
Polysiloxane Copolymers with Terminal Hydrophilic Polymer Chains [0001] The
present invention is related to a new class of polysiloxane copolymers with
one or two terminal hydrophilic polymer chains The present invention is
also related to silicone hydrogel contact lenses prepared from a lens
formulation containing a polysiloxane copolymer of the invention as an
internal wetting agent BACKGROUND OF THE INVENTION [0002] In recent years,
soft silicone hydrogel contact lenses, for example, Focus NIGHT & DAY(r)
and O2OPTIX(tm) (CIBA VISION), and PureVision(r)(Bausch & Lomb), Acuvue(r)
Advance(tm) and Acuvue(r) Oasys(tm) become more and more popular because of
their high oxygen permeability and comfort "Soft" contact lenses conform
closely to the shape of the eye, so oxygen cannot easily circumvent the
lens Soft contact lenses must allow oxygen from the surrounding air (ie ,
oxygen) to reach the cornea because the cornea does not receive oxygen from
the blood supply like other tissue If sufficient oxygen does not reach the
cornea, corneal swelling occurs Extended periods of oxygen deprivation
cause the undesirable growth of blood vessels in the cornea By having high
oxygen permeability, a silicone hydrogel contact lens allows sufficient
oxygen permeate through the lens to the cornea and to have minimal adverse
effects on corneal health However, a silicone hydrogel material typically
has a surface or at least some areas of its surface which is hydrophobic
(non-wettable) Hydrophobic surface or surface areas will up take lipids or
proteins from the ocular environment and may adhere to the eye Thus, a
silicone hydrogel contact lens will generally require a surface
modification [0003] In order to modify the surface hydrophilicity of
contact lenses, contact lenses can be subject to surface treatment prior to
cast-molding, for example, by incorporating wetting agents into a lens
formulation for making the contact lenses as proposed in U S Patent Nos
4,045,547, 4,042,552, 5,198,477, 5,219,965, 6,367,929 and 6,822,016,
7,279,507 This type of method may be cost effective because after
cast-molding of contact lenses there is no additional posterior surface
treatment process required for modifying the surface hydrophilicity of the
lens However, the wetting agents are hydrophilic in nature and have very
poor miscibility with some polymepzable hydrophobic components in silicone
hydrogel lens formulation One or more suitable compatibilizing agents must
be used to render the wetting agents adequately (but still not completely)
miscible with silicone hydrogel lens formulations Choice for such
compatibilizing agents is limited Without compatibilizing agent, poor
miscibility of a wetting agent with a silicone hydrogel lens formulation
can cause the turbidity of the lens formulation and adversely affect the
optical properties of resultant silicone hydrogel contact lenses[0004]
Therefore, there exists a need for a method of making silicone hydrogel
contact lenses having internal wetting agents and for a method of
incorporating internal wetting agents into silicone hydrogel contact
lenses. SUMMARY OF THE INVENTION [0005] The present invention, in one
aspect, provides an actinically-crosslinkable linear polysiloxane copolymer
comprising at least one linear polysiloxane segment end-capped at one of
the two ends of the polysiloxane segment with a hydrophilic polymer chain
through a linkage and at least one ethylencially unsaturated group
covalently linked to the linkage. [0006] The present invention, in another
aspect, provides a silicone hydrogel contact lens. The silicone hydrogel
contact lens of the invention comprises: a silicone hydrogel material and
dangling hydrophilic polymer chains which are covalently anchored to the
polymer matrix of the silicone hydrogel material, wherein the silicone
hydrogel material is obtained by polymerizing a lens-forming material
including an actinically-crosslinkable polysiloxane copolymer of the
invention, wherein the dangling hydrophilic polymer chains are derived from
the actinically-crosslinkable polysiloxane copolymer, wherein the dangling
hydrophilic polymer chains in the silicone hydrogel material is capable of
imparting the silicone hydrogel contact lens a hydrophilic surface without
post-curing surface treatment. [0007] The present invention, in a further
aspect, provides a method for an actinicallycrosslinkable polysiloxane
copolymer of the invention, the method comprising the steps of: (a) mixing
at least one hydrophilic vinylic monomer with a radical-generating
polysiloxane having at least one phenone moiety and at least one first
functional group to form 



polymerizable composition; (b) UV-irradiating the composition to form a
chain-extended polysiloxane copolymer having the first functional group and
at least one hydrophilic polymer chain extending from a portion of the
phenone moiety attached to the polysiloxane copolymer; and (c) covalently
attaching an ethylencially unsaturated group to the chainextended
polysiloxane copolymer by reacting it with an ethylenically-functionalizing
vinylic monomer having a second function group which is co-reactive with
the first functional group. [0008] The present invention, in a still
further aspect, provides a copolymer having a polysiloxane segment
end-capped at each end with one hydrophilic polymer chain, which is useful
as an internal wetting agent for making silicone hydrogel contact lenses
with hydrophilic surfaces without post-curing surface treatment. [0009]
This and other aspects of the invention will become apparent from the
following description of the presently preferred embodiments. The detailed
description is merely illustrative of the invention and does not limit the
scope of the invention, which is defined by the appended claims and
equivalents thereof. As would be obvious to one skilled in the art,many
variations and modifications of the invention may be effected without
departing from the spirit and scope of the novel concepts of the
disclosure. DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION [0010]
Unless defined otherwise, all technical and scientific terms used herein
have the same meaning as commonly understood by one of ordinary skill in
the art to which this invention belongs. Generally, the nomenclature used
herein and the laboratory procedures are well known and commonly employed
in the art. Conventional methods are used for these procedures, such as
those provided in the art and various general references. Where a term is
provided in the singular, the inventors also contemplate the plural of that
term. The nomenclature used herein and the laboratory procedures described
below are those well known and commonly employed in the art. [0011] An
"ophthalmic device", as used herein, refers to a contact lens (hard or
soft), an intraocular lens, a corneal onlay, other ophthalmic devices
(e.g., stents, glaucoma shunt, or the like) used on or about the eye or
ocular vicinity. [0012] "Contact Lens" refers to a structure that can be
placed on or within a wearer's eye. A contact lens can correct, improve, or
alter a user's eyesight, but that need not be the case. A contact lens can
be of any appropriate material known in the art or later developed, and can
be a soft lens, a hard lens, or a hybrid lens. A "silicone hydrogel contact
lens" refers to a contact lens comprising a silicone hydrogel material.
[0013] A "hydrogel" or "hydrogel material" refers to a polymeric material
which can absorb at least 10 percent by weight of water when it is fully
hydrated. [0014] A "silicone hydrogel" refers to a silicone-containing
hydrogel obtained by copolymerization of a polymerizable composition
comprising at least one silicone-containing monomer or at least one
silicone-containing macromer or at least one crosslinkable
siliconecontaining prepolymer. [0015] "Hydrophilic," as used herein,
describes a material or portion thereof that will more readily associate
with water than with lipids. [0016] A "vinylic monomer" means a low
molecular weight compound having one ethylencially unsaturated group. Low
molecular weight typically means average molecular weights less than 700
Daltons. [0017] A "silicone-containing vinylic monomer" refers to a vinylic
monomer which contains silicone. [0018] The term "olefinically unsaturated
group" or "ethylenically unsaturated group" is employed herein in a broad
sense and is intended to encompass any groups containing a >C=C< group.
Exemplary ethylenically unsaturated groups include without limitation
acryloyl, methacryloyl, allyl, vinyl, styrenyl, or other C=C containing
groups.[0019] As used herein, "actinically" in reference to curing,
crosslinking or polymerizing of a polymerizable composition, a prepolymer
or a material means that the curing (e.g., crosslinked and/or polymerized)
is performed by actinic irradiation, such as, for example, UV irradiation,
ionized radiation (e.g. gamma ray or X-ray irradiation), microwave
irradiation, and the like. Thermal curing or actinic curing methods are
well-known to a person skilled in the art. [0020] The term "fluid" as used
herein indicates that a material is capable of flowing like a 



