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OPTICAL DEVICES MADE FROM RADIATION 
CURABLE FLUORINATED COMPOSITIONS 

TECHNICAL FIELD AND INDUSTRIAL 
APPLICABILITY OF THE INVENTION 

[0001] The invention relates to organic optical devices, 
such as planar single mode Waveguides made from radiation 
curable materials. Speci?cally, the invention relates to loW 
loss, loW polarization dependent, devices made from ?uo 
rohydrocarbon monomers, oligomers, or polymer compo 
nents end-capped With radiation curable ethylenically unsat 
urated groups, such as acrylate or methacrylate groups. The 
devices made from these materials shoW good long term and 
short term stability, good ?exibility, and reduced stress or 
crack induced optical scattering loss. 

BACKGROUND OF THE INVENTION 

[0002] In optical communication systems, messages are 
transmitted by carrier Waves at optical frequencies that are 
generated by such sources as lasers and light-emitting 
diodes. There is interest in such optical communication 
systems because they offer several advantages over conven 
tional communication systems. 

[0003] One preferred means for sWitching or guiding 
Waves of optical frequencies from one point to another is by 
an optical Waveguide. The operation of an optical Waveguide 
is based on the fact that When a light-transmissive medium 
is surrounded or otherWise bounded by another medium 
having a loWer refractive index, light introduced along the 
inner medium’s axis is highly re?ected at the boundary With 
the surrounding medium, thus producing a guiding effect. 

[0004] A Wide variety of optical devices can be made 
Which incorporate a light guiding structure as the light 
transmissive elements. Illustrative of such devices are planar 
optical slab Waveguides, channel optical Waveguides, rib 
Waveguides, optical couplers, optical splitters, optical 
sWitches, optical ?lters, variable attenuators, micro-optical 
elements and the like. These devices are described in more 

detail in US. Pat. Nos. 4,609,252, 4,877,717, 5,136,672, 
5,136,682, 5,481,385, 5,462,700, 5,396,350, 5,428,468, 
5,850,498, and US. Patent Application Ser. No. 08/838,344 
?led Apr. 8, 1997, the disclosures of Which are all incorpo 
rated herein by reference. 

[0005] It is knoWn in the art to make optical Waveguides 
and other optical interconnect devices from organic poly 
meric materials. Whereas single mode optical devices made 
from planar glass are relatively unaffected by temperature, 
devices made from organic polymers shoW a far greater 
variation With temperature because the refractive index 
changes much faster With temperature in polymeric materi 
als than in glass. This property can be exploited to make 
active, thermally tunable or controllable devices incorporat 
ing light transmissive elements made from organic poly 
mers. One type of thermally tunable devices is a directional 
coupler activated by a thermo-optic effect. The thermo-optic 
effect is a change in the index of refraction of the optical 
element that is induced by heat. Thermo-optic effect devices 
help to provide less costly routers When the activation speed 
of a coupler state is not too high, i.e., When the activation 
speed is in the range of milliseconds. 

[0006] Unfortunately, most polymeric materials contain 
carbon-to-hydrogen chemical bonds Which absorb strongly 
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at the 1550 nm Wavelength that is commonly used in 
telecommunication applications. It has long been knoWn that 
?uoropolymers, for example, have signi?cantly reduced 
absorption at 1550 nm. While planar Waveguides made from 
?uorinated polyimide and deuterated poly?uoromethacry 
late have achieved single mode losses of as little as 0.10 
db/cm at 1300 nm, it is relatively dif?cult to make optical 
devices from these materials. Speci?cally, the photolitho 
graphic process by Which they have been made includes a 
reactive ion etching step. Fluorinated polyimide and deuter 
ated poly?uoromethacrylate also have higher losses at 1550 
nm, typically on the order of 0.6 dB/cm. 

[0007] Photopolymers have been of particular interest for 
optical interconnect applications because they can be pat 
terned using standard photolithographic techniques. As is 
Well knoWn, photolithography involves patternWise expo 
sure of a light-sensitive polymeric layer deposited on a 
chosen substrate folloWed by development of the pattern. 
Development may be accomplished, for example, by 
removal of the unexposed portion of the photopolymeric 
layer by an appropriate solvent. 

