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POLYMER MICROSTRUCTURES WHICH FACILITATE
FIBER OPTIC TO WAVEGUIDE COUPLING

Background of the Invention

1. Field of Inventi
The present invention is ,directed to an optical coupling device

for facilitating the coupling of an optical fiber to ar optical waveguide
and to a method for fabricating such coupling device. Another aspect
of this invention relates to optical fiber to optical waveguide
interconnect comprising the coupling device of this invention, and

arrays comprising a plurality of s_uch arrays.

2. Description of the Prior Art

Recent developments in the area of optical communications
have provided a large number of optical wéveguide devices for the
control and routing of light. Optical waveguide devices which are
created on independent substrates are often referred to as planar
integrated opticél' devices or photonic devices. These devices can be
further characterized as passive devices, those which serve only to
route the propagation of light along a particular path, and active
devices, those which control some function of the propagating light,
such as its intensity or polarization, or which dynamically control the

path along which the light propagates. However, the propagation of

30

35

light on a substrate bearing an optical waveguide is usually suitable
only for short propagation distances, usually much less than a meter.
For longer distance propagation the optical fiber is the medium of
choice due to its excellent transmission characteristics and ability to
be fabricated in lengths of many kilometers. Therefore, if an optical
waveguide device is to be utilized in an optical communication or
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Bagkground of the invention 10 1. Field of the Invention

The present invention is directed to an optical coupling device for
fgcilitating the coupling of an optical fiber to an optical wavegui de

d to a methpd for fabricating such coupling device. Another aspect 15
his invention relates to optical fiber to ofptical wavegui de

nterconnect conprising the coupling device of "this invention, and

arrays conprising a plurality of such arrays.
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sensor or distribution system, it is usually required that it be coupled
to an optical fiber at least one point, and often at many points, on the
substrate. An optical waveguide device which has been coupled to
lengths of optical fibers for ease of insertion into an optical fiber
system is sometimes referred to as a "pigtailed” waveguide device by
those skilled in the art. Light propagates through the core region of
optical fibers and these core regions can be as small as a few microns
in diameter. Thus, in order that the fiber to waveguide coupling is
accomplished in an efficient manner that does not waste most of the
light, the alignment of the fiber to the waveguide is of necessity a
critical parameter. Numerous articles and methods have been devised
in the prior art to provide for efficient coupling of optical fibers to
substrates bearing optical waveguide devices. The need for critical
alignment tolerances has resulted in a high degree of complexity and
cost for these devices and methods of the prior art. There are many
descriptions of methods which utilize silicon "V-grooves” as a
pasitioning element, such as US 4,767,174, which make use of the
fact that certain crystalline orientations of silicon can be préferentially
etched to a high degree of accuracy. This is accomplished by a series
of lithographic steps including resist coating and exposure, followed
by liquid etching. However, the V-groove, once fabricated, serves
only to position the optical fiber relative to the surface of the silicon
wafer. It still remains to position the fiber end relative to the
waveguide end. This is usuaily accomplished by micromanipulation of
the two components relative to each other followed by fixing the
a_lignment by an optical quality glue. Micromanipulation is an
expensive and time consuming operation for use in a manufacturing
operation. Ailternatively, the V-groove and optical fiber can be

_positioned relative to the waveguide by the use of additional

positioning elements, but these also increase the c_omplexity and

therefore cost of the method. Even when the V-groove technique is
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2. {Description of the Prior Art 20 Recent devel opnents in the area

off opti cal conmmuni cati ons have provided a | arge nunber of optical

vegui de devices for the control and routing of light. Optical

vegui de devi ces which are created on independent substrates are
often referred to as pl anar i nt egrat ed3optical devices or photonic
devi ces. These devices can be 25 further characterized as passive devices,
t hose which serve onIy to route the propagation of Iight al ong a
particul ar pa ctiv d vice ro functlon
of the propagétl n'gﬂﬁegh‘?my% °°“£L%ﬁwa l@‘?f’Qe&"% raﬁiﬂﬁ%

whi ch dynani cal | y4@y¥,196 thbﬁé are sembhad’dlﬂaﬁa!%ﬁﬂoﬁlhe éiérﬁﬁhtdofé&%at es
However, the propagation of

Also, the V-groove techniques serve to position an optical fiber
relative to some surface, such as that of the silicon itself, but the V-
groove does not provide any force to retain the optical fiber in

10 position. That is, the optical fiber can easily slip out of the groove
unless one or more additional elements are present to provide some
retaining force. Typically, a cover piate or a second substrate
containing V-grooves is forced down in contact with the optical fibers
to hold them in the V-grooves and an optical cement or photopolymer

15 is used to hold the assembly together.

Several methods have been tadght in the prior art for creating

optical fiber positioning devices on the substrate which also bears a
waveguide or integrated optical device. These techniques do serve to
reduce the overall number of separate elements which must be

20 assembled to complete the optical fiber to waveguide coupling.
However, the techniques still remain complex in manufacture or they
lack sufficient retaining force to provide a simple, low-cost, yet
effective methad of providing such a coupling. US 5,150,440
describes a method wherein waveguides are printed in a piastic film,

25 in which film are subsequently created rectangular grooves, as by
excimer laser ablation of the film near the waveguide terminus.
Subsequently, the film bearing the waveguide and grooves is
laminated on both sides with additional film layers such that the
openings of square cross section are created in the plane of the

30 waveguide. The ends of the openings are generally made accessibie
and smooth by a subsequent microtoming step. The square opening
is then filled with a liquid photopolymer adhesive and optical fibers are
then admitted into the square opening and fixed in place with a
cementing process. This method involves a large number of

35 manufacturing steps such as lamination and g;;qimg_r_ laser __abl_a_t_i'qn
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3 light on a substrate bearing an optical waveguide is usually suitable
oply for short propagation distances, usually nmuch |l ess than a neter.
For |onger distance propagation the optical g iber is the nmedi um of
hoi ce due ta its excellent transm ssion characteristics and ability to
be fabricated in I engths of many kilometers. Therefore, if an optical 35
wavegui de device is to be utilized in an optical comunication or
5 and is limited to the specific waveguide type of invention, that is, to

waveguides created in thin plastic sheets of the same order thickness
as the waveguide which can be conveniently notched by methods
such as laser ablation. The method does not provide for a convenient
method of attaching optical fibers to optical waveguides created on
10 other useful substrates such as semiconductor wafers, polyimide
circuit board materials, glass, lithium niobate and other crystalline and
ceramic substrates. Neither does it provide for a method of attaching
optical fibers to any film except those which are the thickness of the
optical waveguide, unless they are supported on another layer which
15 is removable after the notching process, which adds further
complexity to the manufacturing process. US 4,735,677 describes a
method for providing guides for aligning optical fibers on the surface
of a silicon substrate. I[n this method it is necessary to first grow a
layer of glass on the silicon wafer by a soot process whersin a glass
20 precursor is treated by flame hydrolysis to deposit glass particles on
the silicon, followed by heating in an electric furnace to consolidate
the glass. This layer of glass is then lithographically patterned and
etched, as by reactive ion etching (RIE), to form the positioning
elements. After formation of these elements, an optical fiber can be
25 inserted between them and fixing is accomplished with an adhesive or
by melting the glass with a Cdg laser beam. This technique involves
a great number of processing steps and is limited to substrates which
are not damaged by high temperature processes or those which do
not contain sensitive electronic devices which would be damaged by
30 an RIE etch. A number of desirable substrates for waveguide devices
such as polyimide printed circuit boards and polycarbonate would not
be usafﬁl for these reasons. Further, like the V-groove techniques, it
serves only to position the opt_i_cal fibers yet provides no rigidity or
retaining force to the coupling except through the addition of an
35 adhesive or another high temperature melting process. Several
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5 sensor or distribution system it is usually required that it be

pl ed to an optical fiber at |east one point, and often at nmany
ppi nts, on the substrate. An optical vegui de devi ce whi ch has been
coupled to | engt hs of optical fibers ¥Vgr ease of insertion into an
optical fiber systemis sonetines referred to as a "pigtail ed"

wavegui de device by 10 those skilled in the art. Light propagates through
the core regi9n enethods for forming fiber optic positioning devices in molded

thermoplastics are provided. Japan Kokai Patent 278004 provides for
optical fiber guide grooves of approximately triangular cross section
by a method of compression molding a thermoplastic resin in a die.
This essentially provides a die-molded plastic version of a silicon V-

10 groove. While eliminating the need for a lithographic etch to produce
the V-grooves, the remaining drawbacks of the technique remain.
Thus the need to align the V-grooves to the waveguide is still present
and the need for additional elements to hold the fiber optics into the
V-grooves still exists and is taught in Kokai Patent 278004. Japan

15 Patent Publication 254404 further teaches hybrid optical circuits
formed by die-molding an inorganic glass or a plastic resin. The resuit
is a substrate bearing positioning elements for optical devices and
optical fibars such as with US 4,735,677, but without the need to
deposit a soot layer and etch. Howaver, the shape of the optical fiber

20 holding channel must be such that the dimension of the top is equal
to or larger than the bottom, or it will be difficuit or impossible to
release the substrate from the die mold. Japan Patent Publication
254404 teachss that release fron:x the mold is made easier if the
holding blacks are made V-shape or trapezoid shape with the top of

25 the channel larger than the bottom of the channel. Thus again, this
method partiaily solves the problem of positioning an optical fiber
relative to a waveguide, but does not provide for a secure retaining
force on the fiber. In all of these prior art methods, some force must
be applied to hold the optical fiber within the positioning grooves.

30 Further, if a liquid optical cement or photoactive monomer or optical
matching fluid is introduced to the coupling region it will wet between
the optiéal fiber and the wall of the positioning groove by the force of
capillary action. This will serve to float the fiber within the groove
and thus misalign it with the waveguide, unless the secondary

35 element is present to hold the optical fiber down within the groove
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21 fibers and these core regions can be as small as a few m crons
Faneter. Thus, in order that the fiber to waveguide coupling is
frplished in an efficient manner that does not waste nost of the
nt, the alignment of the fiber to the waveguide is of necessity a 15
Ftical parameter. Nunerous articles and nethods have been devi sed

e prior art to provide for efficient coupling of optical fibers to

gubstrates bearing optical wavegui de devices. The need for critical
8l i gnnent t ol & anafth Hysedtes foriced The ndtholls &¢ die maMing & plag¥t trésiand

cost for these devices and nethods of the fgrior art. There are many 20

descriptions of n@tffiergthe piditionsl drayebagk ¢

e nacessisy\af qmaigtaiging the die
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a ntations of sificon n ref eren
form the waveguide or the positioning elements become contaminated

on repeated use, the error will be faithfully repeated on each
successive molding, and prevent accurate optical fiber positioning.
Finaﬂy, in the die mold method of Japan Patent Publication No.
254404, the substrate, waveguide and positioning elements are
formed together from the same material. This preciudes the ability to
position optical fibers to waveguides created on other desirable
substrates such as silicon wafers, lithium niobate wafers and printed
circuit boards, and limits the choice of waveguide material to the
class of die-moldable plastics and glasses.

Thus, the need remains for devices and methods which aliow
for simple, accurate positioning of optical fibers to optical waveguides
on a variety of desirable substrates, which do not require many
additional manufacturing steps or positioning elements or elaborate
alignment by micromanipulator and which provide a secure retaining
force to the optical fiber without the need for additional elements held
in place by optical adhesives or thermal heat treatments.

Summary of the Invention

One aspect of this invention is directed to an optical coupling
device comprising: '

a substrate having a surface region at a pre-determined position
on a surface of said substrate for placement of an optical waveguide;
and

a channel on the surface of said substrate for optically aligning
and coupling an optical fiber having a diameter dimension d{ and an
optical waveguide positioned at said predetermined position, wherein
the longitudinal axis of said channel is in alignment' with__sajq_
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hed to a high degree of accuracy. This is acconplished by a series
| i t hographic steps including resist coating and exposure, followed
|l iquid etching. However, the V-groove, once fabricated, serves

0 position the optical fiber relative to the surface of the silicon
fer. It still remains to position the fiber end relative to the
wavegui de end. This is usually acconplished by nicromanipul ati on of
the two conponents relative to each other followed by fixing the 30

al i gnment by an | |

expensi ve and551 ti ﬁéﬁdgﬁﬁéﬂiﬁ#%ﬂ %gté@agﬁ%m%%&g?g Q?#aé’krfgr} 4’ o?@scal Toer in
operation. Alt er saidi crednnel ahd ptaaymer\xeofasaidcqmlcam/vdviegerdecmmm posmon

positioned relatjve to t he wave U|og % b addi tj onal
posi ti oni ng el enthf §9NL,eRrrYingLore of $3id, 85@@ tsf‘? mﬂéﬁet?'edﬁd’p“ca'

alignment or substantially in optical alignment, said channel having

sidewalls and a floor wherein the separation of said sidewalls at a
10 cross-sectional depth dimension d2 in the direction normal to said
floor has a width W1 and the separation of said sidewalls adjacent to
said floor has a width W2, wherein W1, W9, d1, and d; are selected
such that:
(a) W2 is greater than Wyq;
15 (b) d2 is greater than 1/2 d{; and
(c) dq is greater than W4y and is equal to or less than W,
wherein on placement of said optical fiber in said channel the force
required to displace said optical fiber from said channel is equal to or
greéter than about 0.01 Newton (N), as determined by the test
20 method depicted in FIG. 10 and described herein below (hereinafter
referred to as "retaining force test”).
Another aspect of this invention is directed to a optical coupling
device with an optical waveguide comprising:
a substrate; :
25 an optically transmissive waveguide on a surface of said
substrate; and
a channel on the surface of said substrate for optically aligning
and coupling an optical fiber having a diameter dimension d{ and said
optical waveguide, wherein the longitudinal axis of said channel is in
30 'alignment or substantially in alignment with said waveguide such that
on placement of said optical fiber in said channel the light carrying
core of said fiber and said wavéguide ars in optical alignment or
substantially in optical alignment, said channel having sidewalls and a
floor wherein the separation of said sidewalls at a c_ross-sectional
35 depth dimension d3 in the direction normal to sa_l_i_d floor has a width
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therefore cost of the nethod. Even when the V-groove technique is
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W1 and the separation of said sidewalls adjacent to said floor has a
width W2, wherein W1, W2, dq, and d2 are selected such that:

(a) Wq is greater than W4q;

{b) d2 is greater than 1/2 d¢; and

(c) dq is greater than W4 and is equal to or less than W,
wherein on placement of said optical fiber in said channel the force
required to displace said optical fiber from said channel is equal to or
greater than about 0.01 Newton (N), as determined by retaining force
test.

Still another aspect of this invention telateé to an optical fiber
to optical waveguide interconnect comprising:

a substrate;

an optically transmissive waveguide positioned on a surface of
said substrate, and

a channel on the surface of said substrate for optically aligning
and coupling an optical fiber having a diameter dimension d1 and said
optical waveguide, wherein the longitudinal axis of said channel is in
alignment or substantially in alignment with said waveguide, said
channel having'said optical fiber positioned therein such that the

.light carrying core of said fiber and said waveguide are in optical

alignment or substantially in opticai alignment, said channel having
sidewalls and a floor wherein the separation of said sidewalls at a
cross-sectional depth dimension d2 in the direction normal to said
floor has a width W4 and the separation of said sidewalls adjacent to

said floor has a width Wp, wherein W4, W3, d1, and d2 are selected

such that:

(a) W2 is greater than Wy;

(b) dz is greater than 1/2 d4; and

(c) d1 is greater than W4 and is equal to or less than W2,
wherein the force required to displace said optical fiber from said
channel is equal to or greater than about 0.01 Newton (N), as
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5/ utilized only to couple two optical fibers to one another, as in US

, 973,126 there are several additional positioning elenents required.

| so, the V-groove techniques serve to position an optical fiber
relative to some surface, such as that of the silicon itself, but the V-
groove does not provide any force to retain the optical fiber in 10
position. That is, the optical fiber can easily slip out of the groove

unl ess one org m%t&ﬁﬁhé?@ﬁetﬁhﬁ?ﬁr?e%& present to provide sone

retaining force. Typical a cover ate or a second substrate
cont ai ni ng V-grooves Ngtfaondw ahnmtlorﬂtblsnnuemtlam tshdirdated toi araimprobed s

sed to hold t he PISELSE pIAeE atie} devids having & Blgayne af BRBcAoNeVsaMEebeen
taught in the pri@loptichl fiBér int&RbhABcts on the substrate of this invention and a
packaged planar optical device comprising the improved pigtailed
10 planar optical device enclosed in a polymeric package.
Still another aspect of this invention relates to a method for
forming an optical coupling device comprising a substrate having a
surface region at pre-determined position on a surface of said
substrate for placement of an optical waveguide, and a polymeric
15 optical fiber positioning element for optically aligning and coupling an
optical fiber having a diameter d{ and said optical waveguide
positioned at said predetermined position , said polymeric optical fiber
positioning element comprising a channel having sidewalls, wherein
the longitudinal axis of said channel is in alignment or substantially in
20 alignment with said pre-determined position, such that on placement
of said optical fiber in said channel and said optical waveguide in said
pre-determined position, said optical fiber and said optical waveguide
are in optical alignment or substantially in optical alignment, said
channel having sidewalls and a floor wherein the separation of said
25 sidewalls at a cross-sectional depth dimension d2 in the direction
normal to said floor has a width W1 and the separation of said
sndewalls adjacent to said floor has a width W, wherein W1, W2, dq.
and d2 are selected such that:
(a) W3 is greater than W1;
30 (b) d2 is greater than 1/2 d1; and
(c) dq is greater than W1 and is equal to or less than W2,
wherein the force required to displace said optical fiber from said
channel is equal to or greater than about 0.01 Newton (N), as
determined by retaining force test, said process comprising the steps
35 of:
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qbtical fiber positioning devices on the substrate which al so bears a
wavegui de or integrated optical device. These techniques do serve to
reduce the overall nunber of separate el enments which nust be 20 assenbl ed

to conplete the optical fiber to wavegui dexrgoupling. However, the
techni ques still remain conplex in manufacture or they | ack
sufficient retaining force to provide a sinple, |owcost, yet

ef fective nethod of prOV| di ng such a coupling. US 5, 150, 440 descri bes
a nmethod wherei n wavelRIASIE9 A BYSF FHF!R!‘S“?Q anmoasmo@ photepobamerizablgmi ch
filmare subseq 19%1:% as by exci nmer

| aser abl ation gﬁaﬁhg‘#%%ﬂﬁga% t engpaéggglggg%er m nus. Subsequent | vy,

the fil mbearing the blcaxppsing:saiddagentosapattern of actinicradidtheh o fé@k h si des
W th additional afnI Ie%c':@é’ae ;r)gttgrlf\cgf E:Q%menzed monomer having the surface
dimensions of said polymer positioning element and a pattern of

10 unexposed monomer; and

c) developing said layer by removing said unexposed monomer
to form said polymer positioning element on the surface of said
substrate wherein the longitudinal axis of said waveguide isn
alignment or substantially in alignment with said position.

15 This invention also relates to a method for forming an optical
coupling device with an optical waveguide comprising a substrate, an
optically transmissive waveguide positioned on a surface of said
substrate, and a polymeric optical fiber positioning element for
optii:ally aligning and coupling an optical fiber having a diameter d

20 and said optical waveguide, said polymeric aptical fiber positioning
element comprising a channel having sidewalls, whersin the
longitudinal axis of said channel is in alignment or substantiaily in
alignment \;vith the longitudinal axis of said waveguide, such that on
placement of said optical fiber in said channel said optical fiber and

25 said optical waveguide are in optical alignment or substantially in
optical alignment, said channel having sidewalls and a floor wherein
the separation of said sidewalls at a cross-sectional depth dimension
d2 in the direction normal to said floor has a width W1 and the
separation of said sidewalls adjacent to said floor has a width Wp,

30 wherein W1, W9, d1, and d3 are selected such that:

(a) W3 is greater than W1;

(b) da is greater than 1/2 d¢; and

{c) d1 is greater than W4 and is equal to or less than W,
wherein the force required to displace said optical fiber from said

35 channel is equal to or greater than about 0.01 Newton (N), as
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peni ngs of square cross section are created in the plane of the 30
vegui de. The ends of the openings are generally made accessible

snooth by a subsequent microtom ng step. The square opening

' filled with a |iquid photopol yner adhesive and optical fibers are

"admtted into the square opening and fixedlin place with a
process. This nethod involves a | arge nunber of 35 nanufacturing steps

such as | am nati on and exci nmer | aser abl ati on
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determined by retaining force test, said process comprising the steps
of:

a) placing a layer comprising one or more photopolymerizable
monomers onto a surface of a substrate having a waveguide thereon;

b) exposing said layer to a pattern of actinic radiation to form
an exposed pattern of polymerized monomer having the surface
dimensions of said polymer positioning element and a pattern of
unexposed monomer; and

¢) developing said layer by removing said unexposed monomer
to form said polymer positioning element on the surface of said
substrate wherein the longitudinal axis of said channel is in alignment
or substantially in alignment with the longitudinal axis of said
waveguide.

Yet another aspect of this invention relates to a method for
forming an optical coupling device with an optical waveguide
comprising a substrate, a polymaeric optically transmissive waveguide
positioned on a surface of said substrate, and a polymeric optical fiber
positioning element for optically aligning and coupling an optical fiber
having a diameter d1 and said optical waveguide, said polymeric
optical fiber positioning element comprising a channel having
sidewalls, wherein the longitudinal axis of said channel is in alignment
or substantially in alignment with the longitudinal axis of said
waveguide, such that on placement of said optical fiber in said

| channel said optical fiber and said optical waveguide are in optical

alignment or substantially in optical alignment, said channel having
sidewalls and a floor wherein the separation of said sidewalls at a
cross-sectional depth dimension d2 in the direction normal to said
floor has a width W4 and the separation of said sidewalls adjacent to
said floor has a width W9, wherein Wq, W2, d1, and d2 are selected
such that:

(a) W2 is greater than Wq; This Sheet Has Been Replaced
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4 5 and is limted to the specific waveguide type of invention, that

ig, to

t hi ckness
t hods

~onveni ent

created on

wavegui des created in thin plastic sheets of the sane order
as the wavegui de which can be conveniently notched by
_such as laser ablation. The mgghod does not provide for a
met hod of attaching optical fibers to optical wavegui des

5 (b) dg is greater than 1/2 d4; and

(c) d1 is greater than W4 and is equal to or less than Wo,
wherein the force required to displace said optical fiber from said
channel is equal to or greater than about 0.01 Newton (N), as
determined by retaining force test, said process comprising the steps

10 of:

a) placing a layer comprising one or more photopolymerizable
monomers onto a surface of a substrate;

b) exposing said layer to a pattern of actinic radiation to form
an exposed pattern of polymerized monomer having the surface

15 dimensions of said polymer positioning element and said waveguide,
and a pattern of unexposed monomer; and

c) developing said layer by removing said unexposed monomer
to form said polymer positioning element on the surface of said
substrate wherein the longitudinal axis of said channel is in alignment

20 or substantially in alignment with the longitudinal axis of said
waveguide.

This invention exhibits one or more advantages. For example, it
is useful on a wide variety of substrates on which optical waveguides
are desired. it does not involve any high temperature processing

25 which may deleteriously affect the substrate or optical waveguide. It
utilizes a photolithographic method which combines both high
positioning or alignment accuracy with simplicity of manufacturing
method and low cost. It provides for a firm retaining force on the
optical fiber, thus simplifying the attachment of optical fibers to

30 optical waveguides, especially for the important case of attaching
multiple fibers or arrays of optical fibers to a single substrate or
optical waveguide array. It provides for ab accurate alignment and
firm retention of an optical fiber pasitioned in a small area on the
optical waveguide substrate, thus allowing for a higher density of

35 optical interconnects than methads of the prior art which utilize bulky
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10/ other useful substrates such as sem conductor wafers, polyimde
ciffcuit board materials, glass, |lithiumniobate and other crystalline and
ceram c substrates. Neither does it provide for a nethod of attaching
optical fibers to any filmexcept those whi I3 are the thickness of the

pti cal wavegui de, unless they are supported on another layer which 15 is
renovabl e after the notching process, which adds further conplexity to

brovi di ng-gui dés FIPESFEhasdotnd MenédrncRPrauepad unimmaddoretry §p e
silicon substr at eoptitat fibér pEsitiosinigt cHahnet W2ficIRiY nbOpfdviddd BY Pic? devices
| ayer of glass on the silicon wafer by a soot process wherein a glass 20

precursor is treafBf M§thadsder Agbrieatitg same. Finabyi it YloyesTossimpld es on -
the silicon, follQquednbly §P8bticH fbkrsto Yptfcal WavedLisS withduthg! ' date

necessity of complex, expensive positioning devices, which would
10 adversely affect the cost of manufacture.

ri ripti f rawi

The invention will be more fully understood and further
advantages will become apparent when reference is made to the

15 following detailed description of the invention and the accompanying
drawings in which:

FiG. 1 is a perspective view of a preferred optical coupling
device of this invention.

FIG. 2 is a perspsctive view of an embodiment of a preferred

20 optical coupling device and optical waveguide of this invention.

FIG. 3 is perspective view of an embodiment of a preferred
optical fiber to optical waveguide interconnect of this invention.

FIG. 4 is a perspective view of the embodiment of FIG. 3
having an optical buffer layer. _

25 FIG. 5 is a cross-sectional view of a preferred optical fiber to
optical waveguide interconnect of this invention depicted in FIG. 3
along line 5'-5.

FIG. 6 is a cross-sactional view of another preferred optical
fiber to optical waveguide interconnect of this invention having a

30 trapezoidal shaped or substantially trapezoidal shaped channel having
two optical fibers positioned therein. .

FIG. 7 is a perspective view of an array of this invention with
more than one optical coupling devices and optical fiber to optical
waveguide interconnected on the surface of a substrate.

35 FIG. 8 is a perspective view of another preferred array of this
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thef gl ass. This layer of glass is then |ithographically patterned and

et ghed, as by reactive ion etching (RIE), to formthe positioning

el enents. After formation of these el enments, an-opti cal

t enperature processes or those which do

fi ber can be 25

i fserted between themand fixing is acconplil¥hed with an adhesive or

by nelting the glass with a COerr] |aser beam This technique involves
great nunber of processing steps and is limted to substrates which

not

are not danmaged by_hij
contai n sensi tlgve 're‘Tb%'g(?‘F'bni c devices which would be danaged by 30 an R E
etch. A nunber of desirRgl @ is@pérspbetvd Olew ittt di dRadRY seR%ion of a SUCh as

polyimide printed circuit boards and pol ycarbonate woul d

not

be usef ul

for these reasons.Packagedopticakiibento Qpiealdotercennaatpfabe invention sigitares
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FIG. 10 shows a device for determining the retaining force of
the coupling device of this invention.

FIG. 11 illustrates a preferred process for the formation of a
coupling device of the present invention.

FiG. 12 illustrates another preferred process for the formation
of a coupling device of the present invention.

Descripti r

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

One preferred embodiment of the coupling device of this
invention is depicted in FIG. 1 and is identified by the numeral 10.
Device 10 comprises channel 12 positioned on a surface of substrate
20. Channel 12 can be of any shape or length provided that it has a
certain specific geometric dimensions. Channel 12 can be formed by
lithographic techniques using photopolymerizable monomers and the
like. Channel 12 can be a single construction or can be formed from
a number of parts. In the preferrad embodiments of the invention
depicted in FIG.1, channel 12 is formed of lithographic techniques and
is formed by a pair of adjacent positioning elements 14 which form
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.reﬁ aining force to the coupling except through the addition of an 35
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sidewalls 16 and 18 of channel 12 and a portion of the surface of
substrate 20 which forrﬁs floor 24 of channel 12. Channel 12 is
positioned on the surface of substrate 20 such that it's longitudinal
axis is in alignment or substantially in alignment with predetermined
position 22 on the surface of substrate 20.

Substrate 20 can be formed of any solid material used in the
formation of substrate for conventional optical waveguide devices.
Desired characteristics of these materials include mechanical and
optical stability at typical operating temperatures of the device.
Preferred materials for use in the fabrication of substrate 20 include
printed circuit board material, polymers, quartz, glass, fused silica,
semiconductor wafers and inorganic crystals.

A preferred coupling and optical waveguide device of this
invention is depicted in FIG.2 and is represented by the numeral 26.
Cqupling and optical wavegtjide device 26 comprises polymer
positioning elements 14 déﬁning channel 12 on the surface of
substrate 20. Device 26 also includes channel waveguide 28 at a
predetermined position {(which corresponds to position 22 in device
10) on the surface of substrate 20 which is in alignment or
substantially in alignment with the longitudinal axis of channel 12.

A preferred optical fiber to waveguide interconnect of this
invention is depicted in FiG. 3 represented by the number 30.
interconnect 30 comprises polymer positioning elements 14, defining
sidewalls 16 and 18 of channel 12, on the surface of substrate 20
and a channel waveguide 28 in alignment or substantially in
alignment with the longitudinal axis of channel 12. Interconnect 30
also includes optical fiber 32 positioned in channel 12 such that the

~ light carrying core 34 of optical fiber 32 is in optical alignment or

substantially in optical alignment with waveguide 28 such that light
can be propagated through light carrying core 34 and into optical

channel waveguide 28. o
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5 met hods for forming fiber optic positioning devices in nolded

thernopl astics are provided. Japan Kokai Patent 278004 provides for

optical fiber guide grooves of approximately triangular cross section

byf a net hod of conpression nolding a thernopgastic resin in a die.

