percent of the area of light input surface 56. It is most
preferred that the area of light outpat surface 54 be from about 4 to
about 20 percent of the area of light input surface 56.
A preferred embodiment of the present invention in which the
interstitial regions 44 between tapered waveguides 28 are filled with a
light absorptive material, as for example light absorptive black
particulate material 58 is shown in FIG. 16. By utilizing a light
absorptive material in interstitial regions 44, 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 58 be used for
the interstitial regions 44 rather than a continuous black material in
s  order to minimize the area of black material in contact with sidewalls
42 of the waveguides. A continuous black material in interstitial
regions 44 would result in excess absorption loss to light transmitted
through waveguides 28. Any light absorptive material can be used to
form light absorptive black particles 58. These materials can be
identified by a black color.
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output side of an array of tapered photopolymerized waveguides, the
light absorptive black particulate material causes the array to appear a
dark matte black and provides good light transmission and little
reflection.

In one embodiment, light absorptive black particulate material 58
is confined to interstitial regions 44 between waveguides 28 by using a
low index polymer having light absorptive black particulate material
therein. It is possible to make suspensions or emulsions of light
absorptive black particulate material. In these cases, the carrier
material for the black particles should preferably have an index of
refraction less than the index of refraction of the individual tapered
waveguides. This lower index filling material allows for total internal
reflection (tir) of light propagating through the tapered waveguides to
occur. It is more preferred that the index of refraction be at least 0.1
units less than the index of the preferred tapered waveguide material.
It is most preferred that the index of refraction be 0.2 units or more less
than the index of the preferred tapered waveguide material. For
example, a suspension of amorphous teflon, such as Teflon AF®
available from DuPont Corporation, and carbon lampblack powder in
solvent may be coated onto an array of tapered photopolymerized
waveguides. The solvent is then evaporated and the teflon acts as an
optical buffer. In another example, an emulsion of fluoropolymer and
carbon lampblack powder in water may be used. In another example, a
low index fluorinated polyurethane resin mixed with carbon lampblack
powder may be used. The light absorptive black particulate material
mixtures are typically cured by heating or IR and after curing, the

surface may be cleaned by buffing.

A further embodiment of the present invention as shown in FIG.
17 which incorporates protective layer 60 over output ends of the
tapered waveguides 28. Protective layer 60 prevents mechanical
damage to the output surfaces of waveguides 28 and also serves to
confine light absorptive particulate material 58 to interstitial regions 44
between waveguides 28. Protective layer 60 may be an extruded or
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absorptive particulate material 58 to interstitial regions 44 between
wavegui des 28. Protective |ayer 60 nay l}% an extruded or 25~
laminated overcoat. A protective layer may also be applied to the
output surfaces of waveguides 28 before filling the interstitial regions -
44 with a light absorptive black particulate material 58. Protective
layer 60 is composed of a transparent backing material 62 as for
, example the material used to form substrate 4 and optionally and
preferably anti-reflective film 64 formed from a material such as
magnesium fluoride, which reduces specular reflections of ambient
light from the surface of image display means 36. An anti-reflective
coating may also be evaporated directly on the light output ends of the
tapered waveguides 28 and interstitial regions 44. Examples of useful
anti-reflective coatings are the fluoropolymers taught by commonly
assigned U.S. Patents 5,061,769; 5,118,579, 5,139,879; and 5,178,955
to Aharoni et al.

In FIG. 18, an embodiment of the present invention is illustrated
which utilizes a protective layer 66 which includes an array of negative
lenses 68. Each lens 68 jis formed on substrate 70 and is aligned with
the light output end 40 of tapered waveguide 28. Lens 68 is composed
of a material with a lower refractive index than the overcoat layer 72.
The advantage of incorporating an array of negative lenses with the
image display means 36 is that the resulting display will have increased
viewing angle.

The array of tapered waveguides produced by the present
process may be used as image display means in the direct-view flat
panel display devices of commonly assigned U.S. patent application

‘. Serial No. 86,414 filed July 1, 1993 which is incorporated herein by
reference. Such display devices are used in computer terminals,
televisions, airplane cockpit displays, automotive mstrument panels,
and other devices that provide text, graphics, or video information. [n’
addition, the array of tapered waveguides produced by the present
process may be used to alter or improve the optical characteristics of
other information displaying means such as road signs, cathode ray
tube (CRT) displays, dead front displays and other text, graphic or
video information displays which do not fall in the category of flat

" panel devices, or to alter or improve the brightness or optical
characteristics of lighting systems.
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5. 178, 955 small scale to produce tapered waveguide masters. The tapered
waveguide master may then be used to create an inverted tapered
waveguide mold. The process for making such an inverted tapered
waveguide mold is well known to those skilled in the art (see e.g.
Michael T. Gale et al., "Continuous-relief Diffractive Optical Elements
for Two-dimensional Array Generation" in Applied Optics, Vol. 32,
No. 14, p. 2526 (1993)). Typically, the mold is made by electroless
depositing nickel metal. From this mold, further metal molds may be
fabricated. Each successive mold generation provides the opposite
profile polarity from the previous mold. Manufacture of the tapered
waveguides may then be carried out by filling a mold of opposite
profile polarity from the master with a photopolymerizable mixture and
exposing the mixture with actinic radiation. The resulting structure is
then separated from the mold and is a substantially exact replica of the
original tapered waveguide master. The replicated structure can be
‘made free standing or can be created on a substrate, such as glass or
polyester film, by applying the substrate to the photopolymenzable
mixture and mold before polymerization. A decision to employ the
replica from a mold technique will be guided by the exact dimensions
of the waveguide array being fabricated as well as the production scale.
The subsequent steps described in this process can now be applied to
either the original or replicated tapered waveguide arrays.
The following specific examples are presented to particularly

illustrate the invention and should not be construed to place limitations
thereon.