[0008] US. Pat. No. 4,609,252 teaches one method of 
lithographically forming optical elements using an acrylic 
photoreactive composition Which is capable of forming a 
Waveguide material upon polymeriZation. This patent 
teaches one to utiliZe polymers With as high a glass transition 
temperature as possible, i.e., 90° C.-220° C., in order to 
provide for the greatest operating temperatures. US. Pat. 
No. 5,136,682 teaches the production of Waveguides using 
photopolymeriZable compositions such as acrylics having a 
glass transition point, Tg, of at least 100° C. The foregoing 
Waveguides, hoWever, suffer from undesirably high optical 
loss and are not suf?ciently ?exible. 

[0009] Among the many knoWn photopolymers, acrylate 
materials have been Widely studied as Waveguide materials 
because of their optical clarity, loW birefringence and ready 
availability of a Wide range of monomers. HoWever, the 
performance of optical devices made from many acrylate 
materials has been poor, due to high optical losses, poor 
resistance to aging and yelloWing, and thermal instability of 
the polymeriZed material. 

[0010] There continues to be a need for loW loss radiation 
curable materials that can be used to make optical devices by 
a more direct process having feWer manufacturing steps. 
Speci?cally, a process is desired that does not require a 
reactive ion etching (RIE) step to develop the pattern of the 
optical element core. Such materials could be used to make 
optical devices by a relatively simple and more direct 
lithographic procedure. 

[0011] It is also important that these materials have little or 
no birefringence. As is Well knoWn in this art, birefringence 
is the difference betWeen the refractive index of the trans 
verse electric or TE polariZation (parallel to the substrate 
surface) and the transverse magnetic or TM polariZation 
(perpendicular to the substrate surface). Such birefringence 
is undesirable in that it can lead to devices With large 
polariZation dependant losses and increased bit error rates in 
telecommunication systems. 

[0012] Another type of useful optical device is a 
Waveguide grating. Diffraction gratings, e.g., Bragg grat 
ings, are used in the telecommunications industry to isolate 
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a narrow band of Wavelengths from a broader telecommu 
nications signal. Polymeric planar Waveguide gratings have 
a number of advantages in terms of their relative ease of 
manufacture and their ability to be tuned over a Wide range 
of frequencies by temperature or induced stress. In addition, 
such devices have the advantage of being easily incorpo 
rated into integrated devices. Unfortunately, such gratings in 
polymeric materials typically are of relatively loW ef?ciency. 
This draWback can result in poor signals With increased bit 
error rates. It Would, therefore, be bene?cial to ?nd a method 
of making polymeric planar Waveguide gratings With 
improved ef?ciency. 
[0013] Dense Wavelength Division Multiplexing 
(DWDM) systems have recently attracted a lot of interest 
because they address the need for increased bandWidth in 
telecommunication netWorks. The use of DWDM systems 
alloWs the already installed point-to-point netWorks to 
greatly multiply their capacity Without the expensive instal 
lation of additional optical ?ber. DWDM systems can send 
multiple Wavelengths (signals) over the same ?ber by using 
passive optical components to multiplex the signals on the 
one end of the line and demultiplex them on the other end 
of the line. Polymeric materials provide a loW-cost, alter 
native solution to a variety of optical components for 
DWDM. 

[0014] WDM devices can be designed by using planar 
Waveguides With gratings that can re?ect a single Wave 
length or channel as a building block. These devices can be 
fabricated With loW temperature processes and high through 
put. In this disclosure, We focus on the properties of this 
fundamental building block, the fabrication of a grating in a 
Waveguide structure, outline What We believe is the basic 
mechanism responsible for the grating formation, and its 
environmental, humidity and temperature performance. 

[0015] Prior approaches to meeting these needs have not 
been completely satisfactory, and the present invention 
provides signi?cant and unexpected improvements appli 
cable to this technology in order to satisfy the materials, 
process, and device application requirements noted above. 