liquid. [0021] A "hydrophilic vinylic monomer" refers to a vinylic monomer
which can be polymerized actinically to form a polymer that is
water-soluble or can absorb at least 10 percent by weight of water. [0022]
A "hydrophobic vinylic monomer" refers to a vinylic monomer which can be
polymerized actinically to form a polymer that is insoluble in water and
can absorb less than 10 percent by weight water. [0023] A "macromer" refers
to a medium and high molecular weight compound which can be polymerized
and/or crosslinked actinically. Medium and high molecular weight typically
means average molecular weights greater than 700 Daltons. In accordance
with the invention, a macromer can be a macromer with one or more
ethylenically unsaturated groups. A "siloxane-containing macromer" is a
macromer which contains silicone and can be crosslinked actinically. [0024]
A "prepolymer" refers to a starting polymer which contains multiple
actinically crosslinkable groups and can be cured (e.g., crosslinked)
actinically to obtain a crosslinked polymer having a molecular weight much
higher than the starting polymer. [0025] A "silicone-containing prepolymer"
refers to a prepolymer which contains silicone and can be crosslinked
actinically to obtain a crosslinked polymer having a molecular weight much
higher than the starting polymer. [0026] "Molecular weight" of a polymeric
material (including monomeric or macromeric materials), as used herein,
refers to the number-average molecular weight unless otherwise specifically
noted or unless testing conditions indicate otherwise. [0027] "Polymer"
means a material formed by polymerizing one or more monomers. [0028] As
used herein, the term "multiple" refers to at least two, preferably at
least three. [0029] The term "dangling" in reference to a hydrophilic
polymer chain or a polysiloxane polymer chain in a polymer is intended to
describe that the polymer chain which is anchored to the main chain of the
polymer through one single covalent linkage (preferably at one of the ends
of the polymer chain). [0030] A "photoinitiator" refers to a chemical that
initiates radical crosslinking/polymerizing reaction by the use of light.
Suitable photoinitiators include, without limitation, benzoin methylether,
diethoxyacetophenone, a benzoylphosphine oxide, 1-hydroxycyclohexyl phenyl
ketone, Darocur(r) types, and Irgacur(r) types, preferably Darocur(r) 1173,
and Irgacur(r) 2959. [0031] A "thermal initiator" refers to a chemical that
initiates radical crosslinking/polymerizing reaction by the use of heat
energy. Examples of suitable thermal initiators include, but are not
limited to, 2,2'-azobis (2,4-dimethylpentanenitrile), 2,2'-azobis
(2-methylpropanenitrile), 2,2'-azobis (2-methylbutanenitrile), peroxides
such as benzoyl peroxide, and the like. Preferably, the thermal initiator
is 2,2'-azobis(isobutyronitrile) (AIBN). [0032] A "spatial limitation of
actinic radiation" refers to an act or process in which energy radiation in
the form of rays is directed by, for example, a mask or screen or
combinations thereof, to impinge, in a spatially restricted manner, onto an
area having a well defined peripheral boundary. For example, a spatial
limitation of UV radiation can be achieved by using a mask or screen that
has a transparent or open region (unmasked region) surrounded by a UV
impermeable region (masked region), as schematically illustrated in Figs
1-9 of U.S. Patent No. 6,627,124 (herein incorporated by reference in its
entirety). The unmasked region has a well defined peripheral boundary with
the unmasked region. The energy used for the crosslinking is radiation
energy, especially UV radiation, gamma radiation, electron radiation or
thermal radiation, the radiation energy preferably being in the form of a
substantially parallel beam in order on the one hand to achieve good
restriction and on the other hand efficient use of the energy. [0033]
"Visibility tinting" in reference to a lens means dying (or coloring) of a
lens to enable the user to easily locate a lens in a clear solution within
a lens storage, disinfecting or cleaning container. It is well known in the
art that a dye and/or a pigment can be used in visibility tinting a lens.
[0034] "Dye" means a substance that is soluble in a solvent and that is
used to impart color. Dyes are typically translucent and absorb but do not
scatter light. Any suitable biocompatible dye can be used in the present
invention. 



[0035] A "Pigment" means a powdered substance that is suspended in a liquid
in which it is insoluble. A pigment can be a fluorescent pigment,
phosphorescent pigment, pearlescent pigment, or conventional pigment. While
any suitable pigment may be employed, it is presently preferred that the
pigment be heat resistant, non-toxic and insoluble in aqueous solutions.
[0036] "Surface modification", as used herein, means that an article has
been treated in a surface treatment process (or a surface modification
process) prior to or posterior to the formation of the article, in which
(1) a coating is applied to the surface of the article, (2) chemical
species are adsorbed onto the surface of the article, (3) the chemical
nature (e.g., electrostatic charge) of chemical groups on the surface of
the article are altered, or (4) the surface properties of the article are
otherwise modified. Exemplary surface treatmentprocesses include, but are
not limited to, plasma processes in which an ionized gas is applied to the
surface of an article (see, for example, U.S. Pat. Nos. 4,312,575 and
4,632,844 herein incorporated by reference in its entirety); a surface
treatment by energy other than plasma (e.g., a static electrical charge,
irradiation, or other energy source); chemical treatments; the grafting of
hydrophilic monomers or macromers onto the surface of an article;
mold-transfer coating process disclosed in U.S. Patent No. 6,719,929
(herein incorporated by reference in its entirety); the incorporation of
wetting agents into a lens formulation for making contact lenses (i.e.,
surface treatment prior to polymerization) proposed in U.S. Patent Nos.
4,045,547, 4,042,552, 5,198,477, 5,219,965, 6,367,929 and 6,822,016,
7,279,507 (herein incorporated by references in their entireties);
reinforced moldtransfer coating disclosed in PCT Patent Application
Publication No. WO2007/146137 (herein incorporated by reference in its
entirety); and layer-by-layer coating ("LbL coating") obtained according to
methods described in US Patent Ser. No. 6,451,871, 6,719,929, 6,793,973,
6,811,805, 6,896,926 (herein incorporated by references in their
entireties). [0037] "Post-curing surface treatment", in reference to a
silicone hydrogel material or a soft contact lens, means a surface
treatment process that is performed after the formation (curing) of the
hydrogel material or the soft contact lens in a mold. [0038] A "hydrophilic
surface" in reference to a silicone hydrogel material or a contact lens
means that the silicone hydrogel material or the contact lens has a surface
hydrophilicity characterized by having an averaged water contact angle of
about 90 degrees or less, preferably about 80 degrees or less, more
preferably about 70 degrees or less, more preferably about 60 degrees or
less. [0039] An "average contact angle" refers to a water contact angle
(advancing angle measured by sessile drop method), which is obtained by
averaging measurements of at least 3 individual contact lenses. [0040] An
"antimicrobial agent", as used herein, refers to a chemical that is capable
of decreasing or eliminating or inhibiting the growth of microorganisms
such as that term is known in the art. [0041] "Antimicrobial metals" are
metals whose ions have an antimicrobial effect and which are biocompatible.
Preferred antimicrobial metals include Ag, Au, Pt, Pd, Ir, Sn, Cu, Sb, Bi
and Zn, with Ag being most preferred. [0042] "Antimicrobial
metal-containing nanoparticles" refer to particles having a size of less
than 1 micrometer and containing at least one antimicrobial metal present
in one or more of its oxidation states. [0043] "Antimicrobial metal
nanoparticles" refer to particles which are made essentially of an
antimicrobial metal and have a size of less than 1 micrometer. The
antimicrobial metal inthe antimicrobial metal nanoparticles can be present
in one or more of its oxidation states. For example, silver-containing
nanoparticles can contain silver in one or more of its oxidation states,
such as Ag0, Ag1+, and Ag2+. [0044] The "oxygen transmissibility" of a
lens, as used herein, is the rate at which oxygen will pass through a
specific ophthalmic lens. Oxygen transmissibility, Dk/t, is conventionally
expressed in units of barrers/mm, where t is the average thickness of the
material [in units of mm] over the area being measured and "barrer/mm" is
defined as: (cm3 oxygen) / (cm2 )(sec)(mm Hg)] x 10-9 [0045] The intrinsic
"oxygen permeability", Dk, of a lens material does not depend on lens 