EXAMPLE 1

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
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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, 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 constituted 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
ethoxylated bisphenol A diacrylate; 31 parts trimethylolpropane
triacrylate; 1 part pentaerythritol tetrabis(3,5-di-tert-butyl-4-
hydroxyphenyl) (Irganox 1010) antioxidant; 2 parts a,a-dimethyloxy-a
-hydroxy acetophenone (Darocur 1173) photoinitiator; 2 parts

. benzidimethyl ketal (Irgacure 651) photoinitiator; and 2 parts of 50%
1-hydroxycyclohexyl phenyl ketone and 50% benzophenone (Irgacure
500) photoinitiator. The array substrate subassembly was then placed,
PET 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 fuily 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 homogeneous 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 disassembled and the PET film with
the array of tapered optical waveguides now formed, but still covered
with monomer solution in the interstitial regions between elements, was
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but was advantageous since it allowed for the even and mild
development of the optical waveguide elements' reflective walls. After
removal of 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. The width of the
smaller, output surface of the optical waveguides was 20 microns. The
reflective sidewalls were very smooth and joined together at a depth of
160 microns below the output surface face. The input 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.

;;
;3;
(o

EXAMPLE U

Example I 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 hada
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.
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A transmission measurement was carried out by passing a Tr—

helium-neon laser beam with a gaussian mode shape and a 6 degree full
divergence angle through the array of tapered optical waveguides. J
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 separate array of
tapered optical waveguides. Here half the array was filled with
lampblack powder and the other half was filled with a black liquid
epoxy. After the epoxy dried, the two samples were compared. The
array area filled with lampblack when viewed from the light input side
appeared very transmissive and the array exhibited a transmission of 60
percent from the light input side to the light output side. The array area
filled with black epoxy when viewed from the light input side appeared
much less transmissive and the array exhibited a transmission of about
15 percent from the light input side to the light output side. This
showed that the choice of optically absorbing material was very critical
in allowing light to propagate 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, its index matched to the reflective
sidewalls and caused the light to couple through the sidewalls and be
absorbed by the optically absorbing material.

EXAMPLE II1
2 Example II 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
a-  the optical waveguides. The array of waveguides continued to show a
transmission of 60 percent as in Example I above. The array of tapered
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EXAMPLE IV
Example II 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 II 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 Y

Example [V 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 I above. On top of the array and monomer solution
was then placed a glass plate with an anti-reflection coating. After
curing the monomer sofution 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.

' EXAMPLE VI
Example IV above was taken as a starting point. The protected
array of tapered optical waveguides with absorptive black matenal 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

ded by
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The subsequent steps described in this process can now be a‘ﬁﬂMéHﬁhﬁiﬁ”&HMr
the original or replicated tapered wavegui de arrays. The oI‘T‘Uvm Trg ~speci-fi C
exanptes are presented to particularly illustrate the inventi g. shﬁul d
not be construed to place Iimtations thereon. EXAMPLE | The pro UCt |

an array of tapered waveguides on a thin, plastic fllmvvas a‘TTr’e'ved*arrd~
nost desirabl e because of both its thinness and economics. A __J
phot ol i t hographi cal Iy created mask (5" x53%0.09") with a tvvo dir menstonat

grid of 45 m cfrem thedfpht gt side!&d e PFhtButFhcsids. TR Jdgutiwasl. The S
mcron wide SPHiet Bbserved 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 showed a relatively smoothly

decreasing variation in light output intensity over a full angte 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, the 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.

EXAMPLE Vi1

Example I was taken as a starting point. A blackfilling mixture
was created by mixing 5 parts carbon lampblack (Degussa
Corporation) with 20 parts Fluorolink-T, 80 parts Fluorolink-B (from
Ausimont Corporation), and 0.005 parts hardener, dibutyl tin dilaurate.
This fluorinated polyurethane mixture had an index of refraction of
about 0.2 units less than the index of the photopolymer tapered
waveguides. This mixture was then applied to the interstitial regions of
the tapered waveguide array with a soft instrument, in this case a
gloved finger. The excess was removed by using the same instrument



bet ween squares were opaque to uI traviol et and visible radiation.

Onto this

mask a few drops of nethanol were applied and then a 10!0%3 ‘H‘Pﬁf %;.

pol y(ethyl ene terephthalate) (PET) fil mwas pressed on

prepared with an ultra-thin filmsurface treatnment whigh enders |t
reactive and adherable to pol ynerizing mononer sol utior. |[SUthR FE3 1397
surface-activated filnms were known to those skilled init LB .. Thel

surface tension of the nethanol caused the filmto mlqly, but firmy

q

b

adhere to the nmask. The mask and the surfamce-activat ed REE

and also was cleaned with blotter paper. The top surface of the cones
were observed to be clear of the black mixture. The array of tapered
optical waveguides with interstitial regions filled with the blackfilling
mixture was then allowed to cure in an oven at 50 degrees Celsius for 2

hours.

Looking at the output side of the tapered waveguide array, the

blackfilling mixture 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 carrred out by passing a

helium-neon laser beam with a gaussian 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 57%.

ck



filmconstituted—the—array-—substrate subassembly. Onto a separate 12.7 cm X

sensi t1ve aanesi G| MEMBHAI b st 5 cothe’ &1 case 11 [msumgsaam—y

rel ease film subassentl y"wa% placed fil mside up on a blfac -Mnet,‘éif“ P 'ﬂﬂor'm
containing threaded holes. Metal spacers, 1 cmx 3 cmx |2 O,,nlcrgns T Kk
were placed around the edges on top of the release film proxﬁn’&t%@?y

milliliter of a phqj &EOl Zgr i zaEI i m)gomer”sol ution wasj|detr+vered. 1o the
center 15 of the ' nononer sol ution gonsisted of 62
parts ethoxyl ated bj swl?fwesg\cg' s Eh%st Sggrts trine e
triacrylate; 1 part nl |toI eIra @&B@i tert.-butyl -
hydr oxyphenyl ) (I rg@ﬁo& ag PaAkq I’B@ﬁ FQn @Fﬁlﬂﬁamet hyI oxy- [err]
substrate wherein said photomask has opaque and transparent
regions;
(b) placing a substantially uniform thickness of
photopolymerizable mixture on said substrate so that said
substrate is positioned between said photopolymerizable mixture
and said photomask wherein:
%Y (i) said photopolymerizable mixture comprises at
least one reactive monomer and photoinitiator, and
(ii) said photoinitiator is present in an amount
sufficient to form a gradient of substantially
collimated actinic radiation across the thickness of
said photopolymerizable mixture during subsequent
step (¢);
(c) while maintaining said photopolymerizable mixture
and substrate in a Substantially fixed plane relative to said
substantially collimated actinic radiation, exposing through said
v  transparent regions of said photomask said photopolymerizable
mixture to said substantially collimated actinic radiation for a
time sufficient to form an array of tapered photopolymenzed
waveguides wherein:
(i) the tapered end of each of said waveguides
extends outward from said substrate,
(ii) each of said waveguides has a light input
surface adjacent said substrate and a light output
surface distal from said light input surface, and
(iif) the area of the light input surface of each of
said waveguides is greater than the area of its light
output surface; and
(d) removing said photomask and photopolymerizable
mixture which was not substantially polymerized by said
substantially collimated actinic radiation during step (c) from
said substrate.