BRIEF SUMMARY OF THE INVENTION 

[0016] According to one aspect of the invention, there is 
provided a photolithographic method of making optical 
elements comprising: 

[0017] a) applying a core photopolymeriZable com 
position to a support to form a core photopolymer 
iZable composition layer, said core photopolymeriZ 
able composition including at least one 
photoinitiator and at least one core photopolymeriZ 
able monomer, oligomer, or polymer having at least 
one photopolymeriZable group, said core photopo 
lymeriZable monomer, oligomer, or polymer includ 
ing a per?uorinated substituent; 

[0018] b) imageWise exposing the core photopoly 
meriZable composition layer to suf?cient actinic 
radiation to effect the at least partial polymeriZation 
of an imaged portion and to form at least one 
non-imaged portion of said core photopolymeriZable 
composition layer; 

[0019] c) removing said at least one non-imaged 
portion Without removing said imaged portion, 
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thereby forming a light transmissive patterned core 
from said imaged portion; 

[0020] d) applying an upper cladding polymeriZable 
composition onto the patterned core; and 

[0021] e) curing said upper cladding composition, 
Wherein said upper cladding and the core-interfacing 
surface of said support are each made from materials 
having a loWer refractive index than said core. 

[0022] According to another aspect of the invention, there 
is provided a reactive ion etching method of making optical 
elements comprising: 

[0023] a) applying a photopolymeriZable composi 
tion to a support to form a photopolymeriZable 
composition layer, said photopolymeriZable compo 
sition including an effective amount of at least one 
photoinitiator and at least one photopolymeriZable 
monomer, oligomer, or polymer having at least one 
photopolymeriZable group, said photopolymeriZable 
monomer, oligomer, or polymer including a per?u 
orinated substituent; 

[0024] b) at least partially curing said layer; 

[0025] 
[0026] d) applying an upper cladding polymeriZable 

composition onto said core; and 

[0027] e) at least partially curing said upper cladding 
composition to form an upper cladding. 

c) forming a core by reactive ion etching; 

[0028] According to another aspect of the invention, a 
light-guiding optical element is provided Which includes: 

[0029] 
[0030] b) an organic light transmissive core compris 

ing a ?uoropolymer including at least one per?uori 
nated substituent; 

[0031] 
[0032] d) a substrate. 

a) an organic upper cladding layer; 

c) an organic loWer cladding layer; and 

[0033] According to another aspect of the invention, a 
method of transmitting optical information is provided, the 
method comprising: 

[0034] a) providing an information-bearing optical 
signal; and 

[0035] b) passing the optical signal through a light 
transmissive polymer formed from a per?uorinated 
radiation curable monomer, oligomer, or polymer 
having at least one radiation curable group selected 
from the group consisting of epoxy or ethylenically 
unsaturated group. 

[0036] According to another aspect of the invention, a 
composition is provided, the composition comprising: 

[0037] a) a ?rst photocurable multifunctional per?u 
orinated compound having a ?rst functionality; 

[0038] b) a second photocurable multifunctional per 
?uorinated compound having a second functionality, 
Wherein the difference betWeen said second func 
tionality and said ?rst functionality is at least one; 
and 
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[0039] c) an effective amount of a photoinitiator. 

[0040] According to another aspect of the invention, a 
Waveguide grating is provided, the grating being made from 
the composition listed above. 

