DESCRIPTION

POLARIZATION ROTATION CIRCUIT

Technical Field
[0001] The present invention relates to a polarizat
rotator. More specifically, the presentinvention

a planar polarization rotator formed of silicon wav

Background Art

[0002] Opticalcircuitsformedofsiliconwaveguide
been actively researched and developed since they h
advantage that the circuit size can be significantl

than those using conventional materials such as sil
Controllingthe polarization of passinglight,inp
polarization splitting and polarization rotation, i
important functions of an optical circuit. A polar
rotatorisacircuitconfiguredtooutputlightof
perpendiculartothe polarization of polarizedligh

thereto. As optical circuits formed on a planar su
generally used is an optical circuit configured to
TE-polarized light, having its electric-field compo
horizontal to the substrate, into TM-polarized ligh

its electric-field component vertical to the substr

optical circuitconfiguredto convert TM-polarized

TE-polarized light.

ion
relatesto

eguides.

shave
ave an
y smaller
ica.
articular,
s one of
ization
polarization
tinputted
bstrate,
convert
nent
t, having
ate,oran

lightinto

[0003] There have been proposed several methods of



performingpolarizationrotationwithasiliconwav

a first conventional technique example, a circuit h
proposed which is configured to adiabatically rotat
polarizationbyusingastructureofsiliconnitrid
onasiliconwaveguide. Details of this polarizati

are disclosed in NPL 1.

[0004]
example, a polarization rotator has been proposed w
includes a polarization converter and a mode conver
silicon waveguides whose over claddings are made of
nitride. In this conventional technique example, t
polarizationconverterincludesataperedwaveguide
gradually increases, while the mode converter inclu
asymmetric directional coupler including two wavegu
differinginwidth. Thispolarizationrotatorisd

detail in NPL 2.

[0005] Figs. 43A and 43B are views showing
configuration of the polarization rotator inthe ab

conventional technique example. Fig. 43Ais a top
surfacewherethecircuitisformed. Thepolarizat
showninFig.43Aincludes:apolarizationconverte
ofataperedwaveguidewhosewidthincreasesfromw

a mode converter 1014 formed of an asymmetric direc
couplerincludingtwowaveguides1005,1006differi
Thetaperedwaveguide 1003andthewaveguide 1005a
connectedbyasecondtaperedwaveguide1004. Opti

ofgivenpolarizationsandmodesareinputtedinto
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from the polarization rotator shown in Fig. 43A thr ough

input-output waveguides 1001, 1007, 1008. The inpu t-output
waveguide 1001 and the tapered waveguide 1003 are s moothly
connected by a third tapered waveguide 1002. In th e figure,
the waveguides and the boundaries of their regions are
individually illustrated with clear dotted lines (p artitions
perpendicular to the direction of travel of light). It is,
however,tobe notedthatthe partitionsareillust ratedbased
onthe functions for convenience and the constituen tmaterial

has no discontinuity or actual boundary.

[0006] Inan example of the actual structure, the | ength
of the tapered waveguide 1003 is 50 um, and its width is wl =
0.69 pumtow2 =0.83 pm. Thewaveguide 1005 andthewaveguide

1006, formingtheasymmetricdirectionalcoupler,h aveawidth
of0.9 pmandawidthof0.405 pm, respectively, and both have

a length of 17 pum. The gap between the two waveguides 1004,
1005is0.25 pum. The width ofthe input-outputwaveguide 1001

is0.5 um,andthelengthofeachofthesecondtaperedwav eguide
1004 and the third tapered waveguide 1002 is 15 pm.

[0007] Also,inadifferentstructureexamplefocus ingon
reducing the entire circuitlength, the length of t he tapered
waveguide 1003 is 44 pum, and its width is wl =0.69 pumtow2
=0.83 pmasintheabovestructure. Thewidthsofthewav eguide
1005andthewaveguide1006,formingtheasymmetric directional
coupler,are0.9 pmand0.405 um,respectively. Thegapbetween
thewaveguides1005,1006is0.15 pmsothatthelengthsofthe

two waveguides 1005, 1006 can both be 7 pm and the length of



asymmetric directional coupler cantherefore bered uced. The

widthoftheinput-outputwaveguide1001is0.54 pm. Thelength
of each of the second tapered waveguide 1004 and th e third
taperedwaveguide1002is15 pum. Inthecaseofthisstructure,

the entire length of the polarization rotator is 71 pm.
[0008] Fig. 43B shows a cross-sectional structure t aken
along line XLIIIB-XLIIIB in the top view of the pol arization
rotatorshowninFig.43A. Anundercladding1010 madeofsilica

is provided on a silicon substrate 1011. A core 10 03 of the
tapered waveguide made of silicon is formed on the under
cladding 1010. Further, an over cladding 1009 of s ilicon
nitride Si sNyisformedinsuchawayastocoverthe core1003.

The core thickness of the waveguide 1003 is 0.22 um, the
thicknessoftheovercladding1009is1.5 pm,andthethickness

of the under cladding 010 is 2 pm.

[0009] TM-polarized basic mode light 1012 inputted into
the circuitfromthe input-output waveguide 1001 is converted
intoTE-polarized1stordermodelightasitpropag atesthrough
the tapered waveguide 1003, or the polarization con verter.
Further,attheasymmetricdirectionalcoupler1014 ,orthemode
converter, the TE-polarized 1st order mode light pr opagating
through the waveguide 1005 is coupled to a TE-polar ized basic
mode at the waveguide 1006, and TE-polarized basic mode light
1013 is outputted into the input-output waveguide 1 008. The
circuitshowninFigs.43Aand43Bisbidirectional . Thus,in
acasewherethe TE-polarizedbasicmodelight1013 isinputted
inthereversedirectionfromtheinput-outputwave guide 1008,



it passes through paths that are the reverse of the
mentionedabove, andthe TM-polarizedbasicmodeli
outputted into the input-output waveguide 1001.
[0010] Apolarizationrotatorneedstohaveanasym
waveguide in order to cause polarization conversion
optical wave propagating therethrough. A structura
symmetric waveguide has no couplingbetweena TEmo
mode and cannot therefore cause polarization conver
Conventional Technique Example 1, the silicon nitri
structureformedontopactstobreaksymmetry. In
Technique Example 2, the under cladding and the ove
differfromeachotherinrefractiveindexandther

asymmetry.
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Summary of Invention
Technical Problems
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waveguides as described above have the following pr oblems.

Specifically, the polarization converter in NPL 1 r equires
formingasiliconwaveguideandthenformingasili connitride
layer on the silicon waveguide and processing the s ilicon
nitride layer. Also, the polarization converter in NPL 2
requiresformingasiliconwaveguideandthenformi ngasilicon
nitride layer on the silicon waveguide since the en tire over

cladding is made of silicon nitride.

[0013] Moreover, the gap between the waveguides of the
asymmetric directional coupler at the mode converte ris0.15
pum, which is small, whereas the entire circuit lengt hreaches

71 pm and its size therefore is large.

[0014] As described, the conventional polarization
rotatorsrequireformingasiliconnitride layer,w hichisnot
employedinusualfabrication of a siliconwaveguid ecircuit.
In order to employ such a polarization rotator in a n optical
integratedcircuit,aprocessofformingasilicon nitridelayer
isaddedjustforthatpurpose. Thisincreasesthe fabrication

time and complicates the fabrication equipment.

[0015] Furthermore, since the smallest fabrication

dimension in part of the optical circuitis 0.15 pum, which is
small,itisdifficulttoensurefabricationtolera nce. There
has been a need for a structure that allows more re laxed

fabrication tolerance.

[0016] Thepresentinventionhasbeenmadeinview ofthese
problems,andanobjectthereofistoprovideanop ticalcircuit
capable of reducing the fabrication cost by being f ormed of



silicon waveguides, and also relaxing requirements
fabrication accuracy in close arrangement of wavegu
Solution to Problems

[0017] One aspect of the present invention provides
polarization rotator characterized in that the pola
rotatorcomprises:apolarizationconverterincludi
ribwaveguideandconfiguredtoconvertTM-polarize

lightinto TE-polarized 1st order mode light, the s

waveguide including a center-portion core and
peripheral-portioncorethinnerthanthe center-por

and having such a tapered shape that a core width o
peripheral-portion core gradually increases; and a
converteropticallyconnectedtothepolarizationc
configuredtoconverttheTE-polarizedlstordermo
TE-polarized basic mode light.

[0018] The above polarizationrotator is preferably
that the mode converter includes an asymmetric dire
coupler including two waveguides differing in width
waveguides differing in width are siliconrib waveg
nocenter-portioncore,andofthe twowaveguidesd
width, the wider waveguide has one end optically co

the polarization converter.

[0019] Further, the polarization converter and the
converter can be smoothly connected by ataperedin
waveguide, and the tapered intermediate waveguide c
one of asilicon rib waveguide with no center-porti

silicon rib waveguide, and a silicon rib waveguide
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center-portioncoreandasiliconribwaveguidejoi

other.

[0020] The above one aspect of the presentinventio

be preferablysuchthatthemodeconverterincludes
splitter optically connectedtothe polarization co
delaycircuitincludingtwowaveguides,andanopti

[0021] More preferably, the optical splitter includ
siliconribwaveguidewithnocenter-portioncore,
ribwaveguideincludingtwothickcoreportions,an
ribwaveguidewithnocenter-portioncorehasonee

to the polarization converter.

[0022] Also, the above polarization rotator can be
that the mode converter includes an asymmetric dire
coupler including two waveguides differing in width
waveguidesdifferinginwidthare silicon channelw

of the two waveguides differing in width, the wider

has one end optically connected to the polarization

by an intermediate waveguide, the intermediate wave

includes a silicon rib waveguide including two port
relatively thick cores and a peripheral portion wit
relatively thin core, and each of the portions with
relatively thick cores has a tapered structure.

[0023] The above polarizationrotator is preferably
that a tapered waveguide is connected to at least o

endofthewiderwaveguideoftheasymmetricdirect

and one end of the narrower waveguide of the asymme

directional coupler, and a width of the tapered wav
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decreases gradually and a tip thereof is cut off.

[0024] Another aspect of the present invention prov
apolarizationrotator characterizedinthatthe po

rotator comprises: an input-output waveguide into w
input TM-polarized basicmodelight; apolarization
includingasiliconribwaveguideandconfiguredto
TM-polarizedbasicmodelightintoTE-polarized 1st

light, the silicon rib waveguide including a center

core and a peripheral-portion core thinner than the
center-portioncore,andhavingsuchataperedshap

width of the peripheral-portion core gradually incr
core-width conversion waveguide situated between th
input-output waveguide and the polarization convert
continuously varying a core width between a wavegui
input-output waveguide and the center-portion core
polarization converter; and a mode converter optica
connected to the polarization converter and configu
converttheTE-polarizedlstordermodelightinto

basic mode light.

[0025] Also, apolarizationrotator accordingtoa
another aspect comprises: a polarization converter
asiliconribwaveguideandconfiguredtoconvertT

basic mode lightinto TE-polarized 1st order mode |

silicon rib waveguide including a center-portion co
peripheral-portioncorethinnerthanthe center-por

and having such a tapered shape that a core width o

peripheral-portion core gradually increases; and a
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converteropticallyconnectedtothepolarizationc onverterand

configuredtoconverttheTE-polarizedlstordermo delightinto
TE-polarized basic mode light, and the mode convert er can
include a delay circuit including two waveguides op tically
connected to the polarization converter, and any on e of an

optical coupler and an optical combiner.

[0026] The polarization rotator according to the ab ove
still other aspectis preferably such thatthe mode converter
includesadelay circuitconfiguredto cause adela yof1/2 of
awavelengthanda?2 x1 coupler, or adelay circuit configured

to cause a delay of 1/4 of a wavelength and a 2 x2 combiner.
[0027] More preferably, the delay circuit of the mo de
converter that is configured to cause a delay of 1/ 4 of a
wavelength is two silicon rib waveguides each inclu ding a
relatively thick center-portion core and a relative ly thin
peripheral-portioncore,oneofthetwosiliconrib waveguides
has a structure including such tapers that a width of the
center-portion core gradually increases and then gr adually
decreases toward an output side, and the 2 x2 combiner of the

mode converter is a directional coupler.

[0028] Also, the polarization rotator according to the
above still other aspect can be such that the polar ization
converter and the mode converter are optically conn ectedbya
tapered intermediate waveguide, the tapered interme diate
waveguide is a rib waveguide including a center-por tion core
andaperipheral-portion core thinnerthanthe cent er-portion
core,andhassuchataperedshapethatawidththe reofgradually

-10 -



decreases toward an output side, a portion connecti
taperedintermediatewaveguideandthemodeconvert

two cores, and each of the two cores has such a tap

that a width of the core gradually increases.

[0029] The polarization rotator according to the ab
stillotheraspectcanbe suchthatthe center-port
thepolarizationconverterhassuchataperedshape
ofthecenter-portioncoregraduallydecreasestowa

side, and the peripheral-portion core of the polari
converter has such a tapered shape that the width o
peripheral-portioncoregraduallyincreasestoward

side.

[0030] Also, the tapered shape ofthe peripheral-po
core of the polarization converter can be designed
thewidthofthe peripheral-portioncoreincreases

manner.

[0031] Further, each of the above polarization rota
can operate also as a polarization rotator-splitter
Advantageous Effects of Invention

[0032] Asdescribedabove,withthepresentinventi
ispossibletoprovideapolarizationrotatorthat
siliconwaveguidesandneedsnoadditionalprocess
nitridelayerorthelike. Further,withtheprese

itis possible to relax requirements on fabrication

in close arrangement of waveguides.

Brief Description of Drawings
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[0033]

[Fig. 1] Fig.lisaviewshowingaconfigurationi
embodimentofapolarizationrotatorofthe present

[Fig. 2] Fig.2isaviewshowingacross-sectional
takenalonglinell-llononeofinput-outputwaveg

1;

[Fig. 3] Fig.3isaviewshowingacross-sectional

taken along line I11-11l on a polarization converte

1

[Fig. 4] Fig.disaviewshowingacross-sectional

taken along line IV-1V on a mode converter in Fig.
[Fig. 5] Fig.5isadiagramexplainingthe functio
polarization converter inthe firstembodiment oft
invention;

[Fig. 6] Fig. 6 is a diagram showing the intensity
betweenaTE-polarized componentandaTM-polarized
at the polarization converter of the present invent

in Fig. 5;

[Fig. 7] Fig. 7 is a view showing an example of opt
radiationstructuresapplicabletothepolarization

the present invention;

[Fig. 8] Fig. 8 is a view showing a waveguide struc
capable of adding a polarization splitting function
polarization rotator of the present invention;

[Fig. 9] Fig. 9 is a view showing the configuration
polarization rotator in a second embodiment of the

invention;
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[Fig. 10] Fig. 10is a view showing the configurati
polarization rotator in a third embodiment of the p
invention;

[Fig. 11] Fig. 11 is a view showing a cross-section

structure taken along line XI-Xl on aninput-output
for a polarization converter in Fig. 10;

[Fig. 12] Fig. 12 is a view showing a cross-section
structure taken along line XII-XIl on the polarizat

converter in Fig. 10;

[Fig. 13] Fig. 13 is a view showing a cross-section
structuretakenalonglineXIlI-Xlllonamodeconv

1;

[Fig. 14] Fig. 14 is a view showing the configurati

polarization rotator in a fourth embodiment of the
invention;
[Fig. 15] Fig. 15 is a view showing a cross-section
structure taken along line XV-XV on one of input-ou
waveguides in Fig. 14;

[Fig. 16] Fig. 16 is a view showing a cross-section
structuretakenalongline XVI-XVlonapolarizatio

in Fig. 14;
[Fig. 17] Fig. 17 is a view showing a cross-section
structure taken along line XVII-XVII on an intermed
waveguide in Fig. 14;

[Fig. 18] Fig. 18 is a view showing a cross-section
structure taken along line XVIII-XVIIl on an asymme

directional coupler in Fig. 14;
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[Fig. 19] Fig. 19 is a view showing the configurati

polarization rotator in a fifth embodiment of the p

invention;

[Fig. 20] Fig. 20 is a view showing a cross-section

structure of the polarization rotator taken along |

shown in Fig. 19;

[Fig. 21] Fig. 21 is a view showing a cross-section

structureofthepolarizationrotatortakenalongl

shown in Fig. 19;

[Fig. 22] Fig.22isadiagram explaining an exampl
result of calculation of the effective refractive i
eigenmodes versus the core width of a channel waveg
[Fig. 23] Fig. 23 isadiagram explaining an exampl
result of calculation of effective refractive index

the core width of the peripheral portions of arib

[Fig. 24] Fig. 24 is a diagram showing the result o
calculation of the intensity ratio between differen
polarized components for a second mode shown in Fig
[Fig. 25] Fig. 25 shows the result of calculation o
TE-polarized component and the TM-polarized compone

second mode versus the thickness of the peripheral-

cores of the rib waveguide;