THIS SHELT HAS BEEN |
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[




- hydr oxy acet ophenone (Darocur 1173) photoinitiator; 2 rts 20
benzi di net hyl

Jrgacure 651) photoinitiator;
I-hydroxycycl(lmli' m!"m EU”L t one and 50% benzophenone {(
phot oi ni ti at oK L A strate subassenbly was th

fho pl at co  oget her THERTPERTROR A 208 AT B SRter srem
e plates toge r _
bet ween the platersslated onavatd shisstantially anifoimahiknéss i s poi M the..el
fabrication senb was ,Ql aced under 30 the collimating |lens of &
o e FikGy
Qopp < Fation exposure '

3. The process of claim 1 which additionally comprises:
(e) applying light absorptive material to said array of
tapered photopolymerized waveguides.

e,

ultraviol et/

4. The process of claim 1 wherein said actinic radiation is
ultraviolet light.

5. The process of claim 1 wherein said monomer is
selected from the group consisting of methyl methacrylate, n-
butyl acrylate, 2-ethylhexyl acrylate, isodecyl acrylate, 2-
hydroxyethyl acrylate, 2-hydroxypropyl acrylate, cyclohexyl
acrylate, 1,4-butanediol diacrylate, ethoxylated bisphenol A 13;¢ Sneet Has Been Replaced
diacrylate, neopentylglycol diacrylate, diethyleneglycol ”“““ “““ ml m m
diacrylate, diethylene glycol dimethacrylate, 1,6-hexanediol L L
diacrylate, trimethylol-propane triacrylate, pentaerythritol
triacrylate, pentaerytbﬂtol tetra-acrylate, and mixtures thereof.

6. The process of claim 1 wherein said monomer is a
mixture of ethoxylated bisphenol A diacrylate and trimethylol
propane triacrylate.

7. The process of claim 1 wherein said photoinitiator is

selected from the group consisting of benzidimethyl ketal; o,a-
diethyloxy acetophenone; o,a-dimethyloxy-a-hydroxy
acetophenone; 50% 1-hydroxycyclohexyl phenyl ketone and
50% benzophenone; 1-hydroxy-cyclohexyl-phenyl ketone; 1-[4-

. (2-hydroxyethoxy)phenyl]-2-hydroxy-2-methyl-propan-1-one; 2-
methyi- 1-4-(methylthio)phenyl]-2- morpholino-propan-1-one;
and 2-benzyl-2-dimethylamino-1-(4-morpholinophenyl)butan-1-
one.

o3 8. The process of claim 1 wherein said photoinitiator is
selected from the group consisting of benzidimethyl ketal; a,c-
dimethyloxy-a-hydroxy acetophenone; 50% 1-
hydroxycyclohexyl pheny! ketone and 50% benzophenone; 1- s

£ 1S ST 11AS BEEN
i it D l

i AR ———
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system The WV-vis system cont ained a 1000 Watt Mercury-X
del i vered even, Tottimated; —and—honogeneous ful | - spectrum fi‘@m

intensity of 85 I jl lm,:ntl re 12.7 cm x 12.7ck a”%"fffmeg‘
fabrication asse s irradiated for 35 /0 76 Se"C’Oﬁd»S
fabrication assenbl y Was then" di sassenbl ed and the PET ffi | m &

of tapered optical waveguides now formed, but still cover
solution in the interstitial regions betggaen el enent s, [/vas

hydroxy-cyclohexyl-pheny! ketone; and 1-{4-(2- \\
hydroxyethoxy)phenyl]-2-hydroxy-2-methyl-propan-1-one.

9. The process of claim 1 wherein said photoinitiator is
present in an amount from about 0.5 to about 12 percent by
weight based on the total weight of said photopolymerizable
mixture.

10. The process of claim 1 wherein said photoinitiator is
present in an amount from about 0.5 to about 8 percent by
weight based on the total weight of said photopolymerizable
mixture.

This Sheet Has Been Replaced
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posi tt oned upsi de-down in a bath of isopropanol and left for ten m nutes.
| sopropanol was a relatively poor solvent for the nononer but—waS——— ... .
advant ageous since it allowed for the even and m | d devel op@hﬁhﬁw’hehwj
opti cal wavegui de el enents' reflective walls. After rermval rof—t-he- resLduaI,

mononer, the tapered optical waveguides were dried in a snrb%ofr.-m;pggén
d

gas, pl aced in a a nitrogen gas-purged encl osure, and harid Uﬁde’r*’thef
W-vis radiation for an additional 20 ¥econds. El ectron mc‘lc’wco'py—aﬂd §
i
4

optical mcroscopy were used to evaluate the tapered optiical wavegui des.
The individual optical wavegui des were observed to have thé& shape-of-——w ...
truncated right square pyramds. The el enents were 200 mcrons tall. The
wi dth of the S

Abstract of the Disclosure

PROCESS FOR MAKING AN ARRAY OF
TAPERED PHOTOPOLYMERIZED WAVEGUIDES

The present invention is directed to a process for making an
array of tapered photopolymerized waveguides. The tapered
waveguides are useful as a display means in direct view devices and
projection display devices.

