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(7) ABSTRACT

A transparent vessel is filled with a mixture solution con-
taining a first photo-curable resin of a low refractive index
and a second photo-curable resin of a high refractive index
different in curing mechanism. When light at a wavelength
capable of curing the first photo-curable resin but incapable
of curing the second photo-curable resin is applied to the
mixture solution through an optical fiber, the first photo-
curable resin can be cured in a state in which the second
photo-curable resin is enclosed in the cured first photo-
curable resin. Because the refractive index increases accord-
ing to curing, a self-condensing phenomenon can be gener-
ated so that an optical path portion is formed. The optical
path portion emits leakage light to its surroundings to
thereby form an outer circumferential portion. Then, all
uncured resins in the mixture solution are cured. The outer
circumferential portion containing a high percentage of the
cured first photo-curable resin serves as a clad because the
refractive index of the outer circumferential portion is lower
than that of the optical path portion.
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MATERIAL COMPOSITION FOR PRODUCING
OPTICAL WAVEGUIDE AND METHOD FOR
PRODUCING OPTICAL WAVEGUIDE

[0001] The present application is based on Japanese Patent
Applications Nos. 2002-313421 and 2002-313422, which
are incorporated herein by reference.

BACKGROUND OF THE INVENTION
[0002] 1. Field of the Invention

[0003] The present invention relates to a method for
producing an optical waveguide, including the step of form-
ing a polymer having a refractive index difference or dis-
tribution from a composition mainly containing two kinds of
polymerizable monomers and/or oligomers different in poly-
merizing mechanism and refractive index by selective poly-
merization induced by the difference in polymerizing
mechanism between the polymerizable monomers and/or
oligomers. The invention relates to a method for producing
an optical transmission path easily and inexpensively, and a
material composition preferably used for the production
method. The material composition for producing an optical
waveguide and the method for producing an optical
waveguide according to the invention can be applied to
production of inexpensive low-loss optical waveguide com-
ponents such as an optical interconnection, an optical
demultiplexer and an optical multiplexer in the field of
optical fiber communications.

[0004] 2. Field of the Invention

[0005] A technique for forming an optical waveguide
device by using a self-condensing phenomenon generated by
introduction of beam-like light at a predetermined wave-
length into a photo-curable resin mixture solution has
attracted public attention.

[0006] According to the above production method, first, a
predetermined vessel is filled with a mixture solution con-
taining a photo-curable resin of a high refractive index and
a photo-curable resin of a low refractive index. Then, in the
condition that an end of an optical fiber is immersed in the
mixture solution, light in a specific wavelength band capable
of curing only the photo-curable resin of the high refractive
index is introduced into the other end of the optical fiber. As
aresult, light is emitted from the immersed end of the optical
fiber so that a cured portion of a high refractive index having
a diameter equal to the core diameter of the optical fiber can
be formed gradually so as to start from the immersed end of
the optical fiber by use of a self-condensing phenomenon.
Then, light in a predetermined wavelength band is applied
on the whole mixture solution so that the two resins in the
mixture solution of high and low refractive index photo-
curable resins remaining in the vessel are entirely cured. In
this manner, a cured portion of a low refractive index is
formed around the cured portion of a high refractive index
which has been already formed. That is, there is provided a
technique for producing an optical waveguide having a
stepwise refractive index distribution.

[0007] In the above technique, the refractive index is
substantially distributed stepwise. To increase the refractive
index difference between the core (high refractive index
portion) and the clad (low refractive index portion), the
core-forming time needs to be elongated to polymerize only
the high refractive index material selectively. Hence, pro-
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duction efficiency is not improved. The refractive index in a
section of the core is not flat accurately but slightly increases
from the center to the periphery. For this reason, the near
field pattern of transmission light at an end surface of the
optical waveguide exhibits a doughnut-like intensity distri-
bution. Hence, there is a problem that coupling efficiency of
such an optical waveguide to a graded index optical fiber
having the highest refractive index at the center portion of
the core is not good.

SUMMARY OF THE INVENTION

[0008] That is, the intention is developed to solve the
problem and an object of the invention is to provide a
method for efficiently producing a new optical waveguide
having a core center portion highest in refractive index.
Another object of the invention is to provide a material
composition preferably used for producing the optical
waveguide.

[0009] The present inventors have eagerly examined a
method for avoiding the problem in the method in the related
art and have found the following fact. First, a mixture
solution containing a photo-curable material of a high
refractive index and a photo-curable material of a low
refractive index is irradiated with light in a specific wave-
length band capable of curing only the photo-curable mate-
rial of the low refractive index. As a result, the photo-curable
material of the low refractive index is polymerized/cured
into a pattern corresponding to the shape of the applied light
in a state in which the photo-curable material of the high
refractive index is enclosed in the pattern. In this manner, an
optical path portion (core) transparent optically can be
formed. On this occasion, the photo-curable material of the
high refractive index enclosed in the pattern has been not
cured yet. When the light in the specific wavelength band
capable of curing only the photo-curable material of the low
refractive index is further continuously applied on the opti-
cal transmission path portion for a predetermined time or
longer, only the photo-curable material of the low refractive
index is selectively cured on a surface of the optical path
portion by components of light leaked or scattered from the
optical transmission path portion to thereby form a poly-
merized/cured material layer (pseudo-clad layer) lower in
refractive index than that of the optical transmission path
portion. On this occasion, the photo-curable material of the
high refractive index has been not cured yet even in the case
where the photo-curable material of the high refractive index
is enclosed in the surface of the optical path portion. When
remaining part of the mixture solution containing the photo-
curable materials of the high and low refractive indices is
then irradiated with light in another specific wavelength
band capable of curing the two materials, a cured material
portion (base portion) high in refractive index is formed
around the cured material layer of the lower refractive index
formed previously. In this manner, it has been found that a
refractive index distribution can be formed in a section
perpendicular to the direction of light irradiation so that a
high refractive index portion (core) is covered with a low
refractive index portion (clad layer) held on a high refractive
index portion (base portion).

[0010] According to a first aspect of the invention, there is
provided a method of producing an optical waveguide
having an optical member taking charge of optical trans-
mission and emitting leakage light to its surroundings and a
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photo-curable resin, comprising the step of curing the photo-
curable resin exhibiting a lower refractive index after curing
than a refractive index of an outer circumference of the
optical member by using the leakage light to thereby deposit
the cured photo-curable resin on a surface of the optical
member.

[0011] Preferably, in the method of producing an optical
waveguide according to the first aspect of the invention, the
cured photo-curable resin is formed by curing a mixture
solution of a first photo-curable resin of a low refractive
index and a second photo-curable resin of a high refractive
index different in curing mechanism; the leakage light is
capable of curing the first photo-curable resin but incapable
of curing the second photo-curable resin; the method further
comprises the step of curing both the first photo-curable
resin and the second photo-curable resin after curing the first
photo-curable resin by using the leakage light; and the
refractive index of at least one portion of the cured photo-
curable resin decreases monotonously as the position of the
cured photo-curable resin goes farther from the surface of
the optical member.

[0012] According to a second aspect of the invention,
there is provided a method of producing an optical
waveguide having an optical path portion of a high refrac-
tive index and a portion of a low refractive index on a
surface of the optical path portion by using a mixture
solution of a first photo-curable resin of a low refractive
index and a second photo-curable resin of a high refractive
index different incuring mechanism, comprising the steps of:
curing the first photo-curable resin by first light irradiation
capable of curing the first photo-curable resin but incapable
of curing the second photo-curable resin while enclosing the
second photo-curable resin in the cured first photo-curable
resin to thereby form an optical path portion transparent
optically (first photo-curing step); curing the first photo-
curable resin by second light irradiation capable of curing
the first photo-curable resin but incapable of curing the
second photo-curable resin in the same manner as the first
light irradiation to thereby deposit the cured first photo-
curable resin on the surface of the optical path portion after
the formation of the optical path portion (second photo-
curing step); and curing the second photo-curable resin
enclosed in the optical path portion and uncured residual
part of the mixture solution entirely by third light irradiation
capable of curing both the first photo-curable resin and the
second photo-curable resin (third photo-curing step). The
phrase “second light irradiation in the same manner as the
first light irradiation” does not mean the same intensity but
means the same direction and shape of irradiation. When the
wavelength in the second light irradiation is different from
the wavelength in the first light irradiation, the wavelength
of applied light is changed. When the wavelength in the
second light irradiation is equal to the wavelength in the first
light irradiation, the direction and shape of irradiation are
continued. In this case, light intensity in each of the first light
irradiation and the second light irradiation is optional. This
rule applies to other parts of the specification.

[0013] According to a third aspect of the invention, there
is provided a method of producing an optical waveguide
having an optical path portion of a high refractive index and
a portion of a low refractive index on a surface of the optical
path portion by using a mixture solution of a first photo-
curable resin of a low refractive index and a second photo-
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curable resin of a high refractive index different incuring
mechanism, comprising the steps of: curing the first photo-
curable resin by first light irradiation capable of curing the
first photo-curable resin but incapable of curing the second
photo-curable resin while enclosing the second photo-cur-
able resin in the cured first photo-curable resin to thereby
form an optical path portion transparent optically (first
photo-curing step); curing the first photo-curable resin by
second light irradiation capable of curing the first photo-
curable resin but incapable of curing the second photo-
curable resin in the same manner as the first light irradiation
to thereby deposit the cured first photo-curable resin on the
surface of the optical path portion after the formation of the
optical path portion (second photo-curing step); and extract-
ing the portion on the surface of the optical path portion and
the optical path portion made of the cured first photo-curable
resin with the second photo-curable resin enclosed therein
from the mixture solution and curing the second photo-
curable resin enclosed in the optical path portion and
uncured residual part of the first photo-curable resin by third
light irradiation capable of curing both the first photo-
curable resin and the second photo-curable resin (third
photo-curing step).

[0014] In the method according to the second and third
aspects of the invention, the first light irradiation and the
second light irradiation are preferably performed simulta-
neously so that the first photo-curable resin is cured on a side
of the optical path portion while the optical path portion is
formed. Further, the first light irradiation is preferably
applied by an optical fiber.