[Fig. 26] Fig.26isadiagramshowinganexampleo
ofcalculationofthe TE-polarizedcomponentofthe
versus the width of the peripheral-portion cores of

waveguide for each given value of the thickness of

peripheral-portion cores;
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[Fig. 27] Fig.27isadiagramshowinganexampleo
ofcalculationofdifferentmode componentscontain
outputted from a polarization converter versus the
of the peripheral-portion cores of the rib waveguid
[Fig. 28] Fig.28isaviewshowingaconfiguration
by adding intermediate tapers to the polarization r
the fifth embodiment;

[Fig. 29] Fig.29isaviewshowingaconfiguration
by forming the center-portion core of the polarizat
converter in the fifth embodiment into a tapered sh
[Fig. 30] Fig.30isadiagramshowinganexampleo
ofcalculationofdifferentmode componentscontain
outputtedfromthepolarizationconverter,versust

of the peripheral-portion cores of the rib waveguid
[Fig. 31] Fig.31lisaviewshowingaconfiguration
by forming the peripheral-portion cores of the pola
converter in the fifth embodiment into a curved tap
[Fig. 32] Fig.32isaviewshowingdetailsofthe
ofthe peripheral-portion cores of the polarization

in Fig. 31;

[Fig. 33] Fig. 33is a view showing the configurati
polarization rotator-splitter in the fifth embodime
present invention;

[Fig. 34] Fig. 34 is a view showing the configurati
polarization rotator in a sixth embodiment of the p
invention;

[Fig. 35] Fig.35isaviewshowingaconfiguration
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byformingperipheral-portioncoresofapolarizati onconverter

in the sixth embodiment into a curved taper;

[Fig. 36] Fig. 36 is a view showing the configurati on of a
polarization rotator in a seventh embodiment of the present
invention;

[Fig.37] Fig. 37 is a cross-sectional view of the

polarization rotator taken along line XXXVII-XXXVII shownin
Fig. 36;

[Fig. 38] Fig.38isaviewshowingaconfiguration obtained
byformingperipheral-portioncoresofapolarizati onconverter

in the seventh embodiment into a straight taper;

[Fig. 39] Fig. 39 is a view showing the configurati on of a
polarization rotator in an eighth embodiment of the present
invention;

[Fig. 40] Fig.40isaviewshowingdetailsofamo deconverter

of the polarization rotator in Fig. 39;
[Fig. 41] Fig.41lisaviewshowingaconfiguration obtained
byformingperipheral-portioncoresofthepolariza tionrotator

in the eighth embodiment into a straight taper;

[Fig. 42] Fig. 42 is a view showing the configurati on of a
polarization rotator-splitter in the eighth embodim ent;

[Fig. 43A] Fig.43Aisaview showingthe configura tionofa
polarizationrotatorin Conventional Technique Exam ple2;and
[Fig. 43B] Fig. 43B is a view showing a cross-secti onal
structureofthepolarizationrotatorinConvention alTechnique
Example 2.
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Description of Embodiments

[0034] In one instance of a polarization rotator of
presentinvention, awaveguide ata polarization co
formedinaribstructure,whichhasaninvertedT-
section,therebycreatingasymmetryinthewaveguid
Further, the waveguide width ofthe centercore por

rib structure is set to be extremely small. In thi
configurationissuchthattheintensityofanopti

not concentrate only at the center core portion and
influenced by the structural asymmetry. With
configuration,itispossibletoefficientlycause
conversionwithastructureincludingonlyasilico

and no silicon nitride layer or the like formed the
[0035] Specifically, the polarization rotator of th
presentinventionincludes:apolarizationconverte
asiliconribwaveguideandconfiguredtoconvertT

basic mode light into TE-polarized 1st order mode |
silicon rib waveguide including a center-portion co
peripheral-portioncorethinnerthanthe center-por

and having such a tapered shape that the core width
peripheral-portion core gradually increases; and a
converteropticallyconnectedtothepolarizationc
configuredtoconverttheTE-polarizedlstordermo
TE-polarized basic mode light. Various embodiments
polarizationrotatorofthepresentinventionwill

below in detail.

[0036] [First Embodiment]
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A polarization rotator according to a first embodi
of the present invention will be described. This e
showsabasicconfigurationofthe polarizationrot
present invention, and is a configuration example i
input-output waveguides which are channel waveguide
[0037] Fig.lisaviewshowingaconfigurationin
embodimentofthepolarizationrotatoroftheprese
andisaviewofadevice'ssurfacewherethecircu
Infigures explaining the presentinvention below,
and the boundaries of their regions are individuall
illustratedwith cleardottedlines(partitions per
to the direction of travel of light). Itis, howev
notedthatthepartitionsareillustratedbasedon
ofthesepartsforconvenienceandtheconstituent
nodiscontinuityoractualboundary. Apolarizatio
104 and a mode converter 113 perform main operation
polarization rotation. TM-polarized basic mode lig
inputtedfromaninput-outputwaveguide 101 atthe
the figure is converted by the polarization convert
present invention into TE-polarized 1st order mode
and then outputted from an input-output waveguide 1
rightend. The polarization converteris formed of
ribwaveguide 104 includingacenterportionwitha
thickcoreandperipheralportionswithrelatively
andissuchataperedwaveguide 104 thatthe corew
peripheral portions increases from wl to w2.

[0038] The mode converter 113 is formed of silicon
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waveguides106,107withnocenterportion,andis
directionalcouplerincludingtwowaveguidesdiffer
Themodeconverterl13isconfiguredtoconvertthe
1storder mode lightinputted fromthe leftin Fig.
ofthesiliconribwaveguides,namely,thesilicon

106, into TE-polarized basic mode lightand output

right of the other silicon rib waveguide 107. Thus
converterincludesanasymmetricdirectionalcouple

two waveguides differing in width, and the two wave
differing in width are silicon rib waveguides with

portion. Of the two waveguides differing in width,
waveguide has one end optically connectedtothe po
converter.
[0039] Anintermediate waveguide 105is provided be
the polarization converter 104 and the silicon rib

106. Theintermediatewaveguide105isformedofa
waveguide with no center portion, and is a tapered
smoothly connecting the polarization converter 104
silicon rib waveguide 106 to each other. The input
waveguides 101, 110 are provided at the opposite en
whole polarization rotator and are each formed of a
waveguide including a rectangular core. A rib-chan
conversion waveguide 102, 103 and a rib-channel con
waveguide 108, 109 are provided between the input-o0
waveguide 101 and the polarization converter 104 an

the input-output waveguide 110 and the silicon rib

107, respectively.
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[0040] Eachoftheserib-channelconversionwavegui
formedofasection102,109convertingthewavegui

from a channel structure into a rib structure, and

103, 108 varying the core width of the center porti
ribwaveguide. Theserib-channelconversionwavegu

directly contribute tothe polarizationrotationfu

eliminate structural discontinuity between the wave
between which the rib-channel conversion waveguides
connected, and are thus effective in preventing exc
optical loss. Forthisreason, itis preferable to
rib-channelconversionwaveguides. Inparticular,

103, 108, which changes the core width of the cente

of the rib waveguide, reduces the discontinuity of
center-core portion where the intensity of the prop

optical wave concentrates, and is therefore highly

in preventing excessive optical loss.

[0041] Thelengthofthepolarizationconverter104
pum, the core width of its center portion is 0.15

core width of its peripheral portions is wl

1.8 pm.
[0042] The widths of the waveguide 106 and the wave
107,formingtheasymmetricdirectionalcouplerl13
converter,are2.0 pmand0.8
each of the two waveguides is 50
two waveguides is 0.4 pm.
[0043] Thelengthoftheintermediate waveguide 105

pum. The width of each input-output waveguide 101, 1
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pm. Asfortherib-channelconversionwaveguide 102 ,103,the

lengthofthewaveguide102is50 pm,thecorewidthofitscenter
portionis0.5 pum,andthecorewidthofitsperipheralportions
variesfrom0.5 pumto0.9  pm,whilethelengthofthewaveguide

103is200 pm, the corewidthofits centerportionvariesfrom

0.5 pmto0.15 pm,andthecorewidthofitsperipheralportions

iIs0.9  um. Also, as for the rib-channel conversion wavegui de
108, 109, the length of the waveguide 108 is 200 pum, the core
width of its center portion varies from 0.15 pumto0.5  pm,and
the core width of its peripheral portionsis 0.8 um, whilethe
lengthofthewaveguide109is50 pm,thecorewidthofitscenter
portionis0.8 pm,andthecorewidthofitsperipheralportions

varies from 0.8 pm to 0.5 pm.

[0044] Fig.2isaviewshowingacross-sectionals tructure
taken along line II-1l on one of the input-output w aveguides
inthetopviewinFig.1. Anundercladding122m adeofsilica
glass is provided on a silicon substrate 123. A co re 101 of
the channel waveguide made of silicon is created on the under
cladding 122. Further, an over cladding 121 made o f silica
glassis providedin such away asto cover the cor e1l01. The
core thickness of the waveguide 101is 0.22 pm, the thickness

of the over cladding 121 is 1.5 pum, and the thickness of the

under cladding 122 is 2 pum.  Though not shown, the
cross-sectional circuitstructure takenalongline II'-1I'on

the input-output waveguide 110 in the top view in F ig. 1is
exactly the same asthe cross-sectional structuret akenalong

line 11-Il shown in Fig. 2.
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[0045] Fig.3isaviewshowingacross-sectionals tructure
taken alongline IlI-11l on the polarization conver terinthe
topviewinFig.1. Anundercladding132made of silicaglass
isprovidedonasiliconsubstrate 133. Acenter-p ortioncore
104a and peripheral-portion cores 104b, 104c of the rib
waveguidemadeofsiliconarecreatedontheunder cladding122.
Further,anovercladding 131 made of silicaglass isprovided
insuchawayastocovereachcore. Thecorethic knessofthe

center portion 104a is 0.22
peripheralportions104b,104cis0.06
over cladding 131 is 1.5
cladding 132 is 2
[0046]

pm.
Fig.disaviewshowingacross-sectionals

taken along line IV-1V on the mode converter in the

in Fig. 1. An under cladding 142 made of silica gl

providedonasiliconsubstrate143. Cores106,10
waveguides with no center portion made of silicona
ontheundercladding142. Further,anovercladdi
ofsilicaglassisprovidedinsuchawayastocov

The core thickness of the waveguides 106, 107 is 0.
thicknessoftheovercladding141is1.5

of the under cladding 142 is 2
[0047] As

pm.
mentioned earlier, in order
polarizationconversionofanopticalwavepropagat
the polarization rotator, waveguides need to have a
Inthepolarizationconverter104ofthepresentin

waveguide is formed in arib structure, whichhas a
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T-shapeincrosssection,therebybasicallycreatin
Here, the structure of a usual rib waveguide is suc
width of its center-core portion is about 0.5
intensity of an optical wave concentrates atthisc

portion. Forthisreason,onlyprovidingthinperi

hardly provides asymmetry, and may achieve polariza

conversiontosomeextentbuttheefficiencyofthe

conversion is low.

[0048] In the polarization rotator of the present

invention, the waveguide width of the center-core p
reduced to about 0.15
optical wave does not concentrate solely on the cen
portion and is more influenced by the structural as
With this configuration, a structure including only
waveguide can efficiently cause polarization conver

no silicon nitride layer or the like formed thereon
[0049] Inthisembodiment,thepolarizationconvert
andtherib-channelconversionwaveguide102,103a
asindividualcircuitsthatbeartheirownfunction
functions--polarization conversion and waveguide st
conversion--can also be implemented at the same tim
atapered structure that the width of the center-co
andthewidthofthe peripheral-portioncoresvary

time. However,implementingthetwofunctionswith
structureimposes adesignrequirementthatlimits
ofvariationinwidthofthecenter-coreportionan

of variation in width of the peripheral-portion cor
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efficiently causing polarization conversion. There
possibilitythatthe conversionefficiencymightbe

an error in core width of about
fabrication error. In contrast, the polarization c

104 withthe structure ofthe presentinventioncan

same characteristics even if the width of the cente
portionortheperipheral-portioncoreschangesby

pum. For this reason, the polarization converter 104
rib-channel conversion waveguide 102, 103 are prefe
provided independently of each other so asto be a

that has higher tolerance (larger tolerable errors)

device fabrication.

[0050] Thus, the presentinvention can be implement
apolarizationrotator characterizedinthatthe po
rotatorincludes:aninput-outputwaveguideintowh
TM-polarized basic mode light; a polarization conve
includingasiliconribwaveguideandconfiguredto
TM-polarizedbasicmodelightintoTE-polarized 1st

light, the silicon rib waveguide including a center

core and a peripheral-portion core thinner than the

center-portion core, and having such a tapered shap
corewidthoftheperipheral-portioncoregradually

a core-width conversion waveguide situated between
input-output waveguide and the polarization convert
continuouslyvaryingthe corewidthbetweenawaveg
input-output waveguide and the center-portion core

polarization converter; and a mode converter optica

-24 -

is a

loweredby

+0.05 pm caused by a device

onverter
obtainthe
r-core
about *0.05
and the
rably
structure

during

edas
larization
ichtoinput
rter
convertthe
ordermode

-portion

ethatthe
increases;
the
er and
uideatthe

of the

lly



connected to the polarization converter and configu
converttheTE-polarizedlstordermodelightinto

basic mode light.

[0051] Fig.5isadiagramexplainingtheoperation
polarization converterinthe firstembodiment oft

invention. Fig.5istheresultofcalculationof

refractive index (vertical axis) versus a core widt

peripheral portions of arib waveguide. The materi

part of the polarization converter and the cross-se
structureofthewaveguideusedforthecalculation

tothose ofthe cross sectiontakenalongline ll1-
3,andonlythecorewidthwoftheperipheralport

to calculate the effective refractive index for thr

Inthe cross-sectional viewin Fig. 3, the core wid

peripheral portions is the length from the left end
peripheral-portion core 104b to the right end of th
peripheral-portion core 104c.

[0052] Here, afirstmode plotted with squares main
aTE-polarizedbasicmoderegardlessofthecorewi
peripheralportions. Ontheotherhand,asecondm
withdiamondsandathirdmodeplottedwithtriang|

modes in which a TE-polarized component and a TM-po
componentaremixedinaccordancewiththechangei

w of the peripheral portions. When the core width
peripheral portions is around 0.8

substantially a TM-polarized basic mode and the thi

substantiallyaTE-polarizedlstordermode. Onth
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whenthe core widthw ofthe peripheral portionsis

pm, the second mode switches from the TM-polarized b

to substantially a TE-polarized 1storder mode, and

mode switches from the TE-polarized 1st order mode
substantially a TM-polarized basic mode.

[0053] Fig. 6 is a diagram showing the intensity ra
between the TE-polarized component and the TM-polar
component at the polarization converter of the pres
invention shown in Fig. 5. Fig. 6 shows the intens

between the TE-polarized component and the TM-polar
component (vertical axis) versus the core width w o
peripheral portions of the rib waveguide (horizonta

based on the result of the calculation of the secon

the operationexampleshowninFig.5. Fig.6indi

as the width w of the peripheral-portion cores 104b
increases, the intensity ratio of the TM-polarized
decreasesbuttheintensityratioofthe TE-polariz
increases,andthetwocomponentsswitchfromeach
polarization converter 104, showninFig. 1, is des

thatthe core widthw1 onthe narrower side and the

w2 on the wider side cover as much as possible ara
inFig.6withinwhichthetwopolarizedcomponents

modeswitchfromeachother. Specifically,inthis

around2.4
asic mode
the third

to

tio
ized
ent
ity ratio
ized
f the
| axis)
d modein
catesthat,
, 104c

component

edcomponent

other. The
igned such
corewidth

nge shown

inthesecond

embodiment,

wl =0.9 pmandw2 =1.8 um. Inacasewherethe TM-polarized

basicmodelightl1lisinputtedintothepolarizat
104fromtheleftsideinFig. 1, the opticalwave

through the polarization converter 104 is converted
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TE-polarized 1st order mode by the gradual increase
width from w1 to w2, and is outputted from the righ
the polarization converter 104.

[0054] Inthe asymmetric directional coupler 113, 0
modeconverter,thecorewidthofeachofthewaveg
thewaveguidelO7isdesignedsuchthattheeffecti

index of the TE-polarized 1st order mode atthe one
106andtheeffectiverefractiveindexoftheTE-po

mode at the other waveguide 107 are substantially e
thisway, the TE-polarized 1st order mode lightinp
theonewaveguide106iscoupledtothe TE-polarize

atthe other waveguide 107, and TE-polarized basic

is outputted from the waveguide 107.