In step (a), a photomask is placed in substantial contact with a
substrate wherein the photomask has opaque and transparent regions.
In step (b), a substantially uniform thickness of photopolymerizable
mixture ts placed on the substrate so that the substrate is positioned
between the photopolymetizable mixture and the photomask wherein
(1) the photopolymerizable mixture comprises at least one reactive
monomer and photoinitiator and (ii) the photoinitiator is present in an
amount sufficient to form a gradient of substantially collimated actinic
radiation across the thickness of the photopolymerizable mixture during
subsequent step (c). In step (c), while maintaining the
photopolymerizable mixture and substrate in a substantially fixed plane
relative to the substantially collimated actinic radiation, the
photopolymerizable mixture is exposed through the transparent regions

. of the photomask to the substantiaily collimated actinic radiation for a
time sufficient to form an array of tapered photopolymerized
waveguides wherein (i) the tapered end of each of the waveguides
extends outward from the substrate, (ii) each of the waveguides has a
light input surface adjacent the substrate and a light output surface
distal from the light input surface, and (iii) the area of the light input
surface of each of the waveguides is greater than the area of its light
output surface. In step (d), the photomask and photopolymerizable
mixture which was not substantially polymerized by the substantially
collimated actinic radiation during step (¢) are removed from the
substrate.

FIGURE 6

§ e o



smal L.er, output surface of the optical wavegui des was 20
reflective sidewalls were very snooth and j oi ned togethe
m crons bel ow the output surface face. The input surface
was lFocated at the interface between the 100 micron thic
substrate and the width of this input surface was 50 mc
descri bed, the input surfaces were totally fused togethe

FI e oS ThRe
FhPLACHEPY R BiEET6
ol'rhE'mavegur es

K PEJ Ry iney

F Ofs a1thoughnpj

I thisexa e.

grees. EXAMPLE | |

The taper angle of the optical wavegui des was thus 12 de

Exanpl e | above was taken as a starting point. The tapered opticat

wavegui des were abundantly covered with carbon | anpbl ack
optically absorbing material. The | anpbl ack powder had a

[ S . SR N . — — —— . "R, S S S, . S, . “S, " " - |

FIG.1

powder, an



average particle size much smaller than the 50 m cron
optical wavegui des. The powder was then carefully snp t
interstitial regions of the array of tapered optical
soft “instrunent, in this case a gloved finger. The extefs was Termpw

t he sane instrunent The optical waveguides were so rjo sd 5t Rae bhﬁ !
| anpbl ack coul d be spread wi thout causing visible da gem Looki ng™at { t e

out put side of the tapered waveguide array, the |anmppl ack “CalsTU-the! a ray
to appear a dark, matte black. The percent of the vi : surface are
whi ch was bl ackened was determ ned to be 85 percent. e

2

i :mensi ons of the .
ﬁr\‘g‘iho‘:vt“h‘et g ‘
‘gﬁP hsfugingT j
th

FIG.2A



29 A 4ransm ssion neasurenent was carried out by passing-a heliumneon

| aser beam wi th a gaussian node shape and a 6 degree ful l-dinvergence angle
t hrough the array of tapered optical wavegui des. Wen th;e??dtPgmH@&,gpa, s

fromthe light input side towards the Iight output side of%he.w@gﬂ dsé*s?
the transm ssion was 60% A further experinment was carr| ,QM G | |
separate array of tapered optical wavegui des. Here half {th e r&»yﬁ [
filled with | anpbl ack powder and the other half was fil !emmu| acl_g '
liquid epoxy. After the epoxy dried, the two sanples were conpared The I
array area filled with | anpbl ack when viewed fromthe IlgMpuL_sQLJ

FIG.3



appeared very transm ssive and the array exhibited a tgan%"
percent fromthe light input side to the |ight output,S|6é 43&“&?? ~
filled with black epoxy when viewed fromthe light in ut/ srde~appe3f X
| ess°transmi ssive and the array exhibited a transm ssi ol gﬂ;$gqp;
percent fromthe light input side to the |ight outputi Slde hrshgﬁowe
that the choice of optically absorbing material was éery E‘Ttheal njg
allowing Iight to propagate successfully through the'arra tapered H
wavegui des. Where the optically absorbing material was Ia *&ok pomdew

t he powder canme in direct contact with only a small fractlon of the &drface
area of the wavegui de sidewalls and all owed the phenonenon of total,

internal reflection to proceed uninpeded. Light was transmitted through the
wavegui des by entering the input ends of

!

4.
18
16 | )
e
10 T/ o
12 14

FIG.4



the waveguides, reflecting off the side walls of the waveguides, and
exiting through the output surfaces. Wen the optically gﬂhqﬁb“”gfﬂaﬁeﬁi
was a bl ack epoxy, its index matched to the reflectivefsi d b%“«fand'xriau ed
the Fight to couple through the sidewalls and be absor g'by THe optic
absorbing material. EXAMPLE 111 Exanple Il above was t dﬁ$a=stw3n|n
point. The array of tapered optical waveguides with in etsiltlal regi
filled with | anpbl ack powder was | ami nated together with a piece of
filmprepared with a pressure sensitive adhesive. The fpressure- senS|t|v
adhesive forned an index matched interface with the output surface of—
opti cal wavegui des. The array of wavegui des continued to show a :

5
22\ 1€
, 20
g == e o
16 9
6 e 8
T L I

FIG.5



transm ssion of 60 percent as in Exanple Il above. The array of tapered

30 optical wavegui des was now fitted with a protective J.ayei—and—was—
washed, flexed, and handl ed without damage to the waveguREmsramsiiSiEadt |

| oss ‘of the powdery, optically absorptive material. EXAVRisEtN Exaﬁ‘pi—en I
above was taken as a starting point. The array of tape'e opf | et gg?
waveguides with interstitial regions filled with Iarrpblha 1k pUV\d“e‘?

| am nated together with a piece of plastic heat- B s e

6
” 28
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Fhmn

FIG.6
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activated lamnation film typically used to lamnate identification cards.
The lamnating filmforned an i ndex matched i nterface w th=the ottputre—m
surface of the optical waveguides. The array of maveQU|dds'@0h%ghﬂéﬂ Ebr"
showra transm ssion of 60 percent as in Exanple |1 above, The array- ai;;}

e

tapered optical wavegui des was now fitted with a protectnve |78y es¢aredy
washed, fl exed, and handl ed w t hout damage to the maveQU|des and wi't Adut
| oss of the pomdery, optically absorptive material. EXAVPLE "V Exanpte-
above was taken as a starting point. Wen viewed fron1thé_llght out put
surface, the |am nated, protective filmoffered a continuous alr-p|a51|b
i nterface which caused |ight from behind the