Tji s essentially provides a di e-nolded plastic version of a silicon V- 10
oove. Wiile elimnating the need for a lithographic etch to produce

the nead Lo ali gn t he SPGMAATEISY pRUcRl lngt B SAtEeL avpOpeoant | and
Vorooves Still eraronnBeeOPas vartont s BBpicksPin PR £ 304 Mtk by
the numeral 36. Interconnect 36 includes all of the components of
interconnect 30 identified by like numerals. In addition, interconnect
36 includes optional optical buffer layer 38 on a surface of substrate
10 20 and waveguide 28 and elements 14 are positioned on the surface
of buffer layer 38. Optical buffer layer 38 is required by the nature of
guided wave propagation of light for those cases where the refractive
index of the substrate is larger than that of the channel optical
waveguide, in order to provide for low propagation loss waveguide
15 structures. Any material which can provide this function can be used
in the fabrication of buffer layer 38. lllustrative of materials used in
the fabrication of buffer layer 38 are low refractive index
photopolymaers, spin-coated polymer layers, spin-on glasses, silico'n
diox}de. oxides formed by chemical vapor deposition {CVD) and
20 fluoropolymers. Preferred materials are low refractive index
photopolymers and fluoropolymers , more preferred materials are low
refractive index photopolymers.
The relative positions of channel 12 and waveguide 28 or
predetermined position 22 on the surface of substrate 20 is critical to
25 the invention. As depicted in FIG.s 1, 2, 3 and 4, channel 12 and
waveguide 28 or predetérmined position 22 are positioned so that the
longitudinal axis of channel 12 and the longitudinal axis of waveguide
28 or position 22 are in alignment or are substantially in alignment
such that when optical fiber 32 is placed in channel 12 the light
30 carrying core 34 of the optical fiber 32 and waveguide 28 or
predetermined position 22'are in optical alignment or substantially in
optical alignment such that light can propagate through core 34 and
into waveguide 28. In the preferred embodiments of the invention as
depicted in the figures, where channel 12 is formed by sidewalls 16
35 and 18 of elements 14 and floor 24 of substrate 20, elements 14 are
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15/ Patent Publication 254404 further teaches hybrid optical circuits

med by die-nolding an inorganic glass or a plastic resin. The result

a substrate bearing positioning elenments for optical devices and

optical fibers such as with US 4,735,677, hgt without the need to

eposit a soot |ayer and etch. However, the shape of the optical fiber 20
ol di ng channel nust be such that the dinension of the top is equal to

or |arger than the bottom or | be difficult or ossible to
rel ease the éijPPﬁ’l"@“Fg&%R’ﬂ@d&l 'g'%ffﬁm\] P!ﬁ"@r&'efﬂ.lr'%q empbpdiment

254404 teaches tBPEhlESJ\% WHErd Bﬁl\}m&dpbﬁtlgﬁgﬁeﬁw t s ts 1k Jrgecre?teES

hol di ng. bl ocks are ma ape or trapezol the to
channel | arger thuiithégrapbic means ftdm ni'm,tapelvme'ﬂ‘n’m Ermomershebments met hod
partially solves ghe P bé % ighed wi lwifif2 Er'u?e w vegunggtié: f?lvllitl'lf ial?glrétively high
degree of accuracy. For example, an especially accurate method of
10 alignment is to create polymeric positioning elements 14 and channel
optical waveguide 28 from the same polymerizable monomers during
the same ultraviolet light (UV) exposure step. This can be
accomplished by placing both lithographic features onto the same
pattern mask or by programming a laser direct-write apparatus to
15 scan both pattams in a single UV expasure step.
FIG. 5 is a cross-sectional view, along fine 5'-5 of FIG. 3, of
interconnect 28 which depicts channel 12, elements 14, sidewalls 16
and 18, optical fiber 32, core 34 and substrate 20 in the requisite
unique geometrical relationships that must exist for the proper
20 functioning of the present invention. The relationship of these
elements is critical to the advantages of this invention. That is,
through use of optical fiber 32 and channel 12 having certain
geometrical parameters on placement of fiber 32 in channel 12 such
fiber 32 is retained in the channel 12 such that the force required to
25 displace said optical fiber from said channel is equal to or greater than
about 0.01 Newton (N), as determined by retaining force test
depicted in FIG. 10 discussed below. In general, the cross-section of
channel 12 is such that channel 12 has a width dimension of W1 at a
region of channel 12 at a depth dimension of dg from fioor 24 of
30 channel 12 in the direction normal to said floor 24 and has a width
dimension of W2 at a region of channel 12 adjacent to floor 24 of
channel .1 2. Optical fiber 32 has a diameter d{. To provide the
benefits of this invention, the parameters W1, W2, d1, and d3 are
-selected such that:
35 (a) W3 is greater than W1;
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relative to a wavegui de, but does not provide for a secure retaining

force on the fiber. In all of these prior art nethods, sone force nust

.be applied to hold the optical fiber wthin the positioning grooves. 30

/Further, if a liquid optical cement or photoactive nononer .or optical

matching fluid is introduced to the coupling region it _wll wet betweén”

the optical fiber and the wall of the pod8tioning gr oov&sBieet BéeoRﬁcaf
I

capillary action. This will serve to float the fiber w't
and thus msalign it with the wavegui de, unless the sec nt

i's present g0 hold td)eq9nkigraktet kth&s 199y W thin the groove
(c) dq is greater than W1_ and is equal to or less than W,
The values of W1, Wy, dq, and d2 may vary widely and still
meet the above conditions, provided that the coupling of optical fiber
32 in channel 12 is such that the force required to displace optical
10 fiber 32 from channel 12 is equal to or greater than about 0.01
Newton (N), as determined by retaining force test depicted in FIG. 10
discussed below. However, in general the dominating factors are the
relative values of dq , d2 and W1 . In the preferred embodiments of
the invention, Wq is from about 0.6 d{ to about 0.99 d{, more
15 preferably from about 0.8 d1 to about .99 d and most preferably
from about 0.9 d1 to about 0.99 d1. The value of d3 is preferably
from greater than 1/2 d{ to about 2 d1, and is more preferably from
about 0.6 d1 to about 0.99 d1 and is most preferably from about 0.8
d1 to about .99 d1. In the embodiments of choice, d2 is from about
20 0.9 d1 to about 0.99 d1. The value of dq is the diameter of any

optical fiber such as conventional single made fibers, polarization-
preserving fibers, multi-mode fiber or cable, UV-NIR transmissive fiber
cable and hard polymer clad fiber cable. The value of dq is preferably
equal to or less than 1 mm, more preferably from about 125 um to
25 about 1 mm and most preferably from about 125 um to about 250 pn
m. In the embodiments of choice the value of d1 is from about 125 p
m to about 140 um.
The value of W9 may vary widely and the only requirement is
that W3 is greater than W1 and is greater than or equal to d1. W3 is
30 preferably greater than d{ to about 2d{, mare preferably from about
1.0 d1 to about 1.5 d4 and most preferably from about 1.0 d1 to
about 1.2 d4. In the embodiments of choice W3 is from about 1.0 d
to about 1.1 d1.
The length of channel 12 may vary widely provided'that the
35 force required to displace said optical fiber from said channel is equal
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5 wth a greater force. The nethods of die nolding a plastic resin
suffer the additional drawback of the necessity of maintaining the die
free of any contamination. If the grooves in the master die which wll
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to or greater than about 0.01 Newton (N), as determined by retaining
force test depicted in FIG. 10 discussed below. In the preferred
embodiments of this invention, the length of channel 12 is equal to or
greater than about d1. The length of channel 12 is more preferably
from about 0.1 to about 20 mm and is most preferably from about
0.5 to about 10 mm. In the embodiments of choice, the length of
Channel 12 is from about 1 to 5 mm.

The cross sectional shape of channel 12 may vary widely and
still meet the above conditions, provided that the coupling of optical
fiber 32 in channel 12 passes the test of the method of FIG. 10. In
FIG. 5, sidewalls 16 and 18 are depicted as being straight, but this is
not a necessary requirement of the invention, and sidewalls 16 and
18 may be curved, concave, convex or the like, or ane may straight
and the other may not, as long as the essential dimensional
requirements of the invention are not violated.

In the preferred embodiments of the invention depicted in FIG.s
1 to 5, channel 12 is of trapezoidal or substantially of trapezoidal
cross-section. In the preferred embodiment of FIG. 5, channel 12 is
formed by two parallel or substantially paraliel polymer positioning
elements 14 on the surface of substrate 20. Channel 12 has
sidewalls 16 and 18 formed from a side of each of elements 14 and
floor 24 formed by the surface of substrate 20 between elements 14.
As shown in FIG. 5, polymer positioning elements 14 define channel
12 which is of inverted trapezoidal cross section having the longer of
the two paraliel or éubstantially parallel unequal sides with dimension
40 which is greater than dimension 42 of the other of the two
unequal parallel sides, and with the longer of the two parallel unequal
sides of dimension 40 positioned on top and the shorter of the s
unequal parallel sides of dimension 42 positioned in contact with the
substrate 20, or the surface of optlonal buffer layer 38 (See FIG 4)

on substrate 20.
eet Has Been Replaced
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formthe wavegui de or the positioning el enents becone contam nated
on repeated use, the error will be faithfully repeated on each 10
successi ve nol ding, and prevent accurate optical fiber positioning.
Fijpally, in the die nold nethod of Japan Patent Publication No.
294404, the substrate, wavegui de and positigging el enents are f or med
tpgether fromthe same material. This precludes the ability to

sition optical fibers to wavegui des created on other desirable 15

ubstrates such as silicon wafers, |ithiumniobate wafers and printed
ircuit boards, and |ithe wallRngle yyhichhe side-gfi RRIymer positioning elements

om0 o Sames LRSS P Yl " Bipprate 20 o el By hoREFS
posi tioning of optiAralle by inesss beqyreaterxhbn were ifuipddsmer element 14 is to
possess the preferred shape of an inverted or substantially inverted
trapezoid. |f angle « is zero, then the cross section of elements 14 is
10 merely a rectangle as in the prior art and will not possess the
unexpected ability to retain the position of an optical fiber 32 in
channel 12 created between two such elements 14 such that the
coupling passes the test of FIG. 10. The larger that angle « is
fabricated the easier it is to maintain optical fiber 32 within channei
15 12. However, there are practical limitations to how large angle @ can
be conveniently fabricated. If angle a becomes too large, then the
width dimension of polymer element 14 (dimension 40 in Fig. 5) must
also become large in order that the base of polymer element 14
(aimension 42 in Fig. 5) has sufficient contact area with substrate 20
20 to insure relatively good adhesion, and this is deleterious to the
density of interconnections that are a primary benefit of this
invention. Therefore, wall angles a are preferably limited to the range
of from about 19 to about 30%. The more preferred range of wall
angles « fall in the range from about 2° to about 25° and most
25 preferred are wall angles in the range of about 3° to about 20°.
Polymer positioning elements 14 possess certain important
physical properties. These physical properties allow elements 14 to
deform under the applied stress when an optical fiber of diameter d
larger than width dimension W1 of the opening at the top of channel
30 12is inserted therein. However, the deformation should not be
permanent and polymer positioning element 14 should as rapidly as
possible return or substantially return to its original dimensional shape
in order to provide for a useful retaining force on optical fiber 32. The
properties must therefore provide some degree of elastic strength.
35 Also the polymer should not be oye_[iy_ b_r_itth_qr_ it wull !_:_g d_a_;mageﬁ by
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20/ on a variety of desirable substrates, which do not require many
addi tional manufacturing steps or positioning el ements or elaborate
~alignment by nicronmani pul ator and whi ch provide a secure retaining
fgrce to the optical fiber wthout the needyfor additional elenents held
I fi pl ace by optical adhesives or thermal heat treatnents. 25

unmary of the Invention One aspect of this invention is
irected to an optical coupling devi ce conpri si ng:

ubstrate havisng hesinserion, negicen labeeovmrly rmuemtmy paigse damaeé toon a

surface of said sybel dfner 3 RLSSRIEU Why thé BridP Plar€ HletiSds thzmg glass
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positioning elements are not appropriate from a materials property
standpoint. The polymer preferably is a polymer with a molecular

weight equal to or greater than about 50,000 and more preferably

equal to or greater than 100,000. In the most preferred embodiment

of this invention, the polymer material is a photo-polymer which is a

crosslinked polymer above its gel point, that is, the molecular weight
is essentially infinite. The crosslinked photopolymer not only has the

most preferred physical properties, but is also the simplest case for

and

removal of the unirradiated monomer as the crosslinked photopolymer

will no longer dissolve in the developing solvent when elements 14
are formed by lithographic techniques. The polymer should be

largely amorphous (less than 5§0% crystallinity) rather than crystalline

and its glass transition temperature (T, g) should be less than its use
temperature in order to ensure that there is a high degree of chain
segment mobility. It is preferred that the crystallinity of the polymer
is less than about 25% and more preferred that the crystallinity is

less than about 10%. In the most preferred embodiment the polymer

is complately amorphous, that is, the crystallinity is about 0%. A
completely amorphous polymer is especiaily preferred for the
embodiment of the present invention wherein a single lithographic
step is utilized to produce both polymer positioning elements 14 as
well as polymeric optical waveguide 28 from a single layer of
reactive monomer on a substrate 20, in that it will yield an optical
waveguide with the lowest amount of loss due to scattering of light
from polymer crystalline regions. As to the Tg, since a useful
temperature at which to attach optical fibers to optical waveguide
devices is room temperature, it is essential that the Tg of the
photopolymer is less than room temperature. Thus, it is preferred
that the Tg is less than about 30°C and more preferked less than
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a channel on the surface of said substrate for optically aligning and
coupling an optical fiber having a dianeter dinmension dlerr] and an

opti cal wavegui de positioned at said predeterm ned position, wherein 35

the longitudinal axis of said channel is in22ignment with said

S about 20°C and most preferred are photopolymer materials whose Tg
is less than 10°C. Itis preferred that the Tg of the photopolymer as
just described be an inherent property of the polymer. However, it is
recognized that it is possible to adjust the Tg of a polymer by a
number of methods known in the general art of polymer science, such

10 as by the addition of plasticizers or by swelling the polymer with a
solvent, and polymers so treated may also be useful in the method of
the invention without departing from its scope. In addition, it is
further recognized that unreacted monomer which is trapped within
the photopolymer matrix may serve as such a plasticizer material.

15 Further, it is recognized that once the optical fiber is inserted into the
channel structure of the invention, it is no longer required that the Tg
of the polymer positioning elements fall within the critical range.
Such Tg may, at a later time, be adjusted to a higher value as by
evaporation of solvent or plasticizer or as by further cross-linking of

20 the polymer. Likewise, though less convenient, a polymer having a
Tg greater than room temperature, i.e. above about 30°C, may be
employed if the assembly of the device is carried out at elevated
temperatures equal to or greater Ehan the Tg of the polymer followed
by cooling to a temperature less than the Tg. The polymer which

25 makes up positioning element 14 preferably contains a number of
crosslinks to prevent overall movement of the polymer chains and
thus restore the necessary geometry of element 14 after the
introduction of optical fiber 32 into positioning channel 12 between
elements 14. This recovery of the shape of polymer element 14 is

30 associated with the properties of resilience and low permanent set. In
the prefqrred case, wherein the polymer material which comprises
positioning element 14 is a crosslinked poiymer above its gel point,
there is, of necessity, a minimum of one primary chemical bond
crosslink per polymer chain. In the more preferred compositions at

35 least one of the reactive monomers is a multifunctional monomer, that
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7 5 predeterm ned position such that on placenent of said optical

fiber in sai d channel and placenent of said optical waveguide in said
position the light carrying core of said fiber and said wavegui de are
in optical al i gnnment or substantially in optical alignnment, said
cphannel having sidewal I's and a floor yhperein the separation of said

dewalls at a 10 cross-sectional depth dinension d2 in the direction
ormal to said floor has a wwdth WL and the separation of said

i dewal | s adj acent to
5 is, it contains two or more reactive functionalities on the same

molecule. When such a muitifunctional monomer is present as a
major component of the monomer mixture then the resuiting polymer
will be much more extensively crosslinked and there will be many
crosslinks per polymer chain.

10 The tensile strengths which are displayed by polymers useful in
the invention preferably range from about 100 to about 850 kg cm™2
with the more preferred range being from about 150 to about 300 kg

m2.

The percent elongation of the crosslinked photopolymers useful

15 in the method of the invention preferably ranges from about 2 to
about 300% with the more preferred range being about 2 to about
100% due to the increased level of crosslinking in the more preferred
compositions.' Useful values of hardness preferably range from about
20 to about 200 s (pendulum hardness) with more preferred values

20 being about 40 to about 150 s.

A wide variety of polymers can be used in the fabrication of
elements 14. Preferred for use in the fabrication of elements 14 are
photopolymers formed by the photo-polymerization of a
phatoreactive monomer or mixtures of such monomers such as

25 urethane acrylates and methacrylates, ester acrylates and
methacrylates, epoxy acrylates and methacrylates, polyethylene
glycol acrylates and methacrylates and vinyl containing organic
monomers. lllustrative of such acrylate and methacrylate monomers
are aryl diacrylates or methacrylates, triacrylates or methacrylates and

30 tetra acrylatés or methacrylates as for example mono-di,-tri- and
tetraacMatas or methacrylates of benzen'e; naphthalene, bisphenoi-A,
biphenyiene, methane biphenylene, di-(trifluoromethyl) methane '
biphenylene, phenoxyphenylene and the like. Useful monomers also
include aliphatic acrylates, diacrylates, triacrylates and tetraacrylates

35 as for example, butyl acrylate, ethyihexyl acrylate, phenoxyethyl
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said floor has a width Werr], wherein Werr], Werr], dlerr], and d[err]

are selected such that: (a) Werr] is greater than W,
15 (b) dlerr] is greater than 1/2 d[err]; and (c) dlerr]
|s greater than WL and is equal to or less than W2, wherein on
plfacenent, of said optical fiber in said chapsel the force required to
dfspl ace said optical fiber fromsaid channel is equal to or greater
tihan about 0.01 Newton (N), as determned by the test 20 nmet hod depi ct ed
in FIG 10 and descrjhed here ere referred to as
“retaining force gy[aty B-carboxylet?\y?agﬁa ‘r?er'sqi?ﬁﬂ‘éltawlatt?n s invention is

gg[rgﬂ g?ng 0 a optiggaAlhydPomiturgl acrylate JEYEI6ReXYIldtrate Bropdlendadigest de
monoacrylate, 2-(2-ethoxyethoxy) ethyl acrylate, N-vinyl
pyrrolidone, 1,6-hexanediol diacrylate or dimethacrylate, neopentyl
glycol diacrylate, diethylene glycol diacrylate or dimethacrylate,

10 triethylene glycol diacrylate or dimethacrylate, tetraethylene glycol
diactylate or dimethacrylate , polyethylene glycol diacrylate or
dimethacrylate, dipropyiene glycol diacrylate, tripropylene glycoi
diacrylate, ethoxylated neopentyl glycol diacrylate, propoxylated
neapenty! glycol diacrylate , aliphatic diacrylate, alkoxylated aliphatic

15 diacrylate, aliphatic carbonate diacrylate, trimethylolpropane
triacrylate or trimethacrylate, pentaerythritol triacrylate, ethoxylated
trimethylolpropane triacrylate, propoxylated trimethylolpropane
triacrylate, glyceryl proxylated triacrylate, tris (2-hydroxyethyl)
isocyanurate triacrylate, pentaerythritol tetraacrylate, dipentaerythritol

20 pentaacrylate , ditrimethylolpropane tetraacrylate, alkoxylated

_ tetraacrylate. The most preferred monomers include
trimethylolpropane triacrylate, pentaerythritol triacrylate, ethoxylated
trimethylolpropane triacrylate, glyceryl proxylated triacrylate,
pentaerythritol tetraacrylate, dipentaerythritol pentaacrylate,

25 ditrimethylolpropane tetraacrylate, methyl methacrylate, n-butyl
acrylate, 2-aethylhexyl acrylate, isodecyl acylate, 2-hydroxyethyl
acrylate, 2-hydroxypropyl acrylate, cyclohexyl acrylate, 1,4-
butanediol diacrylate, ethoxylated bisphenol A diacrylate,
neopentylglycol diacrylate, diethyleneglycol diacrylate, diethylene

30 glycol dimethacrylate, 1,6-hexanediol diacrylate, and pentaerythritol
tetra-acrylate.

Espécially 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.

35 The preferrad monomer mixtures for use in ;he_magﬁod_o_f the
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a substrate; 25 an optically transm ssive wavegui de on a surface of

said substrate; and a channel on the surface of said

substrate for optically aligning and coupling an optical fiber having

a dianmeter dinension dlerr] and said opti cal wavegui de, wherein the

| opgi tudinal axis of said channel is in 30 @ignnment or substantially in

al§ gnnent with said wavegui de such that on placenent of said optical

fgber in said channel the |ight carrying core of said fiber and said
vegui de are in optical alignnment or substantially in optical

i gnnent, sai @ cliayentiorhars mixtyreiefdd% Genpraer T1600|usethanecrcsylate had
eparatlon of Sl GkIFMEhe Tk AARRBEEH RAE hirn RS o L RER ekt
bisphenol A diacrylate and 33% trimethylol propane triacrylate.
Channel 12 may include a single optical fiber 32 or more than
one optical fiber 32 as depicted in FIG. 6. Turning now to Fig. 6,

10 which is a cross sectional view through the region of the polymeric
positioning elements 14 on a suitable substrate 20. in the following
embodiment, elements 14 are positioned such that two optical fibers
32 are accommodated in the channel 12 which is formed between
elements 14 such that the light carrying core 34 of each optical fiber

15 32 is in optical alignment or substantially in optical alignment with a
waveguide (not depicted) . This also is an embodiment of the present
invention whereby the density of optical waveguides can be increased
or the length and area of the fan-in and fan-out regions can be
reduced. The retaining force on optical fibers 32 is not as great as

20 the embodiment where only a single optical fiber occupies a
positioning channel, yet it is still sufficient to allow for increased
utility in attaching optical fibers to optical waveguides on substrates
over the methods of the prior art.

A preferred array of this invention is. shown in FIG. 7 and is

25 represented by numeral 46. Turning now to Fig. 7, in the following
embodiment, an array of optical waveguides 48 on a single substrate
50 is provided with an aligned array of the polymeric positioning
elements 52 of the present invention. Each pair of elements 52 is
centered on, and paraliel to, the centerline of the end of optical

30 waveguide 48 with which it is associated, the alignment preferably
being accomplished by known methods of the art as for example by
lithography, such as by utilizing exposure masks which also contain
registration marks thereon. The end of optical fiber 54 is shown to be
inserted into one of the channels 56 formed by polymer positioning

35 elerhents 52 such that it light carrying core 58 of fiber 54 is aligned
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and centered on the end of optical waveguide 48. Optical fiber 54 is
held firmly in the channel by the retaining force exerted upon it by the
polymer positioning elements which have the required geometry as in
FiG.s 1 to 5, without the necessity of additional elements or optical
glues or melting. This firm positioning allows additional optical fibers
54 to be placed in nearby channels 56 without disturbing the
positioning of optical fiber 54 which is aiready in place. This provides
for a greatly increased ease of fabrication for attaching optical fibers
54 to optical waveguides 48 over the methods of the prior art. Also
provided is the ability to introduce each optical fiber in an array
individually, thus overcoming the cumulative positioning error
associated with prior art methods wherein the entire optical fiber array
is loaded simultaneously.

Another preferred array of this invention is depicted in FIG. 8
and is represented by the numeral 60. Turning now to Fig. 8, in
embodiment 60 depicted therain an array of optical waveguides 62 on
a single substrate 64 with an optional optical buffer layer 66 is
provided with an aligned array of polymeric positioning elements 68
such that the positioning elements 68 which are not the outermost
form the sidewall of two adjacent channeis 70. That is, the central
polymer positioning elements 68 are shared by two optical
waveguides 62. Thus, if the number of optical fibers 72 to be
attached is n, then the number of required polymer paositioning
elements 68 is n + 1. In this manner it is possible to reduce the
separation between adjacent optical waveguides 62 on substrate 64
and thereby either increase the density of optical waveguides 62 or
reduce the size of the fan-in and fan-out region of a multi-por_t optical
waveguide device known to those skilled in the art.

An optical fiber to waveguide interconnect of this invention or
an array of such interconnects as depicted in FIG.s 1 to 8 can be
fabricated wnth an overcoat layer as depicted in FIG 9. Turmng now



5 Werr] and the separation of said sidewalls adjacent to said floor has é
width Werr], wherein Werr], Werr], dlerr], and d[err] are sel ected such

t hat : (a) W2 is greater than W,; (b) dl[err] is
greater than 1/2 d[err]; and ((3%) dierr] is greater than WL and
i$ equal to or less than W2, 10 wherein pl acenent of said optical
fg§ ber in said channel the force required to displace said optical

i ber fromsaid channel is equal to or greater than about 0.01 New on

Shect of thi 3 | ROAH: S nigH b bRRBRctive vieW i o cutpay, secic rrpugR ot her
wavegui de i nt er coneneegionfppobinmeric positioning elements 52, of the embodsment
similar to that of FIG. 7. Polymer positioning elements 52 are
lithographically formed by a photopolymerization process on the
surface of substrate 50 which may optionally also bear an optical

10 buffer layer {(not shown) so as to provide a channel structure 56 of
the required geometry. Channel 56 provides both alignment
positioning and retaining force to optical fiber 54 such that the light
carrying core 58 of the optical fiber 54 is held in contact with the end
of optical channel waveguide 48 on the surface of substrate 50.

15 Polymer positioning elements 52 serve to hold optical fiber 54 in
position while an overcoat material layer 74 is applied to the
structure. Layer 74 serves to protect the optical waveguide structure
from physical damage or dust and also serves as a means of adjusting
the 'numerical_ aperture (N.A.) of channel optical waveguide 48 so as

20 to match the numerical aperture of optical fiber 54 and thereby
reduce the optical losses due to numerical aperture mismatch. Such
an overcoat layer 74 may comprise an optical cement, a reactive
monomer mixture which is cured to a polymer as by thermal or photo
polymerization, a glass precursor which is cured to a glass, or a

25 plastic or glass which is applied by a solution technique followed by
drying. Polymer positioning elements 52 of the present invention
maintain the positioning of optical fiber 54 by the retaining force
imposed by the unique geometry of elements 52 such that optical
fiber 54 is not displaced during the overcoating process, thus

30 overcoming the drawbacks of the prior art methods. Specifically,
optical fiber 54 is not "floated” in channel 56 by the force of capillary
action of the overcoating liquid, but is held down in contact with
substrate 50 by the retaining force generated by the unique geometry
of elements 52. The methods of the prior art require additional

35 elements to apply the force necessary to maintain the position of the
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a substrate; : an optically transm ssive wavegui de positioned on

a surface of said substrate; and a channel on the surface
of said substrate for optically aligning 20 and coupling an optical fiber
having a di aneter dinension d[err] and said opti cal - wavegui de,
wherein the |longitudinal axis of said chanpg is in al i gnment or
gubstantially in alignnment with said wavegui de, said channel havi ng
aid optical fiber positioned therein such that the | i ght carrying
ore of said fiber and said wavegui de are in optical 25 alignnment or
ubst anti al | y5i nopficaktipersidusing=such saiaveserating pPracessg si dewal I s and

et el e L, SRR HBBeH a kRIS Hudhrares nébiaige! one

force polymer positioning elements 14 provide upon optical fibers
which are inserted therein and for evaluating such force. In the
preferred embodiments of the test depicted in FIG. 10, an array of

10 polymer positioning elements 76 and polymer optical waveguides 78
are printed by a process of mask irradiation of a reactive monomer
mixture onto the surface of a silicon wafer substrate 80 bearing a thin
layer of an optical buffer 82. Glass optical fiber 84 is inserted into
one of the channels 86 formed by a pair of polymer positioning

15 elements 76 such that it is held in alignment with optical waveguide
78. No glues or additional elements are present to increase the
retaining force on optical fiber 84, which is held in place solely by the
retaining force of polymer positioning elements 76. The other end of
optical fiber 84 is inserted into a hole 88 which is drilled into the end

20 of an aluminum block 90, which has a mass of 1 grams, preferably 10
grams, even more preferably 50 grams, more preferably 75 grams
and most preferably 100 grams, and is secured in the hole 88 by
several drops of epoxy giue 92. A block having a mass of 1 gram will
exert a force of 0.01 Newton on the coupling of optical fiber 84 and

25 elements 76 , a block having a mass of 10 grams will exert a force of
0.1 Newton on the coupling of optical fiber 84 and elements 76, a
block having a mass of 50 grams will exert a force of 0.5 Newton on
the coupling of optical fiber 84 and elements 76, a block having a
mass of 75 grams will exert a force of 0.75 Newton on the coupling

30 of optical fiber 84 and elements 76, and a block having a mass of
100 grams will exert a force of 1.0 Newton on the coupling of optical
fiber 84 and elements 76. The silicon wafer substrate 80 is placed in
clamp 94 and suspended such that the aluminum block is lifted clear
of the table top 96. Block 90 is allowed to hang from wafer 80, held

35 solely by the retaining force generated by the interaction of polymer
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floor has a width WL and the separation of said sidewalls adjacent to
said floor has a width W, wherein Werr], Werr], dlerr], and d[err] are

sel ected 30 such that: (a) Werr] is greater than Werr];
(b) d[err] is greater than 1/2 d[err]; and (c) dlerr] is
greater than WL and is equal to or less tha29Werr]. wherein the force

rgquired to displace said optical fiber fromsaid 35 channel is equal to
greater than about 0.01 Newton (N), as '

5 positioning elements 76 (preferably about 5 mm long) with optical
fiber 84 for a period of one hour without any noticeable change in the .
position of optical fiber 84 relative to optical waveguide 78. This
method demonstrates the unexpected stability of optical fiber 84 to
optical waveguide 78 coupling which is provided by the channel of

10 this invention having unique geometry which the methods of the prior
art do not provide unless additional elements or cements are present.

Figs. 11 and 12 illustrate the method of the present invention

by which polymer positioning elements of the required unique
geometry are provided. In Fig. 11 is detailed a method whereby

15 polymer elements 98 are provided by a pattern of mask irradiation
with UV light. Substrate 100 which may optionally be coated with a
layer of optical buffer material 102 is coated with layer of
photoreactive monomer layer 104 to a thickness which is greater than
the radius (¥ d1) of the optical fiber which is to be co'upled to the

20 optical waveguide. Image mask 106 bearing a pattern of opaque
areas 108 which allow UV light 110 to pass through only in the areas
which comprise the pattern of polymer positioning elements 112, and
optionally the pattern of channel waveguide elements {not depicted),
is positioned above monomer layer 104 in close proximity, and UV

25 light 110 as for example from a mercury or xenon lamp, is directed to
fall on the surface of image mask 106. UV light 110 which passes
through the clear areas of mask 106 causes a photopolymerization
reaction in the regions 112 of monomer layer 104 which are directly
under those image éreas. No photoreaction occurs in those areas of

30 monomer layer 104 which are shielded from the UV light by the
opaque areas 108 of image mask 106. After irradiation by UV light,
image mask 106 is removed and the unreacted monomer is washed
away with a suitable solvent such as acetone or methanol, leaving a
pattern of photopolymerized structures on substrate 100 which

35 correspond to polymer positioning elements 98 of the present
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9 5 determned by retaining force test. Yet anot her aspect

of this invention is d!rected to an inproved pigtail ed planar optical
device having a plurality of optical waveguide " to optical fiber
i nt erconnects on the substrate of this invention and a

‘ 30

5 invention which define channels 114 having the preferred trapezoidal
or substantially trapezoidal cross section having the requiréd geometry
to pass the test of FIG. 10. The simplicity and ease of
photodelineation of polymer structures and the great alignment
accuracy which is possible with lithographic methods in general,

10 allows the method of the present invention to overcome many of the

' drawbacks of the methods of the prior art. The unique geometry of
polymer positio‘ning elements 98, that being an inverted trapezoid as
shown on the right hand side of Fig. 11, is achieved by the choice of
proper conditions of irradiation. The optical absorption of the

15 unreacted monomer layer 104 at the wavelengths of the UV light
must be high enough, such that a gradient of UV light intensity is
established through the film. That is, the amount of UV light available
in the monomer layer to cause the initiation of the photoreaction will
decrease from the top, or the image mask side, towards the bottom,

20 or the substrate side, due to the finite absorption of the monomer
layer. This gradient of UV light causes a gradient in the amount of
photopolymerization reaction that occurs from top to bottom, and this
results in the unique geometry of the developed polymer structure, a
geometry which is easily accessible with the method of the present

25 invention, but not easily attained with the methods of the prior art.
The gradient in the amount of photopolymerization which occurs from
the top to the bottom of the film may be further influenced by the
presence of dissolved oxygen gas in the monomer layer, such oxygen
acting to curtail or quench the photopolymerization reaction except in

30 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 photopdlymer structures may be further

35 influenced by the process of self-focusing. That is,.___the light failing on
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packaged pl anar optical device conprising the inproved pigtailed 10 pl anar

optical device enclosed in a polyneric package. Still anot her
aspect of this invention relates to a nethod for form ng an opti cal
coupling device conprising a substrate having a surface region at
pre-determ ned position on a surface of saigg substrate for placenent

¥f an optical waveguide, and a polyneric 15 optical fiber positioning

gl ement for optically aligning and coupling an optical fiber having a
fli aneter d[err] and said optical waveguide positioned at said

pr edet er ni nedS poshe isurface ofithe soonomet tayept i04initiatesrphotopolypwsizationiang
Tongt tudi nal - axi e sGHRGE. and oee fas rafatve indkx of the salidifind Botvnern 20
alignment wi th sgiftenaisH§RérinaRCthat ot the liquid Abridiér, ANadts 2658FaEL
the light passing through it. In this manner the aerial image of light
falling on the monomer nearer to the substrate side of the monomer

10 layer is aitered through refraction caused by the already-polymerized
material which lies above it. This effect may cause a narrowing of
the resultaht polymerized structure from the top surface, upon which
the imaging light was directed, towards the bottom, or substrate side
of the layer.