[0041] PolymeriZable compositions for making 
Waveguides in Which diffraction gratings can be Written are 
preferably combinations of multifunctional halogenated 
acrylate monomers, oligomers, or polymers. Ideally, the 
comonomers are ?uorinated species to reduce optical losses 
through the cured composition . Mixtures of these mono 
mers can form highly cross-linked netWorks While alloWing 
at the same time the precise formulation of the refractive 
index. The ability to control the refractive index to 10'4 
accuracy makes possible the fabrication of single mode 
Waveguide structures With Well-de?ned numerical apertures 
(NA). 
[0042] One particular combination of comonomers 
described in this patent application is especially Well-suited 
for Writing diffraction gratings in the Waveguides made 
according to the fabrication methods taught here. Using this 
material, a single mode channel Waveguide has been found 
to have a loss of 0.24 dB/cm as determined by the cleave 
back method. This material exhibits loW dispersion (on the 
order of 10'6 at 1550 nm), loW birefringenve (5-10-4), and 
high environmental stability. It also alloWs formation of 
Waveguide gratings With excellent ?lter characteristics. In a 
2 cm grating, re?ectivity over 99.997% and a 0.2 nm Width 
in the re?ection peak at the 3 dB point in re?ectivity has 
been measured. Furthermore, no side lobes have been 
observed in the re?ection spectrum. 

[0043] It has also been discovered that a good system 
candidate for strong gratings is a mixture of tWo monomers 
With different polymeriZation rates each of Which forms a 
polymer When fully cured having different indices of refrac 
tion. Comonomers differing in reactive group functionality 
are also preferred for making gratings in Waveguides. Such 
systems perform Well When roughly equal Weight propor 
tions of each comonomer is present in the polymeriZable 
system. More speci?cally, the preferred systems includes a 
photocurable tetra-functional monomer, an approximately 
equal Weight proportion of a photocurable di-functional 
monomer, and an effective amount of a photoinitiator. 

[0044] Preferred photopolymeriZable monomers, oligo 
mers, and polymers have the structure 

[0045] Where 

[0046] R and R‘ are divalent or trivalent connecting groups 
selected from the group consisting of alkyl, aromatic, ester, 
ether, amide, amine, or isocyanate groups; said polymeriZ 
able group, A, is selected from the group consisting of 

O 

[0047] CY2=C(X)COO—, and 

[004s] CH2=CHO—; 
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[0049] Where 

[0050] Y=H or D, and 

[0051] X=H, D, F, Cl or CH3; and 

[0052] said per?uorinated substitutent, Rf, is selected from 
the group consisting of 

[0056] Where X is 1-10, m and n designate the number of 
randomly distributed per?uoroethyleneoxy and per?uorom 
ethyleneoxy backbone repeating subunits, respectively, and 
p designates the number of —CF(CF3)CF2O— backbone 
repeating subunits. 

[0057] These and other aspects of the invention Will 
become apparent from the detailed description of the inven 
tion set forth beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0058] FIG. 1 is a section vieW of a layer of uncured loWer 
cladding polymeriZable composition on a substrate. 

[0059] FIG. 2 is a section vieW of the loWer cladding 
polymeriZable composition of FIG. 1 being cured to form 
the loWer cladding layer. 

[0060] FIG. 3 is a section vieW of a layer of uncured core 
polymeriZable composition on the loWer cladding layer of 
FIG. 2. 

[0061] FIG. 4 is a section vieW of the imageWise actinic 
radiation exposure of the core polymeriZable composition of 
FIG. 3. 

[0062] FIG. 5 is a section vieW of the core on the loWer 
cladding layer. 
[0063] FIG. 6 is a section vieW of a layer of uncured upper 
cladding polymeriZable composition covering the core and 
loWer cladding. 

[0064] FIG. 7A is a section vieW of the imageWise actinic 
radiation exposure of the upper cladding polymeriZable 
composition of FIG. 6. 

[0065] FIG. 7B is a section vieW of an optical device 
resulting from development of the upper cladding layer 
shoWn in FIG. 7A. 

[0066] FIG. 8A is a section vieW of the blanket exposure 
of the upper cladding polymeriZable composition of FIG. 6 
With actinic radiation to form the upper cladding layer. 

[0067] FIG. 8B is a section vieW of an optical device 
resulting from curing of the upper cladding layer shoWn in 
FIG. 8A. 

[0068] FIG. 9 is a section vieW of a layer of uncured core 
polymeriZable composition on a substrate. 

[0069] FIG. 10 is a section vieW of the imageWise actinic 
radiation exposure of the core polymeriZable composition of 
FIG. 9. 
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[0070] FIG. 11 is a section vieW of the cured and devel 
oped core in contact With the substrate. 