[0015] For production of an optical waveguide, ¢.g, a step
index optical fiber-like optical waveguide, it is necessary to
form a core portion and a clad portion around the core
portion. In the invention according the first aspect, an optical
waveguide can be produced in such a manner that, after only
a core portion is formed of an optical material, a photo-
curable resin exhibiting a lower refractive index after curing
than the refractive index of an outer circumference of the
core portion is used to form a very thin clad portion on a
surface of the core portion by use of light leaking from the
optical material.

[0016] Assuming now that the surrounding photo-curable
resin is provided as a mixture solution containing a first
photo-curable resin of a low refractive index and a second
photo-curable resin of a high refractive index different in
curing mechanism and that the leakage light is capable of
curing the first photo-curable resin but incapable of curing
the second photo-curable resin, then the first photo-curable
resin is cured by the leakage light in a state in which the
second photo-curable resin uncured is enclosed in cured part
of the first photo-curable resin. On this occasion, the enclo-
sure depends on the viscosity of the solution, so that the
proportion of the first and second photo-curable resins in a
position nearest to the outer circumference of the core
portion constituted by an optical material is nearly equal to
that in the composition of the mixture solution but the
volume percentage of the first photo-curable resin increases
as the position goes farther from the position nearest to the
outer circumference of the core portion. When both the first
and second photo-curable resins are cured in this condition,
a structure in which the refractive index is distributed so as
to decrease monotonously can be formed on the outer
circumference of the core portion constituted by the original
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optical material. For example, assuming now that the core
portion constituted by the original optical material also has
a structure in which the refractive index is distributed so as
to decrease monotonously from the neighborhood of the
center to the outer circumference, then it is possible to form
an optical waveguide in which the refractive index decreases
monotonously over two stages of the core and the clad.

[0017] When a mixture solution containing a first photo-
curable resin of a low refractive index and a second photo-
curable resin of a high refractive index different in curing
mechanism is used and subjected to first light irradiation
capable of curing the first photo-curable resin but incapable
of curing the second photo-curable resin, the first photo-
curable resin can be cured in a state in which the second
photo-curable resin is enclosed in cured part of the first
photo-curable resin. On this occasion, the intensity of light
used in the first light irradiation needs to be increased so that
the second photo-curable resin is not scattered from the first
photo-curable resin. Because the refractive index increases
according to curing, a self-condensing phenomenon is gen-
erated so that an optical path portion is formed. The optical
path portion formed thus so as to be optically transparent is
in a state of mixture of cured part of the first photo-curable
resin and uncured part of the second photo-curable resin, so
that the optical path portion emits leakage light to its
surroundings in the direction of light transmission. When the
first photo-curable resin on the outer circumference of the
optical path portion is cured by such leakage light, that is,
light leaked to the surroundings in the direction of light
transmission by second light irradiation in the same manner
as the first light irradiation, the second photo-curable resin
enclosed in cured part of the first photo-curable resin can be
reduced, that is, the second photo-curable resin can be
scattered from cured part of the first photo-curable resin
because the leakage light is weaker than the light irradiation
used for forming the optical path portion. As a result, it is
possible to form a circumferential portion at least containing
a higher volume percentage of cured part of the first photo-
curable resin than the volume percentage of cured part of the
first photo-curable resin contained in the optical path por-
tion. When all uncured resins in the mixture solution are then
cured, the uncured parts of the second photo-curable resin
enclosed in the cured parts of the first photo-curable resin in
the optical path portion and in the outer circumference on the
optical path portion can be also cured. As a result, the
photo-curable resins in the same proportion as that of the
mixture solution are cured at least in the optical path portion,
the percentage of cured part of the first photo-curable resin
contained in the outer circumferential portion on the optical
path portion is higher than that in the original mixture
solution, and the photo-curable resins in the same proportion
of the mixture solution are cured in the outside of the outer
circumferential portion. On this occasion, the refractive
index of the first photo-curable resin is lower than that of the
second photo-curable resin. Accordingly, the outer circum-
ferential portion containing a high percentage of cured part
of the first photo-curable resin serves as a clad because the
refractive index of the outer circumferential portion is lower
than that the optical path portion. In this manner, an optical
waveguide can be formed easily. Incidentally, in the inven-
tion, it is not necessary to exclude the case where the
refractive index decreases continuously or stepwise from the
center of the optical path portion to the lowest refractive
index portion of the outer circumferential portion In this
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specification, the expression “core, clad” is used adventur-
ously even in the case where the refractive index decreases
continuously.

[0018] When the outer circumferential portion (clad) and
the optical portion (core) are taken out from the mixture
solution after the formation of cured part of the first photo-
curable resin in the clad and uncured part of the second
photo-curable resin is cured, an optical waveguide of only
the “core, clad” can be formed easily. The first light irra-
diation and the second light irradiation may be performed
simultaneously. This means the case where the first photo-
curing step and the second photo-curing step are carried out
simultaneously, and includes the case where the first light
irradiation and the second light irradiation are performed
simultaneously by light substantially having one wave-
length.

[0019] Because the shape of light irradiation for generat-
ing a self-condensing phenomenon decides the optical path
portion, an axial optical path portion can be formed easily by
the self-condensing phenomenon when axial light irradia-
tion is performed. Accordingly, when the first light irradia-
tion and the second light irradiation are performed through
an optical fiber, an axial optical path portion (core) can be
formed easily. The term “axial” means not only the case
where the optical path portion is completely columnar but
also the case where the optical path portion is partially
tapered. The invention also includes the case where a mirror
is disposed so that a flexing portion is provided.

[0020] According to a fourth aspect of the invention, there
is provided a material composition for producing an optical
waveguide, containing: a radical polymerizable material; a
cationic polymerizable material; a radical polymerization
initiator for initiating polymerization of the radical polymer-
izable material by light irradiation; and a cationic polymer-
ization initiator for initiating polymerization of the cationic
polymerizable material by light irradiation, wherein: light
irradiation at a specific wavelength is effective in activating
the radical polymerization initiator but ineffective in acti-
vating the cationic polymerization initiator; and the refrac-
tive index of the cured radical polymerizable material is
lower than the refractive index of the cured cationic poly-
merizable material.

[0021] The term “radical polymerizable material” means
monomer and/or oligomer having at least one reactive group
that can be radically polymerized. Examples of the radical
polymerizable reactive group include an acryloyl group, and
a methacryloyl group. The term “cationic polymerizable
material” means monomer and/or oligomer having at least
one reactive group that can be cationically polymerized.
Examples of the cationic polymerizable reactive group
include a group having an oxirane ring (epoxide), and a
group having an oxetane ring in a chemical structure. Each
of the radical polymerizable material and the cationic poly-
merizable material may be a single compound or may be a
mixture of monomers and/or oligomers different in struc-
ture. The composition in the invention may contain any
compound such as a solvent having no relation with poly-
merization in the curing range if a necessary portion can be
finally cured.

[0022] Preferably, the refractive index of the cured com-
position as a whole is higher by at least 0.001 than the
refractive index of the cured radical polymerizable material.
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And the material composition for producing an optical
waveguide is preferably provided as a liquid having a
viscosity of not higher than 0.1 MPa.s at 25° C.

[0023] Preferably, the composition further contains a ther-
mal polymerization initiator for initiating polymerization of
the radical polymerizable material by heating.

[0024] In addition, there is provided a method of produc-
ing an optical waveguide having an optical path portion of
a high refractive index and a portion of a low refractive
index on a surface of the optical path portion by using an
optical waveguide-producing material composition defined
in the fourth aspect, comprising the steps of: curing the
radical polymerizable material by first light irradiation at the
specific wavelength capable of activating the radial poly-
merization initiator while enclosing at least the cationic
polymerizable material and the cationic polymerization ini-
tiator in the cured radical polymerizable material to thereby
form an optical path portion transparent optically (first
photo-curing step); curing the radical polymerizable mate-
rial on the surface of the optical path portion by continuing
the first light irradiation after the formation of the optical
path portion (second photo-curing step); and curing the
cationic polymerizable material enclosed in the optical path
portion and uncured residual part of the composition entirely
by second light irradiation capable of activating both the
radial polymerization initiator and the cationic polymeriza-
tion initiator (third photo-curing step). In addition, there is
provided a method of producing an optical waveguide
having an optical path portion of a high refractive index and
a portion of a low refractive index on a surf ace of the optical
path portion by using an optical waveguide-producing mate-
rial composition defined in the fourth aspect, comprising the
steps of: curing the radical polymerizable material by first
light irradiation at the specific wavelength capable of acti-
vating the radial polymerization initiator while enclosing at
least the cationic polymerizable material and the cationic
polymerization initiator in the cured radical polymerizable
material to thereby form an optical path portion transparent
optically (first photo-curing step); curing the radical poly-
merizable material on the surface of the optical path portion
by continuing the first light irradiation after the formation of
the optical path portion (second photo-curing step); and
extracting cured part immersed in uncured part from
uncured residual part of the composition and curing the
uncured part immersed in the cured part by second light
irradiation capable of activating both the radial polymeriza-
tion initiator and the cationic polymerization initiator (third
photo-curing step).

[0025] When first light capable of activating only a radical
polymerization initiator is applied on a mixture containing a
radical polymerizable material and a cationic polymerizable
material, only part of the radical polymerizable material
irradiated with the first light is cured (first photo-curing
step). On this occasion, because radical polymerization is
carried out quickly, the cationic polymerizable material that
has not been cured yet can be enclosed in the cured part of
the radical polymerizable material. When the cationic poly-
merizable material will be cured in a third photo-curing step
after that, this portion will be formed in a state in which both
the radical polymerizable material and the cationic polymer-
izable material are mixedly cured, so that this portion will
finally serve as an optical path portion (core) having a
refractive index intermediate between the refractive index of
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the cured radical polymerizable material and the refractive
index of the cured cationic polymerizable material. On this
occasion, because the refractive index of a polymerizable
material after curing is generally higher than the refractive
index of the polymerizable material before curing, a so-
called self-condensing phenomenon occurs. That is, diffu-
sion of applied light is reduced according to curing of the
portion irradiated with the first light compared with diffusion
of light before curing, so that the radical polymerizable
material is cured in a state in which the cationic polymer-
izable material is enclosed axially in the cured part of the
radical polymerizable material.