thickness. Intrinsic oxygen permeability is the rate at which oxygen will
pass through a material. Oxygen permeability is conventionally expressed in
units of barrers, where "barrer" is defined as: (cm3 oxygen )(mm) / (cm2
)(sec)(mm Hg)] x 10-10 These are the units commonly used in the art. Thus,
in order to be consistent with the use in the art, the unit "barrer" will
have the meanings as defined above. For example, a lens having a Dk of 90
barrers ("oxygen permeability barrers") and a thickness of 90 microns
(0.090 mm) would have a Dk/t of 100 barrers/mm (oxygen transmissibility
barrers/mm). In accordance with the invention, a high oxygen permeability
in reference to a material or a contact lens characterized by apparent
oxygen permeability of at least 40 barrers or larger measured with a sample
(film or lens) of 100 microns in thickness. [0046] The "ion permeability"
through a lens correlates with both the lonoflux Diffusion Coefficient and
the lonoton Ion Permeability Coefficient. [0047] The lonoflux Diffusion
Coefficient, D, is determined by applying Fick's law as follows: D = - n' /
(A x dc/dx) where n' = rate of ion transport [mol/min] A = area of lens
exposed [mm2] D = lonoflux Diffusion Coefficient [mm2/min] dc =
concentration difference [mol/L] dx = thickness of lens [mm] [0048] The
lonoton Ion Permeability Coefficient, P, is then determined in accordance
with the following equation: ln( 1 - 2C(t)/C(0) ) = -2APt /Vd where: C(t) =
concentration of sodium ions at time t in the receiving cell C(O) = initial
concentration of sodium ions in donor cell A = membrane area, i.e., lens
area exposed to cells V = volume of cell compartment (3.0 ml)d = average
lens thickness in the area exposed P = permeability coefficient [0049] An
lonoflux Diffusion Coefficient, D, of greater than about 1.5 x 10-6 mm2/min
is preferred, while greater than about 2.6 x 10-6 mm2/min is more preferred
and greater than about 6.4 x 10-6 mm2/min is most preferred. [0050] It is
known that on-eye movement of the lens is required to ensure good tear
exchange, and ultimately, to ensure good corneal health. Ion permeability
is one of the predictors of on-eye movement, because the permeability of
ions is believed to be directly proportional to the permeability of water.
[0051] In general, the invention is directed to a class of actinically
crosslinkable polysiloxane with one or two dangling hydrophilic polymer
chains. Such prepolymers can be used to prepare silicone hydrogel contact
lenses. It is known that a silicone hydrogel material typically has a
surface or at least some areas of its surface, which is hydrophobic
(non-wettable). Hydrophobic surface or surface areas will up-take lipids or
proteins from the ocular environment and may adhere to the eye. Thus, a
silicone hydrogel contact lens will generally require a surface
modification which is typically carried out after cast-molding of the lens.
[0052] However, actinically crosslinkable polysiloxane copolymer of the
invention can be used to as internal wetting agent in preparing silicon
hydrogel contact lenses with a high oxygen permeability and a hydrophilic
surface without post-curing surface treatment. It is believed that when a
liquid lens forming material including an actinically crosslinkable
polysiloxane of the invention is introduced in a mold for making contact
lenses, the dangling hydrophilic polymer chains of the polysiloxane is
preferably adsorbed at the interface between the mold and the lens forming
material. Where the dangling hydrophilic polymer chains are present in an
amount sufficient, an interfacial films, which is composed essentially of
dangling hydrophilic polymer chains and has adequate thickness, can be
formed at the mold-liquid interface prior to curing (polymerization) and
subsequently preserved after curing. It is also believed that because the
crosslinking sites being located at the end(s) of 



polysiloxane segment and lack of crosslinking sites in the hydrophilic
chains, the migration of polysiloxane is restricted by crosslinkers while
the hydrophilic chains may migrate out of the lens surface. As such, one
can make a silicone hydrogel contact lens with a hydrophilic interfacial
film thereon without any post curing surface treatment. [0053] There are
several potential unique features associated with use of actinically
crosslinkable polysiloxanea copolymer of the invention in making silicone
hydrogel contact lens. First, an actinically crosslinkable polysiloxane
copolymer of the invention is compatible with both hydrophobic or
hydrophilic components in a silicone hdyrogel lens forming material. There
is no need for any compatibilizing agent. Second, unlike a
hydrophilicpolymer as an internal wetting agent, an actinically
crosslinkable polysiloxane copolymer of the invention not only can function
as internal wetting agent to render the surfaces of resultant silicone
hydrogel lenses hydrophilic because of the presence of dangling hydrophilic
polymer chains, but also can enhance the oxygen permeability of the
resultant lenses because of the presence of polysiloxane segment. Third,
the internal wetting agent is covalently attached to the polymer matrix of
a resultant silicone hydrogel lens and cannot be removed during extraction
and/or hydration process. Fourth, it is believed that because of
amphiphilic nature of a polysiloxane copolymer of the invention, it may
facilitate the microscopic phase separation of a resultant silicone
hydrogel material into a silicone-rich microscopic phase and a hydrophilic
microscopic phase. With the existence of a cocontinuous bi-phase structure
(in microscopic scale), the silicone hydrogel material can have relatively
high oxygen and ion permeabilities. [0054] The present invention, in one
aspect, provides an actinically-crosslinkable linear polysiloxane copolymer
comprising at least one linear polysiloxane segment end-capped at least at
one of the two ends of the polysiloxane segment with one hydrophilic
polymer chain through a linkage and at least one ethylencially unsaturated
group covalently linked to the linkage, wherein the hydrophilic chains is
composed of one or more monomer units selected from the group consisting of
units of N-vinyl-2-pyrrolidone (NVP), N,N-dimethylacrylamide (DMA),
dimethylaminoethyl methacrylate, dimethylaminoethyl acrylate, vinyl
alcohol, dimethylaminoethylmethacrylamide, a d-C 4-alkoxy polyethylene
glycol (meth)acrylate having a weight average molecular weight of from 200
to 1500, N-vinyl-N-methyl isopropylamide, N-vinyl-N-methyl acetamide, and
mixtures thereof. [0055] If desired, the wetting properties or
hydrophilicity of the hydrophilic chains can be modulated through
copolymerization of hydrophilic monomers with hydrophobic or amphiphilic
monomers during chain extension of PDMS. For example one decrease
hydrophilicity of of by allowing hydrophilic monomers such as DMA, NVP, or
N-vinyl-methyl acetamide to copolymerize with monomers such as MMA, EOEMA,
or cyclohexylmethyl methacrylated during chain extension of PDMS. The
wetting properties of the hydrophilic chains could also be modulated by
altering the end groups. This might be accomplished by incorporation of
chain transfer agents during chain extension of PDMS. For example, one
might chain extend PDMS with DMA in the presence of chain transfer agents.
Possible chain transfer units include carbon tetrachloride, carbon
tetrabromide, bromotrichloromethane, thiols such as
isooctyl-3-mercaptopropionate, 3-mercaptoproprionic acide,
6-mercaptohexanoic acid, 15-mercaptopentadecanoic acid,
11-mercaptoundecanoic acid, mercaptopolyethyleneglycolmonomethylether,
thiophenol, 4-methylbenzenethiol, O[2-
(3-mercaptopropionylamino)ethyl]-O'methylpolyethylene glycol,
tert-nonylmercaptan,methane thiol, ethane thiol, propane thiol, butane
thiol, pentane thiol, dodecane thioland the like [0056] In accordance with
the invention, the term "derived from" in reference to polymeric units in
the polymer chain means that the polymeric units are obtained from a
specified monomer in a polymerization reaction [0057] In accordance with
the invention, an actinically-crosslinkable linear polysiloxane copolymer
is defined by formula (I) in which r is an integer of 0 or 1, A1 and A2
independent of each other is a linear or branched alkylene divalent
radical, X1, X2 and X3 independent of each other are a linkage selected
from the group 