[0055] Inthepolarizationrotatorinthisembodime
TM-polarizedbasicmodelight11linputtedintothe

the input-output waveguide 101 is inputted
polarizationconverter 104throughtherib-channel
waveguide 102,103tobe convertedinto TE-polarize
mode light. The TE-polarized 1st order mode light
polarization converter 104 isinputted intothe one
1060ftheasymmetricdirectionalcoupler,orthem
throughtheintermediatewaveguide 105. Atthewav
the TE-polarized 1st order mode light is converted
TE-polarized basic mode light and outputted from th
waveguide 107. The TE-polarized basic mode lightt
through the rib-channel conversion waveguide 108, 1

outputted fromthe input-outputwaveguide 110asTE
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basic mode light 112. The polarization rotator in
embodiment is bidirectional. Thus, in a case where
TE-polarized basic mode light 112 is inputted in th
direction from the input-output waveguide 110, it p
through paths that are the reverse of the series of
mentioned above, and the TM-polarized basic modeli
outputted into the input-output waveguide 101.

[0056] As described above, the polarization rotator
this embodiment implements a function similar to th
polarizationrotatorsoftheconventionaltechnique

unlike the conventional techniques, the polarizatio

of the present invention does not need to include a
nitridelayerorasiliconnitridecomponent. The

rotator of the present invention includes only sili
waveguidesandthereforehasagreatadvantagethat
needanadditionalprocessforsiliconnitridelaye
Configurationswithvariousmodificationsareappli
polarizationrotatorinthisembodiment. Forexamp

be discussed next, itis possible to add a configur

reduces noise light and improves the return
characteristic.

[0057] In the polarization rotator shown in Fig. 1,

right side of the one waveguide 106 of the asymmetr
directionalcouplerll3andtheleftoftheotherw
oftheasymmetricdirectionalcoupler113areprovi
waveguidestructureandterminated. Basedonthed

light is inputted from the input-output waveguide 1

-28-

loss

this
the
e reverse
asses
paths
ghtlllis

S. However,
n rotator
silicon
polarization
con
itdoesnot
rorthelike.
cabletothe
le,aswill

ation that

the
ic
aveguide107
dedwithno
esign,when

01, the



propagating light is supposed to be all coupled fro
waveguide 106 to the other waveguide 107 and never

right end of the waveguide 106. Also, when lighti

inthe reverse direction fromthe input-outputwave

the propagating lightis also supposedto be all co
theonewaveguide107totheotherwaveguide106an

the left end of the waveguide 107. However, in the
circuitfabrication,thewaveguidesizeandthelik

some extent from those in the design. For thisrea
isapossibilitythatpartofthe propagatinglight

the right end of the waveguide 106 or the left end
waveguide 107 as unwanted noise light.

[0058] Insuchacase,thenoiselightisreflected
rightend ofthewaveguide 106 orthe leftend oft

107 and returns to the input-output waveguide 101 o
input-output waveguide 110, from which the light ha
inputted. Thisresultsinapossibility thatther

characteristic of the polarization rotator might be
deteriorated.

[0059] To avoid the above problem of deterioration
returnloss characteristic, itis preferable to fur

waveguide structure and an optical termination or r
structureatatleastoneoftherightendofthew

and the left end of the waveguide 107.

[0060] Fig. 7 is a view showing an example of optic
radiationstructuresapplicabletothepolarization

the present invention. Fig. 7 only illustrates str
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added to the two waveguides 106, 107 of the asymmet
directional coupler 113, showninFig. 1. Tapered
161,162formedofsiliconribwaveguideswithnoc
arenewlyaddedattheendsofthetwowaveguidesl

the length of each tapered waveguide 161, 162 is 20

the core width of its tip is 0.15
tipofeachtaperedwaveguideissuchthatpartof
is cut off. Noise lighttransferred from the waveg

107 is inputted into and propagates through the res
tapered waveguides 162, 161. However, as the taper
waveguides 161, 162 extend toward their tips, the t
waveguides 161, 162 weaken their optical confinemen
therebygraduallyradiateandattenuatethelight.
noiselightwillnotbereflectedandreturntothe

waveguides 101, 110.

[0061] Thus, inthe above optical radiation structu
tapered waveguide is connected to at least one of 0
the widerwaveguide of the asymmetric directional ¢
oneendofthenarrowerwaveguideoftheasymmetric
coupler, andthe tapered waveguide gradually narrow
tip cut off.
[0062]
assumesthatthe TM-polarizedbasicmodelight111
from the input-output waveguide 101. In a case whe
TE-polarizedbasicmodelightisinputtedfromthe

waveguide 101, the TE-polarized basic mode light pr

through the polarization converter 104 while remain
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TE-polarizedbasicmodelight. Further,atthemod econverter
113,thepropagatinglightpropagatesthroughthew aveguidel06
whileremainingasTE-polarizedbasicmodelight,a ndishardly
coupledtothe waveguide 107. Then, the polarizati onrotator
of the present invention can also function as a pol arization
splitter with an input-output waveguide newly added toFig.1
onalineextendingfromthewaveguide1060ofthem odeconverter
113.

[0063] Fig. 8 is a view showing a waveguide structu re
capable of adding a polarization splitting function to the
polarization rotator of the present invention. Fig . 8 shows
an additional waveguide structure, along with part of Fig. 1,
connected to the right side of the waveguide 106 of the
asymmetricdirectionalcouplerl113,orthemodecon vertershown
in Fig. 1, to add the polarization splitting functi on. An
intermediate waveguide 171 formed of a rib waveguid e with no
center portion, a rib-channel conversion waveguide 172,173,
and aninput-output waveguide 174 are connectedin thisorder
on alined extending from the waveguide 106 of the asymmetric
directionalcouplerl13. Therib-channelconversio nwaveguide
includes a section 172 varying the core width of th e center
portionoftheribwaveguide,andasection173con vertingthe
waveguide structure into a channel structure. Also , the
input-output waveguide 174 is formed of a channel w aveguide
including a rectangular core.

[0064] More specifically, theintermediate waveguid el7l
isataperedwaveguide havingalengthof15 pmandcorewidths
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varyingfrom2.0 pmtol.2  pm. Thelengthofthewaveguide172

of the rib-channel conversion waveguide is 200 pm, the core
width of its center portion varies from 0.15 pumto0.5  pm,and
the core width of its peripheral portions is fixed atl1.2 um.
The length of the rib-channel conversion waveguide 173is 50
pum, the core width of its center portion is fixed at 0.5 pm,
and the core width of its peripheral portions varie sfrom1.0
umto0.5  um. Thecorewidthoftheinput-outputwaveguide 17 4
is 0.5 pm.

[0065] Inthepolarizationrotatorinthisembodime ntwith
the waveguide structure shown in Fig. 8 added there to,
TM-polarized basic mode light inputted from the inp ut-output
waveguide 101 in Fig. 1 passes through the polariza tion
converter and the mode converter to be converted in to
TE-polarized basic mode light 176 and is outputted from the
input-outputwaveguide110(polarizationconversion function).
Atthe sametime, TE-polarized basic mode lightinp utted from
theinput-outputwaveguide101passesthroughthep olarization
converter and the mode converter butis not convert ed,andis
outputted as TE-polarized basic mode light 175 from the
input-outputwaveguide 174 (polarizationsplitting function).
Inotherwords, thefunction ofapolarizationrota torandthe
function of a polarization splitter can be implemen ted atthe
same time.

[0066] The circuit in this embodiment is bidirectio nal.
Thus, the TE-polarized basic mode light 176 inputte din the
reverse direction from the input-output waveguide 1 10 is
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convertedintoaTM-polarizedbasicmodeandoutput
input-outputwaveguide101. Also,theTE-polarized
light 175 inputted in the reverse direction from th
input-outputwaveguide 174 isoutputtedintothein
waveguide 101 as is. In other words, the function
polarization rotator and the function of a polariza
combiner can be implemented at the same time.
[0067] Asdescribedaboveindetail withthepolar
converter of the present invention, it is possible
polarization converter from only a silicon waveguid
havingtoinclude asiliconnitride layerorasili
component as in the conventional techniques. Since
no need for an additional process for a silicon nit
or the like, the problem of increase in fabrication
theproblemofcomplicationofthefabricationequi
occur.
[0068] [Second Embodiment]

Apolarization rotator accordingto asecond embod
of the presentinvention will be described. The st
the polarization rotator in this embodiment is subs
thesameasthefirstembodimentbutdifferstheref
rib waveguides are employed as the input-output wav
The polarization rotator of the presentinvention c

not only case where the input-output waveguides are

waveguides but also cases where various input-outpu

waveguides.

[0069] Fig. 9is a view showing the configuration o
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polarization rotator in the second embodiment of th e present

invention. The configuration of the polarization r otator in
thisembodimentisexactlythe sameasthe configur ationshown
inFig.1fromtherib-channelconversionwaveguide 103,which
variesthecorewidth,totherib-channelconversio nwaveguide
108, whichvariesthe corewidth,anddescriptiont hereofwill
be omitted. In the polarization rotator in this em bodiment,
input-outputwaveguides181,184areformedofrib waveguides.
Forthisreason, anintermediate waveguide 182form edofarib
waveguide is provided between the input-output wave guide 181
and the rib-channel conversion waveguide 103. Simi larly, an
intermediatewaveguidel83formedofaribwaveguid eisprovided
between the input-output waveguide 184 and the rib- channel

conversion waveguide 108.

[0070] The core width of the center of each input-o utput
waveguidel81,184is0.5 pm,andthecorewidthofitsperipheral

portionsis 2.5 pum. The length of the intermediate waveguide

182is 50 pum, the core width of its center is 0.5 pum, and the
corewidthofitsperipheralportionsvariesfrom2 .5 pumto0.9
pum. The length of the other intermediate waveguide 183is50
pm, the core width of its centeris 0.5 pm, and the core width

of its peripheral portions varies from 0.8 pumto2.5  um. The
corethicknessofthe centerportion ofeachofthe waveguides
181 to 182 and the waveguides 183 to 184 is 0.22 pum, and the
core thickness of its peripheral portions is 0.06 pm.

[0071] In the polarization rotator in this embodime nt,
TM-polarizedbasicmodelight185inputtedintothe circuitfrom
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the input-output waveguide 181 s
polarizationconverter 104throughtheintermediate
182tobeconvertedintoTE-polarizedlstordermod
outputfromthepolarizationconverter104isinput
waveguidelO6oftheasymmetricdirectionalcoupler
converter 113, through the intermediate waveguide 1
convertedinto TE-polarizedbasicmodelight,andi

from the waveguide 107. The converted light is out
TE-polarized basic mode light 186 from the input-ou
waveguide 184 through the intermediate waveguide 18
polarization rotator in this embodiment is bidirect
Thus, inacasewhere the TE-polarized basic model
inputted in the reverse direction from the input-ou
waveguide 184, itpassesthrough pathsthatarethe
thepathsmentionedabove,andtheTM-polarizedbas

185 is outputted into the input-output waveguide 18
[0072] As described above, the polarization rotator
this embodiment handles the case where the input-ou
waveguides are rib waveguides, and implements a fun
similar to the polarization rotators of the convent
techniques. The polarization converter of the pres
invention includes only a silicon waveguide and nee
additional process for a silicon nitride layer or t
Moreover, the polarization converter in this embodi
alsoemploythestructurethatpreventsdeteriorati

loss characteristic, described in the first embodim

reference to Fig. 7, and the structure that impleme
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functionofapolarizationsplitterorcombinerat
described in the first embodiment with reference to

[0073] As for the mode converters 113 in the above

embodiment and second embodiment, design parameters

asymmetricdirectional coupler, formed ofribwaveg
described by taking specific values as an example.
thepolarizationrotatorofthepresentinventioni
to these parameters. The widths of the two wavegui
determined by the thicknesses of the waveguide core
refractive index of the material of each of the ove
and the under cladding. Thus, the design parameter
asymmetric directional coupler only need to be set
the effective refractive index of the TE-polarized
atthenarrowerwaveguidelO7andtheeffectiveref
ofthe TE-polarized 1st order mode at the wider wav
are close in value.
[0074] [Third Embodiment]

A configuration and operation in still another, th
embodimentofthepolarizationrotatoroftheprese
will be described. The polarization converter in t
embodimentgreatly differs fromthe firstembodimen
Fig. 1 in the configuration of the mode converter.
configurations of the input-output waveguides, whic
channelwaveguides, and the configurations of the p
circuit configured to perform polarization conversi
similar to the first embodiment.

[0075] Fig. 10isaview showingthe configuration
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polarization rotator in the third embodiment of the
invention. Itisaviewofadevice'ssurfacewher
isformed. A polarization converter 204 and a mode
215 perform main operation in polarization rotation
TM-polarizedbasicmodelight213inputtedfroman

waveguide 201 attheleftendofthefigureisconv

polarization converter of the present invention int
TE-polarized 1storder mode light 214 and then outp

an input-output waveguide 212 at the right end. Th
polarizationconverter204isformedofasiliconr

including a center portion with a relatively thick

peripheral portions with relatively thin cores, and
taperedwaveguidethatthecorewidthoftheperiph

gradually increases from wl to w2. The configurati
polarization converter 204 is similar to the first

embodiments.

[0076] Themodeconverter215includesanopticals
206 and rib-channel conversion waveguides 207, 208
siliconribwaveguides,rib-channelconversionwave
208,adelaycircuit209,210formedofchannelwav
anopticalcoupler211formedofachannelwaveguid
converter 215 is configured to convert the TE-polar
order mode light inputted into the optical splitter
theleftsideinthefigureinto TE-polarized basic

and output it from the right side of the optical co
Thus,themodeconverterincludesanopticalsplitt

connected to the polarization converter, a delay ci
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including two waveguides, and an optical coupler.

[0077] The polarization converter 204 and the mode

converter 215 are connected by anintermediate wave guide 205.
In this embodiment, the intermediate waveguide 205 is formed
of a silicon rib waveguide with no center portion, andis a
tapered waveguide smoothing connecting the polariza tion
converter 204 and the optical splitter 206. Thein put-output
waveguides 201, 212 are provided at the opposite en ds of the
whole polarization rotator and are each formed of a channel
waveguide including a rectangular core. A rib-chan nel
conversion waveguide 202, 203 is provided between t he
input-outputwaveguide20landthepolarizationcon verter204.
The rib-channel conversion waveguide includes a sec tion 202
converting the waveguide structure from a channel s tructure
intoarib structure, andasection 203 varyingthe corewidth
ofthe center portion ofthe ribwaveguide. Thele ngthofthe
polarizationconverter204is50 um,thecorewidthofitscenter
portionis0.15 pum,andthecorewidthofitsperipheralportions

iswl =09 pmtow2 =18 pum.

[0078] Inthemodeconverter215,thelengthofthe optical
splitter206is 200 pm. Theoptical splitter 206 includestwo

portions with relatively thick cores. Each ofthes e portions
is formed in such a tapered structure that the core width
increases from 0.15 pum to 0.5 um. The gap between the two
taperedstructuresis1.15 pm. Moreover, peripheral portions

of the optical splitter 206 with relatively thin co reshavea
corewidthof2.3 pum. Thelengthofeachrib-channelconversion
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waveguide 207, 208 is 50 um, and the core width of its center

portion s fixed at 0.5 pum. Further, the peripheral portions
ofeachrib-channelconversionwaveguide 207,208i sformedin
such a tapered structure that the core width varies from 1.0

pm to 0.5 pm.

[0079] Inthe mode converter 215, the delay circuit 2009,
210isdesigned suchthatthe waveguide 209islong erthanthe
waveguide 210 by 0.314 um. The optical coupler 211 here is
implemented by a multi-mode interference circuit (M MlI). The
lengthandwidthoftheMMIlare3.5 pmand2.0  um,respectively,
and the gap between the portions of the waveguides 209, 210
connected to the MMI is 1.0 pm. Also, the input-output

waveguide 212 is connected to the center of the MMI

[0080] Thelengthoftheintermediatewaveguide 205 is15
pm. The width of each input-output waveguide 201, 2 12is0.5
pm. In the rib-channel conversion waveguide 202, 20 3, the
lengthofthewaveguide202is50 pum,thecorewidthofitscenter
portionis0.5 um,andthecorewidthofitsperipheralportions

variesfrom0.5 pumto0.9  pm,whilethelengthofthewaveguide

203is200 pm, the corewidthofits centerportionvariesfrom

0.5 pmto0.15 pm,andthecorewidthofitsperipheralportions

is 1.0 pm.