[0026] Then, in a second photo-curing step, large part of
light is applied on only the optical path portion made of the
cured part of the radical polymerizable material in a state in
which uncured part of the cationic polymerizable material
formed in the first photo-curing step is enclosed in the cured
part of the radical polymerizable material because the direc-
tion etc. of light irradiation is not changed. Light slightly
leaked to the outside of the optical path portion is however
present as well as light totally parallel to the optical path
direction is introduced into the optical path portion. As a
result, the radical polymerizable material on a circumfer-
ence, that is, a surface of the optical path portion made of the
cured part of the radical polymerizable material enclosing
the uncured part of the cationic polymerizable material is
polymerized by the slight leakage light. On this occasion,
since the leakage light is weak, the radical polymerizable
material can be polymerized to an extent that the cationic
polymerizable material is not enclosed so much as in the
optical path portion formed in the first photo-curing step.
That is, this is because the cationic polymerizable material
can be scattered into uncured part of the mixture solution in
the second photo-curing step if the curing rate of the radical
polymerizable material is low though the mixed cationic
polymerizable material can hardly be scattered but can be
enclosed when the radical polymerizable material is cured in
the first photo-curing step. As a result, the circumference,
that is, the surface of the optical path portion is covered with
a film made of a higher concentration of cured part of the
radical polymerizable material than the concentration of
cured part of the radical polymerizable material in the
optical path portion.

[0027] Further, in a third photo-curing step, uncured part
of the cationic polymerizable material in the optical path
portion and uncured part of the remaining composition
around the optical path portion having the surface covered
with cured part of the radical polymerizable material are
cured. As a result, there can be formed an optical waveguide
composed of the following three portions: an optical path
portion formed in the center portion of the optical
waveguide and having a refractive index intermediate
between the refractive index of cured part of the radical
polymerizable material and the refractive index of cured part
of the cationic polymerizable material; a peripheral portion
surrounding the optical path portion and having a refractive
index close to the refractive index of cured part of the radical
polymerizable material; and a remaining portion surround-
ing the peripheral portion and having a refractive index
intermediate between the refractive index of cured part of
the radical polymerizable material and the refractive index
of cured part of the cationic polymerizable material. Because
the refractive index of cured part of the radical polymeriz-
able material is lower than the refractive index of cured part
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of the cationic polymerizable material, the optical path
portion having the surface covered with the low refractive
index cured material portion (clad portion) can be finally
used as a so-called core. The refractive index change from
the core to the clad portion may be continuous. That is, the
refractive index change may be provided as a step index type
refractive index change or may be provided as a graded
index type continuous refractive index change. Incidentally,
the third photo-curing step may be carried out after the cured
part impregnated with the uncured part is taken out from the
uncured part of the remaining composition.

[0028] The refractive index change from the center of the
optical path portion of the optical waveguide formed in the
this manner toward the periphery, that is, toward the low
refractive index cured material portion (clad portion) is
formed so that the refractive index decreases as the position
goes toward the periphery. Accordingly, the optical
waveguide is good in efficiency of coupling to a graded
index optical fiber. In addition, because light high in inten-
sity is applied in the first photo-curing step for forming the
optical path portion so that the cationic polymerizable
material does not escape from the optical path portion, the
time required for forming the core can be shortened to
improve production efficiency compared with the related-art
technique.

[0029] A composition adapted to the production method is
very useful. When the difference between the refractive
index of the cured composition as a whole and the refractive
index of cured part of the radical polymerizable material is
selected to be not smaller than 0.001, the refractive index
difference between the highest refractive index portion of
the optical path portion and the lowest refractive index
portion of the periphery of the optical path portion can be
formed as the refractive index difference between a core and
a clad.

[0030] Because the second photo-curing step for curing at
least the surface of the optical path is provided for curing
only the radical polymerizable material, it is preferable that
the composition is a liquid as a whole so that the cationic
polymerizable material can be easily separated from the
surface of the optical path portion and that the composition
can be degassed suitably when a vessel is filled with the
composition. Preferably, the viscosity of the liquid compo-
sition is selected to be not higher than 0.1 MPa.s. When
curing in the third photo-curing step is insufficient, it is
necessary to perform thermal polymerization by heating the
composition. More preferably, the composition contains a
thermal polymerization initiator for initiating polymeriza-
tion of the radical polymerizable material by heating.

BRIEF DESCRIPTION OF THE DRAWINGS
[0031]

[0032] FIGS. 1A to 1D are step views showing a process
for carrying out a first embodiment of the invention;

[0033] FIG. 2 is a graph showing the refractive index
distribution, in a section taken in a direction perpendicular
to the direction of transmission of light, of an optical
waveguide formed according to the first embodiment;

[0034] FIGS. 3A to 3D are step views showing a process
for carrying out Verification Experiment 3;

In the accompanying drawings:
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[0035] FIG. 4 is a graph showing the refractive index
distribution, in a section taken in a direction perpendicular
to the direction of the length of a capillary tube, of the
outside of the capillary tube formed in Verification Experi-
ment 3;

[0036] FIG. 5 is a graph showing the maximum refractive
index difference in the case where irradiation time is
changed in the condition of fixed irradiation power;

[0037] FIG. 6 is a graph showing the maximum refractive
index difference in the case where irradiation power is
changed in the condition of fixed irradiation time;

[0038] FIG. 7 is a graph showing the refractive index
difference distribution in the direction of the length of the
waveguide;

[0039] FIGS. 8A to 8D are step views showing a method
for producing an optical waveguide according to a specific
embodiment of the invention; and

[0040] FIG. 9A is a vertical sectional view of an optical
waveguide according to a specific embodiment of the inven-
tion, and FIG. 9B is a horizontal sectional view of the
optical waveguide.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0041] Specific embodiments of the invention will be
described below. In this specification, the term “parts”
means parts by mass.

First Embodiment

[0042] Fifty parts of bisphenol A glycidyl ether (trade
name “ADEKA OPTOMER KRM-2405" made by Asahi
Denka Co., Ltd., refractive index: 1.573) as a cationic
polymerizable material, 50 parts of EO-modified trimethy-
lolpropane triacrylate (trade name SR-454 made by Sar-
tomer Company, Inc., refractive index; 1.471) as a radical
polymerizable material, 1.0 part of bis (2,4, 6-trimethylben-
zoyl) phenylphosphine oxide (trade name “IRGACURE
819” made by Ciba Specialty Chemicals Inc., Ar=460 nm) as
a radical polymerization initiator and 3.0 parts of bis(p-t-
butylphenyl)sulfonium/triarylsulfonium  hexafluorophos-
phate (trade name “UVI-6990” made by Union Carbide Co.)
diluted with a propylene carbonate solvent as a cationic
polymerization initiator were mixed to prepare a photo-
curable resin mixture solution 2. The refractive index of the
mixture solution was 1.521 before curing. After both the
radical polymerizable material and the cationic polymeriz-
able material were cured by ultraviolet ray irradiation, the
refractive index of the cured mixture as a whole was 1.551.

[0043] In the condition that a transparent vessel 1 was
filled with the mixture solution 2, an end of a plastic optical
fiber 3 (trade name “ESCAMEGA” made by Mitsubishi
Rayon Co., Ltd., core diameter: 0.98 mm, clad diameter: 1.0
mm, numerical aperture: 0.3) was immersed in the mixture
solution 2 (FIG. 1A). Alaser beam (wavelength A,=488 nm)
incident on the other end of the plastic optical fiber 3 was
emitted from the immersed end of the plastic optical fiber 3
to the photo-curable resin mixture solution 2 in the trans-
parent vessel 1, so that the photo-curable resin was cured
axially by a self-forming method. On this occasion, EO-
modified trimethylolpropane triacrylate was radically poly-
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merized but bisphenol A glycidyl ether was not cationically
polymerized. The formation of a 18 mm-long core 4 in 52
seconds was observed. As will be described later, the core 4
was formed by radical polymerization of EO-modified tri-
methylolpropane triacrylate in a state in which bisphenol A
glycidyl ether was enclosed in the cured EO-modified tri-
methylolpropane triacrylate. When the laser beam (wave-
length ;=488 mm) was then applied continuously, light
scattered from the axial core 4 toward uncured part of the
photo-curable resin mixture solution was observed (FIG.
1B). After the laser beam (wavelength A,=488 nm) was
applied for 5 minutes, ultraviolet rays UV from a high-
pressure mercury lamp were applied onto the circumference
of the transparent vessel 1 evenly from the outside to entirely
cure bisphenol A glycidyl ether and EO-modified trimethy-
lolpropane triacrylate in the transparent vessel 1 to thereby
form an optical waveguide having the axial core portion 4.

[0044] After the optical waveguide having the axial core
portion was cut into a 15 mm-long sample, the insertion loss
of the sample measured with respect to a laser beam at a
wavelength of 650 nm was 2.25 dB. The transmission loss
and connection loss of the optical waveguide measured with
respect to a laser beam at a wavelength of 650 nm by a
cut-back method were 1.44 dB/cm and 0.15 dB respectively.
The refractive index distribution of the optical waveguide
was measured by a two-beam interference microscope. As a
result, the refractive index distribution was observed in a
direction perpendicular to the direction of the length of the
optical waveguide so that a low refractive index portion was
formed like a film with the result that the axial core portion
was covered with the low refractive index portion. The
refractive index difference between the low refractive index
portion and the axial core portion was 0.0157 at maximum.
With respect to the refractive index distribution in the
transparent vessel, the film-like portion 5 lowest in refrac-
tive index formed a trough, and the refractive index of the
axial core portion 4 and the refractive index of the other
portion 2' in the transparent vessel were nearly equal to
1.551 which is the refractive index of the whole in the case
where both the radical polymerizable material and the
cationic polymerizable material were cured. The refractive
index of the core portion 4 decreased continuously from the
center portion to the outer circumference. FIG. 2 is a
schematic view showing the refractive index change.

[0045] [Verification Experiment 1]

[0046] The photo-curable resin mixture solution used in
the first embodiment was injected into a transparent glass
capillary tube (inner diameter: 1.0 mm, thickness: 0.2 mm,
length: 24 mm, refractive index: 1.472). An end of the
plastic optical fiber used in the first embodiment was
inserted and fixed into an end of the transparent glass
capillary tube. In this condition, a laser beam (wavelength:
488 nm) was made incident on the other end of the plastic
optical fiber to observe the state of propagation of light. It
was confirmed that light emitted from the plastic optical
fiber was scattered toward the transparent glass capillary
tube as well as being propagated through the photo-curable
resin mixture solution having a refractive index of 1.521
before curing while the transparent glass capillary tube
having a refractive index of 1.472 was used as a clad. It was
conceived that the scattered light was caused by the large
refractive index fluctuation of the photo-curable resin mix-
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ture solution because the mixture solution contained mono-
mers widely different in refractive index.