. . . . consisting of a direct bond, - alky', L1 and L2 independent of each
other are PDMS is a polysiloxane divalent radical of formula (II) in which
v is 0 or 1, w is an integer of from 0 to 5, U1 and U2 independent of each
other represent a divalent radical Of-R 1- X4-E-X 5- R2- in which R1 and R2
independent of each other is a linear or branched alkylene divalent
radical, X4 and X5 independent of o R each other are a linkage selected
from the group consisting of- , , , and in which R' is H or C1-C8 alkyl, E
is an alkyl diradical, a cycloalkyl diradical, an alkylcycloalkyl
diradical, an alkylarg l diradical, or an aryl diradical with 1 to 40
carbon atoms which may have ether, thio, or amine linkages in the main
chain, D1, D2 and D3 independently of each other represent a divalent group
of formula (III)in which and independently of one another, are alkyl, C1-C4
alkyl- or C1-C4- alkoxy-substituted phenyl, fluoro^ b y ) , y (C alkyl), in
which alk is C1C8-alkylene divalent radical, R1 1 is alkyl and n is an
integer from 1 to 10, m and p independently of each other are an integer of
from 2 to 698 and (m+p) is from 5 to 700; Y1 and Y2 independent of each
other represent a divalent radical of formula (IV) or in which R12 and R13
independent of each other are hydrogen, Cr C8 alkyl, C1-C8 cycloalkyl, o r
C1-C8 aryl, or R1 and R2 together are -(CH 2)q- where g is an integer from
2 to 6 , alk' is a linear o r branched C1- C10 alkylene divalent radical, A
and A4 independent of each other -O-, -NR'-, or -S-; A3 is a linkage
selected from the group consisting of Q is an organic radical containing an
ethylenically unsaturated group; and T is a monovalent hydrophilic polymer
chain composed of monomer units from one or more hydrophilic vinylic
monomers selected from the group consisting of N-vinyl-2- pyrrolidone
(NVP), N,N-dimethylacrylamide (DMA), dimethylaminoethyl methacrylate,
dimethylaminoethyl acrylate, dimethylaminoethylmethacrylamide, aC 1-C4
-alkoxy polyethylene glycol (meth)acrylate having a weight average
molecular weight of from 200 to 1500, N-vinyl-N-methyl isopropylamide,
N-vinyl-N-methyl acetamide, and vinyl alcohol. Preferably, Q is an
ethylenically unsaturated group of formula (Vl) 14 in which Z1 and Z2
independent of each other are a linear or branched C1- C12 alkylene
divalent radical, unsubstituted phenylene divalent radical, C1-C4 alkyl or
C1-C4 alkoxy substituted phenylene divalent radical or C7-C12 arakylene
divalent radical; A5 is -Oor -NH-; q1 and q2 independent of each other are
an integer of 0 or 1; R14 is hydrogen, C1-C4 alkyl or halogen; R15 and R16
independent of each other are hydrogen, C1-C4 alkyl, phenyl, carboxy or
halogen. [0058] As an illustrative example, an actinically-crosslinkable
linear polysiloxane copolymer of the invention can be prepared in a
multiple-step process as follows. [0059] In the first step, one or more
phenone groups are covalently attached to a polysiloxane through its
terminal functional group(s) (e.g., amino, epoxy, chloroalkyl, bromoalkyl,
or hydroxyl group) based on a known coupling reaction between a pair of
coreactive function groups, to obtain a radical-generating polysiloxane
with terminal phenone group(s). [0060] It is well known in the art that a
pair of matching reactive groups can form a covalent bond or linkage under
known coupling reaction conditions, such as, oxidationreduction conditions,
dehydration condensation conditions, addition conditions, substitution (or
displacement) conditions, Diels-Alder reaction conditions, cationic
crosslinking conditions, and epoxy hardening conditions. For example, an
amino group reacts with aldehyde group to form a Schiff base which may
further be reduced; an amino group reacts with an acid chloride to form an
amide linakge (-CO-N-); an amino group reacts with an isocyanate to form a
urea linkage, an amino group reacts with an epoxy group to form an amine
linkage (-NH- or -NR'- or -NR2- , i.e. tetra-alkyl amonium); an hydroxyl
reacts with 