[0081] Fig. 11 is a view showing a cross-sectional

structure taken along line XI-XI on one of the inpu t-output

waveguides in the top view in Fig. 10. An under cl adding 222
made of silica glass is provided on a silicon subst rate 223.

Acore 201 ofthe channelwaveguide made of silicon iscreated
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ontheundercladding222. Further,anovercladdi
of silicaglassis provided in suchaway asto cov
201. The core thickness of the waveguide 201 is 0.
thicknessoftheovercladding221is1.5

of the under cladding 222 is 2 pm.
[0082] Fig. 12 is a view showing a cross-sectional
structure taken along line XIlI-XIl on the polarizat
converter in the top view in Fig. 10. An under cla

made of silica glass is provided on a silicon subst
Acenter-portioncore 204aand peripheral-portionc

204c of the rib waveguide made of silicon are creat

under cladding 232. Further, an over cladding 231
silicaglass is provided in such a way as to cover

The core thickness of the center portion 204ais 0.

core thickness of the peripheral portions 204b, 204

pm, the thickness of the over cladding 231 is 1.5

thickness of the under cladding 232 is 2 pm.
[0083] Fig. 13 is a view showing a cross-sectional
structure taken along line XIII-XIIl on the mode co
thetopviewinFig. 10. Anundercladding 242 mad

glass is provided on a silicon substrate 243. Thic
portions206a,206bandthinperipheralcores206c,

of the rib waveguide made of silicon are created on

cladding 242. Further, an over cladding 241 made o
glassisprovidedinsuchawayastocoverallthe

core thickness of the thick core portions 206a, 206

pum,thecorethicknessoftheperipheralcores206c,
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is 0.06 pm, the thickness of the over cladding 241is 1.5

and the thickness of the under cladding 242 is 2
[0084] The polarization converter 204 inthisembod

isdesignedsimilarlytothe polarizationconverter
firstembodiment;thecorewidthwlonthenarrower

pm, and the core width w2 on the wider side is 1.8

case where TM-polarized basic mode lightis inputte
polarization converter 204 from the left side in Fi
propagating optical waveis convertedintoa TE-pol
ordermodebythegradualincreaseincorewidthfr

and is outfitted from the right side of the polariz
converter 204.

[0085] At the mode converter 215, the TE-polarized
order mode lightinputted fromthe polarization con

into the optical splitter 206 is split into two bea
TE-polarized basic mode light having the same inten

two beams of TE-polarized basic mode light are inpu

the delay circuit 209, 210through therib-channel
waveguides 207, 208, respectively. At this point,
thattheusedcentralwavelengthofthepolarizatio
inthisembodimentis1.55
wavelength is present between the two beams of TE-p
basic mode light. Further, as the two beams of TE-
basicmodelightpassthroughthedelaycircuit209
of1/2ofthewavelengthisadded. Hence,thephas
betweenthetwobeamsof TE-polarizedbasicmodeli

when they are inputted into the optical coupler 211
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beams of TE-polarized basic mode light in phase are combined

at the optical coupler 211 and outputted as a beam of
TE-polarized basic mode lightfromthe input-output waveguide
212.

[0086] As in the other embodiments, the polarizatio n
rotator in this embodiment s also bidirectional. Thus,ina
casewhereTE-polarizedbasicmodelight214isinp uttedinthe
reverse direction from the input-output waveguide 2 12, it
passesthroughpathsthatarethereverseofthepa thsmentioned
above, and the TM-polarized basic mode light213is outputted

into the input-output waveguide 201.

[0087] Inthepolarizationrotatorinthisembodime nt,in
acasewhereTE-polarizedbasicmodelightisinput tedfromthe
input-outputwaveguide 201, the TE-polarized basic mode light
propagates through the polarization converter 204 w hile
remaining as TE-polarized basic mode light. Furthe r, atthe
opticalsplitter206,theTE-polarizedbasicmodel ightissplit
intotwobeamsofTE-polarizedbasicmodelighthav ingthesame
intensity, but no phase difference is present betwe enthetwo

beams of TE-polarized basic mode light.

[0088] Then,thedelayaddedatthedelaycircuit2 09,210
maybesetatl/4oftheusedcentralwavelength,a ndtheoptical
coupler 211 may be changed to a two-input two-outpu tMMIL. In
this way, TM-polarized basic mode light inputted in to the
polarizationrotatorinthechangedembodimentisr otatedinto
TE-polarized basic mode light and outputted from on e of the
outputsofthe MMI. Atthe sametime, TE-polarized basicmode
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light inputted into the polarization rotator in the
embodiment remains as TE-polarized basic mode light
outputted from the other output of the MMI. In oth

by slightly modifying the polarization rotator in F
polarization rotator and a polarization splitter ca
implemented at the same time as well.

[0089] As described above, the polarization rotator

this embodiment can also implement functions such a

polarization  rotation,  polarization  splitting, and
polarizationcombinationsimilarthe polarizationr

the conventional techniques. On the other hand, th
polarization converter ofthe presentinventioninc

a silicon waveguide and needs no additional process
silicon nitride layer or the like as in the polariz
rotatorsoftheconventionaltechniques. Itisnee

that the polarization converter in this embodiment
employthestructurethatpreventsdeteriorationin
characteristic, described in the first embodiment w
reference to Fig. 7.

[0090] As forthe mode converter 215 of the polariz
rotator in this embodiment, design parameters of th
splitter206 andthe delay circuit209 are describe
specificvaluesasanexample. However,theparame

limited to these values. Further, the optical coup
described by taking an MMI as an example. However,
circuits configured to implement optical combinatio

a Y-branch circuit are applicable to the present in
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[0091] [Fourth Embodiment]

A configuration and operation in still another, fo
embodimentofthepolarizationrotatoroftheprese
willbedescribed. Thisembodimentdiffersfromth
embodimentsintheconfigurationsofthemodeconve
intermediate waveguide connecting the polarization
and the mode converter.

[0092] Fig. 14isaview showingthe configuration
polarization rotator in the fourth embodiment of th

invention. Itisaviewofadevice'ssurfacewher

isformed. A polarization converter 304 and a mode

314 perform main operation in polarization rotation
TM-polarizedbasicmodelight31linputtedfroman

waveguide 301 attheleftendofthefigureisconv

polarization converter of the present invention int
TE-polarized 1storder mode light 312 and then outp

an input-output waveguide 310 at the right end. Th
polarizationconverter304isformedofasiliconr

including a center portion with a relatively thick

peripheral portions with relatively thin cores, and
taperedwaveguidethatthecorewidthoftheperiph

increases from w1l to w2.

urth
ntinvention
eforegoing
rterandthe

converter

ofthe
e present
ethecircuit

converter

input-output

ertedbythe

utted from

ibwaveguide
core and
issucha

eralportions

[0093] The mode converter 314 includes an asymmetri

directionalcoupler308,309includingtwowaveguid
in width and each formed of a silicon channel waveg
modeconverterisconfiguredtoconvertTE-polarize

mode light inputted into ones of its waveguides, na
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waveguide 308, fromtheleftsideinFig. 14into T
basicmodelightandoutputitfromtherightside
waveguide 309.

[0094]
intermediate waveguide 313 connecting the polarizat
converter 304 and the mode converter 314 is a chara
difference from the other embodiments. In the inte
waveguide 313, three types of waveguides 305, 306,
connected in this order. The waveguide 305 is form
siliconribwaveguide withno center portion,andi

waveguide smoothly connecting the polarization conv

and the following intermediate waveguide 306.
intermediate waveguides 306,307 are arib-channel
waveguideandincludeawaveguide section 306 varyi
width of each center portion of the rib waveguide,
waveguide section 307 converting the waveguide stru

a rib structure to a channel structure.

[0095]
includestheasymmetricdirectionalcoupler308,30
twowaveguidesdifferinginwidth;thetwowaveguid
inwidthare siliconchannelwaveguides; ofthetwo

differing in width, the wider waveguide 308 has one
optically connected to the polarization converter 3
intermediate waveguide 313; the intermediate wavegu
includesthe siliconrib waveguide 306 including tw

with relatively thick cores and peripheral portions

relatively thin cores; and each of the portions wit
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relatively thick cores has a tapered structure.

[0096] The input-output waveguides 301, 310, formed of
channel waveguides including rectangular cores, are provided
at the opposite ends of the whole polarization conv erter. A
rib-channelconversionwaveguide 302, 303is provid edbetween
theinput-outputwaveguide 301 and the polarization converter
304, the rib-channel conversion waveguide 302, 303 smoothly
connectingtheinput-outputwaveguide30landthep olarization
converter 304. Specifically, the rib-channel conve rsion
waveguide302,303includesawaveguidesection302 converting
the waveguide structure from a channel structure in toarib
structure, and awaveguide section 303 varying the core width

of the center portion of the rib waveguide.

[0097] Thelengthofthe polarizationconverter 304 is50
pum, the core width of its center portion is 0.15 um, and the
core width of its peripheral portions is w1l =09 pmtow2 =
1.8 pm.

[0098] The widths of the one waveguide 308 and the other
waveguide309,formingtheasymmetricdirectionalc oupler314,
orthemodeconverter,arel.0 umand0.5  pm,respectively,and
theirlengthsareboth20 pm. Thegapbetweenthetwowaveguides

is 0.4 pm.

[0099] In the intermediate waveguide 313, the lengt h of
thewaveguide305is15 pm,andthecorewidthofitsperipheral

portion varies from 1.8 pm to 1.0 pm. Also, as for the
rib-channel conversion waveguide 306, 307, the leng th of the
waveguide section 306 is 200 pm. The waveguide section 306
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includestwoportionswithrelativelythickcores, eachofwhich
has such a tapered structure that the core width va ries from

0.15 pmto0.485 um. Thegapbetweenthetwotaperedstructures

is0.5 um. The peripheral portions also have such a tapere d
structurethatthecorewidthvariesfrom1.0 pmto2.5 um. The
length of the waveguide section 307 is 50 pm, the core width

of its center portion is fixed at 1.0 pm, and the core width

of its peripheral portions varies from 2.5 pm to 1.0 pm.
[0100] Thewidthofeachinput-outputwaveguides30 1,310

iIs0.5  pm. As for the rib-channel conversion waveguide 302 :

303,thelengthofthewaveguide section302is50 um, thecore
width of its center portion is 0.5 pm, and the core width of

its peripheral portions varies from 0.5 pumto1.0  um;andthe
length of the waveguide section 303 is 200 pum, the core width

of its center portion varies from 0.5 pm to 0.15 pm, and the
core width of its peripheral portions is 1.0 pm.

[0101] Fig. 15 is a view showing a cross-sectional

structure taken along line XV-XV on one of the inpu t-output
waveguides in the top view in Fig. 14. An under cl adding 322
made of silica glass is provided on a silicon subst rate 323.
Acore 301 ofthe channelwaveguide made of silicon iscreated
onthe under cladding 322. Further an over claddin g 321 made
of silicaglassis providedinsuchaway asto cov erthecore
301. The core thickness of the waveguide 301 is 0. 22 pm,the
thicknessoftheovercladding321is1.5 pm,andthethickness

of the under cladding 322 is 2 pm.

[0102] Fig. 16 is a view showing a cross-sectional
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structure taken along line XVI-XVI on the polarizat ion

converter in the top view in Fig. 14. An under cla dding 332
made of silica glass is provided on a silicon subst rate 333.
Acenter-portion core 304aand peripheral-portionc ores304b,
304c of the rib waveguide made of silicon are creat ed on the
under cladding 332. Further, an over cladding 331 made of
silica glass is provided in such a way as to cover each core.
The core thickness of the center portion 304ais 0. 22 um,the
core thickness of the peripheral portions 304b, 304 cis0.06
pm, the thickness of the over cladding 331 is 1.5 pm, and the
thickness of the under cladding 332 is 2 pm.

[0103] Fig. 17 is a view showing a cross-sectional

structure taken along line XVII-XVII on the interme diate
waveguide in the top view in Fig. 14. An under cla dding 342
made of silica glass is provided on a silicon subst rate 343.
Thick core portions 306a, 306b and peripheral-porti on cores
306¢, 306d, 306e of the rib waveguides made of sili con are
created on the under cladding 342. Further, an ove rcladding
341 made of silicaglassis providedin suchaway astocover
allthe cores. The core thickness of the thick cor e portions
306a, 306b is 0.22 um, the core thickness of the
peripheral-portion cores 306c¢, 306d, 306e is 0.06 pum, the
thicknessoftheovercladding341is1.5 pum,andthethickness

of the under cladding 342 is 2 pm.

[0104] Fig. 18 is a view showing a cross-sectional

structure taken along line XVII-XVIII on the asymm etric
directional coupler in the top view in Fig. 14. An under
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cladding 352 made of silica glass is provided on a
substrate 353. Cores 308, 309 of the channel waveg
ofsiliconare created onthe undercladding 352.

over cladding 351 made of silica glass is provided
wayastocovereachcore. Thecorethicknessoft
308,309is0.22
1.5 um, and the thickness of the under cladding 352 is 2
[0105] The polarization converter 304 inthisembod
isdesignedsimilarlytothe polarizationconverter
firstembodiment;thecorewidthwlonthenarrower

pm, and the core width w2 on the wider side is 1.8

case where the TM-polarized basic mode light 311 is
intothe polarization converter 304 fromthelefts

14, the propagating optical wave is converted into
TE-polarized 1st order mode by the gradual increase
width from w1l to w2, and is outfitted from the righ

the polarization converter 304. The TE-polarized 1

mode light after the conversion is inputted into th
converter through the intermediate waveguide 313.

[0106] Intheasymmetricdirectionalcoupler308,3
themodeconverter,thecorewidthofeachoftheo

308 and the other waveguide 309 is designed such th
effective refractive index ofthe TE-polarized 1st
atthewaveguide 308 andthe effectiverefractivei
TE-polarizedbasicmodeatthewaveguide309aresu

equal. In this way, the TE-polarized 1st order mod

inputted into the one waveguide 308 is coupled to t
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TE-polarized basic mode at the other waveguide 309,

TE-polarized basic mode lightis outputted fromthe
309. The converted light is outputted from the inp
waveguide 310 as TE-polarized basic mode light 312.

[0107] Therib-channel conversionwaveguides 306, 3

the intermediate waveguide 313 are designed such th

TE-polarized 1storder mode light inputted from 305

a rib waveguide with no center portion, is inputted

channel waveguide 308 of the asymmetric directional

while remaining as TE-polarized 1st order mode ligh
Asintheotherembodiments,the polarizationrota

thisembodimentis also bidirectional. Thus,ina

theTE-polarizedbasicmodelight312isinputtedi

direction from the input-output waveguide 310, it p

throughpathsthatarethereverseofthepathsmen

andtheTM-polarizedbasicmodelight311lisoutput

input-output waveguide 301.

[0108] The polarization rotator in this embodiment

also implement functions such as polarization rotat

polarization splitting, and polarization combinatio

to the polarization rotators of the conventional te

On the other hand, the polarization converter of th

invention includes only a silicon waveguide and nee

additional process for a silicon nitride layer ort

in the polarization rotators of the conventional te

The polarization converterinthisembodimentcana

the structure that prevents deterioration in return
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characteristic, described in the first embodiment w

reference to Fig. 7, and the structure that impleme
functionofapolarizationsplitterorcombinerat

described in the first embodiment with reference to

[0109] As for the mode converter of the polarizatio

rotator in the above fourth embodiment, design para

the asymmetric directional coupler, formed of chann

waveguides, are described as specific values. Howe

parameters are notlimited to these values. Requir
thewidthsofthetwowaveguides308,309aredeter
thicknessesofthewaveguide coresandtherefracti

thematerialofeachoftheovercladdingandtheu

The design parameters of the asymmetric directional

only need to be set such that the effective refract
of the TE-polarized basic mode at the narrower wave

andtheeffectiverefractiveindexoftheTE-polari

mode at the wider waveguide 308 are close in value.