15 In Fig. 12, a UV laser beam 116 is focused onto the surface of
the monomer layer 118 with a focusing optical element 120, such as
a quartz n"vicroscope objective, and the photopolymerized sections
121 are provided by scanning the focused laser spot on the surface of
monomer layer 118 in a pattern corresponding to the polymer

20 positioning elements 122, and optionally in the pattern of an optical
waveguide device (not depicted). After the exposure is complete, the
unexposed monomers are rinsed from substrate 124 by a suitable
solvent such as acetone or methanol to vield polymer positioning
elements 122 having the desired geometry on the surface of substrate

25 124, which may optionally carry a layer of optical buffer 126. In the
case of the method of Fig. 12, the required unique geometry of
polymer paositioning elements 122 is provided by the same process of
optical gradient within monomer layer 118, but is also further
enhanced by the focal properties of focusing optical element 120,

30 which converts the parallel beam of the iaser into a focused cone of
light which intersects the monomer layer with a cross section that has
the desired inverted trapezoid geometry. The influences of dissoived
oxygen and self-focusing on the resuiting geometry of the fabricated

photopolymer elements may aiso be considerable in the case of
35 scanning laser exposure. T
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of said optical

fiber in said channel and said optical waveguide in said

pre-determ ned position, said optical fiber and said optical wavegui de

are in optical

al i gnnent or substantially in optical alignnent, said

channel having sidewalls and a fl oor vvherei$%t he separati-on of said 25

sidewal I's at a cross-sectional depth dinens

n d2 in the direction

r__#prmal to said floor has a width W and the separation of said
i dewal | s adj acent to said floor has a width Werr], wherein Werr],

err], dlerrk,

@%tél%aéfﬁe PROFSThEF 18/8F 10834rid 118 compnsa a(a) Wis

reater than W; 30 (b) d[err{ is greater than 112 d[err]; and
I(c) dlerr] is grehotopolymerizpbler monnmerOrea) mixture of isurk Jeonamears/and one

wherein the force, regul egdQugicil e os@bebiRPoAS 8l nidrBSraifi ot S dheu

10

15

20

25

30

35

monomers include those described above for use in the formation of
positioning slements such as methyl methacrylate, n-butyl acrylate, 2-
ethylhexy! acrylate, isodecyl acylate, 2-hydroxyethyl acrylate, 2-
hydroxypropyl acrylate, cyclohexyl acrylate, 1,4-butanediol diacrylate,
ethoxylated bisphenol A diacrylate, neopentylglycol diacrylate,
diethyleneglycol diacrylate, diethylene glycol dimethacrylate, 1,6-
hexanediol diacrylate, trimethylolpropane triacrylate, pentaerythritol
triacrylate and pentaerythritol tetra-acrylate and mixture thereof.
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,
such as a mixture of Genomer T1600 urethane acrylate and 1,6-
hexanediol diacrylate or a mixture of ethoxylated bisphenol A
diacrylate and trimethylolpropane triacrylate.

A wide variety of photoinitiators are suitable for use in initiating
polymerization by UV light in the monomer mixtures. Many good
descriptions of useful initiators for photopolymer systems are available
in the art including Photopolymerization of Surface Coatings, chapter
3 (1982) by C.G. Roffey. Preferred phbtoinitiators are those which
are soluble in the preferred monomers and which have useful
absorption at the wavelengths of light chosen for irradiation. If the
necessary unique geometry of the photopolymer element is to be
provided by the establishment of a gradient of photoinitiation events
through the thickness of the monomer layer, then it is important that
the layer has significant optical absorption at the irradiating
wavelength. If the optical absorption of the constituent monomers is
small at these wavelengths the requisite absorption may be provided

by the photoinitiator. Combinations of several photoinitators are

Sheet Has Been Replaced

TN




channel is equal to or greater than about 0.01 Newton (N), as
determ ned by retaining force test, said process conprising the steps 35
of :

33

i 5 useful to broaden wavelength sensitivity or to increase loading
solubility or to match the photospeed of the monomer system to the
particular light source to be e'mployed. Especially useful
photoinitiators in the method of the invention include 2-hydroxy-2-
methyl-1-phenyl-propan-1-one (Darocur 1173), 2,2-dimethoxy-2-

10 phenylacetophenone {Irgacure 651) and 1-hydroxycyclohexyl phenyl
ketone sensitized 1:1 with benzophenone (irgacure 500). An
especially preferred mixture of photoinitiators is a 1:1:1 mixture of
these three sensitizers.

The amount of initiator which is useful in the photomonomer

15 mixtures is dependent on the desired photo speed at the available
optical power present in the source of irradiation and on the desired
wall angle and thickness of the polymeric positioning slement. In
general, less initiator is required for a high brightness, focused source
such as a scanned laser beam and more is required for a low

20 Dbrightness source such as a mercury lamp which has been spread out
to cover a large area such as a printed circuit board. Useful loadings
of photoinitiators, by percent weight of the total monomer mixture
layer, are 0.1 to 10% with a preferred range of 0.5 to 8% and a most
preferred range of 2 to 6%.

25 The following examples are intended to further teach the utility
of the invention. The scope of the invention is not limited by the
examples, as other uses within the scope of the invention will be
evident to those skilled in the art. The invention is limited only by the
appended claims.

30

EXAMPLE 1
A silicon wafer was spin coated at 6000 rpm with a
photocurable fluoromonomer mixture [80 parts F8 perfluoropolyether
diol diacrylate, 108 parts F40 perfluoropolyether diol diacrylate, 6
35 parts hexafluoroisobutylene/ vinyl alcohql._c_ppglyr_r_léq,_ 3 parts Irg_acure
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10 5 a) placing a layer conprising one or nore photopol ynerizabl e

nononers onto a surface of a substrate; b) exposing said |ayer
to a pattern of actinic radiation to form an exposed pattern of

pol ymeri zed nononer having the surface . di mensi ons of said pol yner
positioning elenment and a pattern of 10 une3osed nononer; and

cl).devel opi ng said | ayer by renoving said unexposed nononer to form
s@i d pol ymer positioning el ement on the surface of said substrate
fher ein the lopgitayy Dak P¥h&s YarsBik 19YSPWHIEh Wi then cured under a 1000

Watt xenon lamp for 1 minute under a nitrogen atmosphere to provide
a 4 micron thick optical buffer layer. The wafer was baked for 10
minutes at 120 C, followed by a 30 second oxygen reactive ion etch
(RIE) to improve adhesion of the subsequent waveguide layer. The

10 substrate was spread with a 180 micron thick layer of photocurable
acrylate monomer mixture {50 parts Genomer T1600 urethane
acrylate, 98 parts 1,6-hexanediol diacrylate, 1 part Darocure 1173, 1
part Irgacure 651 and 1 part Irgacure 500]. The substrate was placed
on a computer controlled positioning stage under the focused beam of

15 a UV argon laser. The computer was programmed to move the
sample under the laser beam so as to expose only discrete areas of
the sample in the design of a 3 X 1 channel waveguide combiner,
with individual pairs of polymer positioning elements at the end of
each of the 4 ports of the waveguide device. After the selective

20 pattern exposure was complete, the substrate was rinsed in acetone
to wash away the unreacted monomer from all areas not exposed to
the laser irradiation. The resuit was a rib waveguide 3 X 1 combiner
on a semiconductor substrate with precisely aligned polymer
positioning elements to facilitate the attachment of fiber optic

25 "pigtails®. The polymer positioning elemeénts were delineated so that
a bare glass fiber of diameter 140 micron would be tightly held in the
channel formed between them.

EXAMPLE 2
30 The waveguide device of Example 1 was placed under a
dissection microscope to magnify the waveguide termination area.
Bare glass optical fiber strands were hand-inserted into the channels
formed by the polymer positioning elements. It was immediately
. noted that, once inserted, the glass optical fibers were heid very
35 tightly by the polymeric positioning elements. It v;las therefore quite
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al i gnnent or substantially in alignment with said position. 15° Thi s

I nvention also relates to a nethod for form ng an opti cal coupling
device with an optical wavegui de conprising a substrate, an optically
transm ssi ve wavegui de positioned on a surface of said substrate, and
a polyneric optical fiber positioning elenent for optically aligning
and coupling an optical fiber having a diardt er d[err] 20 and said opti cal

vegui de, said polyneric optical fiber positioning el enent conpri sing
p channel having sidewalls, wherein the | ongi t udi nal axis of said

cchannel is ingal leg?,?%ts Ee§é|9§l9laﬁggtamls‘té%” of the fodbl gl o Wit

| ongi t udi nal aX|s 0 sal wavegu at on nent of said

optical fiber indistutbinganyadf tha previdusiyinsertedr opticél Ziberssal d optical
wavegui de are in optical alignnment or substantially in

EXAMPLE 3
The pigtailed device of Example 2 was clamped down under a

10 CCD camera so that the fiber termination area could be observed on a

TV screen. The optical fiber pigtail was held by an XYZ positioning

stage so that it could be moved relative to the waveguide substrate.

The positioning stage was used to transiate the optical fiber in both

the in-plane and out-of-plane directions. It was possible to cause a
15 large bend in the optical fiber in either direction without inducing the

optical fiber to come out of the polymer positioning elements.

EXAMPLE 4
A pigtailed sample was prepared as in Examples 1 and 2,

20 except in this case the non-fluorinated acrylate monomer mixture of
Example 1 was utilized to form the optical buffer layer and a higher
index acrylated monomer mixture [96 parts ethoxyiated bisphenol A
diacrylate, 33 parts trimethylolpropane triacrylate, 3 parts Irganox
1010 antioxidant, 1 part Darocure 1173, 1 part Irgacure 651 and 1

25 part Irgacure 500] was used to form the optical waveguides and the
polymer positioning elements. No reactive ion etching was used.
After the glass optical fiber pigtails were in place, the entire structure
was overcoated with a thick layer of the lower index acrylate
monomer mixture, which was then UV exposed to polymerize it. The

30 result wa_'s a device which was fully encapsulated by a polymer layer
to protect it from dirt and physical damage.. The polymer positioning
elements were capable of maintaining the alignment of the glass
optical fibers to the ends of the optical waveguide device during the
overcoating process War addmonal reta:mr_lg.

35 elements.
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optical alignnment, said channel having sidewalls and a floor wherein
the separation of said sidewalls at a cross-sectional depth dinension
d2 in the direction normal to said floor has a wwdth WL and t he
separation of said sidewalls adjacent to said floor has a-width W2, 30

wherein Werr],

Werr], dlerr], and d[err] ¥ e selected such that:

(a) W is greater than W; (b) d[err] is greater than 1/2

dlerr]; and

fess than Wegr],

(c) d[err] is greater than WL and is equal to or
wherein the force required to displace said optical

fiber fromsard 35 channel is equal to or greater than about 0.01 New on

(N), as

10

15

20

25

30

35

EXAMPLE 5
A 3 X 1 combiner was produced as in Example 4 except that
the substrate was polyimide laminate circuit board material rather than

a silicon wafer.

EXAMPLE 6

A chrome on glass photomask was produced which contained a
pattern of straight line optical waveguides with sets of polymer
positioning elements of length 5mm at each end. The mask was
brought into contact with a 125 micron thick layer of the high index
photocurable monomer mixture of example 4 on a silicon substrate
bearing a thin layer of the photocured low index optical buffer of
example 4. The sandwich structure of substrate, photocurable
monomer and image mask was placed under the collimated output of
a 1000 Watt xenon lamp fitted with UV reflecting optics. The
monomer was exposed for 12 seconds, after which the mask was
removed and the unexposed regions were rinsed away with acetone.
The straight optical waveguides and polymer positioning elements
remained on the optically buffered silicon substrate. A length of glass
optical fiber was inserted intb the channel formed by one pair of the
polymer positioning elements so that it was aligned with the bolymer
waveguide. The other end of the optical fiber was epoxied to an
aluminum weight weighing 110 grams. After the epoxy dried, the
wafer bearing the waveguide was hung vertically so that the weight
was suspended solely by the gripping action of the polymer
positioning elements. The interaction length between the optical fiber
and the polymer positioning elements was only 5mm and no type of
glue or epoxy was present in this region. The weight was allowed to
hang from the waveguide substrate for several months and no

displacement of the optical fiber occurred.
heet Has Been Rc.placed
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5 determned by retaining force test, said process conprising the steps
of :

37

EXAMPLE 7
An optfcal waveguide with pairs of polymer positioning
elements at each end was prepared with an image mask exposure as
in Example 6, except that the substrate was a polyimide laminate
10 circuit board material rather than a silicon anfer.

EXAMPLE 8
Example 4 was repeated except that two polymer optical
waveguides were written with a 40 micron separation and the
15 polymer positioning elements were laser written with a separation
slightly less than twice the diameter of the glass optical fiber. Two
bare optical fiber pigtails were placed in the channel between the
polymer positioning elements at each end of the optical waveguides,
for a total of four pigtails. The polymer positioning elements were
20 capable of maintaining the alignment of each of the optical fibers to
its respective waveguide during the overcoating process.

| EXAMPLE 9
Polymer positioning elements were prepared on silicon

25 substrates by both the focused laser writing process of exampie 1
and the masked irradiation process of example 6. The crystalline
silicon wafers were then cleave fractured perpendicular to the
polymer positioning elements so as to provide a cross section of the
elements. The cross-sections of the cleaved polymer positioning

30 elements were then examined by optical and scanning electron
microscopy. The structure of the polymer elements was observed to
have the requisite geometrical shape of a preferred embodiment of the
present _invention, that being inverted trapezbids with the longer of
the two dnequal parallel sides located on top and the shorter of the

35 unequal parallel sides located adjacent to the silicon wafer substrate.
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a) placing a | ayer conprising one or nore photopol ynerizabl e nMoNomer s
onto a surface of a substrate having a wavegui de thereon; b)
exposing said layer to a pattern of actinic radiation to form 10 an
exposed pattern of polynerized nonomer having the surface di mensi ons
of said polynmer positioning elenment and a psgtern of unexposed
nononer; and c) devel oping said | ayer by renoving said
unexposed nononer to form said pol yner positioning elenment on the

gurface of said 15 substrate wherein the |ongitudinal axis of said channel
{s in alignneft The resyitingshapgef e channe) bajwaen: twe sHCh SErUCEHESindi nal

axis of sald . Prokiiitp Walfaiso of the required GeofHith'8F 1 Bréskn® inveltidn,
that being a channel with a smaller opening at the top and a larger
separation at the substrate. The shape of the channel could also be
described as a. trapezoid with the longer of its two parallel unequal
10 sides adjacent to the substrate. The width of the channel separation
at the top was less than the 140 micron diameter of a suitable glass
optical fiber, while the bottom separation dimension was adequate to

accommodate such an optical fiber dimension.

15 EXAMPLE 10
A substrate comprising a sheet of Lexan polycarbonate was

spin coated with a thin layer of the optical buffer material of Example
4 and exposed to a xenon lamp for 10 seconds to cure. The
substrate was then coated with a 20 micron thick layer of a reactive

20 monomer mixture comprising [56 parts ethoxylated bisphenol A
diacrylate, 19 parts trimethylol propane triacrylate, 21 parts Genomer
T1600 urethane acrylate, 41 parts 1,6-hexanediol diacrylate, 1.7
parts irganox 1010 antioxidant, 1 part Darocure 1173, 1 part Irgacure
651, 1 part irgacure 500]. The focused UV laser apparatus of

25 Example 1 was used to write a pattern consisting of a rectangular
plateau which was then developed by rinsing with methanol. The
substrate bearing the plateau structure was then coated with a 120
micron thick layer of the high index monomer mixture of Example 4
and the same focused UV laser apparatus was used to write a pattern

30 corresponding to a straight channel waveguide with pairs of polymer
positioning elements at each end. The channel waveguide was the
same length as the plateau feature and was positioned such that the
waveguide was on top of the plateau and the ends of each were
coincident. The polymer positioning elements were therefore placed

35 just beyond the edge of the plateau. The expg;_e_d_ structure was -
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form ng an optical coupling device with an optical waveguide 20 conpri sing
a substrate, a polyneric optically transm ssive wavegui de positioned
on a surface of said substrate, and a polyneric optical fiber

positioning elenment for optically aligning and coupling an optical fiber
having a dianeter d[err] and said optical waveguide, said polyneric

optical fiber positioning elenent conprising®a channel having 25

sidewal I s, wherein the |ongitudinal axis of said channel is in alignment

or substantially in alignnment with the |ongitudinal axis of said

wavegui de, such t (F:!g%ec??re%' @F@ﬁﬁggtlégf nﬁ%b%?%itﬁ%e{r{?%f td Provids a channel

channel said opti I ber and optical waveguide are I n optica

al i gnnment or subsoptitalaiviyeguide oni @ 20 siicrgnrplateauswitt & painofipdivmieng 30
sidewal ['s and a f00k W Sletents cantered on'Badh end of the wavaguidd bk
positioned just beyond the edge of the rectangular plateau. The
channael structure formed by each pair of polymer positioning elements
10 was pigtailed with a glass optical fiber of diameter 140 microns and
core diameter of 100 microns. In this manner, the optical fiber was
precisely aligned with the optical waveguide and the plateau region
served as an offset, so that the lowest portion of the optical fiber core
was precisely located with the bottom of the optical waveguide, thus
15 providing excellent vertical and horizontal alignment. The pigtailed
waveguide structure was overcoated with the same monomer mixture
which comprised the plateau structure and the mixture was
photocured for 1 minute under a xenon lamp. The refractive indexes
of the cured waveguide material and the cured overcoat material were
20 chosen such that the numerical apertures of the waveguide and the

optical fiber were matched.

EXAMPLE 11
Example 10 was repeated except the substrate was a polyimide
25 circuit board material and the unexposed monomer was removed with
an acetone rinse.

EXAMPLE 12
30 Example 11 was repeated except that a chrome on glass
photomask and a xenon lamp were used in.place of the focused UV
laser to print both the rectanguiar plateau features and the optical
waveguides with polymer positioning elements.
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cross-sectional depth dinension d2 in the direction normal to said

floor has a wwdth WL and the separation of said sidewalls adjacent to

said floor has a width Werr], wherein Werr], Werr], dlerr], and d[err]

are selected such that: 35 (a) Werr] is greater than Werr];
. 40

5 P Vv E> MP
A chrome photomask was prepared with patterns of straight

channel optical waveguides terminated with pairs of positioning
elements. The pairs of positioning elements were centered on the
midline on the straight optical waveguides sections and there was a

10 separation of 240 microns between the centerlines of the positioning
elements. The widths of the positioning elements was varied from 90
to 110 microns in 5 micron increments such that the width of the
channel formed between each pair of elements ranged from 150 to
130 microns. This pattern was printed by lithographic exposure as in

15 Example 6 to form polymer channel waveguides with associated
polymer positioning elements, where the width of the top of the
channel formed between such elements was varied from 150 to 130
microns (where this separation width is equivalent to dimension W1
of Fig. 5). Glass optical fibers of diameter 140 microns were then

20 inserted into each channel in alignment with the polymer optical
waveguides. Referring to Figure 5, this represents the cases where
dimension W4, the separation between the positioning elements at
the top of the channel, ranges from less than the optical fiber
diameter to greater than the optical fiber diameter. Upon inserting the

25 fibers into the channel and subjecting them to very small
disturbances, such as lifting the substrate and ailfowing the weight of
the fibers to hang on the union it was observed that those channels
with top separations of 145 énd 150 microns failed to retain the fiber
in contact with the end of the channel waveguide. The channel with

30 a top separation 140 microns was able to hold the fiber position for
very small disturbances, but failed if the force on the fiber was
increased. The channels with top separations of 135 _a_nd 130
micron, (smaller than the optical fiber diameter) provided for a very
robust union of optical fiber to optical channel waveguide, and were

35 not.disturbed even if small weights were suspended from the optical
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12 5 (b) d[err] is greater than 1/ 2 dl-err]; and (c)

dlerr] is greater than WL and is equal to or |less than W2, wherein the
force required to displace said optical fiber fromsaid channel is
equal to or greater than about 0.01 Newton (N), as det erm ned by

retaining.force test, said process conprisi4ly the steps 10 of:
a) placing a | ayer conprising one or nore photopol yneri zabl e

s fiber. The channel with 135 micron top separation was preferred as it
provided a secure union, but required less force on the optical fiber
during insertion. Thus, those positioning elements that do not posses
the necessary geometry of the invention, that is, those whose top
separation dimen_sion is greater than the diameter of the optical fiber

10 to be inserted, do not provide for the desirable properties of the
present invention, those being secure and accurate positioning of
optical fibers to optical waveguides.
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MoNONers of a substrate; b) exposing said |ayer
to a pattama agglﬂ lrfation to form an exposed pattern of
pol ymeri z F 5

the surface 15 di

5oy Mer
posi tioning el ement and sai d wavegui de, J*‘&S §HEEEHAS&E gdxposed
nononer; and c) devel oping sdid Ia er b\REREASEDhg saijd
unexposed nononer to form said pol ynmer po§i"t‘|"o‘ﬁ‘|_ﬁg‘_el'e’rr_e‘ﬁt‘_6n t he
surface of sHVHATIS CLAIMEDIIS: wherein the |ongitudinal axis of said
channel is in alignment 20 or substantially in alignment with the
| ongi tudi nal axis of said wavegui de. This invention

exhi bits one or nuor.eAndpticalogmsplingodevizanitte anidptical waveguiief ul on a wi de
vari ety of substrates on Whl ch optical wavegui des
comprising:
5 a substrate;
an optically transmissive waveguide on a surface of said substrats;
and
a channel on the surface of said substrate for optically aligning and

coupling an optical fiber having a diameter dimension d1 and said optical

10  waveguide, wherein the longitudinal axis of said channel is in alignment
or substantially in alignment with said waveguide such that on placement
of said optical fiber in said channel the light carrying core of said fiber
and said waveguide are in optical alignment or substantially in optical
alignment, said channel having sidewalls and a floor wherein the

157 separation of said sidewalls at a cross-sectional depth dimension d2 in
the direction normal to said floor has a width W1 and the separation of
said sidewalls adjacent to said floor haBa width W3, wherein W{, Wo,

(a) W3 is greater than Wq; ,© V d/ N/\

20 (b} d2 is greater than 1/2 /?an
{c) d1 is greater than W1-and is equal to or less than W2, wherein
on placement of said optical fiber in said channel the force required to

—

{ -

N

dq, and d2 are selected such that:

displace said optical fiber from said channel is equal to or greater than
about 0.01 Newton {N), as determined by retammg forca test.
25
2. The coupling devics of claim 1 wherein said force is equal to or ~

greater than 0.1 Newton.

3. The coupling device of claim 2 wherein said force is equal to or

30 greater than 0.5 Newton.
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are desi re(“!![l ”wi Iij "Mtol ve any high tenperature processing 25 which
may del et er'i 'y :substrate or opti i S

utilizes a photolithographic nmethod which conljj mess BeEHT RirgBEEN
positioning or alignnment accuracy with sinpligfty ofREPaAGEBCtUri fig
met hod and' | ow cost. It provides for a firmretarnmrng-rorce=on=the
optical fiber, thus simplifying the attdchnent of optical fibers to 30
optical wavegui ded, T@esi td¥eeli Las A '
multiple fibers or arr aygugﬁd%ggﬁgglaﬁlgﬁ?%agelgi%ﬁg grgﬁtﬁésta rﬁg#gﬂ)()?r
optical wave§{REr ham0.75 Newtoni des for an accurate alignment and
firmretention of an optical fiber positioned in a small area on the
opti cal wavegui de substrate, thus allowing for a higher density of 35

optical interconnBctThe beouplify B6¥iee &t diditn B Whbrel 'saithidrbe i bhlidieidldl kY
5 greater than 1 Newton.

6. The coupling device of claim 1 wherein said force is from about
0.1 to about 1 Newton.

10 7. The coupling device of claim 1 wherein W1 is from about 0.6
d1 to about 0.99 d1.

8. The coupling device of claim 7 wherein W1 is about 0.8 dq to
about .99 dq .
15

8. The coupling device of claim 8 wherein W1 is from about 0.9
d1 to about 0.99 dj.

10. The coupling device of claim 8 wherein d2 is from greater
20 than 1/2 dq to about 2 d1. |
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Il THIS SHEET HAS BEEN
REPLACED

ABST T QF THE DIS SUR

POLYMER MICROSTRUCTURES WHICH FACILITATE
FIBER OPTIC TO WAVEGUIDE COUPLING

The present invention is directed to an optical coupling device
for facilitating the coupling of an optical fiber to an optical waveguide
and to a method for fabricating such coupling device. Another aspect
of this invention relates to optical fiber to optical waveguide
interconnect comprising the coupling device of this invention, and

arrays comprising a plurality of such arrays.
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5 cli/fs, &89 positioni ng el ement s. Ifﬁ)ao%i délg’kﬁo{un@ lﬁhe g e
opti§ ?I er positioning channel which is not provid S 5 o devices
and /et hods for fabricating sane. Finally, it allows for sinp

nbly of optical fibers to optical waveguides, w thout the

neessity of conpl ex, expensive positioning devices, which would-10
adversely affect the cost of nanyf@acture. REPLACEMENT SHEET _
Brief Description of the Draw ngs The inye ottt o[ e

%
-}

fully understood and further advant ages w || bedo p
reference is nade to the 15 follow ng detailed descr tlig @ﬁltﬁngzm
i nvention and the acconpanyi ng

FIG. 1

“

/ L\

16 12 24

[

10

22

14

18 20
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dramﬁng§ﬁhﬁwwwwh: FIG 1 is a perspective viey f erred

opti cal gtoupl i ng device of this invention.
persp ive view of an enbodi ment of a preferred 20 optlgngéﬁﬂ%W$hg
devi and optical waveguide of this invention. ~ FIG S

per
opt

ctive view of an enbodi nent of a preferred .«MGPLLGaLmL&beL—LQ
| wavegui de interconnect of thgsii nvention. REPLACEMENF| $HEEF s a

per @ective view of the enbodinment of FIG 3 hgvifrrg—arm 0p[1bd[ buf f er
| ay 25 FIG 5 is a cross-sectional view off 4 3%% &gg i ¢a
fibgE to opti cal maveQU|de I nterconnect of thig iin t p|¢twd in
FIl G-3— along line 5'-5.

P
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FIG 6 is a cross-sectional view of another preferred optica fiber to
opt L Zasioe@éequi de i nterconnect of this invention havi pgraus’drosdss apezoi dal
shag or substantially trapezoi dal shaped channel having two opti cal
| ers positioned therein. FIG 7 is a perspective view of an
ay of this invention with nore than one optical coupling devices
d optical fiber to optical wavegui de i nt ercorREqagm?gM ngﬂsuface
f a substrate. 35 FIG 8 is a perspective ipw '—‘net ker—prieferred
rray of this 11
Y 3 24 JUN 1997

FIG. 3

Y /\/38\/-\ 5
| .15 - / o r’ 2
S 1\ .
T \32 12 }8 20
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packaged opti cal

4/11

FIG. 4

FIG 9 is a perspective,view with a cutaway

fiber to optical in o Of t he
to that of FIG 3, but including a po ric

£l vy

T REPLACEMENT SHEET

FJUN 1997
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FIG 10 shows a device for determning the retaining force of 10 the

couptgessndvi ce of this invention. FI G 1gcrivsssdoost es a

pref grred process for the formation of a coupl i ng device of the

pregent invention. _ FIG 12 illustrates argihei gferred

prgcess for the formation of a coupling devi ceq@ ; esent

i ghention. 15 Description of the " Enbodi nent s
e preferred enbodi nents of th|$ #nventlon will be better under st ood
y those of skill in the art by erence to the abque

REPLACEMENT SHEET

24 JUN 1997
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fi gurge586230not i ntended to be exhaustive or to |imt POEUSAY/EI50oON to

enti on.

reci se formdisclosed. They are chosen to descriec @mMJﬂ%q est
explfain the principles of the invention, and its appl ' d practica

to thereby enable others skilled in the art to b ilize the 25
One preferred embodi ment of the co e of
invention is depicted in FIG 1 and is

i E&P{Aﬁmmaﬁﬁ S Indner al

10. Devi ce 10 conprises channel 12 positioned
substrate 20. Channel 12 carf/8d of any shape o enrgn}‘3 % hat
it has a 30 certain specific geonetric dinensions.|{Cha MY can '
formed by | i t hographi c techni ques using phot opgl yner.| rs
and the
_.s. FIG. 6
14
20 12
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| i ke. Channel 12 can be a single construction or can be forned from
nunber$89596370s. I n the preferred enbodi nents of the | NVEALURP090s0

a

depi cyed in FIG 1, channel 12 is fornmed of lithographic techniques and 35

is fgrmed by a pair of adjacent positioning elenents Wlﬂ%ﬂ

7/11 e :
| REPLACEMENT SHEET
24 JUN 097
3_, FIG. 7
46
NN N
48 48
52
56
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5 sidewalls 16 and 18 of channel 12 and a portion of the surface of
subst gabsoe2dowhi ch forms floor 24 of channel 12. Channec1i@sg4®9050

posi fioned on the surface of substrate 20 such that it'%l g@&i%ﬂﬂ*nal
is in alignment or substantially in alignment with_,p ned

axi

podition 22 on the surface of substrate 20. 10 can be
med of any solid material used in the formation of substrate for
nventional optical wavegui de devi ces. Desired Cﬁ%ﬁ%ﬁ&ﬂ@g@ﬁhgggPF

hese materials include nechani cal ?nd
_ 8/11 .
24 JUN B9 M

E
4 -

FIG. 8

:, 60
62 62

62

68

/ 66
64
- . e o5
72 72
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optical spability at typical operating tenperatures of the device.

Pr ef err epo?80&70al s for use in the fabrication of substrate 20 include 15~
printed fcircuit board material, polyners, quartz, glass, fBSEWSI4/bd08@, '
sem conductor wafers and inorganic crystals. A preferred

coupling and optical wavegui de device of this I nventi gﬁbff icted in
FIG 2/and is represented by the nuneral 26. Coupling gn é&ﬁ'
wavegui de device 26 conprises polymer 20 positioning el € fining -
chagnel 12 on the surface of substrate 20. Device 26 also in es
ch#nel waveguide 28 at a - predet erm ned position (which corresponds.to
poSition 22 in device 10) on thé&/¥lrface of substrgt Pﬁl thsﬂggn
al ijgnnent or substantlally in alignment with the llo T hal—aod ,
channel 12. : .

24 JUN 997 \

FIG. 9

s

52 48 52
74 :
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g 54 o5 » 56
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25 A preferred optical fiber to waveguide interconnect of this

mven;wops/oa-;ojepl cted in FIG 3 represent ed by the nunb fﬁgs 4,09050
i nt erconnect 30 conprises polynmer positioning elenents 1 %

sidewal I s 16 and 18 of channel 12, on the surface of s and
a channel waveguide 28 in ali gnrrent or substantially i %&nt W th
thg | ongi tudinal axis of channel 12. Interconnect 30 | udes
ogtical fiber 32 positioned in channel 12 such that theg. Li.ght r‘arrVI ng
chre 34 of optical fiber 32 is in &Bflkal alignnent or REPLJ\SWNEISHEBTW

i'n optical alignnment with wavegui de 28 such that |ight{ ~—ecan—be—
propagated through light carrying core 34 and into opt}cgl 3EJUWW

wavegui de 28. FIG 10

D

b i

94
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)
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/6 | \84
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Anot her preferred optical fiber to optical waveguide
#0 95/06270 | PCT/US94/09050

3% TuN [y
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I nterconnect of this invention is depicted in FIG 4 a
the nuneral 36. Interconnect 36 includes all of the co
i nterconnect 30 identified by like nunerals. In additign, |nt t

36 includes optional optical buffer layer 38 on a surface sﬁB@f 1p
20 and wavegui de 28 and el enents 14 are positioned on the <urfarn Df
buffer layer 38. Optical buffer |ayer 384s required by the nature of
gui ded wave propagation of light for those cases where
i ndex of the substrate is larger than that of the channel tlcal

St ot r e ok can provide this ?L‘nL??inW?é ﬂmﬂﬂtﬂlﬂﬂmmﬂl |
in the fahri catn@pi@f cdupfiigedevicaysth adBpriddl Wdsdgiuitleicumpadingrat er i al s used

the fabrication of buffer layer 38 are |low refractive i ndex
a substrate.