an isocyanate to form a urethane linkage; an hydroxyl reacts with an epoxy
to form an ether linkage (-O-); a hydroxyl reacts with an acid chloride to
form an ester linkage; a hydroxy group reacts with an isocyanate to form a
urethane linkage; and a chloroalkyl or bromoalkyl group can react with a
primary amino group (-NH 2) to form a secondary amine linkage (- NH-).
Chloroalkyl or bromoalkyl group can react with a secondary amino group
(-NH-) to form a tertiary amine linkage (-NR-). Similarly, chloroalkyl or
bromoalkyl group can react with a tertiary amino group (-NR-) to form
quaternary amonium (-N+RR'-) linkage. [0061] Exemplary covalent bonds or
linkage, which are formed between pairs of crosslinkable groups, include
without limitation, ester, ether, acetal, ketal, vinyl ether, carbamate,
urea, urethane, amine, amide, enamine, imine, oxime, amidine, iminoester,
carbonate, orthoester, phosphonate, phosphinate, sulfonate, sulfinate,
sulfide, sulfate, disulfide, sulfinamide, sulfonamide, thioester, aryl,
silane, siloxane, heterocycles, thiocarbonate, thiocarbamate, and
phosphonamide. [0062] Exemplary reactive groups include hydroxyl group,
amine group, amide group, anhydride group, sulfhydryl group, -COOR (R and
R' are hydrogen or C1 to C8 alkyl groups), halide (chloride, bromide,
iodide), acyl chloride, isothiocyanate, isocyanate, monochlorotriazine,
dichlorotriazine, mono- or di-halogen substituted pyridine, mono- or
dihalogen substituted diazine, phosphoramidite, maleimide, aziridine,
sulfonyl halide,hydroxysuccinimide ester, hydroxysulfosuccinimide ester,
imido ester, hydrazine, axidonitrophenyl group, azide, 3-(2-pyridyl
dithio)proprionamide, glyoxal, aldehyde, epoxy. [0063] It is understood
that coupling agents may be used. For example, a carbodiimide can be used
in the coupling of a carboxyl and an amine to form an amide linkage between
the molecules being coupled. Examples of carbodiimides are 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), N.N'-dicyclohexylcarbodiimide
(DCC), 1- cylcohexyl-3-(2-morpholinoethyl)carbodiimide, diisopropyl
carbodiimide, or mixtures thereof. N-hydroxysuccinimide (NHS) or
N-hydroxysulfosuccinimide may be desirably included in carbodiimide (e.g.,
EDC)-mediated coupling reaction to improve coupling (conjugation)
efficiency. EDC couples NHS to carboxyls, resulting in an NHS-activated
site on a molecule. The formed NHS-ester can react with amines to form
amides. [0064] Preferably, the functional groups involved in the coupling
reactions for preparing radical-generating polysiloxanes with terminal
phenone groups are selected from the group consisting of hydroxyl groups
(-OH), primary amino groups (-NH 2) , secondary amino groups (-NHR),
carboxyl groups (-COOH), epoxy groups, aldehyde groups (-CHO), amide groups
(-CONH 2) , acid halide groups (-COX, X= Cl Br, or I), isothiocyanate
groups, isocyanate groups, halide groups (-X, X= Cl, Br, or I), acid
anhydride groups, and combinations thereof. [0065] Any phenone compound can
be used in the preparation of a radical-generating polysiloxane with
terminal phenone group(s), so long as the phenone compound contains a
functional group, such as, amino, epoxy, chloroalkyl, bromoalkyl, or
hydroxyl group. Examples of phenone compounds include, without limitation,
hydroxycycolhexylphenylketone, 2-hydroxy-2-methyl-1 -phenyl-1 -propanone,
2- bromoisobutyrolphenone), 2-hydroxyacetophenone, 2-bromoacetophenone, 2-
aminoacetophenone hydrochloride,
2-benzyl-2-N,N-dimethylamino-1-(4-morpholinophenyl)- 1-butanone, 2-methyl-1
-[4-(methylthio)phenyl]-2-morpholinopropanone. [0066] Any polysiloxane with
one or two amino, hydroxyl, epoxy, halogen (e.g., chloro, bromo) terminal
groups can be used to prepare a polysiloxane with terminal phenone
group(s). Examples of such polysiloxanes are commercially available, e.g.,
from Aldrich, ABCR GmbH & Co., Fluorochem, or Gelest, Inc, Morrisville, PA.
Such polysiloxanes can also be used to prepare a difunctionalized
polysiloxane of formula (II) containing several polysiloxane segments
connected with each other through a linkage according to procedures
described in U.S. Patent No. 5,034,461 and 5,416,132 (herein incorporated
by references in their entireties). [0067] In the second step for the
preparation of chain-extended polysiloxane copolymer, the terminal phenone
group(s) of radical-generating polysiloxane is served as phtoinitiator for
the free-radical chain-growth polymerization of one or more hydrophilic
vinylic monomers.When irradiating with UV radiation a composition
comprising a radical-generating polysiloxane having terminal phenone
group(s) and one or more hydrophilic vinylic 



monomers and/or vinyl acetate, each phenone group is cleaved into two free
radicals, one attached to the polysiloxane and the other cleaved off from
the polysiloxane, each initiating free-radical chain-growth polymerization
of one or more hydrophilic vinylic monomers and/or vinyl acetate in the
composition. As such, a hydrophilic polymer chains can be formed which
extends from a portion of the phenone group(s) which is still attached to
the polysiloxane. [0068] It should be understood that for preparing an
actinically crosslinkable polysiloxane copolymer of the invention, a
hydrophilic vinylic monomer should be free of functional group so as to
avoid introducing more than two ethylenically unsaturated groups into the
polysiloxane copolymer. It is believed that by keeping the hydrophilic
polymer chains free of ethylenically unsaturated groups, they can still
dangle freely even after they are copolymerized with other lens-forming
materials to form a lens. Such dangling hydrophilic polymer chain may
migrate to the lens surface to make the lens surface hydrophilic. To
minimize the migration of polysiloxane segments, it is desirable that the
actinicallycrosslinking sites would be located in the polysiloxane segments
or near their ends. However, with respect to a non-crosslinkable
polysiloxane copolymer, any hydrophilic vinylic monomer can be used as
described later. [0069] Where T in formula (I) is a polymer chain including
vinyl alcohol units, those vinyl alcohol units can be obtained by
hydrolyzing vinyl acetate units after the ethylenically functionalizing
step. [0070] Where a C1-C4-alkoxy polyethylene glycol (meth)acrylate having
a weight average molecular weight of from 200 to 1500 is used to prepare a
chain-extended polysiloxane copolymer (step 2), the resultant polysiloxane
copolymer of the invention can have a bottlebrush- type (i.e., a polymer
main chain with short hydrophilic side chains) hydrophilic chain. [0071] In
the third step, the obtained chained-extended polysiloxane copolymer can be
ethylenically functionalized, by reacting it with an
ethylenically-functionalizing vinylic monomer having a functional group,
such as, isocyanate, epoxy, acid chloride group or anhydride, which can
react with the hydroxyl group or secondary amine linkage of the
chainextended polysiloxane copolymer, so as to obtain an
actinically-crosslinkable polysiloxane copolymer of the invention. Any
suitable vinylic monomers containing a functional group selected from the
group consisting of isocyanate, epoxy, anhydride, and acid chloride group,
can be used as an ethylenically unsaturated vinylic monomer in the
invention. [0072] Schemes 1-5 illustrate several examples of preparation of
preferred actinicallycrosslinkable polysiloxane copolymers of the invention
based on the multiple-step process discussed above. It is understood that
by replacing reactants in the schemes, one can prepare different
polysiloxane copolymers of the invention. A person skilled in the art
willunderstand well how to select catalysts, reagents, and reaction
conditions as illustrated in Schemes 1-5.METHOD AND APPARATUS FOR A
SUBSTANTIALLY WAVELENGTH INSENSITIVE HYBRID DEVICE FIELD OF THE INVENTION
The present invention relates to devices for processing electromagnetic
signals and, more specifically, to hybrid electromagnetic processing
devices. BACKGROUND OF THE INVENTION Optical processing and coupling
devices such as hybrid optical couplers are known in the art. Such
components utilize elements of carefully chosen physical dimensions to
perform power division, combination and other functions. These types of
devices are typically constructed to operate at specific optical
frequencies. SUMMARY Various embodiments provide an optical device that
include a free space optical region and input and output optical waveguides
end connecting thereto. At least one of the optical waveguides has lateral
offset between two segments thereof. The lateral offset is located near the
free space optical region. Some deficiencies of the prior art are addressed
by some embodiments of the optical device for a substantially wavelength
insensitive hybrid optical device. Specifically, in such embodiments, the
lateral offset produces lateral mode oscillation such that a wavelength
dependency of the device is reduced with 



