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DESCRIPTION 

 

POLARIZATION ROTATION CIRCUIT 

 

Technical Field 

[0001] The present invention relates to a polarizat ion 

rotator.  More specifically, the present invention relates to 

a planar polarization rotator formed of silicon wav eguides. 

 

Background Art 

[0002] Optical circuits formed of silicon waveguide s have 

been actively researched and developed since they h ave an 

advantage that the circuit size can be significantl y smaller 

than those using conventional materials such as sil ica.  

Controlling the polarization of passing light, in p articular, 

polarization splitting and polarization rotation, i s one of 

important functions of an optical circuit.  A polar ization 

rotator is a circuit configured to output light of polarization 

perpendicular to the polarization of polarized ligh t inputted 

thereto.  As optical circuits formed on a planar su bstrate, 

generally used is an optical circuit configured to convert 

TE-polarized light, having its electric-field compo nent 

horizontal to the substrate, into TM-polarized ligh t, having 

its electric-field component vertical to the substr ate, or an 

optical circuit configured to convert TM-polarized light into 

TE-polarized light. 

[0003] There have been proposed several methods of 
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performing polarization rotation with a silicon wav eguide.  As 

a first conventional technique example, a circuit h as been 

proposed which is configured to adiabatically rotat e 

polarization by using a structure of silicon nitrid e Si 3N4 added 

on a silicon waveguide.  Details of this polarizati on rotator 

are disclosed in NPL 1. 

[0004] Moreover, as a second conventional technique  

example, a polarization rotator has been proposed w hich 

includes a polarization converter and a mode conver ter with 

silicon waveguides whose over claddings are made of  silicon 

nitride.  In this conventional technique example, t he 

polarization converter includes a tapered waveguide  whose width 

gradually increases, while the mode converter inclu des an 

asymmetric directional coupler including two wavegu ides 

differing in width.  This polarization rotator is d isclosed in 

detail in NPL 2. 

[0005] Figs. 43A and 43B are views showing the 

configuration of the polarization rotator in the ab ove second 

conventional technique example.  Fig. 43A is a top view of a 

surface where the circuit is formed.  The polarizat ion rotator 

shown in Fig. 43A includes: a polarization converte r 1003 formed 

of a tapered waveguide whose width increases from w 1 to w2; and 

a mode converter 1014 formed of an asymmetric direc tional 

coupler including two waveguides 1005, 1006 differi ng in width.  

The tapered waveguide 1003 and the waveguide 1005 a re smoothly 

connected by a second tapered waveguide 1004.  Opti cal signals 

of given polarizations and modes are inputted into and outputted 
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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, to be noted that the partitions are illust rated based 

on the functions for convenience and the constituen t material 

has no discontinuity or actual boundary. 

[0006] In an example of the actual structure, the l ength 

of the tapered waveguide 1003 is 50 µm, and its width is w1 = 

0.69 µm to w2 = 0.83 µm.  The waveguide 1005 and the waveguide 

1006, forming the asymmetric directional coupler, h ave a width 

of 0.9 µm and a width of 0.405 µm, respectively, and both have 

a length of 17 µm.  The gap between the two waveguides 1004, 

1005 is 0.25 µm.  The width of the input-output waveguide 1001 

is 0.5 µm, and the length of each of the second tapered wav eguide 

1004 and the third tapered waveguide 1002 is 15 µm. 

[0007] Also, in a different structure example focus ing on 

reducing the entire circuit length, the length of t he tapered 

waveguide 1003 is 44 µm, and its width is w1 = 0.69 µm to w2 

= 0.83 µm as in the above structure.  The widths of the wav eguide 

1005 and the waveguide 1006, forming the asymmetric  directional 

coupler, are 0.9 µm and 0.405 µm, respectively.  The gap between 

the waveguides 1005, 1006 is 0.15 µm so that the lengths of the 

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



 - 4 -  

asymmetric directional coupler can therefore be red uced.  The 

width of the input-output waveguide 1001 is 0.54 µm.  The length 

of each of the second tapered waveguide 1004 and th e third 

tapered waveguide 1002 is 15 µm.  In the case of this structure, 

the entire length of the polarization rotator is 71  µm. 

[0008] Fig. 43B shows a cross-sectional structure t aken 

along line XLIIIB-XLIIIB in the top view of the pol arization 

rotator shown in Fig. 43A.  An under cladding 1010 made of silica 

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 3N4 is formed in such a way as to cover the core 1003.   