REPEAGIJNE’}\HUSHEET

@TreTTCS™ OT

an optically transmissive waveguide on a surface of said substrate;
an optical fiber having a dimension d;; and

a means to withsiand a force to displace said optical fiber of at least 0.01 Newton (N). as
determined by retaining force test, comprising a channel on the surface of said substrate for optically
aligning and coupling said opuical fiber and said optical waveguide, wherein the longitudinal axis of
said channel is in alignment or substantially in alignment with said waveguide such that on p!acement
of said optical fiber in said channel the light carrying core of said fiber and said waveguide are in
optical alignment or.substantially in optical alignment, said channel having sidewalls and a floor
wherein the separation of said sidewalls at a cross-sectional depth dimension d; in the direction
normal to said floor has a width W, and the separation of said sxdewalls adjacent to said floor has a
width W3, wherein W, W;_d, and d; are selected such that: -

{a) W is greater than W;
(b) d: is greater than 1/2 d;; and

(c) d; is greater than W, and is equal to or less than W,

The coupling device of claim | wherein said force is equal to or grea.ier- than 0.1 Newton.

(]

The coupling device of claim 2 wherein said force is equal to or greater than 0.5 Newton.

L)
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'- @ Doscription : paged ..L. to paged N |
~ phot opgl Y %&@EM:EMnSHEET ¢d polymer |ayers, spi an 8 nen'sJi; 2 d41.cas giged .....
gli oxi dg, joxi des f or med by chem cal vapor depos th GﬁNE 3;5%6 to paged .....
fl uoropol yn@BsSEPB98r ded materials are low re ra #\ﬁ%c? nd to paged ...
phot opdl imer s and f | uorjogol ymer s, ~=nor e preferr d-rfaterral s’ w&2
“refract} vé Thdex phot opoljyners. relative 05|L 0
.cha][mell 1 ' 28 or pr edek erm e@%ﬂﬁﬁ CHAPD 1y -rq'ﬂ'g """
surface of sybstrat \WE.!! din
FIGs 1, 2, and 4eP anne ﬁlgﬁQS?%CT@RES‘e CWFAQ@ ermed

posi tion 22 are posi t i oneBIBERtORTICNTO WA\I/EG}MDBl@.UBkINGOf channel 12

and t he | ongitudi nal
alignnent or are substantially in alignment
fiber 32 is placed in channel

10

15

20

25

30

35

axi s of wavegui de 28 or position 22 are in

such that when opti cal
12 the |ight

Background of the invention
1. Field of Inventi _

The present invention is directed to an optical coupling device
for facilitating the coupiing of an optical fiber to ar optical waveguide
and to a method for fabricating such coupling device. Another aspect
of this invention relates to optical fiber to optical waveguide
interconnect comprising the coupling device of this invention, and
arrays comprising a plurality of such arrays.

2. Description of the Prior Art

Recent developments in the area of optical communications
have provided a large number of optical waveguide devices for the
control and routing of light. Optical waveguide devices which are
created on independent substra’ges are often referred to as planar
integrated opticél devices or photonic devices. These devices can be
further characferized as passive devices, those which serve only to
route the propagation of light along a particular path, and active
devices, those which control some function of the propagating light,
such as its intensity or polarization, or which dynamically control the
path along which the light propagates. However, the propagation of
light on a substrate bearing an optical waveguide is usually suitable
only for short propagation distances, usually much less than a meter.
For longer distance propagation the optical fiber is the medium of
choice due to its excellent transmission characteristics and ability to
be fabricated in lengths of many kilometers. Therefore, if an optical
waveguide device is to be utilized in an optical communication of

This Sheet Has Been Replaced

i

96056205
05 SEP 1998



30 carryi ptical fiber 32 and wavegui de 28 or

predeterm 1 i n optical alignnment or substantially in
optical ali . j ght can propagate through core 34 and

into wavegulde B gHP 1998 erred enbodi ments of the invention as
-depicted in{the figures pr g channel 12 i@ forned by sidewalls 16 35 and
18 of el enent s—1 of substrate 20, elenents 14 are

5 sensor or distribution system, it is usually required that it be coupled
to an optical fiber at least one point, and often at many points, on the
substrate. An optical waveguide device which has been coupled to
lengths of optical fibers for ease of insertion into an optical fiber
system is sometimes referred to as a "pigtaiied" waveguide device by

10 those skilled in the art. Light propagates through the core region of
optical fibers and these core regions can be as small as a few microns
in diameter. Thus, in order that the fiber to waveguide coupling is
accomplished in an efficient manner that does not waste most of the
light, the alignment of the fiber to the waveguide is of necessity a

15 critical parameter. Numerous articles and methods have been devised
in the prior art to provide for efficient coupling of optical fibers to
substrates bearing optical waveguide devices. The need for critical
alignment tdlerances has resuited in a high degree of complexity and
cost for these devices and methods of the prior art. There are many

20 descriptions of methods which utilize silicon "V-grooves” as a
positioning element, such as US 4,767,174, which make use of the
fact that certain crystalline orientations of silicon can be preferentially
etched to a high degree of accuracy. This is accomplished by a series
of lithographic steps including resist coating and exposure, followed

25 by liquid etching. However, the V-groove, once fabricated, serves
only to position the optical fiber relative to the surface of the silicon
wafer. It still remains to position the fiber end relative to the
waveguide end. This is usually accomplished by micromanipulation of
the two components relative to each other followed by fixing the

30 alignment by an optical quality glue. Micromanipulation is an
expensive and time consuming Qperation for use in a manufacturing
operation. Alternatively, the V-groove and optical fiber can be
positioned relative to the waveguide by the use of additional
positibning elements, but these aiso increase the complexity and

35 therefore ¢ cost of the method Even when the V-groove technique is
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17 5 po#i
enbodi ment
are created:

MEQTnﬁﬁde this effect. In the nore preferred
rﬂxe tion where polyner positioning elenents 14

tANRE
18 &éh

aphi ¢ neans from phot opol yneri zi ng nononers,
el enment s g ed with channel. waveguide 28 with a
relatively hig f accuracy. FoP exanpl e, an especially
accurat e net hotof "10 allgnne t is to create polyneric p03|t|on|ng

el ements 14 and_channel- -

s utilized only to coupie two optical fibers to one another, as in US

4,973,126 there are several additional positioning elements required.
 Also, the V-groove techniques serve to position an optical fiber
relative to some surface, such as that of the silicon itself, but the V-
groove does not provide any force to retain the optical fiber in
10 position. That is, the optical fiber can easily slip out of the groove
unless one or more additional elements are present to provide some
retaining force. Typically, a cover plate or a second substrate
containing V-grooves is forced down in contact with the optical fibers
to hold them in the V-grooves and an optical cement or photopolymer
15 is used to hold the assembly together.
Several methods have been taught in the prior art for creating
optical fiber positioning devices on the substrate which also bears a
'waveguide or integrated optical device. These technigues do serve to
reduce the overall number of separate elements which must be
20 assembled to complete the optical fiber to waveguide coupling.
However, the techniques still remain complex in manufacture or they
lack sufficient reta'ining force to provide a simple, low-cost, yet
effective method of providing such a coupling. US 5,150,440
describes a method wherein waveguides are printed in a plastic film,
25 in which film are subsequently created rectangular grooves, as by
excimer laser ablafion of the film near the waveguide terminus.
Subsequently, the film bearing the waveguide and grooves is
laminated on both sides with additional film layers such that the
openings of square cross section are created in the plane of the
30 waveguide. The ends of the openings are generally made accessible
and smooth by a subsequent microtoming step. The square opening
is then filled with a liquid photopolymer'a_dhesive and optical fibers are
then admitted into the square opening and fixed in place with a
cementing proéess This method invoives a large number of
35 manufacturlng steps such as lamination and excimer laser ablation |
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optical wavegu me pol yneri zabl e nononers during ~ the
sane ul travi ol a?ﬁﬁgﬁéﬁmng f)?sure step. This can be .acconpl i shed

by placing both |ithographic fledtures onto the same pattern mask or
by programi ng | 85 SE® mat-wrlte apparatéls_to 15 scan both patterns in
a single UV expokure step. FIG™®5 is a cross-sectional view,
along line 5 -p of FIG 3, of I nt erconnect 28 whi ch depicts channel
12, elements 14, sidewalls 16 § and 18, optical fiber 32, core 34 and

substrate 20sin aduaaymuaaltbethe speciit Wivegorietypeof nrw%hﬁbhm@m i8S t6 hat
must exist for the proper 20 functioning of the present i nventi on.

rel ati onshi p of WA¥eQuides creategdntthin plastictshests of thﬁéaa‘!ﬂ/amngmkobss h| S
invention. That dsSthe waveblida"@hidtsEafbePtbdveHiehtiy RotdifedBY md@das! 12

haV| ng certain

o QL

such as laser ablation. The method does not provide for a convenient
method of attaching optical fibers to optical waveguides created on
10 other useful substrates such as semiconductor wafers, polyimide
circuit board materials, glass, lithium niobate and other crystailine and
ceramic substrates. Neither does it provide for a method of attaching
optical fibers to any film except those which are the thickness of the
optical waveguide, unless they are supported on another layer which
15 is removable after the notching process, which adds further
complexity to the manufacturing process. US 4,735,677 describes a
method for providing guides for aligning optical fibers on the surface
of a silicon substrate. In this method it is necessary to first grow a
layer of glass on the silicon wafer by a soot process wherein a glass
20 precursor is treated by flame hydrolysis to deposit glass particies on
the silicon, followed by heating in an electric furnace to consolidate
the glass. This layer. of glass is then lithographically patterned and
etched, as by reactive ion etching (RIE), to form the positioning
elements. After formation of these elements, an optical fiber can be
25 inserted between them and fixing is accomplished with an adhesive or
by melting the glass with a CO2 laser beam. This technique invoives
a great number of processing steps and is limited to substrates which
are not damaged by high temperature processes or those which do
not contain sensitive electronic devices which would be damaged by
30 an RIE etch. A number of desirable substrates for waveguide devices
such as polyimide printed circuit boards and polycarbonate would not
be useful for these reasons. Further, like the V-groove techniques, it
serves only to position the optical ﬁbgrs'yet provides no rigidity or
retéining force to the coupling except through the addition of an
35 adhesive or another high temperature melting process. Several
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geonetri cal
fiber 32 is
di spl ace sai
about 0.01

TEL4 rﬂ]orngt]a ement of fiber 32 in channel 12 such

' Lh.the-channel 12 such that the force required to 25

ptical fiber frbmsaid channel is equal to or greater than

o HN)EP 4%9%et el ni ned by ret gl ning force test depi ct ed

n{general, the~cross-section of channel

12 is such tHhat 12 hasja wi dth dimension of W at a regi on of

channel 12 at} a depth di of d2 fromfloor 24 of 30 channel 12 in

We di rect i ors nomethods fenfarniihg fibe? o ptitdpdsitioning a%\hces in mbidedsi on of

: err] at a regi of hannel 12 adjacent to channel 12.
Ot cal fi ber - 3o AteIEopiaRiR pts BrVAGY. JpgaR Kalkai Eatens 278004, arayies fof

this invention, bpacaRfigery@ite gibeves of WbpFodimatbR friangaltit bss Shedd®
sel ected such that:
by a method of compression molding a thermoplastic resin in a die.

This essentially provides a die-molded plastic version of a silicon V-

10 groove. While eliminating the need for a lithographic etch to produce
the V-grooves, the remaining drawbacks of the technique remain.
Thus the need to align the V-grooves to the waveguide is stili present
and the need for additional elements to hold the fiber optics into the
V-grooves still exists and is taught in Kokai Patent 278004. Japan

15 Patent Publication 254404 further teaches hybrid optical circuits
formed by die-molding an inorganic glass or a plastic resin. The resuit
is a substrate bearing positioning eleménts for optical devices and
optical fibers such as with US 4,735,677, but without the need to
déposit a soot layer and etch. Howaever, the sha_lpe of the optical fiber

20 holding channel must be such that the dimension of the top is equal
to or larger than the bottom, or it will be difficult or impossible to
release the substrate from the die mold. Japan Patent Publication
254404 teaches that release fron'l the mold is made easier if the
holding blocks are made V-shape or trapezoid shape with the top of

25 the channel larger than the bottom of the channel. Thus again, this
method partially solves the problem of positioning an optical fiber
relative to a waveguide, but does not provide for a secure retaining
force on the fiber. In all of these prior art methods, some force must
be applied to hold the optical fiber within the positioning grooves.

30 Further, if a liquid optical cement or photoactive monomer or optical
matching fluid is introduced to the coupling region it will wet between
the optiéal fiber and the wall of the positiohing groove by the force of
capillary action. This will serve to float the fiber within the groove
and thus misalign it with the waveguide, unless the secondary

35 element is present to hold the optical fiber down within the groove
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with a greater force. The methods of die molding a plastic resin
suffer the additional drawback of the necessity of maintaining the die
free of any contamination. If the grooves in the master die which will
form the waveguide or the positioning elements become contaminated
on repeated use, the error will be faithfully repeated on each
successive moiding, and prevent accurate optical fiber positioning.
Finally, in the die mold method of Japan Patent Publication No.
254404, the substrate, waveguide and positioning elements are

. formed together from the same material. This precludes the ability to

position optical fibers to waveguides created on other desirable
substrates such as silicon wafers, lithium niobate wafers and printed
circuit boards, and limits the choice of waveguide material to the
class of die-moldable plastics and glasses.

Thus, the need remains for devices and methods which allow
for simple, accurate positioning of optical fibers to optical waveguides
on a variety of desirable substrates, which do not require many
additional manufacturing steps or positioning elements or elaborate
alignment by micromanipulator and which provide a secure retaining
force to the optical fiber without the need for additional elements held
in place by optical adhesives or thermal heat treatments.

Summary of the Invention

One aspect of this invention is directed. to an optical coupling
device comprising: '

a substrate having a surface region at a pre-determined position
on a surface of said substrate for placement of an optical waveguide;
and _ |

a channel on the surface of said substrate for optically aligning
and coupling an optical fiber having a diameter dimension d{ and an
optical waveguide pasitioned at said predetermined position, wherein
the longitudinal axis of said channel is in alignment with said
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5 (b) d[ery+ E,PEA@%\EE Te@%*‘ti 1/2 dlerr] (c) d[err] is

greater than W & ar il ess than W2. The val ues of
Werr], Werr], diefr], and d[err] jmy vary widely and still : neet the
above condi t | ons, p*o@@l&ﬂﬂm tihey coupling of optical fiber 32 in
channel 12 is suc hat the forcej required to displace optical 10 fiber 32
from channel 12 i uat—to or greaier than about 0.01 Newt on (N), as
determ ned by retdining force test Hepicted in FIG 10 di scussed

bel ow. However, enera he doni na fact rs are the ) atjve
val ues of d[e?r] p'egf"@l"?‘]'“ gosgition sy¢ t”tﬂ%‘ W@ﬁﬁ’%ﬁf’?[}&ef n

e Tt e Lt i s s iy s
preferably the light carrying core of said fiber and said waveguide are m optlcal
alignment or substantially in optical alignment, said channel having
sidewalls and a floor wherein the separation of said sidewalls at a
10 cross-sectional depth dimension d2 in the direction normal to said
floor has a width W1 and the separation of said sidewalls adjacent to
said floor has a width W2, wherein W4, W2, d{, and d3 are selected
such that:
(a) W2 is greater than Wq;
15 (b} d2 is greater than 1/2 dy; and
{c) d4 is greater than W4 and is equal to or less than W3,
wherein on placement of said optical fiber in said channel the force |
required to displace said optical fiber from said channel is equal to or
gre.ater than about 0.01 Newton (N), as determined by the test
20 method depicted in FIG. 10 and described herein below (hereinafter
referred to as "retaining force test”).
Another aspeét of this invention is directed to a optical coupling
device with an optical waveguide comprising:
a substrate;
25 an optically transmissive waveguide on a surface of said
substrate; and
a channel on the surface of said substrate for optically aligning '
and coupling an optical fiber having a diameter dimension d4 and said
- optical waveguide, wherein the longitudinal axis of said channel is in
30 alignment or substantially in alignment with said waveguide such that
on placement of said optical fiber in said channel the light carrying
core of said fiber and said waveguide are in optical alignment or
substéntialty in optical alignment, said channel having 'sidewalls and a
floor wherein the separation of said sidewalls at a cross-sectional
35 depth dimension d3 in the direction normal to said floor has a width
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from about O. ﬁ{erir,n o8 t]- D. 99 d[err]. The value of d2 is preferably
from greater n 1072 derr_ fofabout 2 d[err], and is nore preferably from -
about 0.6 d[e ] to about 0.99 ¢d[err] and is nost preferably from about 0.8
d[err] to aboit GQ)S BE M98 | h { he enbodi nents of choice, d2 is from about
20 0.9 d[err 0 about 0.99 #d[err]. The valgie of d[err] is the dianmeter of

- any optifcal fiber such as}conventional single node fibers,
pol ari zati on- preseryl ng... i bers, multi-node fiber or cable, UV-NIR
transm ssive f|b e and h cl.ad fiber cable. The val ue
of d[err] is Mﬂaﬁ"?the sepa'@(ﬁ\?&l &F'Q ‘i’é@,’g"ﬁ Rdiacenn 9 said Hogt BasBap| vy

from about 125 [
[err] to about 2
- d[err]

10

15

- 20

25

e ol f&hﬁ &urcﬂ lg.o ut 125

nts

%fti[thtw]z%vh&QHPWf Wg]ad”tg ﬁ?

is fromabout Xab \Meris|greater thantWabout 140 [err].

(b) d2 is greater than 1/2 dq; and

(c). dq is greater than W1 and is equal to or less than Wo,
wherein on placement of said optical fiber in said channel the force
required to displace said optical fiber from said channel is equal to or
greater than about 0.01 Newton (N), as determined by retaining force
test.

Still another aspect of this invention relates to an optical fiber
to optical Waveguide interconnect comprising:

a substrate;

an optically transmissive waveguide positioned on a surface of
said substrate; and

a channel on the surface of said substrate for optically aligning
and coupling an optical fiber having a diameter dimension d{ and said
optical waveguide, wherein the longitudinal axis of said channel is in
alignment or substantially in alignment with said waveguide, said
channel having said optical fiber positioned therein such that the
light carrying core of said fiber and said waveguide are in optical
alignment or substantially in optical alignment, said channel having
sidewalls and a floor wherein the separation of said sidewalls at a
cross-sectional depth dimension d2 in the direction normal to said
floor has a width W1 and the separation of said sidewalls adjacent to

said floor has a width W9, wherein W1, W2, d1, and d2 are selected

30

35

such that:

{a} W3 is greater than Wq;

(b} d2 is greater than 1/2 d4; and

(c} dq is greater than W1 and is .equal to or less than W2,
wherein the force required to displace said optical fiber from said
channel is equal to or greater than about 0.01 Newton (N), as
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. RERLATZMEN e .
The val ue of n y ‘{.‘Y and the only requirenment is t hat W2

is greater thaf \ S grea ;e than or equal to dferr]. Werr] is 30
preferably gredtér &Iba&tﬁ[‘gqg] t® about 2d[err], nore preferably from about
1.0 d[err] to dbqut 1.5 d[err] jahd nost preferably fromabout 1.0 d[err] to
about 1.2 d[eri]. TAtheenbodi mpnts of chofce W2 is fromabout 1.0 d[err]
to about 1.1 dfterr]. . The I ength of .channel 12 may vary w dely
provided that the 35 force required to displace said optical fiber from

sai d channel g s ggiéemined by retaining force test.

Yet another aspeét of this invention is directed to an improved

pigtailed planar optical device having a plurality of optical waveguide
to optical fiber interconnects on the substrate of this invention and a
packaged planar optical device comprising the improved pigtailed
10 planar optical device enclosed in a polymeric package. .
Still another aspect of this invention relates to a method for
forming an optical coupling device comprising a substrate having a
surface region at pre-determined pasition on a surface of said
substrate for placement of an optical waveguide, and a polymeric
15 optical fiber positioning element for optically aligning and coupling an
optical fiber having a diameter d¢ and said optical waveguide
positioned at said predetermined position , said polymeric optical fiber
~positionin§ element comprising a channel having sidewalls, wherein
the longitudinal axis of said channel is in alighment or substantially in
20 alignment with said pre-determined position, such that on placement
of said optical fiber in said channel and said optical waveguide in said
pre-determined position, said optical fiber and said optical waveguide
are in optical élignment or substantially iri optical alignment, said
channel having sidewalls and a floor wherein the separation of said
25 sidewalls at a cross-sectional depth ditﬁension d2 in the direction
normal to said floor has a width W4 and the separation of said
sidewalls adjacent to said floor has a width W2, wherein W1, W2, d1,
and d2 are selected such that:
(a) W3 is greater than Wq;
30 {b) d2 is greater than 1/2 dq; and
(c) dq is greater than W and is equal to or less than W,
wherein the force required to displace said optical fiber from said
channel is equal to or greater than about 0.01 Newton (N), as
determined by retaining force test, said process comprising the steps
35 of:
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19 5 to or gy REPLACEYEY SﬁrExut 0.01 Newton (N), as determined by

r-et ai ni ng o] ce test depic in FIG 10 discussed below. In the
preferred gtﬂﬁ?smt i nvention, the length of channel 12 is
equal to or reater t han _apout d[err] 10The | engt h of channel 12 is

nore preferably

5 a) placing a layer comprising one or more photopolymerizable
monomers onto a surface of a subsfrate;
_ b) exposing said layer to a pattern of actinic radiation to form
an exposed pattern of polymerized monomer having the surface
dimensions of said polymer positioning element and a pattern of

10 unexposed monomer; and

¢) developing said layer by removing said unexposed monomer
to form said polymer paositioning element on the surface of said
substrate wherein the longitudinal axis of said waveguide isn
alignment or substantially in alignment with said position.

15 This invention aiso relates to a method for forming an optical
coupling device with an optical waveguide comprising a substrate, an
optically transmissive waveguide positioned on a surface of said
substrate, and a polymeric optical fiber positioning element for
optiéally aligning and coupling an optical fiber having a diameter d4

20 and said optical waveguide, said polymeric optical fiber positioning
element comprising a channel having sidewalls, wherein the
longitudinal axis of said channel is in alignment or substantially in
alignment with the longitudirial axis of said waveguide, such that on
placement of said optical fiber in said channel said optical fiber and

25 said optical waveguide are in optical alignment or substantially in
optical alignment, said channel having sidewalls and a floor wherein
the separation of said sidewalls at a cross-sectional depth dimension
d2 in the direction normal to said floor has a width W1 and the
separation of said sidewalls adjacent to said floor has a width W9,

30 wherein W14, W2, dq, and d9 are selected such that:
(a) W32 is greater than Wq;
(b) d2g is greater than 1/2 d4; and
{c) dq is greater than W1 and is equal to or less than Wy,
whaerein the force required to displace said optical fiber from said
35 channel is equal to or greater than about 0. 01 Newton {N), as
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fromabout 0.1 tﬁ p,_wgwg;@ gﬁgpam@ is nost preferably fromabout 10 0.5 to
about 10 mm It -ertg of choice, the length of Channel 12
i's from about J A ! The cross sectional shape of channel
12 may vary wi eel y %\ﬁd”P P98tiil I neet the above conditions, provided that
t he coupling off dpti cal __fitber 32 in chRdnnel 12 passes the test of the
method of FIG 110. I'n 15 FIG 5} sidewalls 16 and 18 are depicted as being
st&al _ggt, Iblut this.i.s Ret—a-'necessary requirenent of the invention,

and si dewa e, or
one may strai ght g{ggmmer?db%gg Rgefowé ¥énggt sﬁggﬁ @gﬁss ‘gg t"ﬁ éié%t% F%’;ﬁé(

di nensi onal of:equi renent s of the invention are not Vvi oI at ed. 20

In the preferred enbodi nents of the invention de|p| cted .in FIG s
a) placing a layer comprising one of more photopolymenzable

monomers-onto a surface of a substrate having a waveguide thereon;
b) exposing said layer to a pattern of actinic radiation to form
10 an exposed pattern of polymerized monomer having the surface
dimensions of said polymer positioning element and a pattern of
unexposed monomer; and '
c¢) developing said layer by removing said unexposed monomer
to form said polymef positioning element on the surface of said
15 substrate wherein the longitudinal axis of said channel is in a-lignment
or substantially in alignment with the longitudinal axis of said
waveguide.
Yet another aspect of this invention relates to @ method for
forming an optical coupling device with an optical waveguide
20 comprising a substrate, a polymeric optically transmissive waveguide
positioned on a surface of said substrate, and a polymeric optical fiber
positioning element for optically aligning and coupling an optical fiber
having a diameter d1 and said optical waveguide, said polymeric
optical fiber positioning element compﬁSing a channel having
25 sidewalls, wherein the longitudinal axis of said channel is in alignment
or substantially in alignment with the longitudinal axis of said
waveguide, such that on placement of said optical fiber in said
channel said optical fiber and said optical waveguide are in optical
alignment or substantially in optical alignment, said channel having
30 sidewalls and a floor wherein the separation of said sidewalls at a
cross-sectional depth dimension d2 in the direction normal to said
floor has a width W1 and the separation of said sidewalls adjacent to
said floor has a width W2, wherein W1, W2, d1, and d2 are selected
such that:
35 (a) W2 is greater than Wy,
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1 to 5, channel F?-ﬁ— _ al or substantially of trapezoidal
cross-section. |h REPLARENRE! odiment of FIG 5, channel 12 is
formed by two pafajlel or subst ity ally parallel polyner positioning
el enents 14 on thel sy FEp ¢ogsupskrat e 20.tlghannel 12 has 25 sidewalls 16

and 18 fornmed frpnja side of each pf el enen 14 and floor 24 fornmed
by the surface o Substra ) en el enents 14. As shown in FIG
5, polyner positioning el ements 14 define channel 12 which is of

i nverted trapgzoidal cgb?)sa ng@}éétar RRYA ﬁgztdﬁle arfnger of the two
parall el or substantially ara | el unequal sides with dinmension 30 40

- which is greater than (@ n@nds greatgr ghan Né1 @ndeis egual ite oruess than Wsqual
parall el si des, " andopiih ik Herdslired cd Splat®, 480 YplBt HBEA R saia S des

of dlnen3|on 40 positlone op’ an orter
channel is equal to or greater than about 0.01 Newton (N), as

determined by retaining force test, said process comprising the steps
10 of:

a) placing a layer comprising one or more photopolymerizable
monomers onto a surface of a substrate;

b) exposihg said layer to a pattern of actinic radiation to form
an exposed pattern of polymerized monomer having the surface

15 dimensions of said polymer positioning element and said waveguide,
and a pattern of unexposed monomer; and

c) developing said layer by removing said unexposed monomer
to form said polymer positioning element on the surface of said
substrate wherein the longitudinal axis of said channel is in alignment

20 or substantially in alignment with the longitudinal axis of said
waveguide.

This invention exhibits one or more advantages. For example, it
is useful on a wide variety of substrates on which optical waveguides
are desired. It does not involve any high temperature processing

25 which may deleteriously affect the substrate or optical waveguide. It
utilizes a photolithographic method which combines both high
positioning or alignment accuracy with simplicity of manufacturing
method and low cost. It provides for a firm retaining force on the
optical fiber, thus simplifying the attachment of optical fibers to

30 optical waveguides, especially for the important case of attaching

“multiple fibers or arrays of optical fibers to a single substrate or
optical waveguide array. It provides for aﬁ accurate alignment and
firm retention of an optical fiber positioned in a smail area on the.
optical waveguide substrate, thus allowing for a higher density of

35 optical interconnects than methods of the prior art which utilize bulky
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unequal paral | ep—st-des Qf“i‘d“"rre llon 42 positioned in contact with the
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“clips and positioning elements. it provides a unique geometry to the

optical fiber positioning channel which is not provided by prior devices
and methods for fabricating same. Finally, it allows for simple
assembly of optical fibers to optical waveguides, without the
necessity ef complex, expensive positioning devices, which would

adversely affect the cost of manufacture.

Brief Description of the Drawi

The invention will be more fully understood and further
advantages will become apparent when reference is made to the
following detailed description of the invention and the accompanying
drawings in which:

FIG. 1 is a perspective view of a preferred optical couplmg
device of this invention.

FIG. 2 is a perspective view of an embodiment of a preferred
optical coupiing device and optical waveguide of this invention.

FIG. 3 is perspective view of an embodiment of a preferred
optical fiber to optical waveguide interconnect of this invention.

FIG. 4 is a perspective view of the embodiment of FIG. 3
having an optical buffer layer.

FIG. 5 is a cross-sectional view of 'a preferred optical fiber to
optical waveguide interconnect of this invention depicted in FiG. 3
along line 5'-5.

FIG. 6 is a cross-sectional view of another preferred optical
fiber to optical waveguide interconnect of this invention having a
trapezoidal shaped or substantially trapezoidal shaped channel having
two optical fibers positioned therein.

FIG. 7 is a perspective view of an erray of this invention with

more than one optical coupling devices and optical fiber to optical

‘waveguide interconnected on the surface of a substrate.

FIG. 8 is a perspective view of another preferred array of this
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trexpectee—ab=ti ty to retain the position of an opti cal

inventione! 12 created between two such el ements 14 such that

ng passes the test of FIG 10. The [arger that angle a is
FIG. 9 is a perspective view with a cutaway section of a

packaged optical fiber to optical interconnect of the invention similar
to that 6f FIG. 3, but including a polymeric overcoat.

FIG. 10 shows a device for determining the retaining force of
the coupling device of this invention. '

FIG. 11 illustrates a preferred process for the formation of a
coupling device of the pte'sent invention. ”

FIG. 12 illustrates another preferred process for the formation

of a coupling device of the present invention.

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 e_mbodiments of this invention illustrated in the
figures are not intended to be exhaustive or to limit the invention to
the precise form disclosed. They are chosen to describe or to best
explain the principles of the invention, and its application and practical
use to thereby enable others skill'ed in the art to best utilize the
invention.

One preferred embodiment of the coupling device of this
invention is depicted in FIG. 1 and is identified by the numeral 10.
Device 10 comprises channel 12 positibned on a surface of substrate
20. Channel 12 can be of anv shape or length provided that it has a
certain specific géometric din‘iensions. Channel 12 can be formed by
lithographic techniques using photopolymerizable monomers and the
like. Channel 12 can be a single cons_truciion or can be formed from
a number of parts. In the préferred embodiments of the invention
depicted in FIG.1, channel 12 is formed of lithographic techniques and
is formed by a pair of adlacent posmonmg elements 14 which form
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fabricated the eBS|er it is tOTn‘éu ntain optical fiber 32 within channel 15
12. However, there are practical:limtations to how |arge angle a can

be conveni ent| fabricat gdgeg f arhgl e a becones too large, then the

wi dt h di nensi or] of pdl yier el e qt 14 (dinmension 40 in Fig. 5) mnust

al so becone | arige in ort he base &P pol ymer el ement 14
(dinmension 42 i;n Fig. 5 has sufflicient contact area with substrate 20 20
to insure rel attvery good adhesion, and this is deleterious to the

density of isnt esigewans 1ieoasd Bbs aﬁsnﬁenpfz ra*ﬁaya P r1 bf me S0Hace of
invention. Therefore, wall angles-[err] ‘are erab limted to the range

of from about 15{@5*']3@(?-%%1!@“30[@ ﬁlpor%oﬁghampeletbrewmnb‘émf wal |
angles [err] f?&snﬁah snr Qgﬁfrﬁé Pgﬂﬂétr ﬁé]sutcfl t%?gW;T 5:‘[091% gnd most

25 preferred dare mal e range o
20[err]. axis isin altgnment or substantially in alignment with predetermined

position 22 on the surface of substrate 20.

10 Substrate 20 can be formed of any solid material used in the
formation of substrate for conventional optical waveguide devices.
Desired characteristics of these materials include mechanical and
optical stability at typical operating temperatures of the device.
Preferred materials for use in the fabrication of substrate 20 include

15 printed circuit board rﬁaterial, polymérs, quartz, glass, fused silica,
semiconductor wafers and inorganic crystals.

A preferred coupling and optical waveguide device of this
invention is depicted in FIG.2 and is represented by the numeral 26.
Coupling and optical waveguide device 26 comprises polymer

20 positioning elements 14 defining channel 12 on the surface of
substrate 20. Device 26 also includes channel waveguide 28 at a
predetermined position (which corresponds to position 22 in device
10) on the surface of substrate 20 which is in alignment or
substantially in alignment with the longitudinal axis of channel 12.