[0047] [Verification Experiment 2]

[0048] A transparent vessel was filled with a mixture
solution of EO-modified trimethylolpropane triacrylate (the
same as described above) and bis (2,4,6-trimethylben-
zoyl)phenylphosphine oxide (the same as described above)
as a radical polymerization initiator. The mixture ratio of the
radical polymerization initiator to EO-modified trimethylol-
propane triacrylate was 1 part to 100 parts. An end of the
plastic optical fiber was inserted into an end of a transparent
glass capillary tube in the same manner as in Verification
Experiment 1. The transparent glass capillary tube filled
with the photo-curable resin mixture solution used in the
first embodiment was immersed in the transparent vessel. In
this condition, a laser beam (wavelength: 488 nm) was made
incident on the other end of the plastic optical fiber at
irradiation power of 30 mW for 5 minutes. Then, the
transparent glass capillary tube filled with the photo-curable
resin mixture solution was pulled up and uncured part of the
mixture solution on the outer wall of the transparent glass
capillary tube was removed with an organic solvent. The
outer wall of the transparent glass capillary tube was
observed by an electronic microscope. As a result, it was
confirmed that a high-molecular polymer with a film thick-
ness of about 20 um was deposited on the outer wall of the
transparent glass capillary tube. What was meant by this fact
was that EO-modified trimethylolpropane triacrylate in the
transparent vessel was cured by scattered light leaking
toward a side from the transparent glass capillary tube filled
with the photo-curable resin mixture solution.

[0049] [Verification Experiment 3]

[0050] A transparent vessel 1 was filled with the photo-
curable resin mixture solution 2 used in the first embodiment
1. An end of the plastic optical fiber 3 was inserted into an
end of a transparent glass capillary tube 10 in the same
manner as in Verification Experiment 1. The transparent
glass capillary tube 10 filled with the photo-curable resin
mixture solution 2 used in the first embodiment was
immersed in the transparent vessel 1 (FIG. 3A). In this
condition, a laser beam (wavelength A;=488 mm) was made
incident on the other end of the plastic optical fiber. After the
laser beam was applied for a predetermined time (FIGS. 3B
and 3C), ultraviolet rays UV were applied on the circum-
ference of the transparent vessel from the outside to cure all
uncured resins (FIG. 3D). In each of samples obtained when
the laser beam (wavelength: 488 nm) was made incident on
the other end of the plastic optical fiber while the irradiation
power and irradiation time of the laser beam were changed,
the refractive index distribution from the outer wall of the
transparent glass capillary tube 10 to a side (in a direction
perpendicular to the direction of the length of the capillary
tube) was measured by a two-beam interference microscope.
FIGS. 4, 5 and 6 show results of the measurement.

[0051] FIG. 4 shows the refractive index distribution in
the condition of irradiation power of 30 mW and irradiation
time of 1 minute. When the distance from the capillary tube
10 was O um or not smaller than 20 um, the refractive index
was 1.51. It is to be understood that the photo-curable resin
mixture solution 2 was cured as it was. On the other hand,
when the distance from the capillary tube 10 was not larger
than 20 um, a refractive index trough exhibiting the mini-
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mum refractive index of 1.538 was formed at the distance of
8 um. What was meant by this fact was that the concentra-
tion of cured EO-modified trimethylolpropane triacrylate of
a low refractive index was highest in this trough position.

[0052] FIG. 5 shows the maximum refractive index dif-
ference in the case where the irradiation time is changed in
the condition of fixed irradiation power of 30 mW. FIG. 6
shows the maximum refractive index difference in the case
where the irradiation power is changed in the condition of
fixed irradiation time of 5 minutes. It is to be understood
from FIGS. 5 and 6 that the maximum refractive index
difference becomes large as the irradiation power becomes
high or as the irradiation time becomes long.

[0053] FIG. 7 shows the refractive index difference dis-
tribution in the direction of the length of the waveguide in
the condition of irradiation power of 50 mW and irradiation
time of 20 minutes. It is obvious that variation in refractive
index difference in the lengthwise direction can be reduced
when both irradiation power and irradiation time are
adjusted to 50 mW and 20 minutes respectively. In this
manner, it has been found that the invention is effective as
a method for producing an optical component.

[0054] Although Verification Experiments 1 to 3 have
been made on the case where a transparent glass capillary
tube is used, it is conceived that a low refractive index
portion is also formed in the first embodiment theoretically
on the basis of the same phenomenon as in Verification
Experiment 3. Although Verification Experiments 1 to 3
have been made on the case where the transparent glass
capillary tube is filled with a photo-curable resin mixture
solution of a high refractive index, the invention may
include the case where, for example, in Verification Experi-
ment 2, an optical component of a high refractive index
capable of generating light scattered toward a side is
immersed in a photo-curable resin of a low refractive index
to form a film of the photo-curable resin of the low refractive
index on the basis of the scattered light.

Second Embodiment

[0055] A transparent vessel 1 was filled with the mixture
solution 2 used in the first embodiment and an end of a
plastic optical fiber 3 was immersed in the mixture solution
2 in the same manner as in the first embodiment. A laser
beam (wavelength A,=488 nm) incident on the other end of
the plastic optical fiber 3 was emitted from the immersed end
of the plastic optical fiber 3 to the photo-curable resin
mixture solution 2 in the transparent vessel 1, so that the
photo-curable resin was cured axially by a self-forming
method. After the laser beam was then changed over to a
laser beam (wavelength A,=458 nm), the laser beam (wave-
length A,=458 nm) was applied in the same manner as
described above. As a result, light scattered from the axial
core portion 4 toward uncured part of the photo-curable
resin mixture solution was observed Then, ultraviolet rays
UV from a high-pressure mercury lamp were evenly applied
on the circumference of the transparent vessel 1 from the
outside to cure all the mixture solution 2 in the transparent
vessel 1 to thereby form an optical waveguide having the
axial core portion 4. As for characteristic of the optical
waveguide, the transmission loss and connection loss were
1.8 dB/cm and 0.13 dB/cm respectively (with respect to light
at a wavelength of 650 nm) and the maximum refractive
index difference was 0.0164.
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Third Embodiment

[0056] Two transparent glass plates were prepared. While
the two transparent glass plates were piled so that a gap of
150 um was formed between the two transparent glass
plates, the circumferences of the two transparent glass plates
were fixedly bonded to each other so that the gap was filled
with the mixture solution 2 used in the first embodiment. In
the condition that the two transparent glass plates were
placed horizontally, a photo mask having bright and dark
linear patterns was formed on a surface of one of the two
transparent glass plates. The width of each of bright por-
tions, that is, portions on which the photo mask was not
formed, was set at 200 um. In this condition, a laser beam
(wavelength ;=488 nm) was applied on the bright portions
evenly for 15 seconds. After the mask was then removed, all
the mixture solution 2 was scanned with the laser beam
through the glass plate to cure the mixture solution 2. The
refractive index distribution was measured by a two-beam
interference microscope. As a result, it was confirmed that
about 15 um-wide striped low refractive index portions
having a slightly reduced refractive index were formed on
opposite sides of each of 200 um-wide striped high refrac-
tive index portions and in a direction parallel to the glass
surface and to the lengthwise direction of the bright portions
of the mask. High refractive index portions were formed on
opposite sides of each of the two low refractive index
portions. In the refractive index distribution, two smooth
troughs were formed. The difference between the minimum
refractive index of the low refractive index portions and the
refractive index of the high refractive index portions was
0.004. On the other hand, in each portion, there was no
variation in refractive index in a direction perpendicular to
the glass surface. When each of the glass plates is made of
a material having a refractive index lower than that of the
cured portion (high refractive index portion) of the mixture
solution, the 200 um-wide high refractive index portion has
low refractive index cured portions provided in the two glass
plates and on opposite sides of the high refractive index
portion, that is, the 200 um-wide high refractive index
portion can be used as an optical waveguide. In this case, the
direction of light irradiation (perpendicular to the glass
surface) for forming the high refractive index portion is
different from the direction of light transmission of the
formed optical waveguide (parallel to the glass surface and
to the lengthwise direction of the bright portions of the
mask). It was however confirmed that the low refractive
index cured portions were formed in preferable positions in
the same manner as in the first or second embodiment. That
is, it was confirmed that scattered light was generated also
in this embodiment so that portions containing a larger
amount of the low refractive index cured resin were formed.
According to this method, an optical path having an arbitrary
width can be formed without use of any optical fiber.

[0057] [Verification Experiment 4]

[0058] To confirm the intermediate state of “core forma-
tion” in the invention, the following verification experiment
was carried out. That is, a transparent vessel 1 was filled with
the mixture solution 2 used in the first embodiment and an
end of a plastic optical fiber 3 was immersed in the mixture
solution 2 in the same manner as in the first embodiment. A
laser beam (wavelength A;=488 nm) incident on the other
end of the plastic optical fiber 3 was emitted from the
immersed end of the plastic optical fiber 3 to the photo-
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curable resin mixture solution 2 in the transparent vessel 1
to start curing of the photo-curable resin by a self-forming
method. After curing was performed for 30 seconds, the
light irradiation was stopped. Ultraviolet rays UV from a
high-pressure mercury lamp were immediately and evenly
applied on the circumference of the transparent vessel 1
from the outside to cure all the mixture solution 2 in the
transparent vessel 1. As a result, there was no low refractive
index portion observed in a position at a distance of 10 mm
from the immersed end of the optical fiber 3 in the direction
of incidence of the wavelength A,. On the other hand, the
low refractive index portion had been already formed in a
position at a distance of 2 mm from the immersed end of the
optical fiber 3 in the direction of incidence of the wavelength
;. The maximum refractive index difference was about
0.002. That is, it was confirmed that a clad portion as well
as the core began to be formed in sufficiently but steadily in
the position at a distance of 2 mm. In this manner, it was
confirmed that the formation of the clad as a low refractive
index portion substantially started during the formation of
the core as a high refractive index portion in the invention.

[0059] More specific explanations for various material
compositions for producing the optical waveguide and other
embodiment will be given hereinafter.