[0071] FIG. 12 is a section vieW of a layer of uncured 
upper cladding polymeriZable composition covering the 
core and substrate. 

[0072] FIG. 13 is a section vieW of an optical device 
resulting from imageWise eXposure to actinic radiation and 
development of the layer of upper cladding polymeriZable 
composition of FIG. 12. 

[0073] FIG. 14 is a section vieW of an optical device 
resulting from blanket of the layer of upper cladding poly 
meriZable composition of FIG. 12 exposure to actinic radia 
tion. 

[0074] FIG. 15 is a section vieW of a layer of uncured 
loWer cladding polymeriZable composition on a substrate. 

[0075] FIG. 16 is a section vieW of the loWer cladding 
polymeriZable composition of FIG. 15 being cured to form 
the loWer cladding layer. 

[0076] FIG. 17 is a section vieW of a layer of uncured core 
polymeriZable composition on the loWer cladding layer of 
FIG. 16. 

[0077] FIG. 18 is a section vieW of the at least partial 
curing of the core layer. 

[0078] FIG. 19 shoWs the patterned reaction ion etching 
resistant layer on the upper cladding layer. 

[0079] FIG. 20 is a section vieW of the reaction ion 
etching step. 

[0080] FIG. 21 is a section vieW of the device after 
removal of the RIE-resistant layer. 

[0081] FIG. 22 is a section vieW of the uniform curing of 
the upper cladding. 

[0082] FIG. 23 is a section vieW of an alternative pattern 
of the RIE-resistant material suitable for forming a trench. 

[0083] FIG. 24 is a section vieW of the reaction ion 
etching step forming a trench. 

[0084] FIG. 25 is a section vieW shoWing uncured core 
polymeriZable material in the trench. 

[0085] FIG. 26 is a section vieW of the at least partial 
curing of the core. 

[0086] FIG. 27 is a section vieW of the application of an 
uncured coating. 

[0087] FIG. 28 is a section vieW of the uniform curing of 
the upper cladding layer. 

[0088] FIG. 29 is a section vieW of a Waveguide device 
having an electrode aligned With the core. 

[0089] FIG. 30 is a graph shoWing the dependence of 
signal level on Waveguide length for an optical Waveguide 
made in accordance With the invention. 

[0090] FIG. 31 shoWs absorption spectra for uncured 
liquid samples of heXanediol diacrylate and octa?uoroheX 
anediol diacrylate. 

[0091] FIG. 32 shoWs absorption spectra for uncured 
liquid octa?uoroheXanediol diacrylate and cured octa?uo 
roheXanediol diacrylate. 
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[0092] FIG. 33A is a schematic representation of the 
distribution of monomers before grating Writing. 

[0093] FIG. 33B is a graph of the sinusoidal intensity of 
light passing through a grating Writing phase mask. 

[0094] FIG. 33C-FIG. 33D are schematic representations 
of monomer diffusion and creation of a polymer concentra 
tion gradient during the Writing of a grating in a Waveguide. 

[0095] FIG. 33E is a schematic representation of the 
polymer concentration gradient “locked in” after the full 
cure step of grating Writing. 

[0096] FIG. 33F is a graph of modulation of the refractive 
indeX in the Waveguide folloWing Writing of the grating. 

[0097] FIG. 34 shoWs Writing of a grating using a phase 
mask. 

[0098] FIG. 35 shoWs Writing of a grating using a tWo 
beam interference set-up. 

[0099] FIG. 36 is a photo-differential scanning calorim 
etry plot of eXtent of polymeriZation versus time for tWo 
comonomers that can be used in the invention. 

[0100] FIG. 37 is a plot of transmitted poWer versus 
Wavelength near 1550 nm for a re?ection Waveguide grating 
made in accordance With the invention. 

[0101] FIG. 38 is a plot demonstrating the strong linear 
dependence of the re?ected Wavelength of a grating made in 
accordance With the invention With temperature. 