[0110] The polarization converter in each of the ab

embodiments has been described such thatsilicagla
as the material of the over cladding and the under
However,thematerialisnotlimitedonlytosilica

over cladding and the under cladding only needto b
a material lower in refractive index than silicon.
[0111] Also, asforthepolarizationconverterine
the above embodiments, specific numerical
exemplarily given as the thicknesses of the over cl

the under cladding. However, the thicknessesaren
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to these numerical values. The over cladding and t
claddingonlyneedtobeasthickasorthickertha

[0112] Further,asforthepolarizationconverteri
oftheaboveembodiments,specificvaluesareexemp

as design parameters of the silicon waveguide. How
parametersare notlimitedtothesevalues. Theco

the peripheral portions of the silicon waveguide th
conversion between TM basic mode lightand TE 1sto
light is determined by the thickness and width of t
center-portion core, the thickness of the periphera
cores,therefractiveindexofthe materialofeach
cladding and the under cladding, and the like. The
widthsw1, w2 ofthe opposite ends of the taperedw
each polarization converter 104, 204, 304 only need

to cover as much as possible the range of change in
width within which polarization conversion occurs.
[0113] Also, for efficient polarization conversion,
widthofthecenter-portioncoreofeachpolarizati
104,204,304ispreferablysettobesmalltoprov

with such large vertical asymmetry that the optical

be sufficientlyinfluenced. Inviewofthis, thew
center-portion core is preferably less than or equa
thethicknessofthecenter-portioncore. Ineach
embodiments,thethicknessandcorewidthofthece

core ofthewaveguide ofthe polarization converter

he under
nthecores.
neach
larilygiven
ever, the
rewidth of
at causes
rder mode
he
[-portion
oftheover
waveguide
aveguide at
to be set

waveguide

the
onconverter
ideastructure
wave can
idthofthe
[totwice
oftheabove
nter-portion

aresetat

0.22 pmand0.15 pm, respectively and well satisfy the above

requirement that the width of the center-portion co
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thanorequaltotwicethethicknessofthecenter-
Meanwhile,thethicknessoftheperipheral-portion

rib waveguide is not limited to the value in the em
However, if the thickness of the peripheral-portion

near the thickness of the center-portion core, ther
possibilitythatanunwantedhighmodehigherthan

mode might occur and deteriorate the polarization ¢
characteristic. Thus, in view of suppressing the h

mode, the thickness of the peripheral-portion cores
preferablysettobelessthanorequalto1/3oft

of the center-portion core.

[0114] Each ofthe first, second, and fourthembodi
has shown an example utilizing an asymmetric direct
couplerasamodeconverter,andthethirdembodime

an example utilizing an interference circuit includ
opticalsplitter,adelaycircuit,andanopticalc

is generally possible to utilize an adiabatic conve

mode converter, but the size of the circuittends t
toaboutseveralhundred
length of an asymmetric directional coupler or inte
circuitformed of silicon waveguides is only about

to severaltens
an asymmetric directional coupler or an interferenc
ispreferablyutilized, asdiscussedintheembodim
present invention.

[0115] Also,forthepolarizationconverterineach

above embodiments, in view of connectivity to other

-B53-
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the input-output waveguide is a single-mode wavegui de or

optically connected to a single-mode waveguide. Th e
requirements for a silicon waveguide to be a single -mode
waveguide differ depending on the refractive index of the
material of each of the over cladding and the under cladding.
However,inacaseofusingsilicaforthecladding s,whichhas
been mostcommonly, the cross-sectional area ofthe waveguide
core needs to be approximately less than or equal t 00.2 pnf
ifthewaveguideisachannelwaveguide,andthecr oss-sectional
areaofthecenterportion(thickcoreregion)oft hewaveguide
core needs to be approximately less than or equal t 00.2 unf

if the waveguide is a rib waveguide.

[0116] Asdescribedaboveindetail withthepolar ization
converter of the presentinvention, itis possible to provide

a polarization rotator that includes only silicon w aveguides
andneedsnoadditional processforasiliconnitri delayeror
the like.

[0117] In the following, description will be given of
embodiments as otherinstances of the polarization rotator of
thepresentinventionineachofwhichthepolariza tionrotator
has a configuration more simplified from a differen tpoint of
viewandcanalsoallowmorerelaxedfabricationto leranceand
reducetheentirecircuitength. Eachoftheabov eembodiments
includes the configuration in which the width of a tapered
waveguidereaches0.15 umorthecorewidthofthecenterportion
ofthepolarizationconverter. Here theinfluence ofthewidth

of the tapered waveguide on circuit characteristics is
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sufficientlysmallandisnotproblematicinviewo ftolerable

fabrication errors (tolerance).

[0118] In contrast, a variation in the gap between the
waveguides of the directional coupler greatly influ ences
circuit characteristics. The asymmetric directiona [ coupler

of the polarization rotator described as a conventi onal
techniqueincludesaconfigurationinwhichthegap betweenits
waveguidesreaches0.15 pm. Suchavariationinthegapbetween

the waveguides of the asymmetric directional couple r greatly
influences the circuit characteristics and has thus been

problematic in view of tolerable fabrication errors

(tolerance).

[0119] [Fifth Embodiment]

A polarization rotator in a fifth embodiment of th e
presentinventionwillbedescribedbelowwithrefe rencetoFigs.
19to 21. The fifthembodimentand the following e mbodiments
will present configuration examples using no direct ional

coupler at a polarization converter and various new

configuration examples using a directional coupler with a
relativelylargegapbetweenitswaveguidesandfoc usingonthe
configuration of the mode converter atthe second p artofthe

polarization rotator.

[0120] [Configuration of Polarization Rotator]

Fig.19isaview showingaconfigurationexample ofthe
polarization rotator in this embodiment. At a pola rization
converterl102inthisembodimentinFig.19,TM-po larizedbasic
modelightinputtedfromtheleftsideinthefigur eisconverted
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into TE-polarized 1stordermodelight,and outputt edfromthe

right side in the figure.

[0121] The polarization converter 1102 is formed of a
silicon rib waveguide including a center portion wi th athick
core and peripheral portions with thin cores. The core width
ofthewaveguideatthecenterportionis0.5 um. Thecorewidth

of the waveguide at the peripheral portions is wl t o w2.
[0122] Amodeconverterisformedof:adelaycircu it1103,
1104formedofchannelwaveguides;andanopticalc oupler1105
formedofachannelwaveguide. TheTE-polarizedls tordermode
light outputted from the polarization converter 110 2 is
inputted into each partofthe delay circuit 1103, 1104 ofthe
mode converter. Indoing so, the TE-polarized 1st order mode
lightissplitintotwoTE-polarizedbasicmodesha vingmutually
opposite phases. At the mode converter, the optica | coupler
1105 converts the two split TE-polarized basic mode sintoone
beam of TE-polarized basic mode light and outputs i t.

[0123] The length of the polarization converter 110 2is
30 um, the width w1l of the thick core atthe center por tionis
0.5 pm, andthe width w2 of the thin cores on the sides ofthe
thick core is 1.5 pm.

[0124] Thelengthofeachpartofthe delay circuit 1103,

1104 is 100 um. The length and width of the optical coupler
1105are3.5 pmand2.1  pm,respectively. Thethicknessofeach

waveguide 1103, 1104 ofthe delay circuitis 0.22 pm, and each
waveguide1103,1104ofthedelaycircuitisformed ofachannel
waveguide.
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[0125] Note that that the waveguide 1103 of the del ay

circuit is set to be longer than the other waveguid e 1104 by
0.314 pum. Aswillbedescribedlater,thelongerwaveguid el103
of the delay circuit causes a delay, and will there fore be

referred to as the delay waveguide as well.

[0126] Fig. 20 is a view showing a cross section of the
polarization rotator taken along line XX-XX showni nFig. 19.
Anundercladding 1202 and anovercladding 1201 ar eformedon
asiliconsubstrate1203inthisorderfromthesub strate. Each

cladding 1201, 1202 is made of silica.

[0127] The corethicknessofawaveguide 1101is0. 22 pm,
the thickness of the over cladding 1201 is 1.5 pm, and the
thickness of the under cladding 1202 is 2 pm.

[0128] Fig. 21 is a view showing a cross section of the
polarizationrotatortakenalongline XXI-XXIshown inFig.19.
Notethatcomponents1102a,1211t01213inFig.21 correspond

to the waveguide 1101, the over cladding 1201, the under
cladding 1202, and the silicon substrate 1203 in Fi g. 20,

respectively.

[0129] An under cladding 1212 and an over cladding 1211
are formed on a silicon substrate 1213 in this orde rfromthe
substrate. Eachcladding1211,1212ismadeofsil ica. Inthe
polarization converter 1102, the core thickness of a center
portion 1102a is 0.22 pum, the core thickness of peripheral

portions 1102bis 0.15 pum, the thickness of the over cladding

1211is1.5 pm, and the thickness of the under cladding 1212
iS2  pm.
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[0130] Fig. 22 is a diagram explaining an example o
result of calculation of the effective refractive i
eigenmodesversusthecorewidthofachannelwaveg
afinite-difference method. Inthe example showni

the cross-sectional structure of the waveguide is s
thatshowninFig.20suchthatthecorematerialo
1101lisSiandthematerialofeachcladding1201,

Moreover, the effective refractive index is calcula
firstmodetoathirdmodewiththewaveguidewidth

varied.
[0131] Thefirstmode maintainsaTE-polarizedbasi
regardless of the core width.

[0132] The second mode and the third mode are such
when the waveguide width is smaller than 0.66

mode is a TM-polarized basic mode, and the third mo
TE-polarized 1st order mode. On the other hand, wh

waveguide width is larger than 0.66

TE-polarized 1st order mode, and the third mode is

TM-polarized basic mode.
[0133] Inopticalpropagationthroughataperedwav
whosecorewidth, orwaveguidewidth,graduallyinc

a width smaller than 0.66
light inputted as a TM-polarized basic mode propaga
remainingasaTM-polarizedbasicmode,whereaslig
asaTE-polarized 1stordermode propagateswhiler

a TE-polarized 1st order mode. Thisis because the

of a channel waveguide is symmetric in each of the
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directionandthewidthdirectionintermsofrefra

ctiveindex,

andaTE-polarized componentand a TM-polarized com ponentare
completely perpendicular.

[0134] In the case of a structure asymmetric in the

waveguide thickness direction as shown in NPL 2, th ereisno
perpendicularity between a TE-polarized component a nd a
TM-polarized component, and a hybrid mode in which the
TE-polarizedcomponentandtheTM-polarizedcompone ntaremixed
occurs ataround a certain core width (approximatel y0.7  pm).
Around this core width (0.7 pm), the effective refractive

indexes of the second mode and the third mode do no tcoincide
with each other.

[0135] By forming a tapered structure that is adiab atic
and gradually increases in core width from a width smallerto
some extent than the core width at which a hybrid m ode occurs
to awidth larger to some extent than the core widt h atwhich
thehybridmodeoccurs, lightinputtedasa TM-pola rizedbasic
modepropagatesthroughthetaperedwaveguidewhile maintaining
the second mode, and is outputted as a TE-polarized 1storder
mode. Thus, polarization conversion can be perform ed.

[0136] Fig. 23 is adiagram explaining an example o fthe
result of calculation of the effective refractive i ndexes of
eigenmodesversusthecorewidthoftheperipheral- portionsof
the rib waveguide near line XXI-XXI shown in Fig. 1 9 through
a finite-difference method. In the example of Fig. 23, the
cross-sectional structure ofthe waveguide is simil artothat
shown in Fig. 21, and the effective refractive inde X is
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calculatedforafirstmodetoathirdmodewithth ecorewidth

w2oftheperipheralportions1102bvaried. Notet hatthecore
width of the center portion 1102a is 0.5 pm.

[0137] Thefirstmode maintainsaTE-polarizedbasi cmode
regardless ofthe value ofthe core widthw2 of the peripheral
portions.

[0138] Ontheotherhand,withthevalueofthecor ewidth
w2 of the peripheral portions varied, the second mo de andthe
thirdmodearehybridmodes,inwhichaTE-polarize dcomponent
and a TM-polarized component are mixed, and the eff ective
refractiveindexesofthesecondmodeandthethird modedonot

coincide with each other.

[0139] Whenthevalueofthecorewidthw2ofthep eripheral
portionsis around 0.5 um, the second mode is substantially a
TM-polarized basic mode, and the third mode is subs tantially
aTE-polarizedlstordermode. Ontheotherhand, whenthevalue
ofw2isaround1.0 pum, the second mode switches substantially

toa TE-polarized 1storder mode, and the third mod e switches
substantially to a TM-polarized basic mode. Asdes cribed, as
in NPL 2, the rib waveguide in this embodiment also has a
structure asymmetric in the thickness direction. T hus, by
forming a tapered structure that, like the polariza tion
converter 1102 in Fig. 19, is adiabatic in the prop agation
direction and gradually increases inwaveguide widt htocover
the waveguide width (approximately 0.7 pm) at which a hybrid
mode occurs, light inputted as a TM-polarized basic mode
propagateswhile maintainingthesecondmode,andi soutputted
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as a TE-polarized 1st order mode.
conversion can be performed.

[0140]
calculation of the intensity ratio between the TE-p
componentandtheTM-polarizedcomponentfromther
calculationofthesecondmodeshowninFig.23. |
that,asthevalueofthecorewidthw?2oftheperi

increases, the intensity ratio of the TM-polarized
decreasesbuttheintensityratioofthe TE-polariz
increases,andthepolarizedcomponentsswitchfrom
[0141] Thecorewidthsw1 ,w2ofthepolarizationc
1102 are setto coveras muchaspossiblearangew
the polarized components of the second mode switch
other. Inthe example inthis embodiment, wl

=25
[0142]

pm.
Fig. 25 shows the result of calculation of t

intensity ration between the TE-polarized component

TM-polarized component of the second mode versus a

hofthethinperipheral-portion coresoftheribw

the polarization converter 1102, shown in Fig. 21.

[0143] Note that the width of the center-portion co

Thus, polarizati

on

Fig. 24 is a diagram showing the result of

olarized
esultofthe
tcanbeseen
pheralportions
component
edcomponent
eachother.
onverter
ithinwhich
from each

=0.5 pm,andw2

he
and the
thickness

aveguide of

reis

wl =0.5 pm, and the width of peripheral-portion cores is w2

=15
[0144]

um.

Asthethicknesshofthe peripheral-portion

increases, the TE-polarized component increases but

TM-polarized component decreases, and the TE-polari

componentandtheTM-polarizedcomponentswitchfro
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at around h = 0.06 pum.  Thus, the thickness of the

peripheral-portioncoresofthepolarizationconver ter1102is

set to be larger than or equal to 0.06 pm.

[0145] Fig. 26 shows the result of calculation of t he
intensityratiooftheTE-polarizedcomponentofth esecondmode
versus the width w2 of the peripheral-portion cores of the
polarization converter 1102 with the thickness h of the

peripheral-portion cores used as a parameter.

[0146] It can be seen that the larger the thickness h of
the peripheral-portion cores, the smaller the width w2 ofthe
peripheral-portion cores necessary to reverse the i ntensity
ratio betweenthe TE-polarized componentandthe TM -polarized
component. The larger the thickness h of the
peripheral-portion cores, the smaller the core widt h w2 with
which polarization conversion can be performed. Th en,ifthe

angles of spread of the tapered portions of the

peripheral-portioncoresofthepolarizationconver terl102are
setatthesameangle,thecircuitlengthcanbefu rtherreduced.
[0147] Fig. 27 is a diagram showing the result of

calculation of the intensity ratio between differen t mode
components contained in the light outputted from th e
polarization converter 1102 upon input of TM-polari zed basic
mode light, versus the thickness h of the periphera [-portion
cores of the polarization converter 1102. Fig. 27 shows the
result of calculation of the intensity ratio betwee n the
different mode components through a three-dimension al finite
difference time domain (FDTD) method and overlap in tegration
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of an eigenmode.

[0148] Asthecorethicknesshincreases,theTE-po larized
1storder mode componentdecreases butthe TM-polar ized basic
mode component increases, and the polarization conv ersion

efficiency decreases.

[0149] From the results of the calculations in Figs .26
and 27, the thickness of the peripheral-portion cor es of the
polarizationconverterl102inthepolarizationrot atorinthis
embodimentis setath =0.15 pumso that both a short circuit

length and high conversion efficiency can be achiev ed.
[0150] Also, in this embodiment, the width of the
peripheral-portioncoresofthepolarizationconver ter1102is

setatw?2 =1.6 umsothatthedelaycircuit1103,1104,orthe

mode converter, can be disposed.

[0151] Descriptionwillnowbegivenwithreference toFig.
19 again. In a case where TM-polarized basic mode light is
inputtedintothepolarizationconverter1102,the propagating
light is converted into a TE-polarized 1st order mo de by the
gradualincreaseincorewidthfromw1tow2,andt henoutputted.
[0152] Atthemodeconverter1103t01105,theTE-p olarized
1storder mode outputted fromthe polarization conv erter1102
isbranchedandinputtedintothewaveguides 1103, 1104 astwo
TE-polarized basic modes having mutually opposite p hases,
respectively. Atthispoint,thephaseoftheligh tpropagating
through the waveguide 1103 has adelay of 1/2 ofa wavelength
relative to the phase of the light propagating thro ugh the
waveguide 1104. However,the phasesofthetwobea msoflight
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coincide with each other after they propagate throu gh the

waveguides 1103, 1104.