25 A preferred optical fiber to waveguide interconnsct of this
invention is depicted in FIG. 3 represented by the number 30. _
interconnect 30 comprises polymer positioning elements 14, defining
sidewalls 16 and 18 of channel 12, on the surface of substrate 20
and a channel waveguide 28 in alignment or substantially in

30 alignment with the longitudinal axis of channel 12. Interconnect 30
also includes optical fiber 32 positioned in channel 12 such that the
light carrying core 34 of optical fiber 32 is in optical alignment or
substantially in optical alignment with waveguide 28 such that light
can be propagated through light carrying core 34 and into optical

35 channel waveguide 28. '
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Pol ymer posi ti $mrng €l'ement-siggf possess certain inportant physi ca
properties. The¢sB-physical prepejties allow elenents 14 to def orm
under the app!ied stress when anjoptical fiber of dianmeter d[err]

larger than width dj geasPd@98 eri] of the opening.at the top of channel 30
12 is insertedltherein. Howeved, {the deforn&fi on should not be

per nenent and ' el ement 14 should as rapidly as

p055|3le [etur Lol st return to its original dinmensional shape
in order to pgrovide fo Ll DG f O | &4 ber 32. The
properties rru§t t her ef%?%hg?g)&&gge?oﬁ%&d%g}%g téfoﬁé’laagﬁéc ur“ieéngt h. 35 Also
t he pol yner shoulifterodniectoofettiy iriverntidne imdepicted lin FiG. 4anahidéntified by '

the numeral 36. Interconnect 36 includes all of the components of

positionin

interconnect 30 identified by like numerals. In addition, interconnect
36 includes optional optical buffer layer 38 on a surface of substrate

10 20 and waveguide 28 and elements 14 are positioned on the surface
of buffer layer 38. Optical buffer layer 38 is required by the nature of
guided wave propagation of light for those cases where the refractive
index of the substrate is larger than that of the channel optical
waveguide, in order to provide for low propagation loss waveguide

15 structures. Any material which can provide this function can be used
in the fabrication of buffer layer 38. illustrative of materials used in
the fabrication of buffer layer 38 are low refractive index
photopolymers, spin-coated polymer layers, spin-on glasses, silicon
dioxide, oxides formed by chemical vapor deposition (CVD) and

20 fluoropolymers. Preferred materials are low refractive index
photopolymers and fluoropolymers , more preferred materials are low
refractive index photopolymers.

The relative positions of channel 12 and waveguide 28 or

predetermined position 22 on the surface of substrate 20 is critical to

25 the invention. As depicted in FIG.s 1, 2, 3 and 4, channel 12 and
waveguide 28 or predetermined position 22 are positioned so that the
longitudinal axis of channel 12 and the longitudinal axis of waveguide
28 or position 22 are in alignment or are substantially in alignment
such that when optical fiber 32 is placed in channel 12 the light

30 carrying core 34 of the optical fiber 32 and waveguide 28 or
prédetermined position 22 are in optical alignment or substantially in
optical alignment such that light can propagate through core 34 and
into waveguide 28. In the preferred embodiments of the invention as
depicted in the figures, where channel 12 is formed by sidewalls 16

35 and 18 of elements 14 and floor 24 of substrate 20, elements 14 are
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positioned to provide this effect. in the more preferred embodiment
of this invention where polymer positioning eléments 14 are created
by lithographic means from photopolymerizing monomers, elements
14 can be aligned with channel waveguide 28 with a relatively high
degree of accuracy. For example, an especially accurate method of
alignment is to create polymeric positioning elements 14 and channel
optical waveguide 28 from the same polymerizable monomers during
the same ultraviolet light (UV) exposure step. This can be
accomplished by placing both lithographic features onto the same
pattern mask or by programming a laser direct-write apparatus to
scan both patterns in a single UV exposure step.

FIG. 5 is a cross-sectional view, along line 5'-5 of FIG. 3, of
interconnect 28 which depicts channel 12, elements 14, sidewalls 16
and 18, optical fiber 32, core 34 and substrate 20 in the requisite
unique geometrical relationships that must exist for the proper
functioning of the present invention. The relationship of these
elements is critical to the advantages of this invention. That is,
through use of optical fiber 32 and channel 12 having certain
geometrical parameters on placement of fiber 32 in channel 12 such
fiber 32 is retained in the channel 12 such that the force required to
displace said optical fiber from said channel is equal to or greater than
about 0.01 Newton (N), as determined by retaining force test
depicted in FIG. 10 discussed below. In general, the cross-section of
channel 12 is such that channel 12 has a width dimension of W1 at a
region of channel 12 at a depth dimension of d2 from floor 24 of
channel 12 in the direction normal_:to said floor 24 and has a width
dimension of W2 at a region of channel 12 adjacent to floor 24 of
channel -1 2. Optical fiber 32 has a diameter d1. To provide the
benefits of this invention, the parameters W1, W2, d1, and dj are
selected such that:

(a) Wy is greater than W¢; -~ ——
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nate froma materials property
a polynmer with a nol ecul ar
50, 000 and nore preferably 10 equal

posi tioni ng el enentjs REAR4
‘st andpoi nt. The poljy
wei ght equal to or {gn

er than abou

a@éosa? 99ghe

to or greater than}100 st preferred enbodi ment of this
I nvention, the pol terial is|al photodfblymer which is a

crossli nked pol ymef above i tsT“g‘e‘r‘lp int, that is, the nolecul ar wei ght

is essentially infrmrt ossl ijnked phot opoI ynmer not only has the

nmost preferrad physi CQJ) qg@r&b@'?’thQHtUQSdﬁ' so the sinplest case for 15
renoval of the unirradi at d nononer as the crosslinked phot opol yner

~wi Il no longer dissol(c} dn isigreaterahaniWg ansl iscequalitorordessithan W.
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meet the above conditions, provided that the coupling of optical fiber
32 in channel 12 is such that the force required to displace optical
10 fiber 32 from channel 12 is equal to or greater than about 0.01
Newton (N), as determined by retaining force test depicted in FIG. 10
discussed below. However, in general the dominating factors are the
relative values of d{ , d2 and W1 . In the preferred embodiments of
the invention, Wq is from about 0.6 d1 to about 0.99 d1, more
15 preferably from about 0.8 d{ to about .99 d4 and most preferably
from about 0.9 d4 to about 0.99 d4. The value of d3 is preferably
from greater than 1/2 dq to about 2 d1, and is more preferably from
about 0.6 dq to about 0.99 d{ and is most preferably from about 0.8
d1 to about .99 d1. In the embodiments of choice, d2 is from about |
20 0.9 dq to about 0.99 dq. The value of d1 is the diameter of any
| optical fibér such as conventional single mode fibers, polarization-
preserving fibers, multi-mode fiber or cable, UV-NIR transmissive fiber
cable and hard polymer ciad fiber cable. The value of dq is preferably
equal to or less than 1 mm, more preferably from about 125 um to '
25 about T mm and most preferably from about 125 um to about 250 u
m. In the embodiments of choice the value of dq is from about 125 u
m to about 140 um. |
The value of W2 may vary widely and the only requirement is
that W3 is greater than W1 and is greéter than or equal to d1. W2 is
30 preferably greater than d4 to about 2d4, more preferably from about
1.0 dq to about 1.5 d1 and most preferably from about 1.0 dq to
about 1.2 d4. In the embodiments of choice W2 is from about 1.0 d1
to about 1.1 dq. ' |
The length of channel 12 may vary widely provided that the
35 force required to displace said optical ﬁber from said channel is equal
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and its glass trangi RepracEnEnG sieeTe}(Tg) should be less than its use 20
tenperature in orddr here is a high degree of chain
Segnent nobility. It %referred hat the crystallinity of the polyner
is less than about _ZE%Q e ﬁBr'@" r ferred that the crystallinity is
| ess than about -10% {ln_th _ eterredldnbodi nent the pol yner S
conpl etely anorphoys, that is, the cqystallinity is about 0% A 25

conpl etel y anor phou ially preferred for the

enbodi ment of_ the prese ven e L hi step
is utilized to p’foogﬁgéeagﬁf é °&§F‘@"§E‘?ﬁn ’e? ?é“%%dalgy r&talm%l as
pol yneric optlca#or&@\teﬁumﬁc?e% i PIB.21 G idistiussé@velow! In the preéfdrréd’e mononer
on a substrate 20, inthat it -will yield an optical 30 waveguide with the

| owest anount of embodiremtstef Yisinvantied, she length of channel 12 is equal to or
greater than about d1. The length of channel 12 is more preferably

from about 0.1 to about 20 mm and is most preferably from about

10 0.5 to about 10 mm. In the embodiments of choice, the length of
Channel 12 is from about 1 to 5 mm. _

The éross sectional shape of channel 12 may vary widely and
still meet the above conditions, provided that the coupling of optical
fiber 32 in channel 12 passes the test of the method of FIG. 10. In

15 FIG. 5, sidewalls 16 and 18 are depicted as being straight, but this is
not a necessary requirement of the invéntien, and sidewalls 16 and
18 may be curved, concave, convex or the like, or one may straight
and the other may not, as long as the essential dimensional
‘requirements of the invention are not vioiated.

20 in the preferred embodiinents of the invention depicted in FIG.s
1 to 5, channel 12 is of trapezoidal or substantially of trapezoidai
cross-section. In the preferred embodiment of FIG. 5, channel 12 is
formed by two parallel or substantially parailel polymer positioning
elements 14 on the surface of substrate 20. Channel 12 has

25 sidewalls 16 and 18 formed from a side of each of elements 14 and
floor 24 formed by the surface of Substrate_zo between elements 14.
As shown in FIG. 5, polymer positioning elements 14 define channel
12 which is of inverted trapezoidai cross section having the longer of
the two parallel or Substantially parallel unequal sides with dimension

30 40 which is greater than dimension 42 of the other of the two
unequal 'par'allel sides, and with the longer of the two parallel unequal
sides of dimension 40 positioned on top and the shorter of the
unequal parallel sides of dimension 42 positioned in coritact with the
substrate 20, or the surface of optional buffer layer 38 (See FIG. 4)

35 on substrate 20.
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from pol ymer crystal [TH ‘E"E Q@@s.sﬁﬁyt'o the T[err], since a useful
tenperature at whichjt -'at tach-optieall fibers to optical waveguide
devices is roomterrper@ture, it is epspntial that the Tg of the

phot opol yner is |essitharQBiiR 8¥belajure. Thus, it is preferred 35 that
the T[err] is |less trark about 30[errjCtand @0re preferred | ess than

S The wall angle which the side of polymer positioning elements
14 make$ with the normal to substrate 20 is indicated by the letter a
Angle a must be greater than zero if polymer element 14 is to
possess the preferred shape of an inverted or substantially inverted
trapezoid. If angle a is zero, then the cross section of elements 14 is
10 merely a rectangle as in the prior art and will not possess the
unexpected ability to retain the position of an optical fiber 32 in
channel 12 created between two such elements 14 such that the
coupling passes the test of FIG. 10. The larger that angle a is
fabricated the easier it is to maintain optical fiber 32 within channel
15 12. However, there are practical limitations to how large angle a can
be conveniently fabricated. If angle a becomes too large, then the
width dimension of polymer element 14 (dimension 40 in Fig. 5) must
also become large in order that the base of polymer element 14
(&imension 42 in Fig. 5) has sufficient contact area with substrate 20
20 to insure relatively good adhesion, and this is deleterious to the
density of interconnections that are a primary benefit of this
invention. Therefore, wail angles o are preferably limited to the range
of from about 1° to about 30°. The more preferred range of wall
angles a fall in the range from about 2° to about 25° and most
25 preferred are wall angles in the range of about 39 to about 20°.
Polymer positioning elements 14 possess certain important
physical properties. These physical properties allow elements 14 to
deform under the applied stress when an optical fiber of diameter d 1
larger than width dimension W4 of the opening at the top of channel
30 12 is inserted therein. However, the deformation should not be
permanent and polymer positioning element 14 should as rapidly as
possible return or substantially return to its original dimensional shape
in order to provide for a useful retaining force on optical fiber 32. The
properties must therefore provide some degree of elastic strength.
35 Also the polymer shonld not be overly brittle or it will be damaged by
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5 about 20[err]C hn meMENEfSﬁEEEd are phot opol yner materials whose
T[err] [ |s]le S?E t is preferred that the Tg of the

phot opol yner as be an inherent property of the

pol ynmer. However, i}t zed that it is possible to adjust the
Tg of a polynmer by ja met hod4iknown in the general art of

pol ymer science, such 10 as by the g4ddition of plasticizers or by swelling
the polyner with a L getvertand polynmers so treated may al so be

useful in thesnetth@insértion, nor can it be overly hard or it may cause damage to

optical fiber 32. It is clear why the prior art methods utilizing glass
positioning elements are not appropriate from a materials property
standpoint. The polymer preferably is a polymer with a molecular
weight equal to or greater than about 50,000 and more preferably

10 equal to or greater than 100,000. In the most preferred embodiment
of this invention, the polymer material is a photo-polymer which is a
crosslinked polymer above its gel point, that is, the molecuiar weight
is essentially infinite. The crosslinked photopolymer not only has the
most preferred physical properties, but is also the simplest case for

15 removal of the unirradiated monomer as the crosslinked photopolymer
will no longer dissolve in the developing soivent when elemerrts 14
are formed by lithographic techniques. The polymer should be
largely amorphous (less than 50% crystallinity) rather than crystalline
and its glass transition temperature (Tg) should be less than its use

20 temperature in order to ensure that there is a high degree of chain
segment mobility. It is preferred that the crystallinity of the polymer
is less than about 25% and more preferred that the crystallinity is
less than about 10%. In the most preferred embodiment the polymer
is completely amorphous, that is, the crystallinity is about 0%. A

25 completely amorphous polymer is especially preferred for the
embodiment of the present invention wherein a single lithographic
step is utilized to produce both polymer bositioning elements 14 as
well as polymeric optical waveguide 28 .from a single layer of
reactive monomer on a substrate 20, in that it will yield an optical

30 waveguide with the lowest amount of Iess due to scattering of light
from polymer chstaIline regions. As to the Tg, since a useful
temperature at which to attach optical fibers to optical waveguide
devices is room temperature, it is essenti_a[- that the Tg of the
photopolymer is less than room temperature. Thus, it is preferred

35 that the Tq is less than about 30°C and ‘more preferred less than
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the invention witholit RERPSEMENL SHEB b ts scope. 1n addition, it is
further recogni zed {hfit" unreacted npnoner which is trapped within
phot mat ri x MRy $5re agogsuchl a plasticizer material. 15 Further,
it is recognized that jonce the optital fiber_is inserted into the

channel structure off the—aventtom~it{ is n#d onger required that the
of thetipol yner positioning elenments fall within the critical
Such T[err] nay, at a later tinme, be adjusted to a higher

phot opol yner

T[err]
range.
val ue as by

cross-|inking of
pol ymer having a
30[err]C, may be ;

at el evat ed

pol ymer foll owed
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20 the p kewi se, thou ['ess conveni ent,
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recognized that it is possible to adjust the Tg of a polymer by a
number of methods known in the general art of polymer science, such
as by the addition of plasticizers or by swelling the polymer with a
solvent, and polymaears so treated may also be useful in the method of
the invention without departing from its scope. In addition, it is
further recognized that unreacted monomer which is trappéd within
the photopolymer matrix may serve as such a plasticizer material.
Further, it is recognized that once the optical fiber is inserted into tﬁe
channel structure of the invention, it is no longer required that the Tg
of the polymer positioning elements fall within the critical range.
Such Tg may, at a later time, be adjusted to a higher value as by
evaporation of solvent or piasticizer or as by further cross-linking of
the polymer. Likewise, though less convenient, a polymer having a
Tg greater than room temperature, i.e. above about 30°C, may be
employed if the assembly of the device is carried out at elevated
temperatures equal to or greater than the Tg of the polymer followed
by cooling to a temperature less t'han the Tg. The polymer which
makes up positioning element 14 preferably contains a number of
crosslinks to prevent ovérall movement of the polymer chains and

thus restore the necessary geometry of element 14 after the

introduction of 6ptical fiber 32 into positioning channel 12 between

elements 14. This recovery of the shape of polymer element 14 is
associated with the properties of resilience and low pérmanent set. In
the preferred case, wherein the polymer material which comprises
positioning element 14 is a crosslinked 'pdlymer above its gel point,
there is, of necessity, a minimum of one primary chemical bond
crosslink per polymer chain. In the more preferred compositions at
least one of the reactive monomers is a multlfunctlonal monomer, that
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tgnperature Tess than the Tg. The pol ymer which 25 makes
| ement 14 preferaply contains a number of crosslinks
| I nmovenent of the polyner chains and . thus restore the
ry afSedigmage8 14 hfter the “introduction of optical
sitioning channgl] 12 bet wee?d el enents 14. This
recovery of the}lshape of porymer glenent 14 is 30 associated wth the
\%ope_rtieﬁ of Ir LL low permanent set. In the preferred case,
erein the pgl ynger. ] | | ; L iand ment 14 is
a crossli nked?po{@&Eﬁéﬁ%bgkﬁgggg&%g?ﬁﬁfunct{%n%?gié% s??‘nio#g%%'c‘gssi ty, a
m ni mum of one pmhcecylec Wherasudioadnuiltifuncriarss Imokomer isopteseat ashami n. |1 n

the nore preferred conpositions.at 35 |east .one of the reactive noner s
is a nultifuncti GRRIPT FRAAAARENt 0f the monomer mixture then the resulting polymer

by cooling to a
up positioning

to prevent over
necessary geomne
fiber 32 into p

will be much more extensively crosslinked and there will be many
~ crosslinks per polymer chain.

10 The tensile strengths which are displayed by polymers useful in
the invention preferably range from about 100 to about 850 kg cm'2
with the more preferred range being from about 150 to about 300 kg
em2 .

The percent elongation of the crosslinked photopolymers useful

15 in the method of the invention preferably ranges from about 2 to
about 300% with the more preferred 'tange being about 2 to about
100% due to the increased level of crosslinking in the more preferred
compositions. Useful values of hardness _preferably range from about
20 to about 200 s {pendulum hardness) with more preferred values

20 being about 40 to about 150 s. '

A wide variety of polymers can be used in the fabrication of
elements 14. Preferred for use in the fabrication of elements 14 are
photopolymers formed by the photo-polymerization of a
photoreactive monomer or mixtures of such monomers such as

25 urethane acrylates and methacrylates, ester acrylates and |
methacrylates, epoxy acrylates and methacrylates, polyethylene
glycol acrylates and methacrylates and vinyl containing organic
monomers. lllustrative of such acrylate and methacrylate monomers
are aryl diacrylates or methacrylates, triacrylates or methacrylates and

30 tetra acrylates or methacrylates as for example mono-di,-tri- and
tetraacry.lates or methacrylates of benzene, naphthalene, bisphenol-A,
biphenylene, methane biphenylene, di-(trifluoromethyl) methane
biphenylene, phenoxyphenyiene and the like. U;eful monomers also
include aliphatic acrylates, diacrylates, triacrylates and tetraacrylates

35 as for example, butyl acrylate, ethylheiy’ acrylate, phenoxyethyl '
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acrylate, pB-carboxylethyl acrylate, isobornyl acrylate,
tetrahydrofurfuryl acrylate, cyclohexyl abrylate, propylene glycoi
monoacrylate, 2-(2-ethoxyethoxy) ethyl acrylate, N-vinyl
pyrrolidone, 1,6-hexanediol diacrylate or dimethacrylate, neopenty!
glycol diacrylate, diethylene glycol di.a_c_rylate or dimethacrylate,
triethylene giycol diacrylate or dimethacrylate, tetraethylene glycol
diacrylate or dimethacrylate , polyethylene glycol diacrylate or
dimethacrylate, dipropylene glycol diacrylate, tripropyiene glycol
diacrylate, ethoxylated neopentyl glyt:ol diacrylate, propoxylated
neopentyl glycol diacrylate , aliphatic diacrylate, alkoxylated aliphatic
diacryiate, aliphatic carbonate diacrylate, trimethylolpropane
triacrylate or trimethacrylate, pentaerythritol triacrylate, ethoxylated
trimethylolpropane triacrylate, propoxylated trimethyloipropane
triacrylate, glyceryl proxylated triacrylate, tris (2-hydroxyethyl)
isocyanurate triacrylate, pentaerythritol tetraacryliate, dipentaerythritol
pentaacrylate , ditrimethylolpropane tetraacrylate, alkoxylated
tetraacrylate. The most preferred monomers include
trimethyloipropane triacrylate, pentaerythritol triacrylate, ethoxylated
trimethylolpropane triacrylate, glyceryl proxylated triacrylate,
pentaerythritol tetraacrylate, dipentaerythritol pentaacrylats,
ditrimethylolpropane tetraacrylate, methyl methacrylate, n-butyl
acrylate, 2-ethylhexyi acry'late, isodecyl acylate, 2-hydroxyethyl

- acrylate, 2-hydroxypropyl acrylate. cyclohexyl acrylate, 1,4-

butanediol diacrylate, ethoxylated bisphenol A diacrylate,
neopentyiglycol diacrylate, diethyleneglycol diacrylate, diathylene
glycol dimethacrylate, 1,6—hexanedio] diacrylate, and pentaerythritol
tetra-acrylate. _

Especially useful are mixtures wherein at least one monomer is
a muliifunctional monomer such as a diacrylate or triacrylate, as these
will produce a network of crosslinks Within the reacted photopolymer.
The preferred monomer mixtures for__use_ in___ _t___r_l_e met_hod_ o_f__tt_e
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bispheno! A diacrylate and 33% trimethyiol propane triacrylate.

Channel 12 may include a single optical fiber 32 or more than

oné optical fiber 32 as depicted in FIG. 6. Turning now to Fig. 6,

10 which is a cross sectional view through the region of the polymeric

positioning elements 14 on a suitable substrate 20. in the following

embodiment, elements 14 are positioned such that two optical fibers

- 32 are accommodated in the channel 12 which is formed between

elements 14 such that the light carrying core 34 of each optical fiber

15 32'is in optical alignment or substantially in optical alignment with a

waveguide (not depicted) .

This also is an embodiment of the present

invention whereby the density of optical waveguides can be increased

or the length and area of the fan-in and fan-out regions can be

redu'ced. The retaining force on optical fibers 32 is not as great as

20 the embodiment where only a single optical fiber occupies a

positioning channel, yet it is still sufficient to allow for increased

utility in attaching optical fibers to optical waveguides on substrates

over the methods of the prior art.
A preferred array of this invention is shown in FIG. 7 and is
25 represented by numeral 46. Turning now to Fig. 7, in the following
embodiment, an array of optical waveguides 48 on a single substrate
50 is provided with an aligned array of the polymeric positioning
elements 52 of the present invention. Each pair of elements 52 is
ceniered on, and parallel to, the centerline of the end of optical
30 waveguide 48 with which it is associated, the alignment preferably
being accomplished by known methods of the art as for example by
lithography, such as by utilizing exposure masks which_ also contain

registration marks thereon. The end of optical fiber 54 is shown to be
inserted into one of the channels 56 formed by polymer positioning
35 elements 52 such that it light carrying core 58 of fiber 54 is aligned
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-100% due to the iﬂCH@&A@B‘MPEvéHEEﬁ jcrosslinking in the nore preferred
conposi tions. Usef uf—vattues ol h rqness preferably range from about

20 to about 200 s (p sg) with nore preferred values 20 being
about 40 to about 1 ’{gé‘é@ tﬁ%d A wide variety .of polyners can be used

“in the fabricatiof elerentp 14. Pragerred for use in the
fabrication of elements 14 are phot opol yners formed by the
phot o- pol yneri zat isen—of phot or eacti ve nononer or m xtures of such

nononers suc ur et hane_ acrylates and net hacryl ester acrylates

and met ac??‘?&f’&ere pﬂﬂ(?’%@%?l‘gt%%t' Wﬁ‘é‘@/ 9% éﬁ’t'cﬂbf“}%&ﬁ 4ii®ne

| ycol acryl at esnegckirimiyhAThE! cHaPheRBY the Vetaififg!

grgmﬁomers [Ilustrati \l/e gf g'ugh acr? g?e gngia' ‘ ﬁaﬁﬂ{% a?eﬂéaq@n@rg by the
polymer positioning elements which have the requnred geometry as in

FIG.s 1 to 5, without the necessity of additional elements or optical
glues or melting. This firm positioning allows additional optical fibers
10 54 to be placed in nearby channels 56 without disturbing the
positioning of optical fiber 54 which is a.lready in place. This provides
for a greatly increased ease of fabrication for attaching optical fibers
54 to optical waveguides 48 over the methods of the prior art. Also
prov.ided is the ability to introduce each optical fiber in an array
15 individually, thus overcoming the cumulative positioning error
associated with prior art methods wheréin the entire optical fiber array
is loaded simuitaneously.
Another preferred array of this invention is depicted in FIG. 8
and is represented by the numeral 60. Turning now to Fig. 8, in
20 embodiment 60 depicted therein an array of optical wa\_ieguides 62 on
a single substrate 64 with an optional optical buffer layer 66 is
provided with an aligned array of polymeric positioning elements 68
such that the positioning elements 68 which are not the outermost
form the sidewall of two adjacent channels 70. That is, the central
25 polymer positioning elements 68 are shared by two optical
waveguides 62. Thus, if the number of optical fibers 72 to be
attached is n, then the number of required polymer positioning
ele_ments 68 is n +1. In this manner it -is'possible to reduce the
separation between adjacent optical waveguides 62 on substrate 64
30 and thereby either increase the density of optical waveguides 62 or -
reduce the size of the fan-in and fan-out region of a muiti-port optical
waveguide device known to those skilled in the art.
An optical fiber to waveguide intert:bnnect of this invention or
an array of such interconnects as depicted in FIG.s 1 to 8 can be
35 fabricated wnth an overcoat Iayer as deplcted in FIG. 9. Turning now
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are aryl -di acryl at ' '%fr ds, triacrylates or methacrylates and 30
tetra acryl ates or n@hréu 2 pS!éEE‘F or exarrpl>/e mono-di, -tri - gnd
tetraacryl ates or acryl ates of| benzene, napht hal ene, bi sphenol -

bi phenyl ene, net hahelbigpHe3ER 4998 Hit (trifl uoromethyl) methane

bi phenyl ene, phenojyghenyl ene and the |ike.2Useful nononers al so

I ncl ude al iphatic dcrytares, diacryl ates, triacrylates and tetraacryl ates
35 as for exanple} butyl acryl t hyl hexyl acryl ate, phenoxyet hyl

5 to Fig. 9, which is a perspective view with a cutaway section through
the region of polymeric positioning elements 52, of the embodiment,
similar to that of FIG. 7. Polymer positioning elements 52 are
lithographically formed by a photopolymerization process on the

: surface.of substrate 50 which may optionally also bear an optical

10 buffer layer {not shown) so as to provide a channel structure 56 of
the required geometry. Channel 56 provides both alignment
positioning and retaining force to optical fiber 54 such that the light
carrying core 58 of the optical fiber 54 is held in contact with the end
of optical channel waveguide 48 on the surface of substrate 50.

15 Polymer positioning elements 52 serve to hold optical fiber 54 in
position while an overcoat material layer 74 is applied to the
structure. Layer 74 serves to protect the optical waveguide structure
from physical damage or dust and also serves as a means of adjusting
the numerical aperture (N.A.) of channel optical waveguide 48 so as |

20 to match the numerical aperture of optical fiber 54 and thereby
reduce the optical losses due to numerical aperture mismatch. Such
an overcoat layer 74 may comprise an optical cement, a reactive
monomer mixture which is cured to a polymer as by thermal or photo
polymerization, a glass precursor which is cured to a glass, or a

25 plastic or glass which is applied by a solution technique followed by
drying. Polymer positioning elements 52 of the present invention
maintain the positioning of optical fiber 54 by the retaining force
imposed by the unique geometry of elements 52 such that optical
fiber 54 is not displaced during the overcoating process, thus

30 overcoming the drawbacks of the prior art methods. Specifically,

"~ optical fiber 54 is not "floated” in channel 56 by the force of capillary
action of the overcoating liquid, but is held down in contact with
substrate 50 by the retaining force generated by the unique geometry
of elements 52. The methods of the prior art require additional

35 elements to apply the force necessary to maintain the position of the
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Lethytefif& gl ycol di acry2éte or dinethacrylate,

optical fibers during such an overcoating process.

Fig. 10 depicts a test method which illustrates the retaining
force polymer positioning elements 14 provide upon optical fibers
which are inserted therein and for evaluating such force. In the
preferred embodiments of the test depicted in FIG. 10, an array of
polymer positioning elements 76 and polymer optical waveguides 78
are printed by a process of mask irradiation of a reactive monomer
mixture onto the surface of a silicon wafer substrate 80 bearing a thin
layer of an optical buffer 82. Glass eptical fiber 84 is inserted into
one of the channels 86 formed by a pair of polymer positioning
elements 76 such that it is held in alignment with optical waveguide
78. No glues or additional elements are present to increase the

- retaining force on optical fiber 84, which is held in place solely by the

20

25

30

35

retaining force of polymer positioning elements 76. The other end of
optical fiber 84 is inserted into a hole 88 which is drilled into the end
of an aluminum block 90, which has a mass of 1 grams, preferably 10
grams, even more preferably 50 grams, more preferably 75 grams
and rhost preferably 100 grams, and is secured in the hole 88 by
several drops of epoxy glue 92. A block having a mass of 1 gram will
exert a force of 0.01 Newton on the coupling of optical fiber 84 and
elements 76 , a block having a mass of 10 grams will exert a force of
0.1 Newton on the coupling of optical fiber 84 and elements 76, a
block having a mass of 50 grams will exert a force of 0.5 Newton on
the coupling of optical fiber 84 and elements-76, a block having a
mass of 75 grams will exert a force of 0.75 Newton on the coupling
of optical fiber 84 and elements 76, and a block having a8 mass of
100 grams will exert a force of 1.0 Newton on the coupling of optical
fiber 84 and elements 76. The silicon wafer substrate 80 is placed in
clamp 94 and suspended such that the aluminum block is lifted clear
of the table top 96. Block 90 is allowed to hang from wafer 80, held
solely by the retalmng force generated bv the interaction of polymer

m
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optical waveguide 78 coupling which is provided by the channel of

10 this invention having unique geometry which the methods of the prior
art do not provide unless additional eleménts or cements are present.

Figs. 11 and 12 illustrate the method of the present invention

by which polymer positioning elements of the required unigue
geometry are provided. In Fig.' 11 is detailed a method whereby

15 polymer elements 98 are provided by a pattern of mask irradiation
with UV light. Substrate 100 which may optionally be coated with a
layer of optical buffer material 102 is coated with layer of
photoreactive monomer layer 104 to a thickness which is greater than
the radius (}2 d1) of the optical fiber which is to be coupled to the

20 optical waveguide. Image mask 106 bearing a pattern of opaque
areas 108 which allow UV light 110 to pass through only in the areas
which comprise the pattern of polymer positioning elements 1 iz, and
optionally the pattern of channel waveguide elements (not depicted),
is positioned abbve monomer layer 104 in close proximity, and UV

25 light 110 as for example from a mercury or xenon lamd, is directed to
fall on the suifaca of image mask 106. UV light 110 which passes
“through the clear areas of mask 106 causes a photopolymerization
reaction in the regions 112 of monomer layer 104 which are directly
under those image éreas. No photoreaction occurs in those areas of

30 monomer layer 104 which are shielded from the UV light by the
opaque areas 108 of image mask 106. After irradiation by UV light,
image mask 106 is removed and the unreacted monomer is washed
away with a suitable solvent such as ac.eﬁme or methanol, leaving a
pattern of photopolymerized structures on substrate 100 which

35 correspond to polymer posmonmg elements 98 of the present
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photodelineation of polymer structures and the great alignment

accuracy which is possible with lithographic methods in general,

10 allows the method of the present invention to overcome many of the
drawbacks of the methods of the prior art. The unique geometry of
polymer positioning elements 98, that being an inverted trapezoid as
shown on the right hand side of Fig. 11, is achieved by the choice of
proper conditions of irradiation. The optical absorption of the

15 urireacted monomer layer 104 at the wavelengths of the UV light
must be high enough, such that a gradient of UV light intensity is
established through the film. That is, the amount of UV light available
in the monomer layer to cause the initiation of the photoreaction will
decréase from the top, or the image mask side, towards the bottom,

20 or the substrate side, due to the finite absorption of the monomer
layer. This gradient of UV light causes a gradient in the amount of
photopolymerization reaction that occurs from top to bottom, and this
resuits in the unique geometry of the developed polymer structure, a
geometry which is easily accessible with the method of the present

25 invention, but not easily attained with the methods of the prior art.
The gradient in the amount of photopolymerization which occurs from
the top to the bottom of the film may be further influenced by the
presence of dissolved oxygen gas in the monomer layer, such oxygen
acting to curtail or quench the photopolymerization reaction except in

30. 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 strubtures may be further

35 mﬂuenced by the process of self—focusmg That is, the light falling on
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5 the surface of the monomer Iayer 104 initiates photopolymérizatidn at
that surface, and since the’ refractwe index of the solidified polymer
material is higher than that of the liquid monomer, it acts to refract
the light passing through it. In this manner the aerial image of light
falling on the monomer nearer to the substrate side of the monomer

10 layer is altered through refraction caused by the already-polymerized
material which lies above it. This effect may cause a narrowing of
the resultant polymerized structure from the top surface, upon which
the imaging light was directed, towards the bottom, or substrate side
of the layer.