[0102] FIG. 39 is a plot of the dependence of the change 
in the Bragg Wavelength of a grating made in accordance 
With the invention With temperature (dkB/dt) on the coef? 
cient of thermal eXpansion of the Waveguide substrate. 

[0103] FIG. 40 is the ?oWsheet for an algorithm useful in 
screening comonomer system candidates for use as a grating 
material. 

[0104] FIG. 41 is a plot generated by a computer program 
implementing the ?oWsheet of FIG. 40 Which shoWs the 
fraction of a monomer formed into a polymer for four 
comonomer system candidates under evaluation. 

DETAILED DESCRIPTION OF THE 

PREFERRED EMBODIMENT(S) 

[0105] The invention Will noW be described in more detail 
by Way of eXample With reference to the embodiments 
shoWn in the accompanying ?gures. It should be kept in 
mind that the folloWing described embodiments are only 
presented by Way of eXample and should not be construed as 
limiting the inventive concept to any particular physical 
con?guration. 

[0106] According to a preferred embodiment of the inven 
tion, a ?lm of a loWer cladding polymeriZable composition 
1 is applied to the surface of a substrate 4, as shoWn in FIG. 
1. The ?lm may be applied in a number of different Ways 
knoWn in the art, such as spin coating, dip coating, slot 
coating, roller coating, doctor blading, liquid casting or the 
like. Generally, the loWer cladding polymeriZable composi 
tion is applied at a thickness of from at least about 0.01 
microns, preferably at least about 1 micron, to about 10 
microns or more. 
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[0107] While the lower cladding can be made from any 
material having a refractive index loWer than the core, the 
most preferred loWer cladding material is a ?uoropolymeric 
composition as described beloW. A loW loss cladding mate 
rial, such as a ?uorinated polymer, is preferred in part 
because While the majority of the optical signal is transmit 
ted through the core, a portion of the signal is transmitted 
through the cladding material. 

[0108] Preferably, the loWer cladding polymeriZable com 
position is curable by heat and/or actinic radiation. More 
preferably, the loWer cladding polymeriZable composition is 
photocurable by actinic radiation. Upon exposure to an 
appropriate source of radiation 5 effective to at least partially 
cure the loWer cladding polymeriZable composition, as 
shoWn in FIG. 2, a loWer cladding 6 is formed on the 
substrate 4. Preferably, the radiation 5 is a blanket or overall, 
non-imageWise exposure of ultraviolet radiation. 

[0109] To form the light transmissive region or core, a 
thick or thin ?lm of a core polymeriZable composition 2 is 
applied to the loWer cladding 6, as shoWn in FIG. 3. 
Generally, the core polymeriZable composition is applied at 
a thickness of from about 1 micron to about 1 mm, prefer 
ably from about 5 microns to about 500 microns. Preferably, 
the core polymeriZable composition is photopolymeriZable, 
i.e., curable by exposure to actinic radiation. As described 
more fully beloW, the preferred core polymeriZable compo 
sitions is a loW loss ?uorinated material. 

[0110] In one embodiment of the invention, the core 
polymeriZable composition layer is imageWise exposed to a 
suitable form of curing radiation 5 that is effective to at least 
partially cure the exposed, image portion of the core poly 
meriZable composition layer Without substantially curing the 
unexposed, non-image areas of the core polymeriZable com 
position layer, as shoWn in FIG. 4. Preferably, the curing 
radiation 5 is actinic radiation, more preferably ultraviolet 
radiation, exposed through a core photomask 7. The position 
and dimensions of the light transmissive core is determined 
by the pattern of the actinic radiation upon the surface of the 
?lm. The radiation pattern preferably is chosen so that the 
polymeriZable composition is polymeriZed in the desired 
pattern and so that other regions of the core polymeriZable 
?lm remain substantially unreacted. If, as in a preferred 
embodiment, the polymeriZable composition is photocur 
able, the photopolymer is conventionally prepared by expos 
ing the core polymeriZable composition to actinic radiation 
of the required Wavelength and intensity for the required 
duration to effect the at least partial curing of the photo 
polymer. 