FIG.7



viewer to be reflected back into the viewer's eye. The exanpl e was covered
with a layer of the sane photopol ynerizabl e nononer solug*ap qsed }“
Exanple | above. On top of the array and nonomer sol utijo %e p1ace a
glass'plate with an anti-reflection coating. After curlng the nononer |
solution with UV-vis radiation, the array of tapered oftilcal SwakBgaille

with a protective, lanmnated plastic film and a furthdr lanti-reflecti¢n
coated gl ass plate was observed to appear much darker. {This was due to the
reduction in reflected spurious light reaching the viewer.s _eyes. EXAVPL

VI Exanple |V above was taken as a starting point. The protected array of
tapered optical wavegui des with absorptive black material was

18 28

\ )
AVAVAWAWA! ey
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FIG.8



§EET IR B v

placed in front of a heliumneon | aser beamwth a gau55|4npp@pﬁﬂ§;ﬁ
a 6 degree full divergence angle. The |aser beam propagat dd wr;éiﬂzidﬂLﬁb
light input side to the light output side. The |ight outp; masptps o
obserfved on a diffusive view ng screen to be transforned |nﬂ 0 “a’ bf’ éd.q7

'lIJ

i nstrunmentation and conputer software. Analysis showed that this array of
tapered optical wavegui des caused light to be transforned
out put pattern centered about the central |aser beam spot. Due

pattern. This pattern was anal yzed using video frane grab%r

9
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FIG.9
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to the use of a single | aser beam and the geonetry of the wavegui des, the
out put pattern contained four-fold symetry and 8 spots of roughly equal
intensity. The full angular distribution of the regions of naxi '
interisity was 40 degrees. The entire output pattern of the array“Eﬁwtapered
wavegui des showed a relatively snoothly decreasing variation in Trght, |
output intensity over a full angle of about 60 degrees even tRBRdE ﬁhe
| aser beaminput had only a 6 degree divergence. A |anbertian_dif usef g
of fered an object to test the absol ute display characferlstlcs orthe array
of tapered optical waveguides. The intensity of the Ikgh9~ jagating
collinearly with the | aser beamwas normalized to 1. At a fuIIfan e ef 40
degrees, the array of tapered .

10

34
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FIG.10



opti cal wavegui des provided 50 percent of the intensitylbg}gﬁuyﬂwdeaL

| anbertian diffuser. At a full angle of 60 degrees, thefarr: gﬁﬁﬁﬁagéﬁé,.
optical wavegui des provided 17 percent of the intensity ié;?ﬁéWTde&LJ

| anbértian diffuser. It should be pointed out that the |l ahb2mt icgp 6k f isqr
operates by a nechanismof intense scattering and trangmitted onl"y=#f7 { |

percent of the Iight incident on one surface in the fojward drrecti-en
EXAMPLE VI Exanple | was taken as a starting point. Atbhlackfilling m xt]
was created by mixing 5 parts carbon,| anpbl ack (Degussa Cor por &tFoemy—witih
20 parts Fluorolink-T, 80 parts Fl uoddli nk-B (from Ausi nont Cor poration),
and 0.005 parts hardener, dibutyl tin dilaurate. , :

/6 - K 28
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FIG.11



Thi s .fl uorinated pol yurethane m xture had an index of refraction of about
0.2 units | than the ind f the phot I t d BN G .
units less than the index o e phot opol yner taper aggMggMLQstﬁéﬂj?

m xture was then applied to the interstitial regions of it “Tgﬁ@¥§ﬂ
wavegui de array with a soft instrument, in this case a ¢l dved finger. ef
excess was renoved by using the sane instrunent 32 aédgaﬁkm " ﬁﬂﬁaanef

with blotter paper. The top surface of the cones were obpserved to be clfa
of the black m xture. The array of tapered optical wavegui des with
interstitial regions filled with the blackfilling :

12
» 44
—
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] 28
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FIG.12



m xture was then allowed to cure in an oven at 50 degreeswCELSLu5~tgL_2
hours. Looking at the output side of the tapered wavegui.de &g, by |
blackfilling m xture caused the array to appear a dark, et 6.0l ,
percent of the visible surface area which was bl ackened m%§¢dgL:Qi; 0
be 85 percent. A transm ssion neasurenent was carried.oyt “by 324 |
hel i um neon | aser beam wi th a gaussi an node shape and: a'6~ﬂegree_im-

di vergence angl e through the array of tapered optical ; maveQU|des
| i ght propagated fromthe Iight input side towards thé*++@ﬁﬁ—%ﬂ&4nﬂ~
t he wavegui des, the transm ssion was_ 57%

44
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33 1. A process conprising placing a substantially uniformthickness of a

phot opol yneri zabl e m xture (18) conprising at | east one. LeActive nononer

and photoinitiator on a substrate (2) and pl aci ng sai

substantial contact with a photomask (8) having opaque
t ranspar ent regions (14) and exposing said mxture (1$)kt

transparent regions (14) of said photomask (8) to subiténw’ﬁlf
actinic radiation (26), while maintaining said m xtur
(2) in a substantially fixed plane relative to said a

for a tine sufficient to photopol ynerize exposed r egi
m xture

14

FIG.14
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10 (18), and renoving said photomask (8) and photopol yneri zable m xture
(18) which was not substantially polynerized by said actinic radiation (26)
fromsaid substrate (2) characterized in that said photoinitiatQr. is...
present in an anmount sufficient to forma gradient of substantigll g 51
collimated actinic radiation across the thickness of said P g 4
phot opol yneri zabl e m xture (18), 15 during said exposure mheLeb 5

of tapered wavegui des (28) is formed wherein: (i) t he tapered et

of said wavegui des extends outward from said substrate (2), (i) ;
sai d wavegui des has a |ight input suf§ace (38) 20 adj acent sald suQ@i'ate
(2) and a light output surface (40) distal fromsaid |L§h¥—+ﬂpu%«£u¢&&@ J
and

FIG.15



sal.d. wavegui.des

(iii) the area of the light input surface (38) of each of

is greater than the area of its |ight output surface (40REPLACERENS. silber
e 20} —i-s--pl

process of claim1 wherein after step (b), a cover plat

sai d 'substantially uniformthickness of photopol ynerizgblle ﬁxgy €nk48) . {5
e)- dppt

~

3. The process of claim1 which additionally conprises:

absorptive material between said tapered photopol yneri zed-wavegui-des-{-28}%.