15 In Fig. 12, a UV laser beam 116 is focused onto the surface of
the monomer layer 118 with a focusing optical element 120, such as
a quartz microscope objective, and the photopolymerized sections
121 are provided by scanning the focused laser spot on the surface of
monomer layer 118 in a pattern corresponding to the polymer

20 positioning elements 122, and opiionally in the pattern of an optical
waveguide device (not depicted). 'After the exposure is complete, the
unexposed monomers are rinsed from Substrate 124 by a suitable
solvent such as acetone or methanol to yield polymer positioning
elements 122 having the desired geometry on the surface of substrate

25 124, which may optionally carry a layer of optical buffer 126. In the
case of the method of Fig. 12, the required unique geometry of
polymer positioning elements 1 22 is provuded by the same process of
optical gradient within monomer layer 118, but is aiso further
enhanced by the focal properties of focusing aptical elemnt 120,

30 which converts the parallel beam of the laser into a focused cone of
light which intersects the monomer layer with a cross section that has

‘the desired inverted trapezoid geometry. The influences of dissolved
oxygen and seif-focusing on the resulting geometry of ihe fabricated
photopolymer elements may also be considerable in the case of

35 scanning laser exposure. — - --—
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monomers include those described above for use in the formation of
positioning elements such as methyl methacl:y!ate, n-butyl acrylate, 2-

10 ethylhexyl acrylate, isodecyl acylate, 2-hydroxyethyl acrylate, 2-
hydroxypropyl 'acrylate, cyclohexyl acrylate, 1,4-butanediol diacryi'ate,
ethoxylated bisphenol A diacrylate, neopenty!glycol diacrylate,
diethyleneglycol diacrylate, diethylene giycol dimethacryliate, 1,6-
hexanedio! diacrylate, trimethylolpropane triacrylate, pentaerythritbl

15 triacrylate and pentaerythritol tetra-acrylate and mixture thereof.
Especially useful are mixtures wherein a.t least one monomer is a -
muitifunctional monomer such as a diacrylate or triacrylate, as these
will produce a network of crosslinks within the reacted photopolymer,
such as a mixture of Genomer T1600 urethane acrylate and 1,6-

20 hexanediol diacrylate or a mixture of ethoxylated bisphenol A
diacrylate and trimethyloipropane triacrylate.

A wide variety of photoinitiators are'suitable for use in initiating
polymerization by UV light in the monomer mixtures. Many gqod
descriptions of usgful initiators for photopolymer systems are available

25 in the art including Photopolymerization of Surface Coatings, chapter
3 (1982) by C.G. Roffey. Preferred photoinitiators are those which
are soluble in the preferred monomers and which have useful
absorption at the wavelengths of light chosen for irradiation. If the
necessary unique geomeﬁy of the photopolymer element is to be

30 provided by the establishment of a gfadient of photoinitiation events
through the thickness of the monomer layer, then it is important that
the layer has significant optical absorption at the irradiating
wavelength. If the optical absorption of the constituent monomers is
small at these wavelengths the requisite absorption may be provided

35 by the photoinitiator. Combinations of several photoinitators are

This Sheet Has Been Reilaced

AT EL




LOIERt—or—~substantially in optical alignment with a
@!§§3§5F5t7a| so is an enbodi nent of the present

i nventi on where he density o ptical waveguides can be increased

or the length a r @8 gEpt9gf gnin and fan-out regions can be
reduced. The retfaifning force onjogtical @i3bers 32 is not as great as 20

t he enbodi nent ercomty—a—st+ndl.¢ optical fiber occupies a
positioning chafngl yet it is st§ll sufficient to allow for increased

tility in_attac al T j cal wavequi des, on, substrat es
bver the man hodketil t RESadah WaiBlenoth SeRBiIViE orf Fersaioadintty o i b s
invention is squubility) oF k& matchnthei &h&‘éﬁgéé‘@bﬁﬁé%ﬁé’n&h%{}?{eﬂl td8he TUr Ni Ng

nowto Fig. 7, in the follow ng odi ent, an array of opti cal
wavegui des 48 RATIGUE Jighs soures rabe employed. Especially useful

photoinitiators in the method of the invention include 2-hydroxy-2-

15 32 is in opt
wavegui de (not

methyl-1-phenyi-propan-1-one (Darocur 1173), 2,2-dimethoxy-2-

10 phenylacetophenone (irgacure 651) and 1-hydroxycyclohexyl phenyl
ketone sensitized 1:1 with benzophenone (irgacure 500). An
especially preferred mixture of photoinitiators is a 1:1:1 mixture of
these three sensitizers.

The amount of initiator which is useful in the photomonomer

15 mixtures is dependent on the desired photo speed at the available
optical power prasent in the source of irradiation and on the desired.
wall angle and thickness of the polymeric positioning element. In
general, less initiator is required for a high brightness, focused source
such as a scanned laser beam and more is reduired for a low

20 brightness source such as a mercury lamp which has been spread out
to cover a large area such as a printed circuit board.' Useful loadings
of photoinitiators, by percent weight of the total monomer mixture
layer, are 0.1 to 10% with a preferred range of 0.5 to 8% and a most
preferred range of 2 t0 6%.

25 The following examples are intended to further teach the utility
of the invention. The scope of the invention is not limited by the
examples, as other uses within the scope of the invention will be
evident to those skilled in the art. The invention is limited only by the
appended claims.

30

EXAMPLE 1
A silicon wafer was spin coated at 6000 rpm with a
photocurable fluoromonomer mixture [80 parts F8 pérfluorOpolyether
diol diacrylate, 108 parts F40 perfluoropolyether diol diacrylate, 6
35 parts hexafluoroisobutylene/ vinyl alcohol copolymer, 3 parts irgacure
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50 is provided wi Hﬂdh,jrigned array of the polymeric positioning

el ements 52 of the1§:ésent I nvention. Each pair of elenents 52 is
centered on, and pa aI &g dioagdahe centerline of the end of optical 30
wavegui de 48 with it i s assbcjated, the al i gnment preferably
bei ng acconpli she : sj of thed4rt as for exanpl e by

| i t hography, such [ utilizin posure nmasks which also contain
regi strati on nmarks e end of optical fiber 54 is shown to be

rerLed L1tg ordink Tpﬁﬂgﬁﬁﬁ?fﬁ? RGN PEY 195 G, PR, hdét F g,

Watt xenon lamp for 1 minute under a nitrogen atmosphere to provide

a 4 micron thick optical buffer layer. The wafer was baked for 10
minutes at 120 C, followed by a 30 second oxygen reactive ion etch
(RIE) to improve adhesion of the subsequent waveguide layer. The

10 substrate was spread with a 180 micron thick layer of photocurable
acrylate monomer mixture [50 parts Genomer T1600 urethane
acrylate, 98 parts 1,6-hexanediol diacrylate, 1 part Darocure 1173, 1
part Irgacure 651 and 1 part Irgacure 500]. The substrate was placed
on a computer controlled positioning stage under the focused beam of

15 a UV argon Iaéer. The computer was programmed to move the
sample under the laser beam so as to expose only discrete areas of
the sample in the design of a 3 X 1 channel wéveguide combiner,
with individual pairs of polymer positioning elements at the end of
each of the 4 ports of the waveguide devica. After the selective

20 pattern exposure was complete, the substrate was rinsed in acetone

~ to.wash away the unreacted monomer from all areas not exposed to

the laser' irradia_tioh. The resuit was a rib waveguide 3 X 1 combiner
on a semiconductor substrate with precisely aligned polymer
positioning elements to facilitate the attachment of fiber optic

25 “pigtails®. The polymer positioning elements were delineated so that
a bare glass fiber of diameter 140 micron would be tightly held in the
channel formed between them.

EXAMPLE 2
30 The waveguide device of Example 1 was placed under a
dissection microséope to magnify the waveguide termination area.
Bare glass optical fiber strands were hand-inserted into the channels
formed by the polymer positioning elements. It was immediately
noted that, once inserted, the glass optical fibers were held very
35 tightly by the polymeric positioning elements. lt was therefore quite
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easy 1o successively pigtail each of the four waveguide ports without
disturbing any of the previously inserted optical fibers.

EXAMPLE 3

The pigtailed device of Example 2 was clamped down under a
CCD camera so that the fiber termination area could be observed on a
TV screen. The optical fiber pigtail was held by an XYZ positioning
stage so that it could be moved relative to the waveguide substrate.
The positioning stage was used to transiate the optical fiber in both
the in-plane and out-of-plane directions. It was possible to cause a
large bend in the.optical fiber in either direction without inducing the
optical fiber to come out of the polymer positioning elements.

EXAMPLE 4

~ A pigtailed sample was prepared as in Examples 1 and 2,
except in this case the non-fluorinated acrylate- monomer mixture of
Example 1 was utilized to form the optical buffer layer and a higher
index acrylated monomer mixture [96 parts ethoxylated bisphenol A
diacrylate, 33 parts trimethylolpropane triacrylate, 3 parts Irganox
1010 antioxidant, 1 part Darocure 1173, 1 part Irgacure 651 and 1
part irgacure 500] was used to form the optical waveguides and the
polymer positioning elements. No reactive ion etching was used.
After the glass optical fiber pigtails were in place, the entire structure
was overcoated with a thick iayef of the lower index acryiate
monomer mixture, which was then UV exposed to polymerize it. The
result wa_k a device which was fully encapsulated by a polymer layer
to protect it from dirt and physical damage; The polymer positioning
elements were capable of maintaining the alignment of the glass
optical fibers to the ends of the optical waveguide device during the
overcoating process without the need for additional retaining
elements. : __ .
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FIGs 1 to 5, wethouthe-—nocess hty of additional elenents or optical

glues or nelti §i oni ng all ows additional optical fibers 10
54 to be placed Tim els 56 without disturbing the

posi tioning of : g? Eg ich is already in place. This provides
for a greatly ijngre 5 abrlcatlo?j%éor attachi ng optical fibers
54 to optical gr |t he net ho of the prior art. Also

provi ded is thsg ablllty to i ntrodquce each optical fiber in an array 15
i ndi vidual ly, t e cunul ative positioning error
associated wgh prior art met hods wherein the entire optical fiber array

nvention 15 depicied in FIG 8 and | EXABMAEENted by the numeral 60.
Turning now to Fig. 8a B'X 1 combiner was produced as in Example 4 except that
the substrate was polyimide laminate circuit board ‘material rather than
a silicon watfer.
10
EXAMPLE 6
A chrome on glass photomask was produced which contained a
pattern of straight line optical waveguides with sets of polymer
positioning elements of 'Iength 5mm at each end. The mask was
15 brought into contact with a 125 micron thick layer of the high index
photocurable monomer mixture of exampie 4 on a silicon substrate
bearing a thin layer of the photocured low index optical buffer of
example 4. The sandwich structure of substrate, photocurable
monomer and image mask was placed under the collimated output of
20 a 1000 Watt xenon lamp fitted with UV reflecting optics. The
monomer was exposed for 12 seconds, after which the mask Was
removed and the unexposed regions were rinsed away with acetone.
The straight optical waveguides and polymer positioning elements
remained on the optically buffered silicon substrate. A length of glass
25 optical fiber was inserted into the channel formed by one pair of the
polymer positioning elements so that it was aligned with the polymer
waveguide. The other end of the optical fiber was epoxied to an
aluminum weight weighing 110 grams. After the epoxy dried, the
wafer bearing the waveguide was hung verticaily so that the weight
30 was suspended solely by the gripping action of the polymer
positioning elements. The interaction length between the optical fiber
and the polymer positioning elements was only 5mm and no type of
glue or epoxy was present in this region. The weight was allowed to
hang from the waveguide substrate for several months and no

35 displacement of the optical fiber occurred. ~— - —— -
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20 enbodi nent 60 depicted therein an array of optical waveguides 62 on
a single substrat AR iy “optional optical buffer layer 66 is
? QM%F?%/E%& ipol ymeric positioning elenents 68

provided with a

such that the pdsijti oni ng el erre;t:t $ 68 which are not .t he out ernost

form the sidewalll {ofQBWoERdpgEent {channel s 39.. That is, the central 25
pol ymer positioninfg el enents 68§'a e shared by two opti cal wavegui des
62. Thus, if thg numnber—of—optical fibers 72 to be attached is n, then

t he nunber of

this manner i® is possible to reduce the

optical wavegui des 62 on substrate 64 30 w ei ther increase the
density of optical wavegui des 62 or re

red _pol yner pogitioning el enments 68 is n + 1.

ize of the fan-in

fan-out region of a MAd bpticalt wapeggaide with pairs of polymer positioning
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elements at each end was prepared with an image mask exposure as
in Example 6, except that the substrate was a polyimide laminate
circuit board material rather than a silicon wafer.

EXAMPLE 8

Example 4 was repeated except that two polymer optical
waveguides were written with a 40 micron separation and the
polymer positioning elements were laser written with a separation
slightly less than'twice the diameter of the glass optical fiber. Two
bare optical fiber pigtails were placed in the channel between the
polymer posit'ioning elements at each end of the optical waveguides,
for a total of four pigtails. The polymer positioning elements were
capable of maintaining the alignrnani of each of the optical fibers to
its respective waveguide during the overcoating process.

EXAMPLE 9

Polymer positioning elements were prepared on silicon
substrates by both the focused laser writing process of example 1
and the masked irradiation process of example 6. The crystalline
silicon wafers were then cleave fractured perpendicular to the |
polymer positioning elements so as to provide a cross section of the
elements. The cross-sections of the cleaved polymer positioning
elements were then examined by optical and scanning electron
microscdpy. The structure of the polymér elements was observed to

In

separation between adj acent

and

have the requisite geometrical shape of a preferred embodiment of the

present invention, that being inverted trapezoids with the longer of
the two unequal parallel sides located on top and the shorter of the
unequal parallel sides located adjacent to the silicon wafer substrate.

i
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The resuiting shape of the channel between two such structures in
proximity was also of the required geometry of the present invention,
that being a channel with a smaller opening at the top and a larger
separation at the substrate. The shape of the channel could also be
described as a trapezoid with the longer of ité two parallel unequal
sides adjacant to the substrate. The width of the channel separation
at the top was less than the 140 micron diameter of a suitable glass

optical fiber, while the bottom separation dimension was adequate to

accommodate such an optical fiber dimension.

EXAMPLE 10

A substrate comprising a sheet of Lexan polycarbonate was
spin coated with a thin layer of the optical buffer material of Example
4 and exposed t0 a xenon lamp for 10 seconds to cure. The
substrate was then coated with a 20 micron thick layer of a reactive
monomer mixture comprising [56 parts ethoxylatad bisphenol A
diacrylate, 19 parts trimethylol propane triacrylate, 21 parts Genomer
T1600 urethane acrylate, 41 parts 1,6-hexanediol diacrylate, 1.7
parts irganox 1010 antioxid_ant. 1 part Darocure 1173, 1 part Irgacure
651, 1 part irgacure 500). The focused UV laser apparatus of
Example 1 was used to write a pattern 'consisting of a rectangular
plateau which was then developed by rinsing with methanol. The
substrate bearing the plateau structure was then coated with a 120

‘micron thick layer of the high index monomer mixture of Example 4

and the same focused UV laser apparatus was used to write a pattern
corresponding to a straight channel waveguide with pairs of polymer
positioning elements at each end. The channel waveguide was the
same length.as the plateau feature and was positioned such that the
waveguide was on top of the plateau and the ends of each were
coincident. The polymer positioning elements were therefore placed
just beyond the edge of the plateau. '[hg__ _g:__tp_o_s__e_q _s_trut_:}m_'e was '
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rinsed free of unreacted monomer with methanol to provide a channel
optical wavegdide on a 20 micron plateau with a pair of polymer
pdsitioning elements centered on each end of the waveguide, but
positioned just beyond the edge of the rectangular plateau. The
channel structure formed by each pair of polymer positioning elements
was pigtailed with a glass optical fiber _of diameter 140 microns and
core diameter of 100 microns. In this manner, the optical fiber was
precisely aligned with the optical waveguide and the plateau region
served as an offset, so that the lowest portion of the optical fiber core
was precisely located with the bottom of the optical waveguide, thus
providing excellent vertical and horizontal alignment. The pigtailed
waveguide structure was overcoated with the same monomer mixture
\)vhich comprised the piateau structure and the mixture was
photocured for 1 minute under a xenon lamp. The refractive indexes
of the cured waveguide material and the cured overcoat material were
chosen such that the numerical apertures of the waveguide and the
optical fiber were matched.

, EXAMPLE 11
Example 10 was repeated except the substrate was a polyimide
circuit board material and the unexposed monomer was removed with

‘an acetone rinse.

EXAMPLE 12

Ex_ample 11 was repeated except that a chrome on glass
photomask and a xenon lamp were used in'place of the focused UV
laser to print both the rectangular plateau features and the optical
waveguides with polymer positioning elements.
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Qf optical ch&nFEPLER, JLieh 8ilon the surface of substrate 50. 15 Pol yner
positioning elj @ hold optical fiber 54 in posi tion
whil e an over cf t 74 is applied to the structure.
Layer 74 serves btical wavegui de structure from

physi cal danmagd serves as a neans of adjusting t he
nuneri cal apertiure (N._A mnel opti cal mavegU|de 48 so as 20 to
mat ch the nugerttar aperture of optiga reduce
the opti cal osses due to nunerical ap€ an

overcoat |ayer 74 WHYA%ﬂthb%oQBnﬁ%k'\ﬁaé p?@é’@’% w&hrﬁférW%f straightTonomner
m xture which is cured to a polynmer as by thernmal or

pol ymeri zat i on, chagngkeptiealcwaveguidas serminated with paus gifm,-tlmna
elements. The pairs of positioning elements were centered on the
midline on the straight optical waveguides sections and there was a
10 separation of 240 microns between the 'centerlines of the positioning
elements. The widths of the positioning elements was varied from 90
to 110 microns in 5 micron increments such that the width of the
channel formed between each pair of elements ranged from 150 to
130 microns. This pattern was printed by lithographic exposure as in
15 Example 6 to form polymer channel waveguides with associated
polymer positioning elements, where the width of the top of the
channel formed between such elements was varied from 150 to 130
microns (where this separation width is equivalent to dimension W1
of Fig. 5). Glass optical fibers of diameter 140 microns were then
20 inserted into each channel in alignment with the polymer optical
waveguides. Referring to Figure 5, this represents the cases where
dimension W4, the separation between the positioning elements at
the top of the channel, ranges from less than the optical fiber
diameter to greater than the optical fiber diameter. Upon inserting the
25 fibers into the channel and subjecting them to very small
disturbances, such as lifting the substrate and allowing the weight of
the fibers to hang on the union it was observed that those chénnejs
with top separations of 145 and 150 microns failed to retain the fiber
in contact with the end of the channel waveguide. The channel with
30 a top separation 140 microns was able to hold the fiber position for
very small disturbances, but failed if the force on the fiber was
increased. The channels with top separations of 135 and 130
micron, (smaller than the optical fiber diameter) provided for a very
_ robust union of optical fiber to optical channel waveguide, and were
35 not'disturbed even if small weights were suspended from the optical
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S5 h‘eﬁmppl ied by a solution techn|q>fol lowed by
K'E 'Y,LdnLng~e Wents 52 of the present invention - - .
joditioning of optical fiber 54 by the retaining force

25 plastic ok
drying. Poly
mai ntain the

i nposed by th |gl$3§é’o1933 'f el ements 52 such that optical - fiber -~
54 is not disp aEed du_rrl_ggdl,hei dvercoating process, thus 30 overcomng the
dr awbacks of the ' art met ho s. Specifiggal l'y, optical fiber 54 is

not "fl oated" ~he force of capillary action of the
overcoating i but is held down in cont act with substrate 50 by

e ret oS i, 7 BobanCi K Tt 18 Tobaracicn wab SrBISTIBLES i 2c
force necessary ;5t‘6vmﬂd‘£ %bEuH‘EnB‘?ﬁ'btdt%qﬂifre& N§ss force on the optical fiber
during insertion. Thus, those positioning elements that do not posses |
the necessary geometry of the invention, that is, those whose top -
separation dimension is greater than the diameter of the optical fiber
10 to be inserted, do not provide for the'desirable properties of the
present invention, those being secure and accurate positioning of
optical fibers to optical waveguides. '

This Sheet

L
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POLYMER MICROSTRUCTURES WHICH FACILITATE

FIBER OPTIC TO WAVEGUIDE COUPLING

The present invention id directed to an optical coupling device for facilitating the
coupling of an optical fiber to an optical waveguide and to a method for fabricating
such coupling device. Another aspect of this invention relates to optical fiber to
optical waveguide interconnect comprising the coupling device of this invention, and

arrays comprising a plurality of such arrays.

heet Has Been Reilaced :

\\\l\l\\ I



CWE@P@H@E‘TC illustrates the retaining 74(2&é‘90‘5~
pol ymer positionfn riovi de upon optical fibers Jg
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positioning el emgn{s 76 and poly;rret optical wavegui des 78 are printed
by a process of sk I rradi ation of a reactive nononer m xture onto
the surface of a ter. substrate 80 beari ng a thin | ayer of

an optical hyffer g9 Qmwcmsﬁ*ﬁfwcﬁ&n@s Wﬂ@ﬁ*ﬁﬁlgﬁﬁgﬁsone of

t he channel s 86 forne a pair osi tionin

such that it is held in BEﬂir@Rﬂ'l@ Tﬁ) WﬂVEGWEg@Ol&PL!NG 78. No gl ues
or additional elenents are present to increasée the retaining force on
optical fiber 84, which is held in place solely by the

Background of the Invention
10 :
1 gg g g the Invention
' The present invention is directed to an optical coupling device
for facilitating the coupling of an optical fiber to ar optical waveguide
- and to a method for fabricating such coupling device. Another aspect
15 of this invention relates to optical fiber to optical waveguide
interconnect comprising the coupling device of this invention, and
arrays comprising a plurality of such arrays.

2. Description of the Prige Art
20 ~ Recent developments in the area of optical communications
have provided a large number of optical waveguide devices for the
control and routing of light. Optical waveguide devicgs which are
created on independent substrates are often referred to as planar
integrated opticél' devices or photonic devices. These devices can be
25 further characterized as passive devices, those which serve only to
route the propagation of light along a particular path, and active
devices, those which control some function of the propagating light, .
such as its intensity or polarization, or which dynamically control the
path along which the light propagates. However, the propagation of
30 light on a substrate bearing an optical waveguide is usually suitable
only for short propagation distances, usually much less than a meter.
For longer'distance propagation the optical fiber is the medium of
choice due to its excellent transmission characteristics and ability to
be fabricated in lengths of many kilometers. Therefore, if an optical
35 waveguide device is to be utilized in an optical communication or
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retaining force_of
a hole 88 which is driIIed into the end

optical fiber Bdpgm ACEMENT ééﬂEET’ut

20 of an alunmin -ock—90,Wwhi th has a mass of 1 grans, preferably 10
grans, even nofe pr égﬁgl %950 gyams, nore preferably 75 grans and
nost preferabl andii secured in the hole 88 by sever al
drops of epoxy gl‘ue 92, A.blos aving a mdss of 1 gramwi || exert a
force of 0.01 Newton on the couplling of optical fiber 84 and 25 elenents
76, a bl ock having—a—wass—of—1T0 grans will exert a force of 0.1
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of 75 granms will exert a force of 0.75 Newton on the coupling

substrate. An optical waveguide device which has been coupled to
lengths of optical fibers for ease of insertion into an optical fiber
system is sometimes referred to as a "pigtailed” waveguide device by

10 those skilled in the art. Light propagates through the core region of
optical fibers and these core regions can be as small as a few microns
in diameter. Thus, in order that the fiber to waveguide coupling is
accomplished in an efficient manner that does not waste most of the
light, the alignment of the fiber to the waveguide is of necessity a

15 critical parameter. Numerous articles and methods have been deviséd
in the prior art to provide for efficient coupling of optical fibers to
substrates bearing optical waveguide devices. The need for critical
alignment tolerances has resuited in a high degree of complexity and
cost for these devices and methods of the prior art. There are many

20 descriptions of methods which utilize silicon "V-grooves” as a
positioning element, such as US 4,767,174, which make use of the
fact that certain crystalline orientations of silicon can be preferentiaily
etched to a high degree of accuracy. This is accomplished by a series
of lithographic steps including resist coating and exposure, followed

25 by liquid etching. However, the V-groove, once fabricated, serves
only to position the optical fiber relative to the surface of the silicon
wafer. It still remains to position the fiber end relative to the
waveguide end. This is usuaily accomplished by micromanipulation of
the two components relative to each other followed by fixing the

30 alignment by an optical quality glue. Micromanipulation is an
expensive and time consuming operation for use in a manufacturing
operation. Alternatively, the V-groove and optical fiber can be
positioned relative to the waveguide by the use of additional
positioning elements, but these also increase the complexity and

35 therefore cost of the method. Even when the V-groove technique is
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utilized only to couple two optical fibers to one another, as in US
4,973,126 there are several additional positioning elements required.
Also, the V-groove techniques serve to position an optical fiber
relative to some surface, such as that of the silicon itself, but the V-
groove does not provide any force to retain the optical fiber in
position. That is, the optical fiber can easily slip out of the groove
unless one or more additional elements are present to provide some
retaining force. Typically, a cover plate or a second substrate |
containing V-grooves is forced down in contact with the optical fibers
to hold them in the V-grooves and an optical cement or photopolymer
is used to hold the assembly together.

Several methods have been taught in the prior art for creating
optical fiber positioning devices on the substrate which also bears a
wéveguide or integrated optical device. These techniques do serve to
reduce the overall number of separate elements which must be
assembled to complete the optical fiber to waveguide coupling.
However, the techniques still remain complex in manufacture or they
lack sufficient retaining force to provide a simple, low-cost, yet
effective method of providing such a coupling. US 5,150,440
describes a method wherein waveguides are printed in a plastic film,
in which film are subsequently created rectangular grooves, as by
excimer laser ablation of the film near the waveguide terminus.
Subsequently, the film bearing the waveguide and grooves is
laminated on both sides with additional film layers such that the
openings of square cross section are created in the plane of the
waveguide. The ends of the openings are generally made accessible
and smooth by a subsequent microtoming step. The square opening
is then filled with a liquid photopolymer adhesive and optical fibers are
then admitted into the square opening and fixed in place with a
cementing process. This method involves 'a large number of
manufacturing steps such as lamination and excimer laser ablation
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S and is limited to the specific waveguide type of invention, that is, to
waveguides created in thin plastic sheets of the same order thickness
as the waveguide which can be conveniently notched by methods
such as laser ablation. The method does not provide for a convenient
method of attaching optical fibers to optical waveguides created on

10 other useful substrates such as semiconductor wafers, polyimide
circuit board materials, glass, lithium niobate and other crystalline and
ceramic substrates. Neither does it provide for a method of attaching
optical fibers to any film except those which are the thickness of the
optical waveguide, unless they are supported on another layer which

15 is removable after the notching process, which adds further
complexity to the manufacturing process. US 4,735,677 describes a
method for providing guides for aligning optical fibers on the surfacé
of a silicon substrate. In this method it is necessary to first grow a
layer of glass on the silicon wafer by a soot procass wherein a glass

20 precursor is treated by flame hydrolysis to deposit glass particles on
the silicon, followed by heating in an electric furnace to consolidate
_the glass. This layer of glass is then lithographically patterned and
etched, as by reactive ion etching (RIE), to form the posiﬁoning
elements. After formation of these elements, an optical fiber can be

25 inserted between them and fixing is accomplished with an adhesive or
by melting the glass with a CO29 laser beam. This technique invoives
a grdat number of processing steps and is limited to substrates which
are not damaged by high temperature processes or those which do
not contain sensitive electronic devices which would be damaged by

30 an RIE etch. A number of desirable substrates for waveguide devices
such as polyimide printed circuit boards and polycarbonate would not
be usefdl for these reasons. Further, like the V-groove techniques, it
serves only to position the optical fibers yet provides no rigidity or
retaining farce to the coupling except through the addition of an

35 adhesive or another high temperature melting process. Several
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by a method of compression molding a thermoplastic resin in a die.

This essentiaily provides a die-molded plastic version of a silicon V-

10 groove. While eliminating the need for a 'lithographic etch to produce
the V-grooves, the remaining drawbacks of the technique remain.
Thus the need to align the V-grooves to the waveguide is still present
and the need for additional elements to hold the fiber optics into the
V-grooves still exists and is taught in Kokai Patent 278004. Japan

15 Patent Publication 254404 further teaches hybrid optical circuits
formed by die-molding an inorganic glass or a plastic resin. The result
is a substrate bearing positioning elements for optical devices and
optical fibers such as with US 4,735,677, but without the need to
déposit a soot laysr and etch. However, the shape of the optical fiber

20 holding channel must be such that the dimension of the top is equal
to or larger than the bottom, or it will be difficult or impossible to
release the substrate from the die mold. Japan Patent Publication
254404 teaches that release from the mold is made easier if the
holding blocks are made V-shape.or trapezoid shape with the top of

25 the channel larger than the bottom of the channel. Thus again, this
method partially soives the problem of positioning an optical fiber
relative to a waveguide, but does not provide for a secure retaining
force on the fiber. In all of thess prior art methods, some force must
be applied to hald the optical fiber within the positioning groaves.

30 Further, if a liquid optical cement or photoactive monomer or optical
matching fluid is introduced to the coupling region it will wet between
the optiéal fiber and the wall of the positioh_ing groove by the force of
capillary action. This will serve to float the fiber within the groove
and thus misalign it with the waveguide, unless the secondary

35 element is present to hold the optical fiber down within the groove
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sol vent such as ReeLPRRy UoEHIYa. 1ERY Sfboves in the master die which will

form the waveguide or the positioning elements become contaminated
on repeated use, the error will be faithfully repeated on each
10 successive molding, and.prevent accurate optical fiber positioning.
Finally; in the die mold method of Japan Patent Publication No.
254404, the substrate, waveguide and positioning elements are
formed together from the same material. This precludes the ability to
position optical fibers to waveguides created on other desirable
15 substrates such as silicon wafers, lithium niobate wafers and printed’
circuit boards, and limits the choice of waveguide material to the
class of die-moldable plastics and glasses.
Thus, the need remains for devices and methods which allow
for simple, accurate positioning of optical fibers to optical waveguides
20 on a variety of desirable substrates, which do not require many
additional manufacturing steps or positioning elements or elaborate
alignment by micromanipulator and which provide a securs retaining
force to the optical fiber without the need for additional elements held
in place by optical adhesives or thermal heat treatments.
25
Summary of the Invention
One aspect of this invention is directed to an optical coupling
devicé comprising:
a substrate having a surface region at a pre-determined position
30 on a surface of said substrate for placement of an optical waveguide;
and
a channel on the surface of said substrate for optically aligning
and coupling an optical fiber having a diameter dimension dq and an
optical waveguide positioned at said predetermined position, wherein
35 the longitudinal axis of said channel is in alignment with said
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predetermined position such that on placement of said optical fiber in
said channel and placement of said optical waveguide in said position
the light carrying core of said fiber and said waveguide are in optical
alignment or substantially in optical alignment, said channel having
sidewalls and a floor wherein the separation of said sidewalls at a
cross-sectional depth dimension d2 in the direction normal to said
floor has a width W1 and the separation of said sidewalls adjacent to
said floor has a width W2, wherein W1, W2, d4, and d3 are selected
such that:

(a) W2 is greater than W4q;

{b) dg2 is greater than 1/2 d4; and

(c) dq is greater than W4 and is equal to or less than W,
wherein on placement of said optical fiber in said channel the force
required to displace said optical fiber from said channel is equal to or
greater than about 0.01 Newton (N), as determined by the test
method depicted in FIG. 10 and described herein below (hereinafter
referred to as "retaining force test").