[0060] [Radical Polymerizable Material]

[0061] Photo-polymerizable monomer and/or oligomer
having at least one ethylene-series unsaturated reactive
group such as acryloyl group allowed to be radically poly-
merized, preferably at least two ethylene-series unsaturated
reactive groups in a structural unit may be used as the radical
polymerizable material in the invention. To obtain a low
refractive index, aliphatic monomer and/or oligomer may be
preferably used. Examples of the photo-polymerizable
monomer/oligomer having at least one ethylene-series
unsaturated reactive group may include conjugate acid esters
such as (meth)acrylic ester, itaconic ester and maleic ester.
The term “(meth)acrylic” means acrylic or methacrylic.

[0062] Specific examples may include (meth)acrylic ester
derivatives, itaconic ester derivatives and maleic ester
derivatives of polyhydric alcohol such as ethylene glycol,
diethylene glycol, triethylene glycol, tetracthylene glycol,
propylene glycol, dipropylene glycol, tripropylene glycol,
tetrapropylene glycol, neopentyl glycol, 1,3-propanediol,
1,4-butanediol, 1,5-pentanediol, 1,6-hexanediol, trimethy-
lolpropane, pentaerythritol, and dipentaerythritol. The radi-
cal polymerizable material may be provided as a mixture of
these monomers/oligomers. To obtain greater reduction in
refractive index, part of hydrogen in a structural unit may be
replaced by fluorine. The radical polymerizable material is
not limited to the specific examples.

[0063] [Cationic Polymerizable Material]

[0064] Photo-polymerizable monomer and/or oligomer
which has at least one reactive ether structure such as an
oxirane ring (epoxide) or an oxetane ring allowed to be
cationically polymerized, preferably at least two reactive
ether structures in a structural unit and which is higher in
refractive index than the radical polymerizable material used
in combination may be used as the cationic polymerizable
material in the invention. To obtain a high refractive index,
monomer/oligomer containing at least one aromatic ring
such as a phenyl group in a structural unit may be preferably
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used. Incidentally, examples of the oxirane ring (epoxide) in
the invention include oxiranyl group, and 3,4-epoxycyclo-
hexyl group. The oxetane ring is ether having a four-
membered ring structure.

[0065] Specific examples may include glycidyl ether
derivatives and oxetanyl derivatives of various kinds of
phenol compounds etc. such as phenyl glycidyl ether,
bisphenol A, bisphenol S, bisphenol Z, bisphenol F, novolac,
o-cresol novolac, p-cresol novolac, and p-alkylphenol
novolac. The cationic polymerizable material may be pro-
vided as a mixture of these monomers/oligomers. To obtain
a higher refractive index, hydrogen in the aromatic ring may
be replaced by chlorine or bromine. The cationic polymer-
izable material is not limited to the specific examples. As
described in Unexamined Japanese Patent Publication No.
Hei-7-62082, it is known that the physical property such as
polymerization curability of cured part of a mixture con-
taining a monomer containing an oxetane ring in a structural
unit and an oxirane ring (epoxide) in a structural unit is
improved compared with the case where only the oxirane
ring (epoxide) is contained in the structural unit of the
monomer. The mixture may be a mixture containing a
monomer containing at least one oxirane ring (epoxide) in a
structural unit and a single monomer containing at least one
oxetane ring in a structural unit or may be a mixture of
monomers each containing at least one oxirane ring
(epoxide) and at least one oxetane ring in a structural unit.

[0066] [Radical Polymerization Initiator]

[0067] A compound for activating a polymerization reac-
tion of the radical polymerizable material containing radical
polymerizable monomer and/or oligomer by light is used as
the radical polymerization initiator in the invention. Specific
examples of the radical polymerization initiator include:
benzoin compounds such as benzoin, benzoin methyl ether,
and benzoin propyl ether; acetophenone compounds such as
acetophenone, 2,2-diiethoxy-2-phenylacetophenone, 2,2-di-
ethoxy-2-phenylacetophenone, 1,1-dichloroacetophenone,
1-hydroxycyclohexylphenylketone, 2-methyl-1-(4-(meth-
ylthio)phenyl)-2-morpholinopropane-1-one, and N,N-dim-
ethylarminoacetophenone; anthraquinone compounds such
as 2-methylanthraquinone, 1-chloroanthraquinone, and2-
amylanthraquinone; thioxanthone compounds such as 2,4-
dimethylthioxanthone, 2,4-diethylthioxanthone, 2-chlo-
rothioxanthone, and 2,4-diisopropylthioxanthone; ketal
compounds such as acetophenone dimethylketal, and benzyl
dimethylketal; benzophenone compounds such as benzophe-
none, methylbenzophenone, 4,4'-dichlorobenzophenone,
4,4'-bisdiethylaminobenzophenone, Michler’s ketone, and
4-benzoyl-4'-methyldiphenylsulfide; and 2,4,6-trimethyl-
benzoyldiphenylphosphine oxide. Incidentally, a radical
polymerization initiator may be used singly or two or more
kinds of radical polymerization initiators may be used in
combination. The radical polymerization initiator used is not
limited to these specific examples.

[0068] [Cationic Polymerization Initiator]

[0069] A compound for activating a polymerization reac-
tion of the cationic polymerizable material containing cat-
ionic polymerizable monomer and/or oligomer by light is
used as the cationic polymerization initiator in the invention.
Specific examples of the cationic polymerization initiator
include diazonium salt, iodonium salt, sulfonium salt, sele-
nium salt, pyridinium salt, ferrocenium salt, phosphonium
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salt, and thiopyrinium salt. Especially, an onium salt photo-
polymerization initiator relatively thermally stable, such as
aromatic iodonium salt or aromatic sulfonium salt, may be
preferably used. Examples of the aromatic iodonium salt
include diphenyliodonium, ditolyliodonium, phenyl (p-ani-
syl) iodonium, bis (p-t-butylphenyl) iodonium, and bis(p-
chlorophenyl)iodonium. Examples of the aromatic sulfo-
nium salt include diphenylsulfonium, ditolylsulfonium,
phenyl(p-anisyl)sulfonium, bis(p-t-butylphenyl)sulfonium,
and bis(p-chlorophenyl)sulfonium. When the onium salt
photo-polymerization initiator such as aromatic iodonium
salt or aromatic sulfonium salt is used, anions are BF,”,
AsF,~, SbF,~, PF~, B(C/Fs),”, etc. Incidentally, an cationic
polymerization initiator may be used singly or two or more
kinds of cationic polymerization initiators may be used in
combination. The cationic polymerization initiator used is
not limited to these specific examples.

[0070] [Selection and Mixture Ratio]

[0071] In the material composition containing the afore-
mentioned constituent members for producing an optical
waveguide according to the invention, the radical polymer-
izable material and the cationic polymerizable material
selected from the aforementioned examples are combined
with each other while the mixture ratio of the radical
polymerizable material to the cationic polymerizable mate-
rial is selected to satisfy the relation n,<n,<n_ and (n,.-
n,)20.001, preferably (n,-n,)=0.003, more preferably
(n,.-n,)20.01, in which n, is the refractive index of poly-
merized/cured part of the radical polymerizable material in
the case where the radical polymerizable material is used
singly, n_ is the refractive index of polymerized/cured part of
the cationic polymerizable material in the case where the
cationic polymerizable material is used singly, and n,. is the
refractive index of polymerized/cured part of the composi-
tion as a whole. Incidentally, all refractive indices used in
this specification mean refractive indices measured at D
emission line light (589 nm) of sodium. When the difference
(n,.-n,) between n,. and n, is not smaller than 0.01, a
particularly useful optical waveguide can be produced
because the difference An between the maximum refractive
index n, . (substantially equal to n,) of the center of the
optical path portion (core) and the minimum refractive index
0, (n,.>n_; >n) of the outer circumference of the optical
path portion can be easily selected to be not smaller than
0.001.

[0072] Preferably, the mixture ratio (mass ratio, which
also applies hereunder) of the radical polymerizable material
to the cationic polymerizable material is selected to be in a
range of from 20;80 to 90:10 in addition to the condition that
the relation (n,.-n,)=20.001, preferably (n,.—n,)=0.003 is
satisfied. If the mixture ratio of the radical polymerizable
material is lower than 20% of the composition, the amount
of monomer (and/or oligomer) of the radical polymerizable
material is insufficient in the first photo-curing step in the
optical waveguide producing method which will be
described below. For this reason, a long time is required for
first forming the optical transmission path portion and it is
difficult to form the optical transmission path portion having
sufficient strength even if the optical transmission path
portion can be formed. Although it is not impossible to select
the mixture ratio of the cationic polymerizable material to be
lower than 10%, it is necessary to select a material remark-
ably high in refractive index as the cationic polymerizable
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material in order to satisfy the relation (n,.-n,)=0.003 in the
condition that the mixture ratio of the cationic polymerizable
material is lower than 10%. Because such a cationic poly-
merizable material is generally solid when used singly, a
complex operation is undesirably required for mixing the
cationic polymerizable material with the radical polymeriz-
able material homogeneously. That is, it is necessary to
select a material having the property of a solvent as the
radical polymerizable material and mix the radical polymer-
izable material with the cationic polymerizable material. Or
it is necessary to dissolve the cationic polymerizable mate-
rial in a solvent provided separately, mix/prepare the solu-
tion with the radical polymerizable material and then
remove the solvent component from the solution.

[0073] In the material composition containing the con-
stituent members for producing an optical waveguide
according to the invention, the radical polymerization ini-
tiator is a compound capable of being activated by light
irradiation at a wavelength of not larger than a specific
wavelength A, whereas the cationic polymerization initiator
is a compound capable of being activated by light irradiation
at a wavelength of not larger than a specific wavelength A._.
Each of the compound capable of being activated by light
irradiation at a wavelength of not larger than a specific
wavelength A, and the compound capable of being activated
by light irradiation at a wavelength of not larger than a
specific wavelength A_ is a compound having an optical
absorption end (the longest absorption wavelength in optical
absorption) at a wavelength of not larger than a specific
wavelength. In the optical waveguide producing method
which will be described below, specific wavelength band
light A, used in the first light irradiation in the first and
second photo-curing steps and specific wavelength band
light A, used in the second light irradiation in the third
photo-curing step need to satisfy the relation A, >,. Accord-
ingly, the combination of the aforementioned compounds
can be selected arbitrarily if the relation A >A_ is satisfied.
That is, the respective wavelengths may be preferably
selected to satisfy the relation A >A;>A_>A,. The wave-
lengths A, and A, mean wavelength bands respectively. That
is, the wavelengths A, and A, do not indicate single wave-
length light beams and are not limited to light irradiation in
predetermined wavelength bands in the first, second and
third photo-curing steps. It is a matter of course that the
invention may include the case where the intensity of
applied light is changed in the middle of each step.