-placed on

i g’ | i ght

16

v



4. The process of claiml1l wherein said actinic radiation (26)
5. The process of claim1l wherein sail

ultrdviolet i

ght.

selected fromthe group consisting of nethyl

acryl:ate,
acryl ate,
1, 4- but anedi ol

neopent yl gl ycol
di met hacryl at e,
pent aerythritol

2- et hyl hexyl
2- hydr oxypr opyl
di acryl at e,
di acryl ate,
1, 6- hexanedi ol
triacryl ate,

acryl ate,
15

I sodecyl
acryl ate,

acr
cvcl

di et hyl enegl ycol
diacrylate, tr
pent aerythritol

et hoxyl at ed bi sphenol

is 10

met hacryl at ¢,
yl at e, 2-hy'r
ohexyl
A di acr
di acryl ate,
i methylol p
tetra-acryl at

T WY SHEET
acr yl at

dlethylene egcoI
opane triacrylatel

xyet hyl
e2 5 FEB

at e,

Beist o)
1257
nh A

e, and m xtures

thereof. 20 6. The process of claiqyl wherein said nononmer is a m xture’ of
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et hoxyt at ed bi sphenol A diacrylate and trinmethylol propane triacrylate. 7.
The process of claim1l wherein said photoinitiator is selegted. 25 _fromthe

group eonsisting of benzidinethyl ketal; [err]-diethyloxy hqugnbenquqHEEr

[err]-dimethyl oxy-[err]-hydroxy acetophenone; 50% 1- hydrokye

phenyl ketone and 50% benzophenone; 1 -hydroxy- cycl ohekyl - g ?,3%2
ah-+ =

ketone; 1 -[4-(2-hydroxyet hoxy)phenyl]-2-hydroxy-2- nethyl}{pjo

2-methyl - 1 -4-(methylthio)phenyl]-2- norpholino- propan- | lenei—ant—

2- benzyl - 2- di met hyl am no- 1- (4- nor phol i nophenyl ) but an-
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8. The process of claim 1 wherein said photoinitiator S o+
group consisting of benzidinethyl ket alfiy{ éupls di met hyI-o§ -4 ME{),!ThSMEEQX
acet ophenone; 50% 1- hydr oxycycl ohexyl phenyl; ket one angd F0%DeENZoT

- hydr oxy- cycl.ohexyl - phenyl ketone; and, 1-[4-(2- 710 hydr oxy€ htcpqy

- hydr oxy- 2- met hyl - propan- 1-one. 9. T%E»@%@oesﬁ of claj __lylv\%\er’ei )rilgyggi d
photoinitiator is present in an anpunt from about 0.5 {o about e
by wei ght based on the total weight of said photopol yngrizable m xture.

10, e, Proceasial sPARU TyURIc: he B RUOLPLILLRL 8 b5 Bl SEBT T
wei ght of saiabquitdt$poo pivent 17, eThe mhostepreferred index of refraction is

from about 1.30 to about 1.60. Substrate 4 may be made from any

transparent solid material. Preferred materials are commercially

5 available and include transparent polvmers, glass, and fused silica.

Useful transparent polymers include polyesters, polvacrylates and

methacrylates, polvstyrene, and polvcarbonates. Desired

characteristics of these materials include mechanical and optical

stability at typical operating temperatures of the display device.

10 Compared with glass, wansparent polymers have the added advantage
of structural flexibility which allows products to be formed in large
sheets and then cur and laminated as necessary. The preferred
materials for substrate 4 are glass and polyester such as polyethylene
terephthalate. The thickness of substrate 4 may vary widely.

15 Preferably, the thickness of substrate 4 is about 1 mul (25 mucrons) 10
about 10 mil (250 microns).

Preferably, the adhesion promoting laver 6 is an organic material
which is light transmissive and causes the waveguides to be formed
thereon, especially waveguides formed from polymers as for example

20  photocrosslinked acrvlate monomer materials, to adhere strongly to
substrate 4. Such materials are well known to those skilled in the art,
are commercially available, and will not be described herein in great
detail. For example, if substrate 4 is glass and waveguides are formed
from acrylate monomer materials, then an appropriate adhesion

25 promoting layer 6 may be formed by reacting the glass surface with -
certain types of silane compounds including 3-(wimethoxysilyl)propyl
methacrylate; 3-acryloxypropy! wichlorosilane; and
trimethylsilylpropyvimethacrylate. If substrate 4 is polyethylene
terephthalate (PET) and waveguides are formed from acrylate

30 monomer materials for example, adhesion promoting layer 6 may be
provided by using an adhesion treated PET film such as Hostaphan
4500 (Hoechst-Celanese). If substrate 4 is emulsion coated and the
waveguides are formed from acrylate monomer matenals for example,
adhesion promoting layer 6 may be formed from 3-

3s  acryloxypropyltrichlorosilane (Hiils America A0396). The thickness of

- adhesion promotion layer 6 may vary widely. Usually, the thickness of
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The process of claiml| wherein said photopol ynerizabl e
is placed directly on said photomask (8) f ? B2 -
The process of claim 11 wherein said pho mgcéﬂ iﬂ?‘ﬁgi 25
said array of tapered photopol ynerized wayegui des
12 SEF '?97

27
thick poly(ethylene terephthalate) (PET) film was preksed.on~This—
PET film was prepared with an ultra-thin film surface treatment which
renders it reactive and adherable to polvmerizing monomer solution.
Such surface-activated films were known to those skilled in the art.

The surface tension of the methanol caused the film to mildlv, but
firmly adhere to the mask. The mask and the surface-activated PET
film constituted the array substrate subassembly.