Another aspect of this invention is directed to a optical coupling
device with an optical waveguide comprising:

a substrate;

an optically transmissive waveguide on a surface of said
substrate; and |

' a channel on the surface of said substrate for optically aligning

and coupling an optical fiber having a diémeter dimension d¢ and said
optical waveguide, wherein the longitudinal axis of said channel is in
alignment or substantially in alignment with said waveguide such that
on placement of said optical fiber in said channel the light carrying
core of said fiber and said waveguide are in optical alignment or
substantially in optic;ai alignment, said channel having sidewalls and a
floor wherein the separation of said sidewalls at a cross-sectional
depth dimension d2 in the direction normal to said floor has a width
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width W3, wherein W1, W3, d1, and d7 are selected such that:
(a) W2 is greater than W1;
(b) dg is greater than 1/2 d4; and |
{c) d1 is greater than W1 and is equal to or less than W35,

10 wherein on placement of said optical fiber in said channel the force
required to displace said optical fiber from said channel is equal to or
greater than about 0.01 Newton (N), as determined by retaining force
test.

Still another aspect of this invention relates to an optical fiber_

15 to optical waveguide interconnect comprising:

a substrate;

an optically transmissive waveguide positioned on a surface of
said substrate; and

a channel on the surface of said substrate for optically aligning

20 and coupling an optical fiber having a diameter dimension d{ and said
optical waveguide, wherein the longitudinal axis of said channel is in
alignment or substantially in alignment with said aneguide, said
channel having said optical fiber positioned therein such that the
light carrying core of said fiber and said waveguide are in optical

25 alignment or substantially in optical alignment, said channel having
sidewalls and a floor wherein the separation of said sidewalls at a
cross-sectional depth dimension d3 in the direction normal to said
floor has a width W1 and the separation of said sidewalls adjacent to
said floor has a width W2, wherein Wy, Wy, d1, and d2 are selected

30 . such that:

(a} W3 is greater than W1;

(b) d3 is greater than 1/2 d4; and

(c) di is greater than W1 and is equal to or less than W2,
wherein the force required to displace said optical fiber from said

35 channel is equal to or greater than about 0.01 Newton (N), as



15 unreacte

nust be hi ghl AERLAEEMENTC BHERTat

est abl i shed
in the nmono
decrease fr
t he substrat

)4 at the wavel engths of the UV |ight
a gradient of W light intensity is

udefthe initiation of the photoreaction wll
TEPBL

e i mage mask side, towards the bottom 20
hg finite abso?ption of the nononer

l'ayer. This [gradi ent of UV Iight causes a gradient in the anpunt of

phot opol ynerT

that occurs fromtop to bottom and this

results in tshe yeiepwindtEBYRbidiniplg fdree 46yl Oped pol ymer structure, a
geonetry which is easily accessibl.e wth the nethod of the present 25

invention, but not e¥etAnotherAspeat of thistinwention isidirectachto pniimpraved
The g adi ent i Noiche A TBidAGr ShoBaPAEREE HE G 3 biBit) o bRES aeote

10

15

20

25

30

35

to optical fiber interconnects on the substrate of this invention and a
packaged planar optical device comprising the improved pigtailed
pianar optical device enclosed in a bolymefic package.

Still another aspect of this invention relates to a method for
forming an optical coupling device comprising a substrate having a
surface region at pre-determined position on a surface of said
substrate for placement of an optical waveguide, and a polymeric
optical fiber positioning element for optically aligning and coupling an
optical fiber having a diameter d4 and said optical waveguide
positioned at said predetermined position , said polymeric optical fiber
positioning element comprising.a channel having sidewalls, wherein
the longitudinal axis of said channel is in alignment or substantiaily in
alignment with said pre-determined position, such that on placement
of said optical fiber in said channel and said optical waveguide in said
pre-determined position, said optical fiber and said optical waveguide
are in optical alignment or substantially in optical alignment, said
channel having sidewalls and a floor wherein the separation of said
sidewalls at a cross-sectional depth dimension d2 in the direction
normal to said floor has a width W1 and the separation of said
sidewalls adjacent to said floor has a width W9, wherein W1, W3, d1,
and do are selected such that:

(a) W3 is greater than W1;

(b) d2 is greater than 1/2 d¢; and _

(c) d4 is greater than W1 and is equal to or less than W,
wherein the force required to displace said optical fiber from said
channel is equal to or greater than about 0.01 Newton (N), as
determined by retaining force test, said process comprising the steps
of:

That is, the amobunt of UV |ight avail abl e

or
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t he photopol ynmer structures nmay be further 35 influenced by the process of
sel f-focusi mg. That akplacing hilgher Eodprisgngoone or more photopolymerizable

monomers onto a surface of a substrate;

b) exposing said layer to a pattern of actinic radiation to form
an exposed pattern of polymerized monomer having the surface
dimensions of said polymer positioning element and a pattern of

10 unexposed monomer; and

c) developing said layer by removing said unexposed monomer
to form said polymer positioning element on the surface of said
substrate wherein the longitudinal axis of said waveguide isn
alignment or substantially in alignment with said bosition.

15 This invention also relates to a method for forming an optical -
coupling device with an optical waveguide comprising a substrate, an
optically transmissive waveguide positioned on a surface of said
substrate, and a polymeric optical fiber positioning element for
optiéally aligning and coupling an optical fiber having a diameter d1

20 and said optical waveguide, said polymeric optical fiber positioning
element comprising a channel having sidewalls; wherein the
longitudinal axis of said channel is in alignment or substantially in
alignment with the longitudinal axis of said waveguide, such that on
placement of said optical fiber in said channel said optical fiber and

25 said optical waveguide are in optical alignment or substantially in
optical alignment, said channel having sidewalls and a floor wherein
the separation of said sidewalls at a cross-sectional depth dimension
d2 in the direction normal to said floor has a width W4 and the
separation of said sidewalls adjacent to said floor has a width W,

30 wherein W1, W3, d1, and d2 are selected such that:

(a) W3 is greater than W1; .

(b) d2 is greater than 1/2 d¢; and

(c) d1 is greater than W4 and is equal to or less than W,
wherein the force required to displace said optical fiber from said

35 channel is equal to or greater than about 0.01 Newton (N), as
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s determined by retaining force test, said process comprising the steps
of:
a) placing a layer comprising one or maore photopolymerizable
monomers onto a surface of a substrate having a waveguide thereon;
b) exposing said layer to a pattern of actinic radiation to form
10 an exposed pattern of polymerized monomer having the surface
dimensions of said polymer positioning element and a pattern of
unexposed monomer; and
c) developing said layer by removing said unexposed monomer
to form said polymer positioning element on the surface of said
15 substrate wherein the longitudinal axis of said channel is in alignmeni
or substantially in alignment with the longitudinal axis of said
waveguide.
Yet another aspect of this invention relates to a method for
forming an optical coupling device with an optical waveguide
20 comprising a substrate, a polymeric optically transmissive waveguide
positioned on a surface of said substrate, and a polymeric optical fiber
positioning element for optically aligning and coupling an optical fiber
having a diameter dq and said optical waveguide, said polymeric
optical fiber positioning element comprising a channel having
25 sidewalls, wherein the longitudinal axis of said channel is in alignment
or substantially in alignment with the longitudinal axis of said |
waveguide, such that on placement of said optical fiber in said
channel said optical fiber and said optical waveguide are in optica'l
alignment or substantially in optical alignment, said channel having
30 sidewalls and a floor wherein the separation of said sidewalls at a
cross-sectional depth dimension d7 in the direction normal to said
floor has a width W1 and the separation of said sidewalls adjacent to
said floor has a width Wy, wherein W1, W3, d1, and d3 are selected
such that:
35 ~ (a) W2 Is greater than W1;
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wherein the force required to displace said optical fiber from said
channel is equal to or greater than about 0.01 Newton (N), as
determined by retaining force test, said process comprising the steps
of:

a) placing a layer comprising. one or more photopolymerizable
monomers onto a surface of a substrate;

b) exposing said layer to a pattern of actinic radiation to form
an exposed pattern of palymerized monomer having the surface
dimensions of said polymer positioning element and said waveguide,
and a pattern of unexposed monomer; and

c) developing said layer by removing said unexposed monomer
to form said polymer positioning element on the surface of said
substrate wherein the longitudinal axis of said channel is in alignment
or substantially in alignment with the longitudinal axis of said
waveguide.

This invention exhibits one or more advantages. For example, it
is useful on a wide variety of substrates on which optical waveguides
are desired. It does not involve any high temperature processing
which may deleteriously affect the substrate or optical waveguide. It
utilizes a photolithographic method which combines both high
positioning or alignment accuracy with simplicity of manufacturing
method and low cost. It provides for a firm retaining force on the
optical fiber, thus simplifying the attachment of optical fibers to
optical waveguides, especially for the imbortant case of attaching
muiltiple fibers or arrays of optical fibers to a single substrate or
optical waveguide array. It provides for _aﬁ accurate alignment and
firm retention of an optical fiber positioned in a small area on the
optical waveguide substrate, thus allowing for a higher density of
optical interconnects than methods of the prior art which utilize bulky
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ri ion wi
The invention will be more fully understood and further
advantages will become apparent when reference is made to the

15 following detailed description of the invention and the accompanying
drawings in which: ,

FIG. 1 is a perspective view of a preferred optical coupling
device of this invention.
FIG. 2 is a perspective view of an embodiment of a preferred

20 optical coupling device and optical waveguide of this invention.

FIG. 3 is perspective view of an embodiment of a preferred
optical fiber to optical waveguide interconnect of this invention.

FIG. 4 is a perspective view of the embodiment of FIG. 3
having an optical buffer layer.

25 FIG. b is a cross-sectional view of a preferred optical fiber to
opﬁcal waveguide interconnect of this invention depicted in FIG. 3
along line 5'-5.

FIG. 6 is a cross-sectional view of another preferred optical
fiber to optical waveguide interconnect of this invention having a

30 trapezoidal shaped or substantially trapezoidal shaped channel having
two optical fibers positioned therein. _

FIG. 7 is a perspective view of an array of this invention with
more than one optical coupling devices and optical fiber to optical
waveguide interconnected on the surface of a substrate.

35 FIG. 8.is a perspective view of another preferred array of this
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invention.

FIG. 9 is a perspective view with a cutaway section of a
packaged optical fiber to optical interconnect of the invention similar
to that of FIG. 3, but including a polymeric overcoat. |

FIG. 10 shows a device for determining the retaining force of
the coupling device of this invention.

FiG. 11 illustrates a preferred process for the formation of a
coupling device of the present invention.

FIG. 12 illustrates another preferred process for the formation

of a coupling device of the present invention.
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. They are chosen to describe or to best
explain the principles of the invention, and its application and practical
use to thereby enable others skill'ed in the art to best utilize the
invention.

~ One preferred embodiment of the coupling device of this
invention is depicted in FIG. 1and is id_entiﬁed by the numeral 10.
Device 10 comprises channel 12 positioned on a surface of substrate
20. Channel 12 can be of any shape or length provided that it has a
certain specific géometric dimensions. Channel 12 can be formed by
lithographic techniques using photopolymérizable monomers and the
like. Channel 12 can be a single construciion or can be formed from
a number of parts. In the preferred embodiments of the invention
depicted in FIG.1, channel 12 is formed of lithographic techniques and
is formed by a pair of adjacent positioning elements 14 which form
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ptionally one or nore stabilizers. Useful
cribed above for use in the formation of
as nethyl nethacrylate, n-butyl acrylate,
acyl acyl ate, 2-tiydroxyethyl acryl ate, 2-

Il acryl ate, neopentyl glycol diacrylate,
sidewalls 16 and 18 of channel 12 and a portion of the surface of
substrate 20 which forhs floor 24 of channel 12. Channe! 12 is
positioned on the surface of substrate 20 such that it's longitudinal
axis is in alignment or substantially in alignrﬁent with predetermined
position 22 on the surface of substrate 20.

Substrate 20 can be formed of any solid material used in the
formation of substrate for conventional optical waveguide devices.
Desired characteristics of these materials include mechanical and
optical stability at typical operating temperatures of the device.
Preferred materiails for use in the fabrication of substrate 20 include
printed circuit board material, polymers, quartz, glass, fused silica,
semiconductor wafers and inorganic crystals.

A preferred coupling and optical waveguide device of this
invention is depicted in FIG.2 and is represented by the numerai 26.
Coupling and optical waveguide device 26 comprises polymer
positioning elements 14 defining channel 12 on the surface of
substrate 20. Device 26 also includes channel waveguide 28 at a
predetermined position (which corresponds to position 22 in device
10) on the surface of substrate 20 which is in alignment or
substantially in alignment with the longitudinal axis of channel 12.

A preferred optical fiber to waveguide interconnect of this
invention is depicted in FIG. 3 represented by the number 30.
Interconnect 30 comprises polymer positioning elements 14, defining
sidewalls 16 and 18 of channel 12, on the surface of substrate 20
and a channel waveguide 28 in alignment or substantially in
alignment with the longitudinal axis of channel 12. Interconnect 30
also includes optical fiber 32 positioned in channel 12 such that the
light carrying core 34 of optical fiber 32 is in optical alignment or
substantially in optical alignment with waveguide 28 such that light
can be propagated through light carrying core 34 and into optical
channel waveguide 28.

2-

cl ohexyl acrylate, 1,4-butanediol diacrylate,

or

10
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interconnact 30 identified by like numerals. In addition, interconnect
36 includes optional optical buffer layer 38 on a surface of substrate
20 and waveguide 28 and elements 14 are positioned on the surface
of buffer layer 38. Optical buffer layer 38 is required by the nature of
guided wave propagation of light for those cases where the refractive
index of the substrate is larger than that of the channel optical
waveguide, in order to provide for low propagation loss waveguide
structures. Any material which can provide this function can be used
in the fabrication of buffer layer 38. lllustrative of materials used in
the fabrication of buffer layer 38 are low refractive index
photopolymaers, spin-coated polymer layers, spin-on glasses, silicon
dioxide, oxides formed by cheﬁ\ical vapor deposition (CVD) and
fluoropolymers. Preferred materials are low refractive index
photopolymers and fluoropolymers , more preferred materials are low
refractive index photopolymers.

The relative positions of channel 12 and waveguide 28 or
predetermined position 22 on the surface of substrate 20 is critical to
the invention. As depicted in FIG.s 1, 2, 3 and 4, channel 12 and
waveguide 28 or predetérmined position 22 are positioned so that the
longitudinal axis of channel 12 and the Ibngitudinal axis of waveguide
28 or position 22 are in alignment or are substantially in alignment
such that when optical fiber 32is placed in channel 12 the light
carrying core 34 of the optical fiber 32 and waveguide 28 or
predetermined position 22 are in optical alignment or substantially in
optical alignment such that light can propagate through core 34 and
into waveguide 28. In the preferred embadiments of the invention as
depicted in the figures, where channel 12 is formed by sidewalls 16
and 18 of elements 14 and floor 24 of substrate 20, elements 14 are
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by lithographic means from photopolymaerizing monomers, elements
14 can be aligned with channel waveguide 28 with a relatively high
degree of accuracy. For example, an especially accurate method of

10 alignment is to create polymeric positioning elements 14 and channel
optical waveguide 28 from the same polymerizable monomers during
the same ultraviolet light (UV) exposure step. This can be
accomplished by placing both lithographic features onto the same
pattern mask or by programming a laser direct-write apparatus to

15 scan both patterns in a single UV exposure step. ]

FIG. 5 is a cross-sectional view, along line 5'-5 of FIG. 3, of
interconnect 28 which depicts channel 12, elements 14, sidewalls 16
and 18, optical fiber 32, core 34 and substrate 20 in the requisite
unique geometrical relationships that rhust exist for the proper

20 functioning of the present invention. The relationship of these
elements is critiéal to the advantages of this invention. That is,
through use of optical fiber 32 and channel 12 having certain
geometrical parameters on placement of fiber 32 in channel 12 such
fiber 32 is retained in the channel 12 such that the force required to

25 displace said optical fiber from said channel is equal to or greater than
about 0.01 Newton (N), as determined by retaining force test
depicted in FIG. 10 discussed beiow. In general, the cross-section of
channel 12 is such that channel 12 has a width dimension of W1 at a
region of channel 12 at a depth dimension of d2 from floor 24 of

30 channel 12 in the direction normal to said floor 24 and has a width
dimension of W9 at a region of channel 12 adjacent to floor 24 of
channel 12. Optical fiber 32 has a diameter d1. To provide the
benefits of this invention, the parameters W1, W2, d1, and dj are
selected such that:

35 (a) W3 is greater than Wq;
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(b) dg is greater than 1/2 d

(c) dq is greater than W1 and is equal to or less than Wj.

The values of W1, W2, d1, and d2 may vary widely and still
meet the above conditions, provided that the coupling of optical fiber
32 in channei 12 is such that the force required to displace optical
fiber 32 from channel 12 is equal to or greater than about 0.01
Newton (N), as determined by retaining force test depicted in FIG. 10
discussed below. However, in general the dominating factors are the
relative values of d1 , d2 and W1 . In the preferred embadiments of
the invention, W1 is from about 0.6 d1 to about 0.99 d, more
preferably from about 0.8 d1 to about .99 d4 and most preferably
from about 0.9 d4 to about 0.99 d4. The value of dg is preferably
from greater than 1/2 dq to about 2 d1, and is more preferably from
about 0.6 d1 to about 0.99 dq and is most preferably from about 0.8
d1 to about .99 d1. In the embodiments of choice, d2 is from about
0.9 d¢ to about 0.99 d1. The value of d1 is the diameter of any
optical fiber such as conventional single mode fibers, polarization-
preserving fibers, multi-mode fiber or cable, UV-NIR transmissive fiber
cable and hard polymer clad fiber cable. The value of dq is preferably
equal to or less than 1 mm, more preferably from about 125 um to
about 1 mm and most preferably from about 125 pm to about 250 u
m. In the embodiments of choice the value of dq is from about 125 u
m to about 140 um.

The value of W2 may vary widely and the only requirement is
that W2 is greater than W1 and is greater thari or equal to d{. W2 is
preferably greater than d4 to about 2d{, more preferably from about
1.0 d1 to about 1.5 d1 and most preferably from about 1.0 d1 to
about 1.2 d4. In the embodiments of choice W3 is from about 1.0 d4
to about 1.1 dq. _ '

The length of channel 12 may vary widely provided that the

force required to displace said optical fiber from said channel is equal
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embodiments of this invention, the length of channel 12 is equal to or
greater than about d1. The length of channel 12 is more preferably
from about 0.1 to about 20 mm and is most breferably from about

10 0.5 to about 10 mm. In the embodiments of choice, the length of
Channel 12 is from about 1 to 5§ mm.

The cross sectional shape of channel 12 may vary widely and
still meet the above conditions, provided that the coupling of optical
fiber 32 in channel 12 passes the test of the method of FIG. 10. In

15 FIG. 5, sidewalls 16 and 18 are depicted as being straight, but this i§
not a necessary requirement of the invention, and sidewalls 16 and
18 may be curved, concave, convex or the like, or one may straight
and the other may not, as long as the essential dimensional

‘requirements of the invention are not violated. -

20 In the preferred embodiments of the invention depicted in FiG.s
1 to 5, channel 12 is of trapezoidal or substantially of trapezoidal
cross-section. In the preferred embodiment of FIG. 5, channel 12 is
formed by two parallel or substantially parailel polymer positjoning
elements 14 on the surface of substrate 20. Channel 12 has

25 sidewalis 16 and 18 formed from a side of each of elements 14 and
floor 24 formed by the surface of substréte 20 between elements 14.
As shown in FiG. 5, polymer positioning elements 14 define channel
12 which is of inverted trapezoidal cross section having the longer of
the two parallei or éubstantially parallel unequal sides with dimension

30 40 which is greater than dimension 42 of the other of the two
unequal barallel sides, and with the longer'of the two parallel unequal
sides of dimension 40 positioned on top and the shorter of the
unequal parallel sides of dimension 42 positioned in contact with the
substrate 20, or the surface of optional buffer layer 38 (See FIG. 4)

35 on substrate 20. '
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Angle a must be greater than zero if polymer element 14 is to
possess the preferred shape of an inverted or substantially inverted
ttapezoid. If angle a is zero, then the cross section of elements 14 is
10 merely a rectangle as in the prior art and will not possess the
unexpected ability to retain the position of an optical fiber 32 in
channel 12 created between two such elements 14 such that the
coupling passes the test of FIG. 10. The larger that angle a is
fabricated the easier it is to maintain optical fiber 32 within channel
15 12. However, there are practical limitatiohs to how large angle o can
be conveniently fabricated. If angle @ becomes too large, then the
width dimension of polymer element 14 (dimension 40 in Fig. 5) must
also become large in order that the base of polymer element 14
(&imension 42 in Fig. 5) has sufficient contact area with substrate 20
20 to insure relatively good adhesion, and this is deleterious to the
density of mterconnectlons that are a primary benefit of this
invention. Therefore, wall angles « are preferably limited to the range
of from about 1° to about 30%. The more preferred range of wall
angles a fail in the range from about 29 to about 25° and most
25 preferred are wall angles in the range of about 3° to about 20°.
Polymer positioning elements 14 possess certain important
physical properties. These physical properties allow elements 14 to
deform under the applied stress when an optical fiber of diameter d1
larger than width dimension W1 of the opening at the top of channel
30 12 s inserted therein. However, the deformation should not be
permanent and polymer positioning element 14 should as rapidly as
possible return or substantially return to its original dimensional shape
in order to provide for a useful retaining force on optical fiber 32. The
properties must therefore provide some degree of elastic strength.
35 Also the polymer should not be overly brittle or it will be damaged by
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the insertion, nor can it be overly hard or it may cause damage to
optical fiber 32. It is clear why the prior art methods utilizing glass
positioning elements are not appropriate from a materials property
standpoint. The polymer preferably is a polymer with a molecular
weight equal to or greater than about 50,000 and more preferably
equal to or greater than 100,000. In the most preferred embodiment
of this invention, the polymer material is a photo-polymer which is a
crosslinked polymer above its gel point, that is, the molecular weight
is essantially infinite. The crosslinked photopolymer not only has the
most preferred physical properties, but is also the simplest case for
removal of the unirradiated monomer as the crosslinked photopolymér
will no longer dissolve in the developing solvent when elements 14
are formed by lithographic techniques. The polymer should be
largely amorphous (less than 50% crystallinity) rather than crystalline
and its giass transition temperature (Tg) should be less than its use
temperature in order to ensure that there is a high degree of chain
segment mobility. It is preferred that the crystallinity of the polymer
is less than about 25% and more preferred that the crystallinity is
less than about 10%. In the most preferred embodiment the polymer
is completely amorphous, that is, the crystallinity is about 0%. A
completely amorphous polymer is especially preferred for the
embodiment of the present invention wherein a single lithographic
step is utilized to produce both polymer positioning elements 14 as
well as polymeric optical waveguide 28 from a single layer of
reactive monomer on a substrate 20, in that it will yvield an optical
waveguide with the lowest amount of loss due to scattering of light
from polymer crystalline regions. As to the Tg, since a useful
temperature at which to attach optical fibers to optical waveguide
devices is room temperature, it is essential that the Tg of the
photopolymer is less than room temperature. Thus, it is preferred
that the Tg is less than about 30°C and more preferred less than
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about 20°C and most preferred are photopolymer materials whose Tg
is less than 10°C. It is preferred that the Tg of the photopolymer as
just described be an inherent property of the polymer. Howaver, it is
recognized that it is possible to adjust the Tg of a polymer by a
number of methods known in the general art of polymer science, such
as by the add_ition of plasticizers or by swelling the polymer with a
solvent, and polymers so treated may also be useful in the method of
the invention without departing from its scope. In addition, it is
further recognized that unreacted monomer which is trapped within
the photopolymer matrix may serve as such a plasticizer material.
Further, it is recognized that once the optical fiber is inserted into the
channel structure of the invention, it is no longer required that the Tg
of the polymer positioning elements fall within the critical range.
Such Tg may, at a later time, be adjusted to a higher value as by
evaporation of solvent or piasticizer or as by further cross-linking of
the polymer. Likewise, though less convenient, a polymer having a
Tg greater than room temperature, i.e. above about 30°C, may be
employed if the assembly of the device is carried out at elevated
temperatures equal to or greater ghan the Tg of the polymer followed
by cooling to a temperature less than the Tg. The polymer which
makes up positioning element 14 preferably contains a number of
crosslinks to prevent overall movement of the polymer chains and
thus restore the necessary geometry of element 14 after the
introduction of optical fiber 32 into positioning channel 12 between
elements 14. This recovery of the shape of polymer element 14 is
associated with the properties of resilience and low permanent set. In
the preferred case, wherein the polymer material which comprises
positioning element 14 is a crosslinked polymer above its gel paint,
there is, of necessity, a minimum of one primary chemical bond
crosslink per polymer chain. In the more preferred compositions at
least one of the reactive monomers is a multifunctional monomer, that

-SR-S ar re 1173] which was then cured under a 1000
LnﬁEde%(‘fM M ntitt& ubhder a nitrogen atnosphere to provide
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will be much more extensively crosslinked and there will be many
crosslinks per polymer chain.
10 The tensile strengths which are displayed by polymers useful in
the invention preferably range from about 100 to about 850 kg cm2
with the more preferred range bmeing from é_bout 150 to about 300 kg
cm™2 .
The percent elongation of the crosslinked photopolymers useful
15 in the method of the invention preferably ranges from about 2 to '
about 300% with the more preferred range being about 2 to about
100% due to the increased level of crasslinking in the more preferred
compositions. Useful values of hardness preferably range from about
20 to about 200 s (pendulum hardness) with more preferred values
20 being about 40 to about 150 s.

A wide variety of polymers can be used in the fabrication of
elements 14. Preferred for use in the fabrication of elements 14 are
photopolymers formed by the photo-polymerization of a
photoreactive monomer or mixtures of such monomers such as

25 urethane acrylates and methacrylates, ester acrylates and
methacrylates, epoxy acrylates and methacrylates, polyethylene

- glycol acrylates and methacrylates and vinyi containing organic

monomers. lllustrative of such acrylate ahd methacrylate monomers
are aryl diacrylates or methacryiates, triacrylates or methacrylates and

30 tetra acrylates or methacrylates as for exémple mono-di,-tri- and
tetraacﬁlates or methacrylates of benzené; naphthalene, bisphenol-A,
biphenylene, methane biphenylene, di-(trifluoromethyl) methane
biphenylene, phenoxyphenylene and the like. Useful monomers also
include aliphatic acrylates, diacrylates, triacrylates and tetraacrylates

35 as for example, butyl acrylate, ethylhexyl acrylate, phenoxyethyl
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tetrahydrofurfuryi acrylate, cyclohexyl acrylate, propylene glycol
monoacrylate, 2-(2-ethoxyethoxy) ethyl acrylate, N-vinyl
pyrrolidone, 1,6-hexanediol diacrylate or dimethacrylate, neopentyl
glycol diacrylate, diethylene glycol diacrylate or dimethacrylate,
triethylene glycol diacrylate or dimethacrylate, tetraethylene glycol
diacrylate or dimethacrylate , polyethylene glycol diacrylate or
dimethacrylate, dipropylene glycol diacrylate, tripropylene giycol
diacrylate, ethoxylated neopentyl glycol diacrylate, propoxylated
neopentyl glycol diacrylate , aliphatic diacrylate, alkoxylated aliphatic
diacryiate, aliphatic carbonate diacrylate, trimethylolpropane ‘
triacryiate or trimethacrylate, pentaerythritol triacrylate, ethoxylated
trimethylolpropane triacrylate, propoxylated trimethylolpropane
triacrylate, glyceryl proxylated triacrylate, tris (2-hydroxyethyi)
isocyanurate triacrylate, pentaerythritol tetraacrylate, dipentaerythritol
pentaacrylate , ditrimethylolpropane tetraacrylate, alkoxylated
tetraacrylate. The most preferred monomers include
trimethylolpropane triacrylate, pentaerythritol triacrylate, ethoxylated
trimethyloipropane triacrylate, glyceryl proxylated triacrylate,
pentaerythritol tetraacrylate, dipentaerythritol pentaacrylate,
ditrimethylolpropane tetraacrylate, methyl methacrylate, n-butyl
acrylate, 2-ethylhexyl acrylate, isodecyl acylate, 2-hydroxyethyl
acrylate, 2-hydroxypropy! acrylate, cyclohexyl acrylate, 1,4~
butanediol diacrylate, ethoxylated bisphenol A diacrylate,
neopentyliglycol diacrylate, diethyleneglycol diacrylate, diethylene
glycol dimethacrylate, 1,6-hexanediol duacrylate, and pentaerythritol
tetra-acrylate.

Especially useful are mixtures wherein at least one monomer is
a muitifunctional monomer such as a diacrylate or triacrylate, as these
will produce a network of crosslinks within the reacted photopolymer.

The preferred monomer mixtures for use in the method of the
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invention are mixture of 33% Gehomer T1600 urethane acrylate and
67% 1,6-hexanediol diacrylate; and the mixtdre of 67% ethoxylated
bisphenol A diacrylate and 33% trimethylol propane triacryliate.

Channel 12 may include a single optical fiber 32 or more than
one optical fiber 32 as depicted in FIG. 6. Turning now to Fig. 6,
which is a cross sectional view through the region of the polymeric
positioning elements 14 on a suitable substrate 20. In the following
embodiment, elements 14 are positioned such that two optical fibers
32 are accommodated in the channel 12 which is forrhed between
elerh_ents 14 such that the light carrying core 34 of each optical fiber
32 is in optical alignment or substantially in optical alignment with a
waveguide (not depicted) . This also is an embodiment of the present
invention whereby the density of optical waveguides can be increased
or the length and area of the fan-in and fan-out regions can be
reduced. The retaining force on optical fibers 32 is not as great as
the- embodiment where only a singie optical fiber occupies a
positioning channel, yet it is still sufficient to allow for increased
utility in attaching optical fibers to optical waveguides on substrates
over the methods of the prior art.

A preferred array of this invention is shown in FIG. 7 and is
represented by numeral 46. Turning now to Fig. 7, in the following
embodiment, an array of optical waveguides 48 on a single substrate
50 is provided with an aligned array of the polymeric pasitioning
elements 52 of the present invention. Each pair of elements 52 is
centered on, and parallel to, the centerline of the end of optical
waveguide 48 with which it is associated, the alignment preferably
being accomplished by known methods of the art as for example by
lithography, such as by utilizing exposure masks which also contain
registration marks thereon. The end of aptical fiber 54 is shown to be
ingerted into one of the channels 56 formed by polymer positioning
elements 52 such that it light carrying core 58 of fiber 54 is aligned
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and centered on the end of optical waveguide 48. Optical fiber 54 is
held firmly in the channel by the retaining force exerted upon it by the
polymer positioning elements which have the required geometry as in
FIG.s 1 to 5§, without the necessity of additional elements or optical
glues or meiting. This firm positioning allows additional optical fibers
54 to be placed in nearby channels 56 without disturbing the
positioning of optical fiber 54 which is aiready in place. This provides
for a greatly increased ease of fabrication for attaching optical fibers
54 to optical waveguides 48 over the methods of the prior art. Also
provided is the ability to introduce each optical fiber in an array
individually, thus overcoming the cumuiative positioning error
associated with prior art methods wherein the entire optical fiber array
is loaded simultaneously.