[0074] Preferably, materials mutually soluble to the mix-
ture solution containing the radical polymerizable material
and the cationic polymerizable material are selected as the
radical polymerization initiator and the cationic polymer-
ization initiator. More preferably, a material having a spe-
cific wavelength A, longer than A is used as the radical
polymerization initiator because the specific wavelength A
of the cationic polymerization initiator is generally not
longer than 400 nm. More preferably, a material capable of
causing a decomposition reaction by light irradiation in a
specific wavelength band A, (£X.) used in the second light
irradiation in the optical waveguide producing method
which will be described below is used as the radical poly-
merization initiator. Examples of the radical polymerization
initiator especially preferably used may include: 2,4,6-trim-
ethylbenzoyldiphenylphosphine oxide (A,=430 nm, trade
name “Lucirin TPO” made by BASF Corporation); bis(2,4,
6-trimethylbenzoyl)phenylphosphineoxide (A,=460 nm,
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trade name “IRGACURE 819” made by Ciba Specialty
Chemicals Inc.); and a mixture (A,=440 nm, trade name
“IPGACURE 1850” made by Ciba Specialty Chemicals
Inc.) containing bis(2,6-dimethoxybenzoyl)-2,4,4-trimethyl-
pentylphosphine oxide (50%) and 1-hydroxycyclohexylphe-
nyl ketone (50%). Incidentally, the radical polymerization
initiator is not limited to the aforementioned examples.

[0075] The amount of the radical polymerization initiator
is selected to be in a range of from 0.05 parts by mass to 10
parts by mass, preferably in a range of from 0.1 parts by
mass to 5 parts by mass, with respect to 100 parts by mass
of the radical polymerizable material. The amount of the
cationic polymerization initiator is selected to be in a range
of from 0.1 parts by mass to 20 parts by mass, preferably in
a range of from 1 part by mass to 10 parts by mass, with
respect to 100 parts by mass of the cationic polymerizable
material.

[0076] [Necessity of Postcure]

[0077] A thermal polymerization initiator capable of ini-
tiating radical polymerization may be contained in the
material composition for producing an optical waveguide
according to the invention. Generally, when only photo-
polymerization is applied to photo-polymerizable monomer
(and/or oligomer), a small amount of unpolymerized part of
the monomer (and/or oligomer) remains in a system. There-
fore, so-called postcure is generally performed for complet-
ing polymerization. On the other hand, when postcure is
performed just after photo-polymerization of the cationic
polymerizable monomer (and/or oligomer), thermal poly-
merization is induced by cationic seeds (cationic side of the
cationic polymerization initiator as salt) remaining in the
system. It is however difficult to complete polymerization of
remaining part of the radical polymerizable monomer (and/
or oligomer) by postcure because it is conceived that radical
seeds in the system vanish just after the stop of light
irradiation. Also in the optical waveguide producing method
according to the invention which will be described below, a
small amount of the radical polymerizable material and a
small amount of the cationic polymerizable material unpo-
lymerized by the second light irradiation remain in the
system. Therefore, postcure is effective in improving ther-
mal stability of the fin al product. For this reason, mixing of
the thermal polymerization initiator is effective in postcuring
remaining monomer (and/or oligomer) of the radical poly-
merizable material made of the radical polymerizable mono-
mer (and/or oligomer).

[0078] [Thermal Polymerization Initiator]

[0079] Examples of the thermal polymerization initiator
include organic peroxide, and azo compounds. Generally,
azo compounds are riot preferred because nitrogen is pro-
duced with the advance of decomposition of the azo com-
pounds. Organic peroxide is preferred. Specific examples of
the organic peroxide include 3,5,5-trimethylhexanoyl per-
oxide, lauryl peroxide, benzoyl peroxide, 1,1-bis(t-butylp-
eroxy)-2-methylcyclohexane, 1,1-bis (thexylperoxy)-3,3,5-
trimethyleyclohexane, 1,1-his(t-hexylperoxy)cyclohexane,
1,1-bis(t-butylperoxy)-3,3,5-trimethylcyclohexane, 1,1-
bis(t-butylperoxy)cyclohexane, 2,2-bis(4,4-dibutylperoxy-
cyclohexyl)propane, 1,1-bis (t-butylperoxy) cyclododecane,
t-hexylperoxyisopropyl monocarbonate, t-butyl peroxy-
maleate, t-butyl peroxy-3,5,5-trimethylhexanoate, t-butyl
peroxylaurate,  2,5-dimethyl-2,5-di(m-toluoylperoxy)hex-
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ane, t-butylperoxyisopropyl monocarbonate, t-butylperoxy-
2-ethylhexyl monocarbonate, t-hexyl peroxybenzoate, 2,5-
dimethyl-2,5-dibenzoylperoxyhexane, t-butyl
peroxyacetate, 2,2-bis (t-butylperoxy)butane, t-butyl per-
oxybenzoate, n-butyl 4,4-bis(t-butylperoxy)valerate, di-t-
butyl peroxyisophthalate, a,a'-bis (t-butylperoxy)diisopro-
pylbenzene, cumyl peroxide, 2,5-dimethyl-2,5-di(t-
butylperoxy)hexane, t-butylcumyl peroxide, t-butyl
peroxide, p-menthane hydroperoxide, 2,5-dimethyl-2,5-di(t-
butylperoxy)hexine-3, diisopropylbenzene hydroperoxide,
t-butyltrimethylsilyl  peroxide, 1,1,3,3-tetramethylbutyl
hydroperoxide, cumyl hydroperoxide, t-hexyl hydroperox-
ide, and t-butyl hydroperoxide.

[0080] Incidentally, it is necessary to consider the storage
temperature of the composition, the postcure temperature
and the postcure time in selection of the thermal polymer-
ization initiator because addition of the thermal polymer-
ization initiator may cause lowering of thermal stability of
the material composition for producing an optical
waveguide according to the invention. From this point of
view, it is preferable that the temperature range for obtaining
a half-life period of the thermal polymerization initiator by
thermal decomposition is from 50° C. to 100° C. when the
storage temperature of the composition is room temperature
and the postcure time is 10 hours. Examples of the organic
peroxide satisfying this condition may include, 3,5,5-trim-
ethylhexanoyl peroxide (60° C., tradename “PEROYL355”
made by NOF Corporation); lauryl peroxide (62° C., trade
name “PEROYL L” made by NOF Corporation); benzoyl
peroxide (74 ° C., trade name “NYPER B” made by NOF
Corporation); 1,1-bis(t-butylperoxy)-3,5,5-trimethyleyclo-
hexane (90° C., trade name “PERHEXA 3M” made by NOF
Corporation); 1,1-bis (t-butylperoxy) cyclohexane (91° C.,
trade name “PERHEXA C” made by NOF Corporation);
t-butyl peroxy-3,5,5-trimethylhexanoate (97° C., trade name
“PERBUTYL 355” made by NOF Corporation); and t-bu-
tylperoxyisopropyl monocarbonate (98° C., trade name
“PERBUTYL 1” made by NOF Corporation). Incidentally,
the thermal polymerization initiator is not limited to these
examples. The amount of the thermal polymerization initia-
tor added is selected to be in a range of from 0.01% by mass
to 5% by mass, preferably in a range of from 0.05% by mass
to 1% by mass, with respect to 100% by mass of the material
composition for producing an optical waveguide according
to the invention.

[0081] In the optical waveguide producing method which
will be described below, a cured region capable of trans-
mitting light is formed by the first light irradiation. Further,
a cured region for protecting the cured region capable of
transmitting light is formed by the second light irradiation.
The production method has an advantage in that an optical
transmission path and a cured region for protecting the
optical transmission path can be formed in a state in which
an optical filter or a 45° reflecting mirror is disposed in an
optical transmission path system in the same manner as in
the production method disclosed in Patent Document 1 or 2.
It is therefore necessary to dispose an optical component
such as an optical filter or a mirror in the optical path
transmission path system before the formation of the optical
transmission path starts. To achieve this, the composition for
producing an optical transmission path or an optical
waveguide used in the invention needs to be a liquid. The
liquidity of the composition can be expressed as viscosity.
Preferably, the composition for used in the production
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method adapted for production of an optical transmission
path or an optical waveguide according to the invention is
provided as a liquid having a viscosity of not higher than 0.1
MPa.s at room temperature of 25° C. The viscosity largely
depends on the viscosity of the mixture of the radical
polymerizable material and the cationic polymerizable
material in a preferred composition condition. From the
point of view of improvement in efficiency in degassing
from composition and packing of the composition, it is
preferable that the viscosity is as low as possible. If the
composition has a viscosity of not higher than 0.1 MPa.s, it
is not impossible to pack the composition in a state in which
the optical component is disposed on the other hand, if the
viscosity of the composition is higher than 0.1 MPa.s, it is
undesirable for the production method that a disadvantage of
mixing of air bubbles or movement of the optical component
occurs easily due to the excessively high viscosity when the
composition is packed in a state in which the optical
component is disposed.

[0082] An example of the configuration of the material
composition for producing an optical waveguide according
to the invention is as follows. An aliphatic meth(acrylic)
monomer is used as the radical polymerizable material. A
bisphenol epoxy monomer or a mixture containing a bisphe-
nol epoxy monomer and an aromatic substituent group-
containing oxetane monomer is used as the cationic poly-
merizable material. The mass composition ratio of the
radical polymerizable material to the cationic polymerizable
material is selected to be in a range of from 10:90 to 90:10,
preferably, in a range of from 20:80 to 85:15. When a
mixture containing a bisphenol epoxy monomer and an
aromatic substituent group-containing oxetane monomer is
used as the cationic polymerizable material, the mass com-
position ratio of the bisphenol epoxy monomer to the
aromatic substituent group-containing oxetane monomer is
selected to be in a range of from 0:100 to 100:0. The mass
composition ratio may be selected in consideration of the
forming rate and mechanical strength of the core, the
mechanical strength and reliability of the clad portion, etc.
in the optical waveguide producing method according to the
invention which will be described below.