respect to a device without said offset. One embodiment features an
apparatus. The apparatus includes a planar integrated optical device. The
planar integrated optical device has at least one input optical waveguide,
a free space optical region and a plurality of output optical waveguides.
The optical waveguides end connecting to the free space optical region. The
at least one input optical waveguide has an offset in a corethereof at
joined ends of an input portion and an output portion of the at least one
input optical waveguide. BRIEF DESCRIPTION OF THE DRAWINGS The teachings of
the present embodiments can be readily understood by considering the
following detailed description in conjunction with the accompanying
drawings, in which: FIG. 1 depicts an example of a hybrid optical device
known in the art; FIG. 2 depicts a 90 degree substantially wavelength
insensitive 2x4 hybrid optical device performing functions according to
various embodiments; FIG. 3 graphically depicts a mode oscillation profile
according to various embodiments; and To facilitate understanding,
identical reference numerals have been used, where possible, to designate
identical elements or elements with similar function in the figures.
DETAILED DESCRIPTION Various embodiments will be illustrated within the
context of optical coupling/processing functions being performed within a
dual input, quad output (2x4) 90 degree hybrid planar optical device. Other
embodiments may have a different number of optical inputs, e.g., more than
2 , and a different number of optical outputs. Broadly speaking, the
wavelength dependence of such an optical device, e.g., a star coupler, may
be reduced by constructing the input optical waveguides with relatively
abrupt offsets or displacements that cause the field to oscillate in the
optical waveguide, which oscillation will be discussed herein. The period
of oscillation will change with wavelength. By controlling the design
parameters according to some embodiments discussed herein, the movement of
the fields may be adapted to substantially reduce the wavelength dependence
of the star coupler.FIG. 1 depicts an example of a planar optical device
known in the art; namely, a star coupler 100. Star coupler 100 is a 2x4
planar optical coupler that acts as an optical 90 degree planar optical
device for redistributing (e.g., splitting and/or combining) light. An
optical 90 degree hybrid is a passive device. The first and second input
ports receive signals A and B, respectively. The first, second, third, and
fourth output ports transmit signals which are interferences between A and
B with four different relative phases: 0 , 90, 180, and 270 degrees,
respectively. In other words, the output amplitudes from the first, second,
third, and fourth output ports can be represented by (A+B)/2, (A+iB)/2,
(A-B)/2, and (AiB)/ 2, respectively, where i is the imaginary number. The
operation of examples of conventional planar star couplers is explained,
e.g., in I . Kaminow / T. Li, Optical Fiber Telecommunications IVI
Components, Chapter 9 sections 2.4 - 2.6 by Chris Doerr, copyright 2002,
Elsevier Science, ISBN: 0-12-3951 72-0, which is incorporated herein by
reference in its entirety. Star coupler 100 includes input waveguides
1101-2 , a free space region 120, and output waveguides 130i -4. Star
coupler 100 also may include optional unused dummy waveguides 140 to help
make optical coupling and fabrication of star coupler 100 more uniform
around the input and output waveguides 110i -2 and 130i -4. When star
coupler 100 is acting as an optical power splitter, electromagnetic (EM)
waves (i.e., optical signals) of a given intensity enter the coupler 100
through input waveguides 11O1-2 , disperse through free space region 120
and are dividedly output through output waveguides 13O1-4. A 90-degree
optical hybrid in existing planar optical devices such as star coupler 100
is formed by a construction that suitably provides for differences in 



the optical path lengths over the different optical paths within the
coupler through which EM waves propagate between inputs and outputs of the
device. The optical path-length differences produce differing relative
phases between light waves arriving at (and propagating through) respective
output waveguides of the device. These phase differences (Af ) are a
function of a precise design wavelength value (ld ) based on the physical
dimensions of the hybrid device.For a 2x4 star coupler such as coupler 100,
Af from waveguide ml to waveguide m2 is expressed by the following
equation: A.f.=-p\fm - -5Y\m 5 ld . 2- - \- (1) 2 2k 2J l wherein l is the
wavelength of an EM wave passing through the device, mi may equal integer
values 2 or 3 (because the central two waveguides of the four possible
waveguides are used on the input side of the 90-degree hybrid), and m2 may
equal integer values 1, 2 , 3 or 4 . Specifically, mi = 2 for waveguide
110i , mi = 3 for waveguide 1102. m2 = 1, 2 , 3 , and 4 for waveguides 130i
, 13O2, 13O3, and 13O4, respectively. Thus, the operational characteristics
of such existing hybrid devices are wavelength dependent, which may
preclude their use in some wideband optical applications. FIG. 2 depicts a
90-degree, substantially wavelength-insensitive 2x4 hybrid optical device
that functions according to some embodiments. Specifically, the
substantially wavelength insensitive 2x4 planar optical coupler 200
comprises a 2x4 planar optical coupler including input waveguides 2 10i -2
, a free space region 220, output waveguides 230i -4 and optional dummy
waveguides 140. However, unlike conventional star coupler 100 of FIG. 1,
each input portions of the input waveguides 210i -2 of coupler 200 has
input portions 212i_2 and output portions 214i -2, which are end-connected
and are positioned to have a relative lateral offset 240 therebetween. In
particular, the axis of the input portion 212i -2 of each input waveguide
210i -2 is laterally offset with respect to the axis of an output portion
214i -2 of the same input waveguide input 2 10i -2 . For example, the
sidewalls of the input portions 2121-2 and output portions 214i -2 of the
input waveguides 2 10i -2 have abrupt relative offsets at the joined ends.
Each input portion 212i -2 is, e.g., relatively displaced towards the
center symmetry line of coupler 200 with respect to the output portion
2141-2 of the same input waveguide 2 10i -2. However, it is also
contemplated that in otherembodiments, the offset may be oriented away from
the coupler 200. The offset 240 operates to produce lateral movement of
modes within input waveguides 2 10i -2 , causing oscillation of the modes
in the guide and providing some degree of wavelength insensitivity of the
device according to some embodiments, which will be explained below. The
oscillation is transverse with respect to the length of the waveguide,
referring to propagating waves moving in a "zig-zag" pattern longitudinally
along the guide and leaving the guide at different positions with respect
to the center of the guide. The specific meaning of "oscillation" herein
will be explained in more detail with respect to FIGs. 3A-3C. However, a
more detailed discussion of the dimensions of an exemplary coupler 200
(e.g. , the values / , R, weff, ql and q2) will first be provided below.
Referring to the embodiment in FIG. 2 , each offset 240 between an input
portion 2121-2 and an output portion 2141-2 of the same input optical
waveguide 2 10i -2 is constructed to be non-adiabatic. That is, each input
portion 212i -2 of the input optical waveguide 2 10i -2 is abruptly
laterally shifted with respect the output portion 214i -2 of the same
optical waveguide 2 10i -2 at the connecting region. Each respective input
portion 2121-2 and output portion 2141-2 of input waveguides 2 1O1-2 is
also wide enough to support multi-mode optical propagation therein. The
propagation constant b of a mode v in a multi-mode waveguide is expressed
by the following equation: 2knf we 2f 