[0153] The optical coupler 1105 is a multi-mode

interference waveguide (MMI). The optical coupler 1105
combinesthetwobeamsofTE-polarizedbasicmodel ighthaving
thesamephaseandinputtedfromthewaveguides110 3,1104into
onebeamofTE-polarizedbasicmodelight. Theopt icalcoupler
1105 then outputs the combined beam of basic mode | ightinto

an input-output waveguide 1106.

[0154] In the polarization rotator in this embodime nt,
TM-polarized basic mode light inputted from the inp ut-output
waveguidell0lisinputtedintothepolarizationco nverter1102

to be converted into TE-polarized 1st order mode li ght. The
output fromthe polarization converter 1102 is spli tintotwo
beamsofTE-polarizedbasicmodelighthavingmutua llyopposite
phases and inputted into the delay waveguide 1103 a nd the
waveguide1104. Thebeamoflightinputtedintoth ewaveguide
1103 delays by 1/2 of a wavelength and therefore be comes a
TE-polarized basic mode having the same phase as th e beam of

light inputted into the waveguide 1104.

[0155] The beams of light outputted from the delay

waveguide 1103 and the waveguide 1104 are inputted into the
opticalcoupler1105,whichisanMMI,astwoTE-po larizedbasic
modeshavingthesamephase,andoutputtedintothe input-output

waveguide 1106 as one TE-polarized basic mode.
[0156] As described above, the polarization rotator in

this embodiment implements a function similar to th e
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polarization rotators of the conventional technique
thecircuitincludesonlysiliconwaveguidesandth

an advantage that it does not need an additional pr
asilicon nitride layer or the like, whichis note

usual fabrication of a silicon waveguide circuit.

[0157] Also, the thickness of the peripheral-portio

cores atthe sides of the polarization converter 11
relatively large. Inthis way, the width w2 of the
ofthepolarizationconverter1102canbesetsmall
inacase wherethe corethicknessissmall. Accor
circuit length of the polarization converter 1102 c
smaller.
[0158] In Fig. 19, the polarization converter 1102
formed of aribwaveguide including athick core at
portion and thin cores at its peripheral portions,
modeconverter1103to1105isformedofchannelwa
no thin core. Thus, the polarization converter 110
modeconverter1103to1105havedifferentwaveguid
which results in reflection or radiation of the pro
light and thus causes a loss.
[0159] (Modification 1)

To suppress the above loss, it is preferable to ad
taperedwaveguidehavingaribstructureincluding
and thin cores to the polarization rotator in Fig.
outputsideofthepolarizationconverter1102and
side of the delay circuit 1103, 1104 to optically ¢

polarizationconverterl102andthemodeconverter
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[0160] Fig.28isaviewshowinganexampleofthe
structurecapableofsuppressingtheloss. Tapered
1403, 1404, 1405 include relatively thick cores, an
peripheral portion 1406 includes a thin core. The
thetaperedwaveguides1403to1405areall10

and width of the thin peripheral-portion core 1406

and1.6 um, respectively. Also, the width of the terminatio

ofthetaperedwaveguide1403andthewidthsofthe
of the tapered waveguides 1404, 1405 are all 0.2

[0161] TE-polarized 1st order mode light outputted

a polarization converter 1402 is inputted into the
waveguidel403andtheperipheral-portioncore1406

of the tapered waveguide 1403 gradually decreases t
outputside (therightendinthe figure) sothatm
theelectricpowerofthelightcanconcentrateat
Thelightfromthe core 1406 istheninputtedinto
waveguides 1404, 1405. When the TE-polarized 1st o
light whose electric power has concentrated at the

is inputted into the tapered waveguides 1404, 1405,
issplitatthesameintensityforthetaperedwave

1405. In doing so, the light is outputted into the
waveguides 1404, 1405 as TE-polarized O-th order mo

mutually opposite phases.

[0162] Asdescribedabove,thetaperedwaveguide 14

tapered

waveguides
d their
lengths of

pm,andthelength

are20 pm
n
terminations
pm.
from
tapered
. Thewidth
oward the
ostpart of
thecorel406.
thetapered
rder mode
core 1406
the light
guides1404,
tapered

deshaving

03and

each tapered waveguide 1404, 1405 are structurally

discontinuous in the direction of the optical propa

However, since the light propagates mainly through
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peripheral-portion core, the reflection or radiatio n can be

reduced.

[0163] The core width of the output-side end (the r ight
end in the figure) of the tapered waveguide 1403 an dthe core
width of the input-side end (left end in the figure ) of each
taperedwaveguide1404,1405aredependentonthem inimumcore
width that can be realized by the fabrication proce ss. For
example, the core width of each end mentioned above is
preferably set to be smaller than 0.2 pm.

[0164] Note that the polarization rotator in this
embodimentisthepolarizationrotatorinthethird Embodiment,
shown in Fig. 10, without the polarization converte r 204 and
the intermediate waveguide 205. The function of th e
polarization converterinthe third Embodimentisi mplemented

by the tapered waveguide 1402 in this embodiment.

[0165] The polarization rotator in this embodiment

includes the tapered waveguides 1403 to 1405 for su ppressing
the loss at the polarization converter 1402, which increases
the entire length of the polarization rotator. Als 0, as
described with reference to Fig. 27, if the thickne ss of the
peripheral cores of the polarization converter 1402 issetto
belargerthan0.15 pum, the circuitlength ofthe polarization
converterl402canbereduced,buttheefficiencyo fconversion
fromTM-polarizedbasicmodelightintoTE-polarize dlstorder
mode light decreases such that part of the inputted lightis

outputted as TM-polarized basic mode light.

[0166] If the center-portion core of the polarizati on
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converter1402isformedintoataperedstructure,
waveguidel403willbeunnecessary. Inthisway,i
to avoid the increase in length of the polarization

1402whilesuppressingtheloss,andalsoimprovet

thetapered

tispossible

converter

heefficiency

of the polarization conversion by the polarization converter
1402.

[0167] Fig. 29 is a plan view showing an example of the
polarization rotator with the center-portion core o f the
polarization converterformedinto atapered struct ure. With
this configuration, it is possible to avoid the inc rease in
circuitlengthandsuppressthelossatthesameti me,andalso
improve the efficiency of the polarization conversi on.
[0168] The length of a polarization converter 1502 is 32
pum, a width wl of its input end is 0.5 pum, a width w2 of the
output end of its thick center-portion core is 0.2 pm, and a

widthw3oftheoutputendsofitsthinperipheral-

is 1.6 pm. TM-polarized basic mode light inputted into the

polarizationconverter1502isconvertedinto TE-po
ordermodelightattheoutputendofthepolarizat
1502, and the electric power of the light mostly co

at the peripheral-portion cores.

[0169] Fig. 30 is a diagram showing the result of

calculation ofthe intensity ratio between the diff

components contained in the light outputted from th

polarizationconverter1502uponinputofaTM-pola
mode into the polarization converter 1502, versus a

h of its peripheral-portion cores. Fig. 30 shows t
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ofcalculationoftheintensityratiobetweenthed
componentsthroughathree-dimensionalfinite diffe
domain (FDTD) method and overlap integration ofan
[0170] Ina comparison of the calculation resultin
30withthecalculationresultinFig.27,theTE-p

order mode component in the output light is larger
TM-polarizedbasicmodecomponentintheoutputlig
whenthethicknesshofthe peripheral-portioncore

0.15 pm. Thus,highpolarizationconversionefficiencyc

maintained even when the thickness of the periphera

cores is set to be smaller than that of the polariz

converter 1102 in the fifth Embodiment, described w

reference to Fig. 19.
[0171] Eachoftaperedintermediatewaveguides1503
shown inFig. 29 includes arectangular waveguide w

core and atapered waveguide with athick core. Th
waveguide is optically connected to the correspondi

a delay waveguide 1505 and a waveguide 1506 each fo
rectangular channel waveguide.

[0172] The width of the input end (the left end in
figure) ofthe tapered waveguide with the thick cor

and the width of its output end (right end in the f

0.5 um. The width of the rectangular waveguide with the
core is 0.5 pm.

[0173]
electricpowerhasconcentratedatthethincoresi

from the polarization converter 1502 and then adiab
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propagates through the rectangular channel waveguid es 1505,

1506viathetaperedwaveguideswiththethickcore s. Thecore
width of the tip (the left end in the figure) of ea ch of the
tapered waveguides with the thick cores mentioned a bove is
dependentontheminimumcorewidththatcanberea lizedbythe
fabrication process. Itis preferable to make the core width
smaller than 0.2 pum if possible.

[0174] The TE-polarized 1st order mode light to be

outputted fromthe taperedintermediate waveguides 1503,1504
intothemodeconverter1505,1506,1507isspliti ntotwobeams
of TE-polarizedbasicmodelighthavingthesamein tensity but
mutuallyoppositephasesandinputtedintothedela ywaveguide

1505 and the waveguide 1506, respectively.

[0175] Thedelaywaveguidel505andthewaveguidel 506are
a delay circuit. Meanwhile, the delay waveguide 15 05 is
designed to be longer than the other waveguide 1506 by 0.314
pm.

[0176] ThebeamofTE-polarizedbasicmodelightin putted
intothedelaywaveguidel505delaysbyl/2ofawa velengthafter
being coupledtothe waveguide 1506 and transmitted ,relative
tothe TE-polarized basic mode of the opposite phas e inputted
intothewaveguide1506. Hence,thebeamofTE-pol arizedbasic
mode light inputted into the delay waveguide 1505 b ecomesin
phase with the other at the output end of the waveg uide 1506.
[0177] At the multi-mode interference waveguide (MM )
1507,thetwobeamsof TE-polarizedbasicmodeligh thavingthe
same phase and intensity after being outputted from the delay
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circuit 1505, 1506 are combined intoone beam of TE
basic mode lightand outputted into an input-output

1508.

-polarized

waveguide

[0178] The width of the tapered waveguide of the

polarization converter 1502 is set to linearly incr

the input end to the output ends. At the boundary
polarizationconverterl502andaninput-outputwav

the rate of change in width of the tapered portion
discontinuous. Whenlightpropagatesfromtheinpu
1501 to the polarization converter 1502, a high mod
aTM-polarizedlstorhighermodeoraTE-polarized
mode occursatthisdiscontinuouspoint,andaconv
occurs. Tosuppressthisunwantedhighmode,thee

of the polarization converter 1502 may be increased
way, itispossibletoreducetheangleofspreado
Alternatively, the peripheral-portion cores may be
usingacurvedtaperinsteadofthestraighttaper,
Inthisway, itis possibletoavoidincreaseinle

polarization converter 1502 and also suppress the h

[0179] Fig. 31 shows a polarization rotator using a

polarization converter widened by using a curved ta
formed of thin cores for the purpose of avoiding in
circuit length and also suppressing the high mode.
[0180] Fig.31showsaconfigurationexample ofthe
1603. The taper 1603 is a combination of two curve
guadratically. Specifically, the taper has quadrat

concave from the input end to the half pointinlen
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entiretaperthatisthepointat16 pmandhasquadraticcurves
convex away fromthe sides ofthe taperfromthe ha If pointin
length of the entire taper to the output ends. Fig .32 shows
the appearance of this taper.

[0181] Fig. 32isaview showingthe tapered shape ofthe
taper 1603. In Fig. 32, a horizontal axis x repres ents the

distance ( pm) in the direction of optical propagation, while

averticalaxisyrepresentsthedistance( pum)inthedirection

ofaplaneperpendiculartothedirectionofoptica lpropagation.
y is positive toward the top side of the sheet of F ig. 31.
Tapered curves A to D of the taper 1603 shown in Fi g. 32 are

expressed by the following formulas.

[0182]
Curve A: 0 <x <16,y =(0.275/256) x 2 +0.25
Curve B: 16 <x <32,y =-(x-32) 2/(0.275/256)
0.8
Curve C: 0 <x <16,y =-(0.275/256) x 2.0.25
CurveD: 16 <x <32,y =(x-32) 2/(0.275/256)-0.8
Notethataninputwaveguide 1601isopticallycon nected
toataper1602. Thetaper 1602 isformed of athi ck coreand
formed such that its width decreases linearly. Aw idth wl of
the input end of the taper 1602 is 0.5 pum, and a width w2 of
itsoutputendis0.2 um. Awidthw3 ofthe outputside ofthe
taper 1603 is 1.6 pm.
[0183] The tapered shape of the taper 1603 has been
described as a quadratically curved shape but is no t limited
to this shape. The tapered shape may be a curved s hape that
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canbederivedfromhigher-order polynomialsortri gonometric
functions.

[0184] The polarization rotator in this embodiment

includes a polarization converter and a mode conver ter
includingadelaycircuitandacombiner. Amongth ese,forthe

combiner,a2 x1multi-modeinterferencewaveguide(MMl)isused

which has a function of outputting two beams of TE- polarized
basic mode light having the same phase as one beam of
TE-polarized basic mode light. Here, the combiner may be

changedtoa2 x2MMlI,andtheamountofdelaycausedbythedelay
circuit may be changed to 1/4 of a wavelength. In this way,
the polarization converter can be caused to operate as a

polarization converter-splitter.

[0185] Fig. 33 is a plan view showing a configurati on
example of a polarization converter-splitter using a2 x2 MMI
1808 as acombiner. The configurations of an input waveguide
1801, a polarization converter 1802, 1803, and inte rmediate
tapers 1804, 1805 are similar to those shown in Fig . 31.
[0186] Theconfigurationofadelaycircuit1806, 1 807is
similartoadelay circuit1606,1607 showninFig. 31, butthe
delaywaveguide1806issettobelongerthanthew aveguide1807

by 0.157 pm so that the amount of delay caused by the delay

waveguide 1806 can be 1/4 of a wavelength.

[0187] The mode converter 1808 is formed of channel
waveguides having athicknessof0.22 pm, andisan MMl having
a width of 2.1 pm and a length of 7.0 pm.

[0188] Output waveguides 1809, 1810 are channel
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waveguideshavingathicknessof0.22 pmandawidthof0.5 pm.
[0189] TM-polarized basic mode light inputted from the
inputwaveguide 1801 is converted into TE-polarized 1storder
mode light by the polarization converter 1802, 1803 ,andthen
split into two TE-polarized basic modes having mutu ally
opposite phases but the same intensity and inputted into the
delaycircuit1806,1807throughtheintermediatet apers1804,
1805.

[0190] Meanwhile, the beam of light propagating thr ough
one of the waveguides, namely, the delay waveguide 1806, is
inputted into the MMI 1808 with a phase delay of 1/ 4 of a
wavelength relative to the beam of light propagatin g through
the other waveguide 1807. Of the two beams of TE-p olarized
basic mode light inputted into the MMI 1808, the ph ase ofthe
beam of light propagating through the waveguide 180 7 has
advanced by 1/4 of awavelength relative to that in the delay
waveguide 1806. Then, the beams of light from the waveguides
1806, 1807 are combined by the MMI 1808 into one be am of
TE-polarized basic mode light and outputted into th e output
waveguide 1810.

[0191] Atthepolarizationconverter1802,1803,in acase
where TE-polarizedbasicmodelightisinputtedfro mtheinput
waveguide 1801, itisnotsubjectedtopolarization conversion
and is inputted into the intermediate tapers 1804, 1805 while
remaining as a TE-polarized basic mode. Then, spli tintotwo
beams of TE-polarized basic mode light having the s ame phase
andintensity,thebeamsoflightfromtheintermed iatetapers
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1804,1805areinputtedintothedelaycircuit1806

beam of light propagating through the delay wavegui
inputted into the MMI 1808 with a phase delay of 1/
wavelength relative to the beam of light propagatin
thewaveguidel807. OfthetwobeamsofTE-polariz

light to be inputted into the MMI 1808, the beam of
propagatingthroughthedelaywaveguide 1806 hasa
by 1/4 ofawavelengthrelative tothatinthe othe

1807, and the two beams of TE-polarized basic mode
thencombinedbytheMMI1808intoonebeamofTE-p
mode light and outputted from the output waveguide
describedabove thewaveguidethatoutputslightw
lightis TE polarized and the waveguide that output
differentfromwhentheinputlightisTE polarized
inputlightisTMpolarizedwhentheinputlightis

are different in the case where the amount of delay

the delay circuitofthe polarizationrotatoris se

,1807. The
de 1806is
4 of a
g through
edbasicmode
light
phasedelay
rwaveguide
light are
olarizedbasic
1809. As
hentheinput
slightis
towhenthe
TMpolarized
caused by
tat1/4 of

awavelengthanda2 x2 MMl is used as the combiner. In other

words,thepolarizationrotatorinthisembodiment
notonly as a polarization rotator but also as a po

splitter.