[0083] As an example of the radical polymerization ini-
tiator, 0.05 parts by mass to 10 parts by mass, preferably 0.1
parts by mass to 5 parts by mass of bis (2,4,6-trimethylben-
zoyl) phenylphosphine oxide (trade name “IRGACURE
819” made by Ciba Specialty Chemicals Inc.) are added to
100 parts by mass of the radical polymerizable material.
Incidentally, the kind and use amount of the radical poly-
merization initiator depend on spectral characteristic of the
optical density or absorbancy of the radical polymerization
initiator and the wavelength of a light source used for
photo-curing the radical polymerizable material. The radical
polymerization initiator is preferably used so that the optical
density of the radical polymerization initiator at the wave-
length is not larger than 2. As an example of the cationic
polymerization initiator, 0.1 parts by mass to 20 parts by
mass, preferably 1 part by mass to 10 parts by mass of
bis(p-t-butylphenyl)sulfonium/triarylsulfonium hexafluoro-
phosphate (trade name “UVI-6990” made by Union Carbide
Co.) diluted with a propylene carbonate solvent are added to
100 parts by mass of the cationic polymerizable material.
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[0084] [Method for Producing Waveguide]

[0085] FIGS. 8A to 8D are step views for explaining a
method for producing an optical waveguide according to the
invention, which are similar to the steps in FIGS. 1A to 1D.
A transparent vessel 1 is filled with a material composition
2 for producing an optical waveguide according to the
invention. Then, the transparent vessel 1 is irradiated with
first light 3 emitted from a light source and having a
wavelength component A, longer than the specific wave-
length A_ of the cationic polymerization initiator and not
longer than the specific wavelength A, of the radical poly-
merization initiator (FIG. 8A). As a result, the radical
polymerizable material of a low refractive index is poly-
merized into a pattern corresponding to the shape of light
irradiation in a state in which the cationic polymerizable
material of a high refractive index and the cationic poly-
merization initiator are enclosed in the pattern, so that an
optical path portion (core) 4 cured by polymerization and
transparent optically is formed once (FIG. 8B). When the
first light 3 is then continuously applied for a predetermined
time or longer, only the radical polymerizable material of the
low refractive index is further selectively polymerized on a
surface of the optical path portion (core) 4 by a light
component leaked or scattered from the optical path portion
(core) 4 to a side. On this occasion, the cationic polymer-
izable material of the high refractive index and the cationic
polymerization initiator are partially enclosed in the radical
polymerizable material of the low refractive index but the
light component leaked or scattered is so weak that the
reaction rate is lower than that of radical polymerization of
the optical path portion (core) 4. As a result, the amount of
the enclosed cationic polymerizable material of the high
refractive index becomes so relatively small that the con-
centration (volume ratio) of cured part of the radical poly-
merizable material of the low refractive index becomes high.
Thus, a layer (clad portion) 5 lower in refractive index than
the optical path portion (core) 4 is formed (FIG. 8C). Then,
the radical polymerizable material of the low refractive
index and the cationic polymerizable material of the high
refractive index remaining in the transparent vessel 1 are
polymerized simultaneously by second light 6 emitted from
a light source and having a wavelength component not
longer than the specific wavelength A of the cationic poly-
merization initiator. In this manner, a base portion 2' made
of a cured material higher in refractive index than the low
refractive index layer (clad portion) 5 is formed. On this
occasion, uncured part of the cationic polymerizable mate-
rial of the high refractive index remaining in the optical path
portion (core) 4 and the low refractive index layer (clad
portion) 5 formed by the first light irradiation is also
polymerized (FIG. 8D).

[0086] FIG. 9A is a longitudinal sectional view of the
optical waveguide produced by the production method
depicted in FIGS. 8A to 8D. FIG. 9B is a cross sectional
view of the optical waveguide. When the first light 3 shown
in FIGS. 8A to 8C is a cylindrical beam, the optical path
portion (core) 4 is shaped like a circle in cross section as
shown in FIG. 8B. The outline of refractive index change in
the case where the optical waveguide is scanned in order of
the base portion 2', the low refractive index layer (clad
portion) 5, the optical path portion (core) 4, the low refrac-
tive index layer (clad portion) 5 and the base portion 2'
becomes same as FIG. 2. In this manner, when the compo-
sition according to the invention is used, an optical
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waveguide having a step index type or W type refractive
index difference or refractive index distribution can be
formed as shown in FIG. 2. As shown in FIG. 2, the
difference between the maximum refractive index of the
optical path portion (core) 4 and the minimum refractive
index of the low refractive index layer (clad portion) 5
around the optical path portion (core) 4 is hereinafter
expressed as An.

Fourth Embodiment

[0087] Seventy parts of trimethylolpropane trimethacry-
late (trade name “ARONIX M-309” made by Toagosei Co.,
Ltd., uncured refractive index: 1.475, cured refractive index:
1.515) as a radical polymerizable material, 30 parts of
bisphenol epoxy monomer (trade name “EPIKOTE 828”
made by Japan Epoxy Resins Co., Ltd., uncured refractive
index: 1.574, cured refractive index; 1.60) as a cationic
polymerizable material, 0.35 parts of bis(2,4,6-trimethyl-
benzoyl)phenylphosphine oxide (trade name “IRGACURE
819” made by Ciba Specialty Chemicals Inc., A,=460 nm) as
a radical polymerization initiator and 0.9 parts of propylene
carbonate solvent-diluted bis(p-t-butylphenyl)sulfonium/tri-
arylsulfonium hexafluorophosphate (trade name “UVI-
6990” made by Union Carbide Co.) as a cationic polymer-
ization initiator were mixed to produce a material
composition for producing an optical waveguide. Then, a
transparent vessel having a size of 5 mmx5 mmx15 mm was
filled with the composition. The transparent vessel was
irradiated with an Ar laser beam (A, =488 nm) at power of 25
mW for 6 minutes to thereby form a 15 mm-long core. Then,
the transparent vessel was left for 120 minutes in a state in
which the transparent vessel was irradiated with the Ar laser
beam. Then, the transparent vessel was irradiated with UV
rays at 20 mW/cm? (as light intensity at A=365 nm) for 10
minutes to thereby cure the residual solution. The difference
An between the maximum refractive index of the optical
path portion (core) and the minimum refractive index of the
low refractive index layer (clad portion), evaluated by a
two-beam interference microscope was 0-008.

Fifth Embodiment

[0088] An optical waveguide was formed in the same
manner as in the first embodiment except that 70 parts of
trimethylolpropane trimethacrylate (trade name “ARONIX
M-309” made by Toagosei Co., Ltd., uncured refractive
index: 1.475, cured refractive index: 1.515) as a radical
polymerizable material, 30 parts of a 1.1 mixture (uncured
refractive index: 1.541, cured refractive index: 1.57) of
1,4-bis((3-ethyl-3-oxetanyl)methoxy)benzene (trade name
“OXT-121” made by Toaqosei Co., Ltd., uncured refractive
index: 1.511, cured refractive index: 1.54) and bisphenol
epoxy monomer (trade name “EPIKOTE 828” made by
Japan Epoxy Resins Co., Ltd.) as a cationic polymerizable
material, 0.35 parts of bis (2,4,6-trimethylbenzoyl) phe-
nylphosphine oxide (trade name “IRGACURE 819” made
by Ciba Specialty Chemicals Inc., A, =460 nm) as a radical
polymerization initiator and 0.9 parts of propylene carbonate
solvent-diluted bis(p-t-butylphenyl) sulfonium/triarylsulfo-
nium hexafluorophosphate (trade name “UVI-6990” made
by Union Carbide Co.) as a cationic polymerization initiator
were mixed to produce a material composition for producing
an optical waveguide. The difference An between the maxi-
mum refractive index of the optical path portion (core) and
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the minimum refractive index of the low refractive index
layer (clad portion) evaluated by a two-beat interference
microscope was 0.007.

[Other Embodiments]

[0089] Optical waveguides were formed in the same man-
ner as in the fourth embodiment except that cationic poly-
merizable materials C1 to C5 each having a high refractive
index and radical polymerizable materials R1 to R5 each
having a low refractive index as shown in Table 1 were
combined as shown in Tables 2 and 3.

TABLE 1
Maker and Refractive
Sign Content “Trade Name” Index
C1  Bisphenol A glycidyl Asahi Denka Co., 1.573
ether Ltd.
“ADEKA OPTOMER
KRM-2405”
C2  Bisphenol A glycidyl The Dow Chemical 1.570
ether Company
“D.E.R.332”
C3  Hydrogenated bisphenol Kyoeisha 1.500
A glycidyl ether Chemical Co.,
LTD.
“EPOLIGHT 3002~
C4  Di (1-ethyl (3-oxetanyl)) Toagosei Co., 1.454
methyl ether Ltd.
“OXT-2217
C5  Alicyclic epoxy resin Union Carbide 1.498
Co.
“UVR-6110”
R1  2-hydroxy-3- Kyoeisha 1.473
acryloyloxypropyl Chemical Co.,
methacrylate LTD.
“LIGHT-ESTER
G-201P”
R2  Dimethylol Kyoeisha 1.503
tricyclodecane Chemical Co.,
diacrylate LTD.
“LIGHT-
ACRYLATE DCP-A”
R3  Pentaerythritol Kyoeisha 1.485
tetraacrylate Chemical Co.,
LTD.
“LIGHT-
ACRYLATE PE-3A”
R4 EO-modified Sartomer 1.471
trimethylolpropane Company, Inc.
triacrylate “SR-454”
RS Polyethylene glycol Kyoeisha 1.464
diacrylate Chemical Co.,
LTD.
“LIGHT-
ACRYLATE 4EG-A”
[0090] In each of the embodiments shown in Table 2, 0.5

parts of bis(2,4,6-trimethylbenzoyl)phenylphosphine oxide
(trade name “IRGACURE 819” made by Ciba Specialty
Chemicals Inc., A,=460 nm) as a radical polymerization
initiator and 3 parts of propylene carbonate solvent-diluted
bis(p-t-butylphenyl)sulfonium/triarylsulfonium hexafluoro-
phosphate (trade name “UVI-6990” made by Union Carbide
Co.) as a cationic polymerization initiator were used. For
formation of the core, the transparent vessel was irradiated
with an Ar laser beam (A,=488 nm) at power of 50 mW for
each time shown in Table 2 and then left for 5 minutes. Then,
the transparent vessel was irradiated with UV rays at 20
mW/cm (as light intensity at A=365 nm) for 5 minutes.
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TABLE 2
Difference An
between
Maximum and
Radical Cationic Core Minimum
Polymerizable Polymerizable Formation Refractive
Material Material Time Indices
50 parts of R1 50 parts of C1 90 sec 0.0046
50 parts of R2 50 parts of C1 150 sec 0.0045
50 parts of R3 50 parts of C1 200 sec 0.0058
50 parts of R4 50 parts of C1 140 sec 0.0070
50 parts of RS 50 parts of C1 125 sec 0.0071

[0091] In each of the embodiments shown in Table 3, the
same condition as in each of the embodiments shown in
Table 2 was used except that the amount of the radical
polymerization initiator and the power of the Ar laser beam
(A,=488 nm) were changed to 0.75 parts and 80 mW
respectively.