[0111] In one preferred embodiment, the core polymeriZ 
able composition is not fully cured, but is only partially 
polymeriZed prior to applying the upper cladding polymer 
iZable composition. Partial polymeriZation of the core poly 
meriZable composition layer prior to application of the upper 
cladding polymeriZable composition layer alloWs the tWo 
compositions to intermingle at their interface. This improves 
adhesion of the tWo layers and also reduces optical loss by 
reducing scattering at the interface of the core and cladding. 
Additionally, by not fully polymeriZing the core at this point 
in the process alloWs for the Writing of diffraction gratings 
in the core layer in a subsequent step, if desired, as described 
more fully beloW. The same partial polymeriZation tech 
nique can be used at the loWer cladding/core interface as 
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Well by not fully curing the loWer cladding polymeriZable 
composition layer before applying the core polymeriZation 
composition layer. 

[0112] After the core polymeriZable composition has been 
at least partially polymeriZed to form the predetermined 
pattern of the polymer on the surface of the loWer cladding, 
the pattern is developed by removing the nonimage areas 
and leaving intact the predetermined pattern of core 8, as 
shoWn in FIG. 5. Any conventional development method 
can be used, for example, ?ushing With a solvent for the 
unirradiated composition. Such solvents include polar sol 
vents, such as alcohols and ketones. The most preferred 
solvents are acetone, methanol, propanol, tetrahydrofuran 
and ethyl acetate. For highly ?uorinated materials, the 
preferred solvent is Galden® HT-110, a per?uorinated ether 
available from Ausimont USA. 

[0113] Although FIG. 4-FIG. 5 shoW the formation of just 
one core using a photomask having one transparent image 
forming region, the skilled artisan Will appreciate that mul 
tiple spaced-apart cores could be formed on the loWer 
cladding simultaneously using a photomask having multiple 
transparent image-forming regions or similar devices 
capable of causing the exposure of multiple image areas. 

[0114] TWo alternative methods of forming the upper 
cladding Will noW be described. In each case, a ?lm of upper 
cladding polymeriZable composition 3 is applied over the 
loWer cladding 6 and core 8, as shoWn in FIG. 6. Like the 
loWer cladding layer, While the upper cladding can be made 
from any material having a refractive index loWer than the 
core, the most preferred upper cladding material is a ?uo 
ropolymeric composition as described beloW. As noted 
above, a loW loss cladding material is preferred in part 
because a portion of the optical signal is transmitted through 
the cladding material. 

[0115] Preferably, the upper cladding polymeriZable com 
position is curable by heat and/or actinic radiation. More 
preferably, the upper cladding polymeriZable composition is 
photocurable by actinic radiation. The preferred form of 
actinic radiation is ultraviolet radiation. 

[0116] The upper cladding polymeriZable composition 
layer is at least partially cured by an appropriate form of 
curing radiation 5. In one method shoWn in FIG. 7A-FIG. 
7B, actinic radiation is exposed through an imaging cladding 
photomask 11 to form an imaged, at least partially cured 
region and unexposed, uncured regions. The upper cladding 
9 is developed by removal of the unexposed, uncured 
regions by an appropriate solvent, for example. The result 
ing core 8 and upper cladding 9 form a ridge-like structure 
extending above the plane of the loWer cladding 6 and 
substrate 4. Upper cladding 9 covers the top and sides of the 
core 8. This type of upper cladding 9 is advantageous since 
its core 8 exhibits loW internal stresses. Preferably, the core 
8 is entirely enveloped by the loWer cladding 6 and upper 
cladding 9. The upper and loWer claddings may, of course, 
be referred to collectively as simply the cladding. 

[0117] In an alternative method shoWn in FIG. 8A-FIG. 
8B, the upper cladding polymeriZable composition layer 3 is 
simply blanket, overall, or non-imageWise exposed to a 
suitable form of curing radiation 5 effective to at least 
partially cure the upper cladding polymeriZable composi 
tion, as shoWn in FIG. 8A, to form a planar upper cladding 
















