[0192] As described above, the polarization rotator

this embodiment neither needs an additional process
fabrication of a nitride film, which is not employe
fabrication of a silicon waveguide circuit. Also,

between the waveguides of the directional coupler i

andimprovementinfabricationtolerance fromthed
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coupler shown in NPL 2 can therefore be expected.
[0193] [Sixth Embodiment]
Theconfigurationofapolarizationrotatoraccord
a sixth embodimentis substantially the same as tha
the fifth embodiment, exceptthatitincludes adel
andadirectionalcouplersuchthattheentireleng
converter using the delay circuit and an MMI combin
smaller.
[0194] Fig. 34 is a plan view showing a configurati
example of the polarization rotator in this embodim
configuration and size of a polarization converter
similar to those of the polarization converter 1102
Fig. 19.
[0195] Adelaycircuit2103,2104andadirectional

ingto
tshownin
ay circuit
thofamode

er can be

on
ent. The
2102 are

,shownin

coupler

2105, 2106 are each formed of rib waveguides having

cross-sectionalstructuressimilartothatofthep
converter2102. Thethicknessoftheirthickcores

and the thickness of their thin cores is 0.15

[0196] Aninputwaveguide210landoutputwaveguide
2108 are formed of channel waveguides. Note that t
waveguides2107,2108aresuchregionsthatthetwo

2107, 2108 are not optically coupled to each other.

words, these regions are regions that do not operat
directional coupler.

[0197] The widths of the input end and the output e

eachthickcoreofthedelaycircuit2103,2104 are

the width of each thin core thereofis 0.5 pm.
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the entire delay circuit is 8.9 pm.
[0198] Notethatthethickcoreofthedelaywavegu
isformedof:aninput-sidetaperhavingalengtho

gradually widening toward an intermediate portion;

output-side taper having a length of 3.5

ide2103
f3.5 wumand

an

um and gradually

narrowing toward the output end; and a rectangular waveguide
therebetween having a width of 0.5 pm and alength of 1.9 pm.
[0199] Each thick core of the directional coupler 2 105,
2106 has such a tapered structure that the width of the input
end is 0.2 pm and the width of the output end is 0.5 pm.
[0200] Each thin core is a rectangular waveguide ha ving
awidthof0.5 pum. Thelengthofthedirectionalcoupler2105,

2106 is 15 um. Moreover, the width of each input-output

waveguide 2101, 2107, 2108 is 0.5 pm.

[0201] In the polarization rotator in this embodime nt,

TM-polarizedbasicmodelightisinputtedfromthe
waveguide 2101 into the polarization converter 2102
outputted as TE-polarized 1st order mode light.

[0202] The TE-polarized 1st order mode light output
fromthepolarizationconverter2102isinputtedin

circuit 2103, 2104 as two TE-polarized basic modes
mutually opposite phasesbutthesameintensity. T

the thick center-portion core of the delay waveguid
increased by its tapered structure, so that the eff
refractiveindexandgrouprefractiveindexofthe
propagatingtherethrougharelargerthanthoseint

2104. Forthisreason, the beam of light propagati
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the delay waveguide 2103 is inputted into the direc
coupler 2105, 2106 with a phase delay of 1/4 of aw
relativetothebeamoflightpropagatingthrought

2104.

[0203] The phase of the beam of light inputted into
waveguide2105ofthedirectionalcouplerfurtherd

of awavelength afteritis coupled to the waveguid
transmitted, relative to the beam of light inputted
waveguide 2105andtransmitted. Asaresult,thep

beam of light having passed through the waveguides
hasadelayof 1/2ofawavelengthrelativetothe
beamoflighthavingpassedthroughthewaveguides
Atthe waveguide 2106, the beams of light become in
interfere with each other, and are outputted from t
waveguide 2108.

[0204] As described above, the polarization rotator
this embodiment implements a function similar those
conventional polarization rotators. Here, the pola
rotator includes only silicon waveguides and needs
additional process for a silicon nitride layer or t

Further, the entire circuit length can be smaller t

shown in the fifth embodiment.

[0205] InFig.34,inacasewhere TE-polarizedbas
light is inputted into the input waveguide 2101, it
subjected to polarization conversion by the polariz
converter 2102 and remains as TE-polarized basic mo

The TE-polarized basic mode light is split into two
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TE-polarized basic mode light having the same phase

intensity and inputted into the delay circuit 2103,

[0206] The beam of light propagating through the de

waveguide 2103isinputtedinto the directional cou

2106withaphasedelayofl/4ofawavelengthrela

in the waveguide 2104.

[0207] The phase of the beam of light inputted into

waveguide21060ofthedirectionalcouplerfurtherd

ofawavelengthwhenitreachesthewaveguide2106.

the phase of the beam of light having passed throug

waveguides 2104, 2106 has a delay of 1/2 of a wavel

[0208] At the waveguide 2105, the beams of light be

inphase andinterferewitheachother,and are out

the outputwaveguide 2107. Thus, inthe polarizati

in this embodiment, the waveguide that outputs ligh

differentfromwhentheinputlightisTE polarized

inputlightis TM polarized. Hence, the polarizati

inthisembodimentoperatesnotonlyasapolarizat

but also as a polarization splitter.

[0209] (Modification 2)
Fig.35isaviewshowingaconfigurationinamod

obtained by forming the peripheral-portion cores of

polarization converter in the sixth embodiment into

taper. Modification 2 representsapolarizationro

peripheral-portion cores formed into a curved taper

modificationinFig.35showsapolarizationrotato

a polarization converter 2202 having a tapered stru
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includingthincoresusingquadraticcurves,asin thetapered
structure shown in Fig. 31. In this way, the polar ization
rotatorcanoperateasapolarizationsplitterand alsosuppress

the occurrence of a high mode.

[0210] As described above, the polarization rotator in
this embodiment neither needs an additional process such as
fabrication of a nitride film, which is not employe dinusual

fabrication of a silicon waveguide circuit. Also, the gap
between the waveguides of the directional coupler o nly needs

tobe0.2 um,andimprovementinfabricationtolerancefromth
sixth embodiment can therefore be expected.
[0211] [Seventh Embodiment]

A mode converter of a polarization rotator in this

embodiment is similar to the mode converter in the sixth
embodiment,butapolarizationconverterinthisem bodimentis
hasathree-stepribstructure. Thisthree-stepri bstructure
can further suppress the occurrence of a high mode andreduce

the entire circuit length.
[0212] Fig. 36 is a plan view showing the configura tion

of the polarization rotator in this embodiment. Th

configurations and sizes of a delay circuit 3103, 3 104 and a
directionalcoupler3105,3106aresimilartothose ofthedelay
circuit2103,2104andthedirectionalcoupler2105 ,2106,shown
inFig.34. Moreover,outputwaveguides3107,3108 aresimilar

to the output waveguides 2107, 2108, shown in Fig. 34.
[0213] Theentirelengthofapolarizationconverte r3102

is 25 pum. At the input end, a width wl of its thick
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center-portion core is 0.5 pm, and a width w2 of its thin

peripheral-portioncoresis0.7 pum. Attheoutputend,awidth

w3 of the thick center-portion core is 0.2 pum, a width w4 of
thethin peripheral-portion coresis 1.6 pm, and awidth w5 of

thin cores is 1.8 pm.

[0214] Aninputwaveguide310lincludesataperinc luding
thin cores at its peripheral portions so that the i nput
waveguide 3101 can be optically connected to the th innest
peripheral-portion cores of the polarization conver ter 3102.
Notethateachofthetwo pairsofthethin periphe ral-portion
coresofthepolarizationconverter3102hasatape redstructure
obtainedbycombiningquadraticcurves,andthecor esthathave
a thickness of 0.15 pum are formed by curves derived from the

same functions for the tapered structure shown in F ig. 31.
[0215] Thetaperofthethinnestperipheral-portion cores,
havingathicknessof0.06 um,isobtainedbychangingthecurves
ofthetaperofthe0.15- pmthickperipheral-portioncoressuch
thatthewidthisincreasedto 0.7 pm atthe portion connected
totheinputwaveguide310landtol.8 pmattheportionconnected

to the delay circuit.

[0216] Fig. 37 is a cross-sectional view of the

polarization converter 3102 taken along line XXXVII -XXXVII
shown in Fig. 36.

[0217] An under cladding 3202 and an over cladding 3201
are formed on a silicon substrate 3203 in this orde rfromthe
substrate. Theovercladding3201andtheundercl adding3202

are both made of silica glass.
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[0218] A center-portion core 3102a is a core of a r
waveguidemadeofsilicon,andperipheral-portionc

3102c are formed on its sides.

[0219] Thecorethicknessofthecenter-portioncor
is 0.22
cores 3102b is 0.15 pm.
peripheral-portioncores3102cis0.06
over cladding 3201 is 1.5

cladding 3202 is 2 pm.

[0220] In the polarization rotator in this embodime
TM-polarizedbasicmodelightinputtedfromtheinp

3101 is inputted into the polarization converter 31
outputted as TE-polarized 1st order mode light. Th
TE-polarized 1st order mode light outputted from th
polarizationconverter3102issplitintotwoTE-po

order modes having mutually opposite phases but the
intensity, and inputted into the delay circuit 3103

[0221] The width of the center-portion core of the
waveguide 3103 isincreased by its tapered structur
theeffectiverefractiveindexofthebeamoflight
therethrough is larger than that in the waveguide 3

this reason, the beam of light inputted into one of
waveguides,namely,thedelaywaveguide3103,isin
the directional coupler 3105, 3106 with a phase del

of a wavelength relative to the beam of light propa
through the other waveguide 3104.

[0222] The phase of the beam of light inputted into
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waveguide3105ofthedirectionalcouplerfurtherd
ofawavelengthwhenitreachesthewaveguide3106.

the phase of the beam of light having passed throug
waveguides 3103, 3105 has a delay of 1/2 of a wavel
[0223] Thebeamsoflightinputtedintothedelayc
3103, 3104 are of mutually opposite phases at the b
Thus, as these beams of light are coupled at the di
coupler 3105, 3106, the beams of light become in ph
interferewitheachotheratthewaveguide 3106, an

from the output waveguide 3108.

[0224] As described above, the polarization rotator
this embodimentimplements a function similar to th
conventionalpolarizationrotators. Thepolarizati
includesonlysiliconwaveguidesanddoesnotneed

process for a silicon nitride layer or the like, wh
employedinusualfabrication of a siliconwaveguid

Further, the polarization rotator in this embodimen
further reduce the entire circuit length as compare

fifth embodiment and the sixth embodiment.

[0225] Note that the width of the right end of the
formed of the 0.22-
converter 3102, the widths ofthe inputand output

0.22- um thick cores of the delay circuit 3103, 3104, and

widthsofthe outputportionsofthe0.22-

directionalcoupleraredependentontheminimumco
can be realized by the fabrication process. Itis

to make the widths smaller than 0.2
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[0226] In Fig. 36, the 0.15- pum thick peripheral-portion
cores and the 0.06- pm thick peripheral-portion cores of the
polarization converter 3102 are both tapers defined by curves

obtained by combining quadratic curves.

[0227] Fig.38isaviewshowingaconfigurationob tained
by forming some of the peripheral-portion cores of the
polarization converter in the seventh embodiment in to a
straight taper. Like a polarization converter 3302 shown in
Fig. 38, of the thin peripheral-portion cores of th e
polarization converter, only the 0.06- pm thick cores may be
formed as a combination of a taper defined solely b y straight
lines and a rectangular waveguide. In this way, a high mode
canbefurthersuppressed. Sinceaninputwaveguid e3301does
notneedataperedstructure, the entirecircuitle ngthcanbe

further reduced.

[0228] Thelengthsofthetaperdefinedsolelybys traight
lines are L1 =10 pmandL2 =7 pm, and the entire length of

the polarization converter is 17 pm.

[0229] Notethat, inthisembodimenttoo, asinthe sixth
embodiment, in a case where TE-polarized basic mode lightis
inputted from the input waveguide 3101, shown in Fi g. 36, a
TE-polarizedbasicmodeisoutputtedfromthe outpu twaveguide
3107. Thus,thewaveguidethatoutputslightisdi fferentfrom
when the input light is TE polarized to when the in put light

iIs TM polarized. Hence, the polarization rotator c an thus
operate not only as a polarization rotator but also as a
polarization splitter. Likewise, the polarization rotator
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shown in Fig. 38 operates as a polarization splitte
[0230] As described above, the polarization rotator
this embodiment neither needs an additional process
fabrication of a nitride film, which is not employe

fabrication of a silicon waveguide circuit. Also,

between the waveguides of the directional coupler o

to be 0.2
improved as compared to NPL 2.

[0231] [Eighth Embodiment]

pm, and the fabrication tolerance is therefore

in

such as
dinusual

the gap

nly needs

Description has been given of the case where the

polarizationconverters3102,3302inaboveFigs.3

formed into three-step rib waveguide structures. H
theymaybeformedintotwo-stepribwaveguidestru
thedelaycircuit(3103,3104inFig.36and 3303,

38) and the directional coupler (3105, 3106, 3305,
formed of two-step rib waveguide structures each in
center-portion core having a thickness of 0.22
peripheral-portion cores having a thickness of 0.15

this reason, mode mismatch occurs between the polar
converter(3102,3302)andthedelaycircuit(3103,

3304), and reflection or radiation occurs as a loss
configurationofthepolarizationconverterofthe

rotator in this embodiment is similar to that of th
polarizationconverterintheseventhembodiment,b
circuitandthe directional coupler are configured

in order to suppress the mode mismatch with the pol

converter. Specifically,the mode converteriscon
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such a way as to integrate a delay circuit and a di rectional

couplerusingthree-stepribwaveguidesincludingc oreshaving
thicknesses of 0.22 pm, 0.15  um, and 0.06 pm.

[0232] Fig. 39 is a plan view showing a configurati on
example of the polarization rotator in this embodim ent.
[0233] Theconfigurationofapolarizationconverte r4102
Is similar to that of the polarization converter 31 02, shown
inFig.36,butdiffersincorewidthandlength. Specifically,

the width of the output end of the 0.22- pum thick core is 0.2

pm, the width of the output ends ofthe 0.15- pmthick coresis

1.0 pm, and the width of the 0.06- pm thick cores is 1.2 pm.
[0234] The length of the polarization converter 410 2is
25 pm. Thefunctionsofthecurvesdefinedbythe0.15 - umthick
coresandthe0.06- pmthickcoresarecombinationsofquadratic

curves satisfying the above core widths.

[0235] Amodeconverter4103isacircuitinwhich adelay
circuitandadirectionalcouplerareintegrated. InFig. 39,

the waveguide width ofa0.22- pm thick core onthe top side of

the sheetispartlyincreasedtowardthetopsideo fthe sheet
suchthatthe phase of light concentrating aroundt he0.22- pm
thickcoreonthetopsidedelaysbyl/4ofawavel engthrelative
tolightconcentratingarounda0.22- pumthickcoreonthebottom

side of the sheet. The widths of a 0.15- pum thick core and a
0.06- pm thick core are partly increased in a similar mann er.
[0236] Fig. 40is an enlarged view showing only the mode
converter4103,whichisshowninFig.39andinwh ichthedelay
circuit and the directional coupler are integrated. In Fig.

-86 -



40,thewidthoftheinputendofeachofthe0.22- pmthickcores

disposedatthetopandbottomiswl =0.2 um,andthedistance
between the centers of the cores is 0.8 pum. The width of the

0.15- um thick cores is w2 =1.0 pm.

[0237] The width of the 0.06- pm thick cores is w3 =0.12
pum. The length of the widened taper portion of each of the
0.22- pm, 0.15- pm,and0.06- pmthick coresisL1 =15 pm. Of
the 0.22- pum thick cores, the widened section of the core

disposed on the top side of the sheet includes a re ctangular
widened portion having a length of L2 =2.9 pmand awidth of

w4 =04 pm.

[0238] Of the 0.22- pum thick cores, the core disposed on

the bottom side of the sheet is a rectangular waveg uide over
theentireareathereof,anditswidthiswl =0.2 pm. Thewidth
and length of the rectangular widened portion of th e 0.15- pm
thick cores are ws =12 pmandL3 =3.0 pm,respectively,and

the width of the right end of the 0.15- pum thick coresis w7 =
0.5 pm.

[0239] The width and length of the rectangular wide ned
portionofthe 0.06- umthick cores are W6 =1.4 pmandL4 =3.1
um,respectively. AlengthL5oftheentiremodeco nvertermay
be any length as long as it is larger than the enti re length
ofthe widened sections. Inthisembodiment, L5 =6.0 pm,for
example.