Onto a separate 12.7 cm x 12.7 cm x 0.64 cm blank glass plate
was bonded a PET film using a pressure sensitive adhesive. This
constituted 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
ethoxylated bisphenol A diacrylate; 31 parts trimethylolpropane
triacrylate; 1 part pentaervthritol tetrabis(3,3-di-tert-butyl-4-
hydroxyphenyl) (Irganox 1010) antioxidant; 2 parts o, c-dimethyloxy-c
-hydroxy acetophenone (Darocur 1173) photoinitiator; 2 parts
benzidimethyl ketal (Irgacure 651) photoinitiator; and 2 parts of 50%
1- hydroxvcyclohexyl phenyl ketone and 50% benzophenone (Irgacure

'500) photoinitiator. The array substrate subassembly was then placed,

30

PET film-side down on top of the monomer solution. A clear glass
12.7cm x 12.7 cm x 0.64 cm 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 laver 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 homogeneous full-spectrum
radiation with an intensity of 835 mW/cm? to the entire 12.7 cm x
12.7cm area of the fabrication assembly. The sample was irradiated for
0.76 seconds. The fabrication assembly was then disassembled and the
PET film with the array of tapered optical waveguides now formed, but
still covered with monomer solution in the interstitial regions between
elements, was
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1. A process comprising placing a substantially uniform thickness
of a photopolymerizable mixture (18) comprising at least one reactive
monomer and photoinitiator on a substrate (2) and placing said substrate in
substantial contact with a photomask (8) having opaque regions (12) and
transparent regions (14) and exposing said mixture (18) through said
transparent regions (14) of said photomask (8) to substantially collimated
actiic radiation (26), while maintaining said mixture (18) and substrate (2)
m a substantially fixed plane relative to said actinic radiation (26), for a
time sufficient to photopolymerize exposed regions (28) of said mixture
(18), and removing said photomask (8) and photopolymerizable mixture
(18) which was not substantially polymerized by said actinic radiation (26)
from said substrate (2) characterized in that said photoinitiator is present in
an amount sufficient to form a gradient of substantially collimated actinic
radiation across the thickness of said photopolymerizable mixture (18),
during said exp'ésure whereby an array of tapered waveguides (28) is
formed wherein: .

(1)  the tapered end of each of said waveguides extends outward
from said substrate (2), -

(1) each of said waveguides has a light input surface (38)
adjacent said substrate (2) and a light output surface (40) distal from saic_i
light mnput surface, and

(iif) the area of the light input surface (38) of each of said

waveguides is greater than the area of its light output surface (40).
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2. The process of claim 1 wherein after step (b), 33’@6‘?75?’“51!&;(20)
is placed on said substantially uniform thickness of photopolymerizable

mixture (18).

3. The process of claim 1 which additionally comprises:
(e) applying light absorptive material between said tapered

photopolymerized waveguides (28).

4. The process of claim 1 wherein said actinic radiation (26) is

ultraviolet light.

5. The process of claim 1 wherein said monomer is selected from
the group consisting of methyl methacrylate, n-butyl acrylate, 2-ethylhexyl
acrylate, isodecyl acrylate, 2-hydroxyethyl acrylate, 2-hydroxypropyl
acrylate, cyclohéxyl acrylate, 1,4-butanediol diacrylate, ethoxylated
bisphenol A diacrylate, neopentylglycol diacrylate, diethyleneglycol
diacrylate, diethylene glycol dimethacrvlate, 1,6-hexanediol diacrylate,
trimethylol propane wiacrylate, pentaervthritol triacrylate, pentaerythritol
tetra-acrylate, and mixtures thereof.

6. The process of claim 1 wherein said monomer is a mixture of

ethoxylated bisphenol A diacrylate and trimethylol propane u'iacrylate.

7. The process of claim 1 wherein said photoinitiator is selected
from the group consisting of benzidimethy! ketal; a,a-diethyloxy
acetophenone; a,o-dimethyloxy-a-hydroxy acetophenone; 50% 1-

hydroxycyclohexy! phenyl ketone and 50% benzophenone; 1-hydroxy-

——
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cyclohexyl-phenyl ketone; 1-[4-(2-hydroxyethoxy)phenvi}=2=hydroxy=-2-
methyl-propan-1-one; 2-methyl-1-4-(methylthio)phenvl]-2- morpholino-
propan-1-one: and 2-benzyl-2-dimethvlamino-1-(4-

morpholinophenyl)butan-1-one.

8. The process of claim 1 wherein said photoinitiator 1s selected
from the group consisting of benzidimethyl ketal; ot.a-dimethyloxy-ct-
hydroxy acetophenone; 50% 1-hydroxycyclohexyl phenyl ketone and 50%
behzophenonei 1-hydroxy-cyclohexyl-phenyi ketone; and 1-[4-(2-

hydroxyethoxy)phenyl]-2-hvdroxv-2-methyl-propan-1-one.

9. The process of claim 1 wherein said photoinitiator is present in
an amount from about 0.5 to about 12 percent by weight based on the total

weight of said photopolymerizable mixmure.

10. The process of claim 1 wherein said phototntiator 1s present in
an amount from about 0.5 to about 8 percent by weight based on the total

weight of said photopolvmerizable mixture.

11. The process of claim 1 wherem said photopolymerizable
mixture (18) is placed directly on said photomask (8) and no substrate (2)

1s used.

12.  The process of claim 11 wherein said phétomask (8) 1s not

removed from said array of tapered photopolvmerized waveguides (28).
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region as well. The index of refraction of substrate 4 may range from
about 1.45 to about 1.65. The most preferred index of refraction is
from about 1.50 to about 1.60. Substrate 4 may be made from any
transparent solid material. Preferred materials are commercially
available and include transparent polymers, glass, and fused silica.
Useful transparent polymers include polyesters, polvacrylates and
methacrylates, polvstyrene, and polvcarbonates. Desired
characteristics of these materials include mechanical and optical
stability at typical operating temperatures of the display device.
Compared with glass, transparent polymers have the added advantage
of structural flexibility which allows products to be formed in large
sheets and then cut and laminated as necessary. The preferred
materials for substrate 4 are glass and polyester such as polyethylene
terephthalate. The thickness of substrate 4 may vary widely.
Preferably, the thickness of substrate 4 is about 1 mil (25 microns) to
about 10 mil (250 microns).