TABLE 3
Difference An
between
Maximum and
Radical Cationic Core Minimum
Polymerizable Polymerizable Formation Refractive
Material Material Time Indices
50 parts of R4 50 parts of C1 56 sec 0.0071
50 parts of R4 50 parts of C2 52 sec 0.0085
50 parts of R4 50 parts of C3 38 sec 0.0031
50 parts of R4 40 parts of C1 45 sec 0.0061
10 parts of C4
50 parts of R4 40 parts of C1 40 sec 0.0066
10 parts of CS
50 parts of R4 40 parts of C3 140 sec 0.0023

10 parts of CS

[0092] Incidentally, the difference An between the maxi-
mum refractive index of the optical path portion (core) and
the minimum refractive index of the low refractive index
layer (clad portion) in each of the embodiments shown in
Tables 2 and 3 was evaluated by a two-beam interference
microscope.

[0093] The invention is not limited to the description of
mode for carrying out the invention and the description of
embodiments at all. Various modifications that can be easily
conceived by those skilled in the art may be included in the
invention without departing from the scope of claim for a
patent.

What is claimed is:
1. A method of producing an optical waveguide compris-
ing steps of:

preparing an optical member for use in optical transmis-
sion and emitting leakage light to its surroundings; and

curing a photo-curable resin having a lower refractive
index after curing than a refractive index of an outer
circumference of said optical member by using said
leakage light to thereby deposit the cured photo-curable
resin on a surface of said optical member.
2. Amethod of producing an optical waveguide according
to claim 1, wherein:
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said cured photo-curable resin is formed by curing a
mixture solution of a first photo-curable resin of a low
refractive index and a second photo-curable resin of a
high refractive index different in curing mechanism;

said leakage light is capable of curing said first photo-
curable resin but incapable of curing said second photo-
curable resin;

said method comprises the step of curing both said first
photo-curable resin and said second photo-curable
resin after curing said first photo-curable resin by using
said leakage light; and

the refractive index of at least one portion of said cured
photo-curable resin decreases monotonously as the
position of said cured photo-curable resin goes farther
from said surface of said optical member.

3. Amethod of producing an optical waveguide having an
optical path portion of a high refractive index and a portion
of a low refractive index on a surface of the optical path
portion by using a mixture solution of a first photo-curable
resin of a low refractive index and a second photo-curable
resin of a high refractive index different in curing mecha-
nism, comprising:

a first photo-curing step of curing said first photo-curable
resin by first light irradiation capable of curing said first
photo-curable resin but incapable of curing said second
photo-curable resin while enclosing said second photo-
curable resin in said cured first photo-curable resin to
thereby form an optical path portion transparent opti-
cally;

a second photo-curing step of curing said first photo-
curable resin by second light irradiation capable of
curing said first photo-curable resin but incapable of
curing said second photo-curable resin in the same
manner as said first light irradiation to thereby deposit
said cured first photo-curable resin on said surface of
said optical path portion after the formation of said
optical path portion; and

a third photo-curing step of curing said second photo-
curable resin enclosed in said optical path portion and
uncured residual part of said mixture solution entirely
by third light irradiation capable of curing both said
first photo-curable resin and said second photo-curable
resin.

4. Amethod of producing an optical waveguide according
to claim 3, wherein said first light irradiation and said second
light irradiation are performed simultaneously so that said
first photo-curable resin is cured on a side of said optical
path portion while said optical path portion is formed.

5. Amethod of producing an optical waveguide according
to claim 3, wherein said first light irradiation is applied by
an optical fiber.

6. A method of producing an optical waveguide having an
optical path portion of a high refractive index and a portion
of a low refractive index on a surface of the optical path
portion by using a mixture solution of a first photo-curable
resin of a low refractive index and a second photo-curable
resin of a high refractive index different in curing mecha-
nism, comprising:

a first photo-curing step of curing said first photo-curable
resin by first light irradiation capable of curing said first
photo-curable resin but incapable of curing said second
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photo-curable resin while enclosing said second photo-
curable resin in said cured first photo-curable resin to
thereby form an optical path portion transparent opti-
cally;

a second photo-curing step of curing said first photo-
curable resin by second light irradiation capable of
curing said first photo-curable resin but incapable of
curing said second photo-curable resin in the same
manner as said first light irradiation to thereby deposit
said cured first photo-curable resin on said surface of
said optical path portion after the formation of said
optical path portion; and

a step of extracting said portion on said surface of said
optical path portion and said optical path portion made
of said cured first photo-curable resin with said second
photo-curable resin enclosed therein from said mixture
solution; and

a third photo-curing step of curing said second photo-
curable resin enclosed in said optical path portion and
uncured residual part of said first photo-curable resin
by third light irradiation capable of curing both said
first photo-curable resin and said second photo-curable
resin.

7. A method of producing an optical waveguide according
to claim 6, wherein said first light irradiation and said second
light irradiation are performed simultaneously so that said
first photo-curable resin is cured on a side of said optical
path portion while said optical path portion is formed.

8. A method of producing an optical waveguide according
to claim 6, wherein said first light irradiation is applied by
an optical fiber.

9. A material composition for producing an optical
waveguide, comprising:

a radical polymerizable material;
a cationic polymerizable material;

a radical polymerization initiator for initiating polymer-
ization of said radical polymerizable material by light
irradiation; and

a cationic polymerization initiator for initiating polymer-
ization of said cationic polymerizable material by light
irradiation;

wherein light irradiation at a specific wavelength is effec-
tive in activating said radical polymerization initiator
but ineffective in activating said cationic polymeriza-
tion initiator, and

refractive index of said cured radical polymerizable
material is lower than a refractive index of said cured
cationic polymerizable material.

10. A material composition for producing an optical
waveguide according to claim 9, wherein a refractive index
of the cured composition as a whole is higher by at least
0.001 than the refractive index of said cured radical poly-
merizable material.

11. A material composition for producing an optical
waveguide according to claim 9, wherein said material
composition for producing an optical waveguide is provided
as a liquid having a viscosity of not higher than 0.1 MPa.s
at 25° C.

12. A material composition for producing an optical
waveguide according to claim 9, further comprising a ther-
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mal polymerization initiator for initiating polymerization of
said radical polymerizable material by heating.

13. A method of producing an optical waveguide having
an optical path portion of a high refractive index and a
portion of a low refractive index on a surface of the optical
path portion by using an optical waveguide-producing mate-
rial composition according to claim 9, comprising:

a first photo-curing step of curing said radical polymer-
izable material by first light irradiation at said specific
wavelength capable of activating said radial polymer-
ization initiator while enclosing at least said cationic
polymerizable material and said cationic polymeriza-
tion initiator in said cured radical polymerizable mate-
rial to thereby form an optical path portion transparent
optically;

a second photo-curing step of curing said radical poly-
merizable material on the surface of said optical path
portion by continuing said first light irradiation after the
formation of said optical path portion; and

a third photo-curing step of curing said cationic polymer-
izable material enclosed in said optical path portion and
uncured residual part of said composition entirely by
second light irradiation capable of activating both said
radial polymerization initiator and said cationic poly-
merization initiator.

14. A method of producing an optical waveguide accord-
ing to claim 13, wherein a refractive index of the cured
composition as a whole is higher by at least 0.001 than the
refractive index of said cured radical polymerizable mate-
rial.

15. A method of producing an optical waveguide accord-
ing to claim 13, wherein said material composition for
producing an optical waveguide is provided as a liquid
having a viscosity of not higher than 0.1 MPa.s at 25° C.

16. A method of producing an optical waveguide accord-
ing to claim 13, wherein said material composition for
producing an optical waveguide further comprises a thermal
polymerization initiator for initiating polymerization of said
radical polymerizable material by heating.

17. A method of producing an optical waveguide having
an optical path portion of a high refractive index and a
portion of a low refractive index on a surface of the optical
path portion by using an optical waveguide-producing mate-
rial composition according to claim 9, comprising:

a first photo-curing step of curing said radical polymer-
izable material by first light irradiation at said specific
wavelength capable of activating said radial polymer-
ization initiator while enclosing at least said cationic
polymerizable material and said cationic polymeriza-
tion initiator in said cured radical polymerizable mate-
rial to thereby form an optical path portion transparent
optically;

a second photo-curing step of curing said radical poly-
merizable material on the surface of said optical path
portion by continuing said first light irradiation after the
formation of said optical path portion; and

a step of extracting cured part immersed in uncured part
from uncured residual part of said composition; and

a third photo-curing step of curing said uncured part
immersed in said cured part by second light irradiation
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capable of activating both said radial polymerization
initiator and said cationic polymerization initiator.

18. A method of producing an optical waveguide accord-
ing to claim 17, wherein a refractive index of the cured
composition as a whole is higher by at least 0.001 than the
refractive index of said cured radical polymerizable mate-
rial.

19. A method of producing an optical waveguide accord-
ing to claim 17, wherein said material composition for
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producing an optical waveguide is provided as a liquid
having a viscosity of not higher than 0.1 MPa.s at 25° C.

20. A method of producing an optical waveguide accord-
ing to claim 17, wherein said material composition for
producing an optical waveguide further comprises a thermal
polymerization initiator for initiating polymerization of said
radical polymerizable material by heating.
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