Another preferred array of this im)ention is depicted in FIG. 8
and is represented by the numeral 60. Turning now to Fig. 8, in
embodiment 60 depicted therein an array of optical waveguides 62 on
a single substrate 64 with an optional optical buffer layer 66 is
provided with an aligned array of polymeric positioning elements 68
such that the positioning elements 68 which are not the outermost
form the sidewall of two adjacent channeis 70. That is, the central
polymer positioning elements 68 are shared by two optical
waveguides 62. Thus, if the number of optical fibers 72 to be
attached is n, then the number of required polymer positioning
elements 68 is n + 1. In this manner it is possible to reduce the
separation between adjacent optical waveguides 62 on substrate 64
and thereby either increase the density of optical waveguides 62 or
reduce the size of the fan-in and fan-out region of a multi-port aoptical
waveguide device known to those skilled in the art.

An optical fiber to waveguide interéonnect of this invention or
an array of such interconnects as depicted in FIG.s 1 to 8 can be
fabricated with an overcoat layer as depicted in FIG. 9. Turning now
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the region of polymeric positioning elements 52, of the embodiment,
similar to that of FIG. 7. Polymer positioning elements 52 are
lithographically formed by a photopolymérization process on the
surface of substrate 50 which may optionally also bear an optical
buffer layer (not shown) so as to provide a channel structure 56 of
the required geometry. Chanhel 56 provides both alignment
positioning and retaining force to optical fiber 54 such that the light
carrying core 58 of the optical fiber 54 is held in contact with the end
of optical channel waveguide 48 on the surface of substrate 50.
Polymer positioning elements 52 serve to hold optical fiber 54 in
position while an overcoat material layer 74 is applied to the

_ structure. Layer 74 serves to protect the optical waveguide structure
from physical damage or dust and also serves as a means of adjusting
the numerical aperture (N.A.) of channel optical waveguide 48 so as
to match the numerical aperture of optical fiber 54 and thereby
reduce the optical losses due to numerical aperture mismatch. Such
an overcoat layer 74 may comprise an optical cement, a reactive
monomer mixture which is cured to a polymer as by thermal or photo
polymerization, a glass precursor which is cured to a glass, or a
plastic or glass which is applied by a solution technique followed by
drying. Polymer positioning elements 52 of the present invention

- maintain the positioning of optical fiber 54 by the retaining force

imposed by the unique geometry of elements 52 such that optical
fiber 54 is not displaced during the overcoating process, thus
overcoming the drawbacks of the prior art methods. Specifically,
optical fiber 54 is not "floated" in channel 56 by the force of capillary
‘action of the overcoating liquid, but is held down in contact with
substrate 50 by the retaining force generated by the unidue geometry
of elements 52. The methods of the prior art require additional
elements to apply the force necessary to maintain the position of the
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force polymer positioning elements 14 provide upon optical fibers

which are inserted therein and for evaluating such force. In the
preferred embodiments of the test depicted in FIG. 10, an array of

10  polymer positioning elements 76 and polymer optical waveguides 78
are printed by a process of mask irradiation of a reactive monomer
mixture onto the surface of a silicon wafer substrate 80 bearing a thin
layer of an optical buffer 82. Glass optical fiber 84 is inserted into
one of the channels 86 formed by a pair of pdlymer positioning

15 elements 76 such that it is held in alignment with optical waveguide .
78. No glues or additional elements are presént to increase the
retaining force on optical fiber 84, which is held in place solely by the
retaining force of polymer positioning elements 76. The other end of
optical fiber 84 is inserted into a hole 88 which is drilled into the end

20 of an aluminum block 90, which has a mass of 1 grams, preferably 10
grams, even more preferably 50 grams, more preferably 75 grams
and most preferably 100 grams, and is secured in the hole 88 by
several drops of epoxy glue 92. A block having a mass of 1 gram will
exert a force of 0.01 Newton on the coupling of optical fiber 84 and

25 elements 76 , a block having a mass of 10 grams will exert a force of
0.1 Newton on the coupling of optical fiber 84 and elements 78, a
block having a mass of 50 grams will exert a force of 0.5 Newton on
the coupling of optical fiber 84 and elements 76, a block having a
mass of 75 grams will exert a force of 0.75 Newton on the coupling

30 of optical fiber 84 and elements 76, and a block having a mass of
100 grams will exert a force of 1.0 Newton on the coupling of optical
fiber 84 and elements 76. The silicon wafer substrate 80 is placed in
clamp 94 and suspended such that the aluminum block is lifted clear
of the tablé top 96. Block 90 is allowed to hang from wafer 80, held

35 solely by the retaining force generated by the interaction of polymer
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positioning elements 76 (preferably about 5 mm long) with optical
fiber 84 for a period of ane hour without any noticeable change in the
position of optical fiber 84 relative to optical waveguide 78. This
method démonstrates the unexpected stability of optical fiber 84 t0
optical waveguide 78 coupling which is provided by the channel of
this invention having unique geometry which the methods of the prior
art do not provide unless additional elements or cements are present.
Figs. 11 and 12 illustrate the method of the present invention
by which polymer positioning elements of the required unique
geometry are provided. In Fig. 11 is detailed a method whereby
polymer elements 98 are provided by a pattern of mask irradiation
with UV light. Substrate 100 which may optionaily be coated with a
layer of optical buffer material 102 is coated with layer of
photoreactive monomer layer 104 to a thickness which is greater than
the radius () d1) of the optical fiber which is to be coupled to the
optical waveguide. Image mask 106 bearing a pattern of opaque
areas 108 which allow UV light 110 to pass through only in the areas
which comprise the pattern of polymer positiohing elements 112, and
optionaily the pattern of channel waveguide elements (not depicted),
is positioned above monomer layer 104 in close proximity, and UV
light 110 as for exampie from a mercury or xenon Iamp', is directed to
fall on the surface of image mask 106. UV light 110 which passes

“through the clear areas of mask 106 causes a photopolymerization

reaction in the regions 112 of monomer layer 104 which are directly
under those image éreas. No photoreaction occurs in those areas of
monomer layer 104 which are shielded from the UV light by the
opaque areas 108 of image mask 106. After irradiation by UV light,
image mask 106 is removed and the unreacted monomer is washed
away with a suitable solvent such as acetone or methanol, leaving a
pattern of photopolymerized structures on substrate 100 which
correspond to polymer paositioning elements 98 of the present
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invention which define channels 114 having the preferred trapezoidal
or substantially trapezoidal cross section having the required geometry
to pass the test of FIG. 10. The simplicity and ease of
photodelineation of polymer structures and the great alignment
accuracy which is possible with lithographic methods in general,
allows the method of the present invention to overcome many of the
drawbacks of the methods of the prior art. The unique geometry of
polymer positio‘ning elements 98, that being an inverted trapezoid as
shown on the right hand side of Fig. 11, is achieved by the choice of
proper conditions of irradiation. The optical absorption of the
unreacted monomer layer 104 at the wavelengths of the UV light
must be high enough, such that a gradient of UV light intensity is
established through the film. That is, the amount of UV light available
in the monomer layer to cause the initiation of the photoreaction will
decrease from the top, or the image mask side, towards the bottom,
or the substrate side, due to the finite absorption of the monomer
layer. This gradient of UV light causes a gradient in the amount of
photopolymerization reaction that occurs from top to bottom, and this
resuits in the unique geometry of the developed polymer structure, a
geometry which is easily accessible with the method of the present
invention, but not easily attained with the methods of the prior art.
The gradient in the amount of photopolymerization which occurs from
the top to the bottom of the film may be further influenced by the
presence of dissolved oxygen gas in the monomer layer, 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
dfssolved 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
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falling on the monomer nearer to the substrate side of the monomer

10 layer is altered through refraction caused by the already-polymerized
material which lies above it. This effect may cause a narrowing of
the resultaht polymerized structure from the top surface, upon which
the imaging light was directed, towards the bottom, or substrate side
of the layer.

15 In Fig. 12, a UV laser beam 116 is focused onto the surface df
the monomer layer 118 with a focusing optical element 120, such as
a quartz microscope objective, and the photopolymerized sections
121 are provided by scanning the focused laser spot on the surface of
monomer layer 118 in a pattern corresponding to the polymer

20 positioning elements 122, and optionally in the pattern of an optical
waveguide device (not depicted). After the exposure is complete, the
unexposed monomers are rinsed from substrate 124 by a suitable
solvent such as acetone or methanol to yield polymer positioning
elements 122 having the desired geometry on the surface of substrate

25 124, which may optionally carry a layer of optical buffer 126. In the
case of the method of Fig. 12, the required unique geometry of
polymer positioning elements 122 is provided by the same procéss of
optical gradient within monomer layer 118, but is aiso further '

, enhanced by the focal properties of focusing optical element 120,

30 which converts the parallel beam of the laser into a focused cone of
light which intersects the monomer layer with a cross section that has
the desired inverted trapezoid geometry. The influences of dissolved
oxygen and self-focusing on the reshlting geometry of the fabricated
photopoiymer elements may also be considerable in the case of

35 scanning laser exposure. "
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S Photoreactive monomer layers 104 and 118 comprise a
photopolymaerizable mon;:mer ar a mixture of such monomers and one
or more photoinitiators and optionally one or more stabilizers. Useful
monomers include those described above for use in the formation of
positioning elements such as methyl methacrylate, n-butyl acrylate, 2-

10 ethylhexy! acrylate, isodecyl acylate, 2-hydroxyethyl acrylate, 2-
hydroxypropyl acrylate, cyclohexyl acrylate, 1,4-butanediol diacryiate,
ethoxylated bisphenol A diacrylate, neopentyiglycol diacrylate,
diethyleneglycol diacrylate, diethylene glycol dimethacryiate, 1,6-

~hexanediol diacrylate, trimethyloipropane triacrylats, pentaerythritol

15 triacrylate and pentaerythritol tetra-acrylate and mixture thereof. ‘
Especially useful are mixtures wherein at least one monomer is a -
muitifunctional monomer such as a diacrylate or triacrylate, as these
will produce a network of crosslinks within the reacted photopolymer,
such as a mixture of Genomer T1600 urethane acrylate and 1,6-

20 hexanediol diacrylate or a mixture of ethoxylated bisphenol A
diacrylate and trimethyloipropane triacrylate.

A wide variety of photoinitiators are suitable for use in initiating
polymerization by UV light in the rhonomer mixtures. Many good
descriptions of useful initiators for photopolymer systems are available

25 in the art including Photopofymerization of Surface Coatings, chapter
3 (1982) by C.G. Roffey. Preferred photoinitiators are those which

- are soluble in the preferred monomers and which have useful
absorption at the wavelengths of light chosen for irradiation. If the
necessary unique geometry of the photopolymer element is to be

30 provided by the establishment of a gradient of photoinitiation events
through .the thickness of the monomer layer, then it is important that
the layer has significant optical absorption at the irradiating
wavelength. If the o_ptical'absorption of the constituent monomers is
smail at these wavelengths the requisite absorption may be provided

35 by the photoinitiator. Combinations of several photoinitators are
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5 useful to broaden wavelength sensitivity or to increase loading
solubility or to match the photaspeed of the monomer system to the
particular light source to be employed. Especially useful
photoinitiators in the method of the invention include 2-hydroxy-2-
methyi-1-phenyl-propan-1-one {(Darocur 1173), 2,2-dimethoxy-2-

10 phenylacetophenone (Irgacure 651) and 1-hydroxycyclohexyl! phenyl
ketone sensitized 1:1 with benzophenone (Irgacure 500). An
especially preferred mixture of photoinitiators is a 1:1:1 mixture of
these three sensitizers.

The amount of initiator which is useful in the photomonomer

15 mixtures is dependent on the desired photo speed at the available
optical power present in the source of irradiation and on the desired
wall angle and thickness of the polymeric positioning element. In
general, less initiator is required for a high brightness, focused source
such as a scanned laser beam and more is reduired for a low .

20 brightness source such as a mercury lamp which has been spread out
to cover a large area such as a printed circuit board. Useful loadings
of photoinitiators, by percent weight of the total monomer mixture
layer, are 0.1 to 10% with a preferred range of 0.5 to 8% and a most
preferred range of 2 to 6%.

25 The following exampies are intended to further teach the utility
of the invention. The scope of the invention is not limited by the
examples, as other uses within the scope of the invention will be
evident to those skilled in the art. The invention is limited only by the
appended claims.

30

EXAMPLE 1

A silicon wafer was spin coated at 6000 rpm with a
photocurable fluoromonomer mixture [80 parts F8 perfluoropolyether
diol diacrylate, 108 parts F40 perfluoropolyether diol diacrylate, 6
35 parts hexafluoroisobutylene/ vinyl alcohol copolymer, 3 parts Irgacure
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Watt xenon lamp for 1 mlnute under a nitrogen atmosphere to provide
a 4 micron thick optical buffer layer. The wafer was baked for 10
minutes at 120 C, followed by a 30 second oxygen reactive ion etch
{RIE) to improve adhesion of the subsequent waveguide layer. The
substrate was spread with a 180 micron thick layer of photocurable
acrylate monomer mixture [50 parts Genomer T1600 urethane
acrylate, 98 parts 1,6-hexanediol diacrylate, 1 part Darocure 1173, 1
part irgacure 651 and 1 part irgacure 500]. The substrate was placed
on a computer controlled positioning stage under the focused beam of
a UV argon laser. The computer was programmed to move the '
sampie under the laser beam so as to expose only discrete areas of
the sample in the design of a 3 X 1 channel waveguide combiner,
with individual pairs of polymer positioning elements at the end of
each of the 4 ports of the waveguide device. After the selective
pattern exposure was compiete, the substrate was rinsed in acetone
to wash away the unreacted monomer from all areas not exposed to
the laser irradiation. The resuit was a rib waveguide 3 X 1 combiner
on a semiconductor substrate with precisely aligned polymer
positioning elements to facilitate the attachment of fiber optic
"pigtails®. The polymer positioning elements were delineated so that
a bare glass fiber of diameter 140 micron would be tightly held in the
channel formed between them.

EXAMPLE 2
The waveguide device of Example 1 was placed under a
dissection microscope to magnify the waveguide termination area.
Bare glass optical fiber strands were hand-inserted into the channels
formed by .the polymer positioning elements. It was immediately
noted that, once inserted, the glass optical fibers were held very
tightly by the polymeric positioning elements. it was therefore quite
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The cross-sections of the cleaved pol yner positioning
5 easy to successively pigtail each of the four waveguide ports without

disturbing any of the previously inserted optical fibers.

EXAMPLE 3

The pigtailed device of Example 2 was clamped down under a
10 CCD camera so that the fiber termination area could be observed on a
TV screen. The optical fiber pigtail was heid by an XYZ positioning
stage so that it could be moved relative to the waveguide substrate.
The positioning stage was used to transiate the optical fiber in both
the in-plane and out-of-plane directions. It was possible to cause a .
15 large bend in the,optical fiber in either direction without inducing the
optical fiber to come out of the polymer positioning elements.

| EXAMPLE 4
A pigtailed sample was prepared as in Examples 1 and 2,

20 excapt in this case the non-fluorinated acrylate monomer mixture of
Example 1 was utilized to form the optical buffer layer and a higher
index acrylated rhonomer mixture [96 parts ethoxylated bisphenol A
diacrylate, 33 parts trimethylolpropane triacryiate, 3 parts Irganox
1010 antioxidant, 1 part Darocure 1173, 1 part irgacure 651 and 1

25 part Irgacure 500] was used to form the optical waveguides and the
polymer positioning elements. No reactive ion etching was used.
After the glass optical fiber pigtails were in place, the entire structure
was overcoated with a thick layer of the lower index acrylate
monomer mixture, which was then UV exposed to polymerize it. The

30 resuit wés a device which was fully encapsulated by a polymer layer
to protect it from dirt and physical damage; The polymer positioning
elements were capable of maintaining the alignment of the glass
optical fibers to the andé of the optical waveguide device during the
overcoating process without the need for additional retaining

35 elements. |



30 elements were then exam ned by optical and scanning el ectron
mcroscopy Jhe structure of the polynmer el enents was observed to

the requi silt gﬁgmo}mmcgﬂgﬂ;hape of a preferred enbodi nent of the

pr esent
the two
unequal

i nye

par aI;I

5

10

15

20

25

30

35

R O

i np inverted trapezoids with the | onger of

At =d adj acent tosghe silicon waf er substrate.

ungqyal des located on top and the shorter of the 35
483@ ﬁ#oc

— e . . ey

EXAMPLE §

A 3 X 1 combiner was produced as in Example 4 except that
the substrate was polyimide iaminate circuit board material rather than
a silicon wafer. '

EXAMPLE 6

A chrome on glass photomask was produced which contained a
pattern of straight line optical waveguides with sets of polymer
positioning elements of length Smm at each end. The mask was
brought into contact with a 125 micron thick 'layer of the high index
photocurable monomer mixture of example 4 on a silicon substrate
bearing a thin layer of the photocured low index optical buffer of
example 4. The sandwich structure of substrate, photocurable
monomer and image mask was placed under the collimated output of
a 1000 Watt xenon lamp fitted with UV reflecting optics. The
monomer was exposed for 12 seconds, after which the mask was
removed and the unexposed regions were rinsed away with acetone.
The straight optical waveguides and polymer positioning elements
remained on the optically buffered silicon substrate. A length of glass
optical fiber was inserted into the channel formed by one pair of the
polymer positioning elements so that it was aligned with the polymer
waveguide. The other end of the optical fiber was epoxied to an
aluminum weight weighing 110 grams. After the epoxy dried, the
wafer bearing the waveguide was hung vertically so that the weight
was suspended solely by the gripping action of the polymer
positioning elements. The interaction length between the optical fiber
and the polymer positioning elements was only Smm and no type of
glue or epoxy was present in this region. The weight was allowed to
hang from the waveguide substrate for several months and no

displacement of the optical fiber occurred.

have
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EXAMPLE 7
An optical waveguide with pairs of polymer positioning
elements at each end was prepared with an image mask exposure as
in Example 6, except that the substrate was a polyimide laminate
circuit board material rather than a silicon wafer.

EXAMPLE 8

Example 4 was repeated except that two polymer optical
waveguides were written with a 40 micron separation and the
polymer positioning elements were laser written with a separation
slightly less than twice the diameter of the glass optical fiber. Two
bare optical fiber pigtaiis were pla:_:ed in the channel between the
polymer positioning elements at each end of the optical waveguides,
for a total of four pigtails. The polymer positioning elements were
capable of maintaining the alignment of each of the optical fibers to
its respective waveguide during the overcoating process.

EXAMPLE 9

Polymer positioning elements were prepared on silicon
substrates by both the focused laser writirig process of example 1
and the masked irradiation process of exampie 6. The crystal_line
silicon wafers were then cleave fractured perpendicular to the
polymer positioning elements so as to provide a cross section of the
elements. The cross-sections of the cleaved polymer positioning
elements were then examined by optical and scanning electror_l
microscopy. The structure of the polymer elements was observed to
have the requisite geometrical shape of a p'referred embodiment of the
presenf invention, that being inverted trapezoids with the longer of
the two unequal parailel sides located on top and the shorter of the
unequal paraliel sides located adjacent to the silicon wafer substrate.
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proximity was also of the required geometry of the present invention,
that being a channel with a smaller opening at the top and a larger
separation at the substrate. The shape of the channel could also be
described as a trapezoid with the longer of its two parallel unequal
sides adjacent to the substrate. The width of the channel separation
at the top was less than the 140 micron diameter of a suitable glass
optical fiber, while the bottom separation dimension was adequate to
accommodate such an optical fiber dimension.

EXAMPLE 10

A substrate comprising a sheet of Lexan polycarbonate was
spin coated with a thin layer of the optical buffer material of Example
4 and exposed to a xenon lamp for 10 seconds to cure. The
substrate was then coated with a 20 micron thick layer of a reactive
monomer mixture comprising [56 parts ethoxylated bisphenol A
diacrylate, 19 parts trimethylol propane triacrylate, 21 parts Genomer
T1600 urethane acrylate, 41 parts 1,6-hexanediol diacrylate, 1.7
parts Irganox 1010 antioxidant, 1 part Darocure 1173, 1 part Irgacure
651, 1 part Irgacure 500]. The focused UV laser apparatus of
Example 1 was used to write a pattern consisting of a rectangular
piateau which was then developed by rinsing with methanol. The

- substrate bearing the plateau structure was then coated with a 120

micron thick layer of the high index monomer mixture of Example 4
and the same focused UV laser apparatus was used to write a pattern
corresponding to a straight channel waveguide with pairs of polymer
positioning elements at each end. The channel waveguide was the
same length as the plateau feature and was positioned such that the
waveguide was on top of the plateau and the ends of each were
coincident. The polymer positioning elements were therefore placed
just beyond the edge of the plateau. The exposed structure was



T1600 urethane acrylate, 41 parts 1, 6-hexanediol diacrylate, 1.7 parts
I rganox 1010 gn EEM%I;W %Hl]%g(rj Darocure 1173, 1 part Irgacure 651, 1
fo
ri

part Irgacureli5 W | aser apparatus of 25 Exanple 1 was
used to vvriteJa pattern consi $tifng of a rectangul ar pl at eau whi ch was
t hen devel oped by 2 Cr&ffgssd th fret hanol . The substrate bearing the

pl ateau structjute was then coated with a 0 m cron thick |layer of the
hi gh i ndex nogoner m XtUuré of” Ekanple 4 and the sane focused WV | aser
apparatus waslused 1o wite a ppttern 30 corresponding to a straight
channel waveguide with pairs of polyner positioning elements at each
end. The chiinnghseg¥a@Ubflanretéd PnonomeF ith hidtBhRokts pitvide ald@nnkpat ure

and was positioned such that the wavegui de was on top of the plateau
and the ends opPptigalhwaxeguide on a 20 micron plateau with a pair of polymer

positioning elements centered on each end of the waveguide, but

positioned just beyond the edge of the rectanguiar plateau. The
channel structure formed by each pair of polymer positioning elements

10 was pigtailed with a glass optical fiber of diameter 140 microns and
care diameter of 100 microns. In this manner, the optical fiber was
precisely aligned with the optical waveguide and the plateau region
served as an offset, so that the lowest portion of the optical fiber core
was precisely located with the bottom of the optical waveguide, thus.

15 providing excellent vertical and horizontal alignment. The pigtailed
waveguide structure was overcoated with the same monomer mixture -
which comprised the plateau structure and the mixture was
photocured for 1 minute under a xenon lamp. The refractive indexes
of the cured waveguide material and the cured overcoat material were

20 chosen such that the numerical apertures of the waveguide and the
optical fiber were matched.

EXAMPLE 11
Exampie 10 was repeated except the substrate was a polyimide
25 circuit board material and the unexposed monomer was removed with
an acetone rinse.

EXAMPLE 12

30 Example 11 was repeated except that a chrome on glass
photomask and a xenon lamp were used in'place of the focused UV
~ laser to print both the rectangular plateau features and the optical
waveguides with polymer positioning elements.
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A chrome photomask was prepared with patterns of straight

= channel optical waveguides terminated with pairs of positioning
elements. The pairs of positioning elements were centered on the
midline on the straight optical waveguides sections and there was a
separation of 240 microns between the centerlines of the positioning
elements. The widths of the positioning elements was varied from 90
to 110 microns in 5 micron increments such that the width of the
channel formed between each pair of elements ranged from 150 to
130 microns. This pattern was printed by lithographic exposure as in
Example 6 to form polymer channel waveguides with associated -
polymer positioning elements, where the width of the top of the
channel formed between such elements was varied from 150 to 130
microns (where this separation width is equivalent to dimension W1q
of Fig. 5). Glass optical fibers of diameter 140 microns were then
inserted into each channel in alignment with the polymer optical
waveguides. Referring to Figure 5, this represents the cases where
dimension W1, the separation between the positioning elements at
the top of the channel, ranges from less than the optical fiber
diameter to greater than the optical fiber diameter. Upon inserting the
fibers into the channel and subjecting them to very small
disturbances, such as lifting the substrate and allowing the weight of
the fibers to hang on the union it was observed that those channels
with top separations of 145 and 150 microns failed to retain the fiber
in contact with the end of the channel waveguide. The channel with
a top separation 140 microns was able to hoid the fiber position for
very smail disturbances, but failed if the force on the fiber was
increased. The channels with top separations of 135 and 130
micron, (smaller than the optical fiber diameter) provided for a very
robust union of optical fiber to optical channel waveguide.. and were
not.disturbed aven if small weights were suspended from the optical

j ust
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T wayegui de on a 20 mcron plateau with a pair of
elienents centered on each end of the wavegui de,
bgyond the edge of the rectangul ar pl ateau.

The
each pair of polynmer positioning el enents 10
optical fiber of dianeter 140 m crons and

s. In this manngg, the optical fiber was
optical wavegui de and the pl ateau region

fiber core

fiber. The channel with 135 micron top separation was preferred as it

provided a secure union, but required less force on the optical fiber

during insertion. Thus, those positioning elements that do not posses

the necessary geometry of the invention, that is, those whose top

separation dimension is greater than the diamater of the optical fiber

10

to be inserted, do not provide for the desirable properties of the

present invention, those being secure and accurate positioning of

optical fibers to optical waveguides.



was preci sely | ocated with the bottomof the optical waveguide, thus 15
provi di mg‘"excel Fent vertical and horizontal alignment. The pigtailed

wavegui ‘s;_f ucture was overcoated with the same nononmer m xture whi ch
conpris d{t he plateau structure and the m xture was phot ocured for 1
m nute gndery @ genon. | anp. The refractive indexes of the cured

wavegui de fmat erial and the cured overcoat material were—20—chosen such

that the¢ mumerical” apertuEes of the vvave‘gw de and i fiber
wer e nafiched. &MM&MNE' _
Exanpl e 10 was repeated except the substrate was * | s ow

. WHAT IS CLAIMED [§-

L. An optical coupiing device with an optical waveguide comprising:

a substrate.
an optically transmissive waveguide on a surface of said substrate;
an optical fiber having a dimension d,; and °

a means to withstand a force to displace said optical fiber of at least 0.01 Newton (N). as
determined by retaining force test, comprising a channet on the surface of said substrate for optically
aligning and coupling said optical fiber and said optical waveguide; wherein the longitudinal axis of
said channel is in alignment or substantially in ahgnment with said waveguide such that on placement
of said optical fiber in said channel the light carrying core of said fiber and said waveguide are in
optical alignment or.substantially in optical alignment, said channe! having sidewalls and a fioor
wherein the separation of said sidewalls at a cross-sectional depth dimension d; in the direction
normal to said floor has a width W, and the separation of said sxdewalls ad;a.cent to said floor has a
width W, wheretn Wy, W;, d, and d; are selected such that:

(2) W is greater than W;
(b)  dais greater than 1/2 d,;: and
(c)  d:is greater than W, and is equal to or less than W2,

19

-Tﬁe coupling device of claim | wherein said force is equal to or greater-than 0.1 Newrton.

The coupling device of claim 2 wherein said force is equal to or greater than'0.5 Newton.

("]



25 circuit board material and the unexposed monomer was renoved with

an acetone rinse. EXAMPLE 12 30
Exanpl e 1 ,;Eafx ept that a chrorre on gl ass phot omask and a
xenon | anj : ce of the fqgused W | aser to print both

t he rectahgpl ar pl at eau fe t.ures and T8 opti cal ~wavegui des with

pol yrmer pps|t 2dhiSEF 83%89neints.

ABSTRACT

POLYMER MICROSTRUCTURES WHICH FACILITATE
FIBER OPTIC TO WAVEGUIDE COUPLING

The present inlvention id directed to an optical coubling device for facilitating the
coupling of an optical fiber to an optical waveguide and to a method for fabricating
such coupling device. Another aspect of this invention relates to optical fiber to
optical w&veguide interconnect comprising the coupling device of this invention, and

arrays comprising a plurality of such arrays.
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- channel optical waveguides term nated with pairs of positioning

el ements. The pairs of _positioning el enents were centered on the

m dl i np~em-tire Straught joptical wavegui des sections and there was a 10
separ a Hﬂﬁ&é;ﬁwﬂniﬁ$g bet ween the centerlines of the positioning

el ement s{""The mjdth%h?i he positioningelenents was varied from 90

to 110{micrpgssdm 18 crpn increments such that the width of the

channel} fiormed between}eéch pair of elements ranged from 150 to 130
m cron Ri-s-pattern wag printed by |ithographic exposure as in 15
Exanpl g 6 to form. channel wavegui des with associ at ed pol ymer
positio g elenents, where the wwdth of the top of the channel

f ormed between such el enents was varied from 150 to 130 m crons
(where this separation width is equivalent to dinmension Werr]

FIG. 2
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of Fig. 5). G ass optical fibers of dianeter 140 m crons were then 20

inserted into each channel in alignment with the pol ynmer optical
this represents the cases where

waveguyl AReERETA TP Figure 5,
di nengi r'_ﬁkﬂfg\r"fﬁ ét" Ts bpar ati on between the positioning el enents at
the t p*ﬁf t he channe ranges fromless3than the optical fiber

D Wy

di ametle} td0BERPII t hap the optical fiber diameter. Upon Inserting the 25
fiberg d#nto the channgl}.and subjecting themto very small

di stugbances, such as fting the substrate and allow ng the wei ght of

the fithers to hang .on the union it was observed that those channels

with top separations of 145 and 150 microns failed to retain the fiber

in contact wwth the end of the channel wavegui de. The channel with 30 a
top separation 140 microns was able to hold the fiber position for
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very smal | disturbances, but failed if the force on the fiber was

I ncreased. The channels with top separations of 135 and 130 m cron,
(smal Ler than the optical fiber dianmeter) provided for a very r obust
uni o akpopicical fLﬁ?r to optical channel wavegui de, and were 35 not
di styr even H--shR ! wei ghts were sugpended fromthe optical
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41 5 fiber. The channel with 135 mcron top separation was preferred as
It “provided a secure union, but required | ess force on the optical

fiber d ilon. Thus, those positioning elenents that do not
posses i Raqp@Emﬁﬁbéﬁ : geonetry of the invention, that is, those whose
top att®n di nenkion is greatersthan the dianeter of the optica
fiber 10 {to_be.d ed, {do not provide for the desirable properties of

[oer 19 \tophesepopm et \do not provide, prop




present invention, those being secure and accurate positioning of
optical fibers to optical wavegui des.
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WHAT IS CLAIMED IS 1. An optical coupling device with an opti cal
wavegui de conpri si ng: a substrate. an optically
transm ssive wavegui de on a surface of said substrate;
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an optical fiber having a dinmension d[err], and a nmeans to
withstand a force to displace said optical fiber of at |east 0.01 Newon
(N). as determned by retaining force test, conprising a channel on the
surface of said sub or optically aligning and coupling said optica

fiber an opEhicriERhvegui de, whergyn the longitudinal axis of said
channel ilsRER- Jgarertgr substantially in alignment with said wavegui de
such that{ dn pl acene off daid optical fiber in said channel the |ight
carrying to e2dl$§§i i bler}.and sai d waveguide are in optical alignment or
substanti @l ky in opti |{gnment, said channel having sidewalls and a

fl oor whenei e separatiof of said sidewalls at a cross-sectional depth
di mension d[err] 1 rrection normal to said floor has a wdth Werr]
and the separation of said sidewalls adjacent to said floor has a width

Werr], wherein Werr], Werr], dlerr] and d[err] are selected such that:

FIG. 8
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(a) Werr] is greater than Werr]; (b) d[err]' S greater t han

1/2 d[err]: and (c)
2.

to or less than Werr].

dlerr] is greater than Werr] and is equal

The coupling device of claiml| wherein

said force is equal to or greater than 0.1 New on.
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3. The éoupl ing device of claim2 wherein said force is equal to or
greater than 0. 5 Newt on.
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