f where k is the propagation constant in free (i.e., k = 2p/l) , nf is the
core refractive index and \Nen is the effective width of the waveguide,
oriented in the direction of polarization. Various specific embodiments to
be discussed and the equations that follow refer to waveguides supporting
up to approximately 5 modes. However,other embodiments are also envisioned
that utilize waveguides supporting a greater number of modes while still
adhering to the general principles of embodiments described herein. When
multi-mode wave propagation is supported in one of the input waveguides 2
10i -2 , lateral mode oscillation is facilitated by constructing the offset
240 between the input portion 212i -2 and output portion 214i -2 of the
same input waveguides 2 10i -2 has an approximate beat length Lb expressed
as: I . - (3a) p where k = 2p l l . As such, approximation (3a) may also be
expressed as: $n w2 Lb r (3b) A In both of equations (3a) and (3b), Tosc
depends on l . The inventor believes that if the number of excited modes is
less than or equal to approximately 5 , then there is an approximate beat
length which is 3 times shorter than this. For simplicity in explanation,
it will be assumed that the number of modes is less than or equal to
approximately 5 . Thus the following equation will be used: $n f w2 - Lb -
- (3c) J A wherein nf = the core refractive index of the at least one or
the one or more input optical waveguides; wQff = the effective width of the
respective input waveguide; and l = a standard telecom wavelength, such as
the C-band telecom wavelength of 1,550 nm. It is noted that as a practical
matter, LB is in one embodiment approximated to +/- 0.1 LB.It is preferable
to operate at the steepest point in the beat cycle. Thus it is desirable to
have the length of the multimode waveguide to equal approximately 1/4 + A/2
times the beat length, where A is any integer greater than or equal to
zero. Thus the output portion 214i -2 of the input waveguides 2 10i -2 , of
coupler 200 have a length / as depicted in FIG. 2 that is expressed by the
following equation: 3 d The input and output boundaries of the free space
region of the coupler 200 have a radius of curvature R. The dimensions of
coupler 200 include angles, and q2. ql is the angle between the position
(e.g., center of energy) of the center of the wavefront of a light wave at
the input boundary 222 as the light wavefront exits input waveguide 2 1Oi
according to various embodiments, and the intersection 252 of output
waveguides 23O2 and 23O3 at the output boundary 222 of free space region
220 at the opposite side of the coupler 200, with respect to a vertical
centerline 250. q2 is the angle between the intersection 254 of input
waveguides 2 1Oi and 2 1O2 at the input boundary 222 of free space region
220 and the center of output waveguide 23O4 with respect the centerline 250
at the output boundary 222. By choosing the appropriate values of / and
\Nen (e.g., according to equation 4), mode oscillation is facilitated. An
illustration of optical mode oscillation will now be discussed. As has
already been described with respect to equation (3b), Lb depends on
wavelength l . In one embodiment, ld is a standard telecom wavelength, such
as the Cband telecom wavelength of 1,550 nm. In the referenced embodiment
involving planar optical coupler 200, the phase difference from a port at
ql to another port at q2 - i.e., fn - is expressed by the following
equation:fu =kRqiq2=- Rqiq2 (5) 



l From Eq. (5), one can see that fn depends on l, which gives rise to the
unwanted wavelength dependence of the coupler. Since waveguide 2 1Oi is
wide enough to support multi-mode propagation, it will be shown that the
relative lateral position of the center of the propagating optical mode in
the optical waveguide changes the value of ql when l changes. This movement
of ql can be designed to partially or mostly cancel the net dependence of
fn on l , thus substantially reducing or eliminating wavelength dependency
of the coupler. In various embodiments of coupler 200, the size of the
lateral offsets 240 between the input portions 212i -2 and the output
portions 214i -2 of the same input waveguides 21O1-2 may vary. Generally
speaking, the larger the lateral offset 240, the larger the transmission
loss that will occur to an incident wave thereto. Too large an offset will
produce too large a loss, while too small an offset will lead to a lack of
sufficient lateral oscillation of the optical mode in the waveguide to
significantly reduce the wavelength dependency of the optical coupler 200.
Typical offsets 240 that have been utilized by the inventor include Weff/4.
That is offset input portions of the input portions 2 12i and 2122 of the
input waveguides are set inward (toward the centerline of coupler 200) by a
length of we 4 with respect to the output portions 2 14i and 2 142 of the
input waveguides. But, embodiments are also envisioned where one are more
offsets are set outward with respect to the centerline of coupler 200. In
various embodiments, for instance, If the value 'A' in equation (4) is an
even integer, the offsets 240 of input portions 212i -2 are positioned
inward toward the centerline 250 of coupler 200. Conversely If 'A' is an
even integer, the offsets 240 of input portions 212i -2 are positioned
outward away the centerline 250 of coupler 200. The position of the center
of the propagating optical modelateral to the direction of propagation in
the multi-mode waveguide at the star coupler free-space regionboundary will
change with l. This movement of the lateral center of a propagating mode
can compensate for the wavelength-dependence in the relative phase
difference between light received at the ends of adjacent output
waveguides, i.e., at the second or output boundary 222 of the star coupler
220. In one embodiment, the offset has a size of about e/y/4  (0.1 ) e/?/4,
wherein weff/4 is a width of a core of the at least one of the one or more
input optical waveguides. Generally speaking, offsets of weff/2 or less,
when utilized in embodiments such as coupler 200, can keep the offsets
substantially non-adiabatic and produce the desired oscillatory effects. It
should be emphasized however, that any specific mention of a particular
offset 240 value (e.g., we 2 and/or we 4) herein is provided purely as an
example, and should not be construed as limiting the scope of any
referenced or other embodiments to any particular dimensional
constraint(s). Rather, any suitable offset value or other means of
producing oscillation may be utilized while still adhering to the overall
principles. It is important to note that teachings herein are broadly
applicable to facilitating substantial wavelength independence of relative
phases in adjacent output waveguides in planar optical devices. The
embodiments adapt or cause various modes of optical or electrical
oscillations in input and/or output waveguides of the device. Thus, an
oscillation caused by an offset 240 in waveguides 2 10i -2 is merely an
example pertaining to one particular embodiment. FIGs. 3A-3C depict
exemplary oscillation profiles 3 10 , 320 and 330 of optical propagating
modes, useful in understanding various embodiments such as the one
described with respect to the embodiment of FIG. 2 . Mode oscillation
profiles 3 10 , 320 and 330 of the optical propagating mode are shown for
illustrative purposes as occurring in waveguide 2 10 (of coupler 200), with
offset 240 and offset and non-offset waveguide portions 212 and 214
respectively. Mode oscillation profiles 3 10 , 320 and 330 are not drawn to
any particular scale 