[0240] Aterminationtaper4104isformedofathre e-step
ribwaveguide havingthicknessesof0.22 pm,0.15 pm,and0.06
um. The termination taper 4104 is optically connect edtothe
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mode converter 4103 and an input-output waveguide 4
[0241] The 0.22-
structure, and the width of its inputend is 0.2
width of its output end is 0.5

peripheral-portion core is a rectangular waveguide
widthis0.5 um. The0.06-
atapered structure, and the width of its input end
while the width of its output end is 0.5

[0242]

The output waveguide 4105 is a channel waveguide in

um.

The length of the termination taper 4104 is

core having a thickness of 0.22
waveguide having a width of 0.5
[0243]

pm.
In the polarization rotator in Fig. 39,
TM-polarizedbasicmodelightisinputtedintothe

converter 4102 through an input waveguide 4101 and

as TE-polarized 1st order mode light.

[0244] The TE-polarized 1st order mode light output
fromthepolarizationconverter4102isinputtedin

converter 4103 as two beams of TE-polarized 0-th or

light having mutually opposite phases. Of the two
TE-polarized 0-th order mode light, the phase of th

light propagating throughthe top side ofthe sheet

delays by 1/4 of a wavelength relative to the beam
propagating through the bottom side of the sheet of

The beams of light are combined into a TE-polarized

light at the waveguide on the bottom side of the sh

outputted from the output waveguide 4105 through th
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termination taper 4104.

[0245] As described above, the polarization rotator
this embodimentimplements a function similar to th
polarizationrotators ofthe conventionaltechnique

other hand, the polarization rotator in this embodi
includesonlysiliconwaveguidesanddoesnotneed

process for a silicon nitride layer or the like, wh
employedinusualfabrication of a silicon waveguid

[0246] Moreover,utilizingthemodeconverter4103,
hasathree-stepribstructure,eliminatestheneed
waveguidesasinthemodeconvertershowninFig.1
circuitl103,1104andthecombinerl105)andthem

shown in Fig. 34 (the delay circuit 2103, 2104 and
directional coupler 2105, 2106).
polarizationrotatorinthisembodimentcanreduce

width, and can also reduce the coupling length of t
directional coupler and thus reduce the circuit len

[0247] Moreover, if the circuit width is reduced, t
entire length of the polarization converter can be

well. Hence, the circuit length can be further red
comparedtothepolarizationconverter3102,shown

Thus, by using the mode converter 4103 of the three
structure as in this embodiment, it is possible to

reduce the circuitlength and the circuitareaas c

the fifth to seventh embodiments.

[0248] In the polarization rotator in this embodime

shown in Fig. 39, the entire length of the polariza
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converteris 25 pm, the entire length ofthe mode converteris

6 pm, the entire length of the input and output tapere d
waveguides is 5 um, and the entire length of the entire

polarization rotator is 36 pum. Hence, the circuit size and

length can be greatly reduced as comparedto the po larization
rotator disclosed in NPL 2, whose entire length is 71 pm.
[0249] Note that the width of the input end of the taper
formed of the 0.22- pum thick center core of the polarization
converter4102andthewidthsoftheoutputendsof the0.22-  um
thick cores of the mode converter and the output en d of the
0.22- um thick termination taper are dependent on the mini mum
corewidththatcanberealizedbythefabrication process. It
ispreferabletomakethewidthssmallerthan0.2 pumifpossible.
[0250] In the polarization converter 4102 of the
polarizationrotatorinthisembodiment,showninF ig.39,both
ofthe 0.15- pm thick peripheral-portion cores and the 0.06- pHm
thick peripheral-portion cores are tapers defined b y curves
obtained by combining quadratic curves, but can be have

different tapered shapes.

[0251] Fig.4lisaviewshowingaconfigurationob tained
by forming some peripheral-portion cores of the pol arization
rotator in the eighth embodiment into a straight ta per. As
showninFig. 41, of the thin peripheral-portion co res ofthe
polarizationconverter,onlythe0.06- pumthickcoresareformed

as a combination of a taper defined solely by strai ghtlines
and arectangular waveguide. Inthis way, a highm ode canbe
further suppressed. Hence, an input waveguide 4301 does not
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needataperedstructure,andthe entirecircuitle ngthcanbe

reduced accordingly. The lengths of the taper defi nedsolely
bystraightlinesarelL1 =10 pmandL2 =7 pm,theentirelength

ofthe polarizationconverteris 17 pum, andthe entire circuit
lengthis28 um. Thus,thecircuitlengthcanbegreatlyreduced

as compared to 71 pm in NPL 2.

[0252] Inthe polarization rotator in thisembodime nt,a
branch circuit may be disposed on the output side o fthe mode
converter. Inthisway, the polarization rotator c anoperate
also as a polarization splitter as in the fifth to seventh

embodiments.

[0253] Fig. 42 is a plan view showing the structure ofa
polarization splitter obtained by disposing a branc h circuit
onthe outputside ofamode converter. Amode con verter4403
isdesignedsuchthatthelengthofthewaveguidef ormedofthe
0.22- pm thick core of each of the mode converters 4103, 4 303
ofthe polarizationrotators, showninFigs. 39 and 41,onthe
bottom side of the figures is made equal to the len gth of the
waveguide formed of the 0.22- pum thick core on the top side of

the figures. The length is 6 pm.

[0254] A branch circuit 4404 shown in Fig. 42 has a
three-stepribstructureincludingcoreshavingthi cknessesof

0.22 pm, 0.15 um, and 0.06 pum. The branch circuit 4404 is
designed such that mode coupling does not occur bet ween the
waveguideonthetopside ofthesheetandthewave guideonthe
bottom side of the sheet.

[0255] TM-polarized basic mode light inputted into an
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inputwaveguide 4401 is converted by a polarization converter

4402 into TE-polarized 1storder mode lightand inp utted into
themodeconverter4403. TheTE-polarizedlstorde rmodelight
inputted into the mode converter 4403 is splitinto two beams
of TE-polarized basic mode light having mutually op posite
phasesbutthe sameintensity. The phase ofthe be amoflight
propagating throughthe 0.22- um thick core portion onthe top
sideofthesheetdelaysby1/4 ofawavelengthrel ativetothe
beamoflightpropagatingthroughthe0.22- pmthickcoreportion

on the bottom side of the sheet, interferes with th e beam of
lightpropagatingthroughthe0.22- pmthickcoreportiononthe

bottom side of the sheet, and is outputted from the waveguide
of the branch circuit 4404 on the bottom side of th e sheet.
[0256] TE-polarized basic mode light inputted from the
input waveguide 4401 is not subjected to polarizati on
conversionbythe polarization converter 4402 andi sinputted
into the mode converter 4403 while remaining as TE- polarized
basic mode light. The TE-polarized basic mode ligh tinputted
into the mode converter 4403 is split into two beam s of
TE-polarized basic mode light having the same phase and
intensity. Thephaseofthebeamoflightpropagat ingthrough

the 0.22-  um thick core portion on the top side delays by 1/4

of a wavelength relative to the beam of light propa gating
through the 0.22- pm thick core portion on the bottom side of
thesheet,interfereswiththebeamoflightpropag atingthrough
the0.22-  pmthickcoreportiononthebottomside oftheshee t,
andisoutputted fromthe waveguide ofthe branchc ircuit4404
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on the top side of the sheet.
[0257] As described above, in the polarization rota
showninFig.42,thewaveguidethatoutputslight
fromwhentheinputtedlightisTEpolarizedtowhe

light is TM polarized. Hence, the polarization rot
operates not only as a polarization rotator but als
polarization splitter.

[0258] As described above, the polarization rotator
this embodiment neither needs an additional process
fabrication of a nitride film, which is not employe
fabricationofasiliconwaveguidecircuit. Also,
processdimensiononlyneedstobe0.2
toleranceisthereforeimprovedascomparedtothe
rotator disclosed in NPL 2.

[0259] In each of the above first to eighth embodim
andmodifications,silicaglassisusedasthemate

of the over cladding and the under cladding, but th
claddingandtheundercladdingarenotlimitedto

The over cladding and the under cladding only need
ofamateriallowerinrefractiveindexthansilico
thevaluesofthethicknessesoftheovercladding
claddingare notlimitedtothoseintheaboveembo
modifications.

[0260] Forthepolarizationconverterineachofth
firstto eighthembodiments, design parameters of t
waveguide are limited to specific values, but the s

waveguideisnotlimitedtotheseparameters. The
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siliconwaveguidethatcausesconversionbetweenTM
basic mode light and TE-polarized 1st order mode i
determinedbythethicknessesofthecoresofthew

the materials and refractive indexes of the over cl

the under cladding. The widths of the opposite end
tapered waveguide at the polarization converter onl
besettocoverarangeofchangeinwaveguidewidt

the conversion.

[0261] Themodeconverterinthefifthembodimente
a MMl circuit as its optical coupler, but can also

other circuits that implement optical combination s
Y-branch circuit. Moreover, the mode converter in
embodiment creates aphase difference by usingthe

in waveguide length between the delay waveguide 110
waveguide 1104, but can also create the phase diffe
using a difference in width between the waveguides.
[0262] As described above in detail, with the prese
invention,itispossibletoprovideapolarization

includes only silicon waveguides and needs no addit
processforasiliconnitridelayerorthelike. F
thepresentinvention, itispossibletorelaxrequ

fabrication accuracy in close arrangement of wavegu

Industrial Applicability
[0263] Thepresentinventioncanbegenerallyutili

optical communication systems.

-94 -

-polarized
ght is
aveguideand
adding and

s of the

y needto

hwithinwhich

mploys
employ any
uch as a
the fifth
difference
3 and the

rence by

nt
rotatorthat
ional
urther,with
irementson

ides.

zedin



Reference Signs List

[0264]
101,110,174,181,184,201,212,301,310,1001,
1101,1401,1501,1601,1801,2101,2201,3101,330
4401 input-output waveguide
102,103,108,109,172,173,202,203,207,208,3

1007,1008,
1,4101,4301,

02,303,305,

307, 1503, 1504, 1604, 1605, 1804, 1805, 4104, 4304

rib-channel conversion waveguide
104,204,304,1003,1102,1402,1502,2102,2202,
4102, 4302, 4402 polarization converter
104a, 204a, 206a, 206b, 304a, 306a, 306b center-por
core
104b, 104c, 204b, 204c, 206cto 206e, 304b, 304c, 3
peripheral-portion core
105, 171, 182, 183, 205, 305, 313 intermediate wave
106, 107, 205, 206, 308, 309, 1005, 1006 waveguide
asymmetric directional coupler
111, 185, 213, 311, 1012 TM-polarized basic mode li
112, 176, 186, 214, 312, 1013TE-polarized basic mo
113, 215, 314, 4103, 4303, 4403 mode converter
121,131,141, 221,231, 241,321, 331,341,351,1
1211, 3201 over cladding
122,132,142,222,232,242,322,332,342,352, 1
1212, 3202 under cladding
123,133, 143,223, 233, 243,323, 333,343,353, 1
1213, 3203 silicon substrate
161, 162, 1002, 1004  tapered waveguide
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009, 1201,

010, 1202,

011, 1203,



206 optical splitter
209, 210 delay circuit
211, 1105 optical coupler
1103, 1407, 1505, 1606, 1806, 2103, 2203, 3103, 330 3delay
waveguide
1104, 1408, 1506, 1607, 1807, 2104, 2204, 3104, 330
delay-less waveguide

1409, 1507, 1608, 1808 MMI coupler
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CLAIMS

1. A polarization rotator characterized in that the
polarization rotator comprises:

a polarization converter including a silicon rib
waveguide and configured to convert TM-polarized ba
lightinto TE-polarized 1storder mode light, the s
waveguide including a center-portion core and
peripheral-portioncorethinnerthanthe center-por
and having such a tapered shape that a core width o
peripheral-portion core gradually increases; and

amodeconverteropticallyconnectedtothepolari
converterandconfiguredtoconvertthe TE-polarize

mode light into TE-polarized basic mode light.

2. The polarization rotator according to claim 1,
characterized in that

the mode converter includes an asymmetric directio
coupler including two waveguides differing in width

the two waveguides differing in width are silicon
waveguides with no center-portion core, and

of the two waveguides differing in width, the wide
waveguide has one end optically connectedtothe po

converter.

3. The polarization rotator according to claim 2,

characterized in that
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the polarization converter and the mode converter
smoothly connected by a tapered intermediate wavegu
the tapered intermediate waveguide is any one of
a silicon rib waveguide with no center-portion
core,
a silicon rib waveguide, and
asiliconribwaveguidewithnocenter-portionco

and a silicon rib waveguide joined to each other.

4. The polarization rotator according to claim 1,
characterized in that the mode converter includes

an optical splitter optically connected to the
polarization converter,

a delay circuit including two waveguides, and

an optical coupler.

5. The polarization rotator according to claim 4,
characterized in that

the optical splitter includes

asiliconribwaveguidewithnocenter-portionco
and
a silicon rib waveguide including two thick core

portions, and

thesiliconribwaveguidewithnocenter-portionc

one end connected to the polarization converter.

6. The polarization rotator according to claim 1,
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characterized in that
the mode converter includes an asymmetric directio nal
coupler including two waveguides differing in width ,
thetwowaveguidesdifferinginwidtharesilicon channel
waveguides,
of the two waveguides differing in width, the wide
waveguide has one end optically connectedtothe po larization
converter by an intermediate waveguide,

the intermediate waveguide includes a silicon rib

waveguide including two portions with relatively th ick cores
and a peripheral portion with a relatively thin cor e, and
eachoftheportionswiththerelativelythickcor eshas

a tapered structure.

7. The polarization rotator according to claim 2 or 5,

characterized in that

atapered waveguide is connected to at least one 0 fone
endofthewiderwaveguideoftheasymmetricdirect ionalcoupler
and one end of the narrower waveguide of the asymme tric

directional coupler, and
awidthofthetaperedwaveguidedecreasesgradual lyand

a tip thereof is cut off.

8. A polarization rotator characterized in that the
polarization rotator comprises:
an input-output waveguide into which to input

TM-polarized basic mode light;
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a polarization converter including a silicon rib
waveguideandconfiguredtoconverttheTM-polarize dbasicmode
lightinto TE-polarized 1st order mode light, the s iliconrib
waveguide including a center-portion core and a
peripheral-portioncorethinnerthanthe center-por tioncore,
and having such a tapered shape that a core width o f the

peripheral-portion core gradually increases;

a core-width conversion waveguide situated between the
input-output waveguide and the polarization convert er and
continuously varying a core width between a core at the
input-output waveguide and the center-portion core of the

polarization converter; and
amodeconverteropticallyconnectedtothepolari zation
converterandconfiguredtoconvertthe TE-polarize dlstorder

mode light into TE-polarized basic mode light.

9. The polarization rotator according to claim 1,
characterized in that the mode converter includes

a delay circuit including two waveguides optically
connected to the polarization converter, and

any one of an optical coupler and an optical combi ner.

10. The polarization rotator according to claim 9,
characterized in that the mode converter includes
a delay circuit configured to cause a delay of 1/2 ofa

wavelength and a 2 x1 coupler, or

adelay circuit configured to cause a delay of 1/4 ofa

- 100 -



wavelength and a 2 x2 combiner.
11. The polarization rotator according to claim 10,
characterized in that
thedelaycircuitofthemodeconverterthatisco
to cause a delay of 1/4 of a wavelength is two sili
waveguides each including a relatively thick center
core and a relatively thin peripheral-portion core,
one of the two silicon rib waveguides has a struct
including such tapers that a width of the center-po
gradually increases and then gradually decreases to

output side, and

the2 x2combiner ofthe mode converteris adirectional

coupler.

12. Thepolarizationrotator according to any one o
9to 11, characterized in that

the polarization converter and the mode converter
optically connected by a tapered intermediate waveg

the tapered intermediate waveguide is a rib wavegu
includingacenter-portioncore andaperipheral-po
thinner than the center-portion core, and has such
shapethatawidththereofgraduallydecreasestowa
side,

aportionconnectingthetaperedintermediate wave
and the mode converter includes two cores, and

eachofthetwocoreshassuchataperedshapetha
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of the core gradually increases.

13. The polarizationrotator according to any one o
9 to 12, characterized in that
thecenter-portioncoreofthepolarizationconver
such a tapered shape that a width of the center-por
gradually decreases toward an output side, and
the peripheral-portion core of the polarization
converter has such a tapered shape that the width o
peripheral-portioncoregraduallyincreasestoward

side.

14. The polarization rotator according to any one o

9 to 13, characterized in that the tapered shape of
peripheral-portion core of the polarization convert
designed such that the width of the peripheral-port

increases in a curved manner.

15. The polarizationrotator according to any one o

9tol4,characterizedinthatthepolarizationrot

also as a polarization rotator-splitter.
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