Preferably, the adhesion promoting layer 6 is an organic material
which is light transmissive and causes the waveguides to be formed
thereon, especially waveguides formed from polymers as for example
photocrosslinked acrylate monomer materials, to adhere strongly to
substrate 4. Such materials are well known to those skilled in the art,
are commercially available, and will not be described herein in great
detail. For example, if substrate 4 is glass and waveguides are formed
from acrylate monomer materials, then an appropriate adhesion
promoting laver 6 may be formed by reacting the glass surface with
certain types of silane compounds including 3-(rimethoxysilyl)propyl
methacrylate; 3-acryloxypropy! wichlorosilane; and
trimethylsilylpropylmethacrylate. If substrate 4 is polyethylene
terephthalate (PET) and waveguides are formed from acrylate
monomer materials for example, adhesion promoting layer 6 may be
provided by using an adhesion treated PET film such as Hostaphan
4500 (Hoechst-Celanese). If substrate 4 is emulsion coated and the
waveguides are formed from acrylate monomer matenals for example,
adhesion promoting layer 6 may be formed from 3-
acryloxypropyltrichlorosilane (Hiils America A0396). The thickness of

- adhesion promotion layer 6 may vary widely. Usually, the thickness of
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27
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, but
firmly adhere to the mask. The mask and the surface-activated PET
film constituted the array substrate subassembly.

Onto a separate 12.7 cm x 12.7 cm x 0.64 cm blank glass plate
was bonded a PET film using a pressure sensitive adhesive. This
constituted 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
ethoxylated bisphenol A diacrylate; 31 parts trimethylolpropane
triacrylate; 1 part pentaervthritol tetrabis(3,5-di-tert-butyl-4-
hydroxyphenyl) (Irganox 1010) antioxidant; 2 parts o,a-dimethyloxy-o
-hydroxy acetophenone (Darocur 1173) photoinitiator; 2 parts
benzidimethyl ketal (Irgacure 651) photoinitiator; and 2 parts of 50%
1-hydroxycyclohexyl pheny! ketone and 50% benzophenone (Irgacure -
500) photoinitiator. The array substrate subassembly was then placed,
PET film-side down on top of the monomer solution. A clear glass
12.7 cm x 12.7 cm x 0.64 cm 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 homogeneous full-spectrum
radiation with an intensity of 85 mW/cm? to the entire 12.7 cm x
12.7cm area of the fabrication assembly. The sample was irradiated for
0.76 seconds. The fabrication assembly was then disassembled and the
PET film with the array of tapered optical waveguides now formed, but
still covered with monomer solution in the interstitial regions between
elements, was
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1. A process comprising placing a substantially uniform thickness
of a photopol'ymen'zable mixture (18) comprising at least one reactive
monomer and photoinitiator on a substrate (2) and placing said substrate in
substantial contact with a photomask (8) having opaque regions (12) and
transparent regions (14) and exposing said mixture (18) through said
transparent regions (14) of said photomask (8) to substantially collimated
actinic radiation (26), while rﬁaintaining said mixture (18) and substrate (2)
1n a substantially fixed plane _relativé to said actinic radiation (26), for a
time sufficient to photopolymerize exposed regions (28) of said mixture
(18), and removing said photomask (8) and photopolymerizable mixture
(18) which was not substantially polymerized by said actinic radiation (26)
from said substrate (2) characterized in that said photoinitiator is present in
an amount sufficient to form a gradient of substantially collimated actinic
radiation across the thickness of said photopolymerizable mixture (18),
during said exposure whereby an array of tapered waveguides (28) is
formed wherein: _

(1) the tapered end of each of said waveguides extends outward -
from said substrate (2),

(ii)  each of said wéveguides has a light input surface (38)
adjacent said substrate (2) and a light output surface (40) distal from saic}
light input surface, and

(11) the area of the light input surface-(38) of each of said

waveguides 1s greater than the area of its light output surface (40).
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2. The process of claim 1 wherein after step (b), a cover plate (20)
1s placed on said substantially uniform thickness of photopolymerizable

mixture (18).

3. The process of claim | which additionally comprises:
(e) applying light absorptive material between said tapered

photopolymerized waveguides (28).

4. The process of claim 1 wherein said actinic radiation (26) is

ultraviolet light.

5. The process of claim 1 wherein said monomer is selected from
the .group consisting of methyl methacrylate, n-butyl acrylate, 2-ethylhexyl
acrylate, isodecyl acrvlate, 2-hydroxyethyl acrylate, 2-hvdroxypropyl
acrylate, cyclohexyl acrylate, 1,4-butanediol diacrylate, ethoxylated
bisphenol A diacrylate, neopentylglycol diacrylate, diethyleneglycol
diacrylate, diethylene glycol dimethacrvlate, 1,6-hexanediol diacrylate,
trimethylol propane triécxylate, pentaervthritol triacrylate, pentaerythritol

tetra-acrylate, and mixtures thereof.

6. The process of claim 1 wherein said monomer is a mixture of

ethoxylated bisphenol A diacrylate and trimethylol propane tﬁacrylate.

7. The process of claim 1 wherein said photoinitiator is selected
from the group consisting of benzidimethyl ketal; o, a-diethyloxy
acetophenone; o,c-dimethyloxy-a-hydroxy acetophenone; 50% 1-

hydroxycyclohexyl phenyl ketone and 50% benzophenone; 1-hydroxy-

AMENDRG SHEET
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cyclohexyl-phenyl ketone; 1-[4-(2-hydroxyethoxy)phenyl]-2-hydroxy-2-
methyl-propan-1-one; 2-methyl-1-4-(methylthio)phenyl]-2- morpholino-
propan-1-one: and 2-benzyl-2-dimethylamino-1-(4-

morpholinophenyl)butan-1-one.

8. The process of claim 1 wherein said photoim'tiator 1s selected
from the group consisting of benzidimethyl ketal; o,a-dimethyloxy-a-
hydroxy acetophenone; 50% 1-hydroxycyciohexyl phenyl ketone and 50%
behzophenonei 1-hydroxy-cyclohexyl-phenyl ketone; and 1-[4-(2-

hydroxyethoxy)phenyl]-2-hydroxy-2-methyl-propan-1-one.

9. The process of claim 1 wherein said photoinitiator is present in
an émount from about 0.5 to about 12 percent by weight based on the total

weight of said photopolymerizable mixture.

10. The process of claim 1 wherein said photoinitiator is present in
an amount from about 0.5 to about 8 percent by weight based on the total

weight of said photopolymerizable mixture.
11.  The process of claim 1 wherein said photopolymerizable '
mixture (18) is placed directly on said photomask (8) and no substrate (2)

1s used.

12.  The process of claim 11 wherein said phétomask (8) is not

removed from said array of tapered photopolymerized waveguides (28).
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