or with respect to any specific wavelengths, but are intended to be viewed
incomparison to each other to illustrate the concept of how beat length
changes with l relative to ld in waveguide structures such as waveguides 2
10i -2. Mode oscillation profile 3 10 depicts the path of the center energy
of one or more modes laterally oscillating (due to offset 240) in a
"zig-zag" pattern while propagating longitudinally along a non-offset
waveguide portion 214 of a waveguide 2 10 , to produce reduced wavelength
sensitivity of the device (e.g., coupler 200) to which the waveguide is
connected, according to various embodiments. The period of oscillation
(TOsc) corresponds to beat length as defined by equations (3a) and (3b).
Beat length Lb of mode oscillation profile 310 is indicative of l = ld . By
contrast, mode oscillation profile 320 depicts an example of beat length
(relative to mode oscillation profile 3 10) when l < ld . In following with
equations (3a) and 3(b), the beat length Lb of mode oscillation profile 320
is thus increased compared to the l = ld beat length example of mode
oscillation pattern 3 10 . Finally, oscillating mode profile 330
illustrates an exemplary beat length according to l > ld , which is
decreased relative to oscillation profile 310. The mode oscillation
profiles discussed with respect to FIGs. 3A-3D may be adapted to influence
response characteristics of devices according to various embodiments, such
that wavelengths to which such devices are less sensitive to pass through
the devices with little or no encumbrance, while wavelengths to which the
device is more sensitive to are reduced or attenuated. Various embodiments
impart mode oscillations using different structures and techniques, such as
described herein in more detail. Generally speaking, the mode oscillations
are implemented in a manner adapted to the specific wavelength
sensitivities of the device. The various equations discussed herein may be
used to calculate the appropriate mode oscillation profile. Alternatively,
the mode oscillation profile may be determined empirically. FIG. 3D depicts
a coupler 340, similar to coupler 200, illustrating further details of how
mode oscillation may be facilitated in the connection terminals ofdevices
utilizing offsets such as offset 240 of FIG. 2 , to produce mode
oscillation in the terminals (e.g., waveguides) and decrease wavelength
sensitivity according to various embodiments. Like coupler 200, coupler 340
is a 90 degree, substantially wavelength insensitive 2x4 hybrid optical
device, including input waveguides 210i -2, a free space region 220, output
waveguides 230i -4, dummy waveguides 140, offsets 240 and respective offset
portions 212i -2 and non-offset portions 2141-2 . As mentioned with respect
to the exemplary embodiment depicted in FIG. 2 and equation (5), a change
in excitation wavelength l in the coupler 200 (and coupler 340) creates a
shift of 1, providing wavelength insensitivity of the coupler(s) according
to various embodiments. The dynamic shifting capability of 1, which was
previously discussed with respect to FIGs. 3A-3C is displayed as i shift
range 345 in FIG. 3B. If excitation wavelength l is equal to the design
wavelength ld {l = ld ) , the lateral orientation of optical energy as it
exits waveguide 2 10 is in the center of the guide, and i remains same
value as it would be if there were no offset 240. When the coupler (200 or
340) excitation wavelength l is greater than the design wavelength ld , as
is shown in mode oscillation profile 330 of FIG. 3C, beat length Lb is
reduced (e.g., according to equation (3b)), causing the lateral orientation
of optical energy exiting the waveguide 2 10 to be situated farther away
from the horizontal centerline 250 of the coupler compared to its position
if l = ld making i larger. Conversely, when excitation wavelength l is less
than the design wavelength ld , such as in oscillation profile 320 of FIG.
3C, beat length is increased, causing the lateral orientation of optical
energy in the waveguide 2 10 to be situated closer to the horizontal
centerline 250 of the coupler (compared to the l = ld case), making q
smaller. Various embodiments impart mode oscillations using different
structures 



and techniques, such as described herein in more detail. Generally
speaking, the mode oscillations are implemented in a manner adapted to the
specificwavelength sensitivities of the device. The various equations
discussed herein may be used to calculate the appropriate mode oscillation
profile. Alternatively, the appropriate mode oscillation profile may be
determined empirically. FIGs. 2 and 3A-3D depict offsets 240 on the outer
side of input waveguides 2 10i -2 . That is, non-offset output portion 214
as an end positioned at the input boundary 222, between free space region
220 and offset portion 212. In various embodiments, if the length / in FIG.
2 is less than half the beat length Lb (e.g., per equations 3a and/or 2b)
will provide a lateral movement of the guided mode that will partially
compensate wavelength dependence of the relative phase at the ends of
adjacent output waveguides 230i and 23O2. In other embodiments, if / is
larger than Tosc then the relative lateral offset positions of input
portions 212 of the input waveguide and the output portions 214 of the
input waveguides should be reversed. Various embodiments are also
envisioned wherein planar optical devices are constructed with input
portions 212 and output portions 214 of the input optical waveguide are in
both the preceding orientations. Various embodiments are also envisioned
where the oscillation produced in the guided optical mode is adjustable.
That is, oscillation profiles such as respective oscillation profiles 3 10
, 320 and 330 of FIGs. 3A-3C are not based solely on the device's physical
dimensions and material composition. For instance, it is contemplated that
in one embodiment, a planar optical device such as coupler 200 is
constructed on an Indium Phosphide (InP) semiconductor substrate with
electrodes positioned along the length of a multi-mode waveguide (lead),
such as 2141-2 . By suitably biasing the electrodes, a current is created
in the guide changes the refractive index along its length. By adjusting
refractive index (e.g., beat length), the properties of the oscillation may
be moved, and/or the coupler may be tuned. It should be emphasized,
however, that various embodiments as a whole should not be construed as
being limited by any characteristic dimensions and/or construction details
particular to any exemplary embodiment discussed herein.Likewise, although
particular embodiments discussed herein are optical devices, the overall
basic principles of the various embodiments as a whole are not at all
limited to optical devices. It is fully envisioned that the basic
principles of the various embodiments as a whole can be equally applied to
electrical devices, including distributed element varieties, or any other
type of device wherein wavelength dependency is controlled by causing an
oscillating mode in at least one lead thereof. While the foregoing is
directed to various embodiments, other and further embodiments may be
devised without departing from the basic scope thereof. As such, the
appropriate scope is to be determined according to the claims, which
follow.What is claimed is: 1. An optical device, comprising: a free space
optical region; one or more input optical waveguides end connected to the
free space optical region along a first surface thereof; and one or more
output optical waveguides end connected to the free space optical region
along a second surface thereof, the second surface facing the first
surface; wherein at least one of the one or more input optical waveguides
supports multi-mode propagation and includes an offset at joined ends of an
input portion and an output portion thereof, the output portion end
connecting to the first surface; and wherein the set of input and output
optical waveguides includes at least three optical waveguides. 2 . The
optical device of claim 1, wherein the offset is adapted to cause an 



oscillating mode in the at least one of the one or more input optical
waveguides. 3 . The optical device of claim 2 , wherein the oscillating
mode has a beat length Lb of approximately: nf we 2f L, f 3l wherein: f =
the core refractive index of the at least one or the one or more input
optical waveguides; Weff = the effective width of the respective input
waveguide; and l = a standard telecom wavelength.4 . The optical device of
claim 1, wherein the output portion of the at least one of the one or more
input waveguides has a length / expressed as: wherein: f = the core
refractive index of the waveguide; Weff = an effective width of the at
least one of the one or more input optical waveguides; Kd = a standard
telecom wavelength; and A = an integer > 0 . 5 . The optical device of
claim 1, wherein the offset has a size of about we 4  (0.1 ) e /4, wherein
we 4 is a width of a core of the at least one of the one or more input
optical waveguides. 6 . The optical device of claim 6 , wherein the optical
device is a star coupler. 7 . An apparatus comprising: a planar integrated
optical device having at least one input optical waveguide, a free space
optical region and a plurality of output optical waveguides, the optical
waveguides end connecting to the free space optical region, wherein: the at
least one input optical waveguide includes an offset in a core thereof at
joined ends of an input portion and an output portion of the at least one
input optical waveguide. 8 . The apparatus of claim 7 , wherein the optical
device is constructed on a planar semiconductor substrate and the
refractive index of a portion of the at least one input optical waveguide
is adjustable via an electrical bias applied thereto.9 . A method of
operating a planar integrated optical device having an input optical
waveguide, a free space optical region and a plurality of output optical
waveguides, comprising: sending light into a first end of the input optical
waveguide such that a center of a guiding mode of the light laterally
oscillates in the input optical waveguide near and before a second end
thereof, the second end connecting to a surface of the free space optical
region, the output optical waveguides end connecting to the free space
optical region. 10 . The method of claim 9 , further comprising: adjusting
a refractive index of a portion of the input optical waveguide near the
second end to cause the center of the guiding mode to laterally oscillate
in the input optical waveguide near the second end. 