The core thickness of the waveguide 1003 is 0.22 µm, the 

thickness of the over cladding 1009 is 1.5 µm, and the thickness 

of the under cladding 010 is 2 µm. 

[0009] TM-polarized basic mode light 1012 inputted into 

the circuit from the input-output waveguide 1001 is  converted 

into TE-polarized 1st order mode light as it propag ates through 

the tapered waveguide 1003, or the polarization con verter.  

Further, at the asymmetric directional coupler 1014 , or the mode 

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 

circuit shown in Figs. 43A and 43B is bidirectional .  Thus, in 

a case where the TE-polarized basic mode light 1013  is inputted 

in the reverse direction from the input-output wave guide 1008, 
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it passes through paths that are the reverse of the  paths 

mentioned above, and the TM-polarized basic mode li ght 1012 is 

outputted into the input-output waveguide 1001. 

[0010] A polarization rotator needs to have an asym metric 

waveguide in order to cause polarization conversion  of an 

optical wave propagating therethrough.  A structura lly 

symmetric waveguide has no coupling between a TE mo de and a TM 

mode and cannot therefore cause polarization conver sion.  In 

Conventional Technique Example 1, the silicon nitri de Si 3N4 

structure formed on top acts to break symmetry.  In  Conventional 

Technique Example 2, the under cladding and the ove r cladding 

differ from each other in refractive index and ther eby provide 

asymmetry. 

 

Citation List 
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Summary of Invention 

Technical Problems 

[0012] However, polarization rotators including sil icon 
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waveguides as described above have the following pr oblems.  

Specifically, the polarization converter in NPL 1 r equires 

forming a silicon waveguide and then forming a sili con nitride 

layer on the silicon waveguide and processing the s ilicon 

nitride layer.  Also, the polarization converter in  NPL 2 

requires forming a silicon waveguide and then formi ng a silicon 

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 r is 0.15 

µm, which is small, whereas the entire circuit lengt h reaches 

71 µm and its size therefore is large. 

[0014] As described, the conventional polarization 

rotators require forming a silicon nitride layer, w hich is not 

employed in usual fabrication of a silicon waveguid e circuit.  

In order to employ such a polarization rotator in a n optical 

integrated circuit, a process of forming a silicon nitride layer 

is added just for that purpose.  This increases the  fabrication 

time and complicates the fabrication equipment. 

[0015] Furthermore, since the smallest fabrication 

dimension in part of the optical circuit is 0.15 µm, which is 

small, it is difficult to ensure fabrication tolera nce.  There 

has been a need for a structure that allows more re laxed 

fabrication tolerance. 

[0016] The present invention has been made in view of these 

problems, and an object thereof is to provide an op tical circuit 

capable of reducing the fabrication cost by being f ormed of 
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silicon waveguides, and also relaxing requirements on 

fabrication accuracy in close arrangement of wavegu ides. 

Solution to Problems 

[0017] One aspect of the present invention provides  a 

polarization rotator characterized in that the pola rization 

rotator comprises: a polarization converter includi ng a silicon 

rib waveguide and configured to convert TM-polarize d basic mode 

light into TE-polarized 1st order mode light, the s ilicon rib 

waveguide including a center-portion core and a 

peripheral-portion core thinner than the center-por tion core, 

and having such a tapered shape that a core width o f the 

peripheral-portion core gradually increases; and a mode 

converter optically connected to the polarization c onverter and 

configured to convert the TE-polarized 1st order mo de light into 

TE-polarized basic mode light. 

[0018] The above polarization rotator is preferably  such 

that the mode converter includes an asymmetric dire ctional 

coupler including two waveguides differing in width , the two 

waveguides differing in width are silicon rib waveg uides with 

no center-portion core, and of the two waveguides d iffering in 

width, the wider waveguide has one end optically co nnected to 

the polarization converter. 

[0019] Further, the polarization converter and the mode 

converter can be smoothly connected by a tapered in termediate 

waveguide, and the tapered intermediate waveguide c an be any 

one of a silicon rib waveguide with no center-porti on core, a 

silicon rib waveguide, and a silicon rib waveguide with no 
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center-portion core and a silicon rib waveguide joi ned to each 

other. 

[0020] The above one aspect of the present inventio n can 

be preferably such that the mode converter includes  an optical 

splitter optically connected to the polarization co nverter, a 

delay circuit including two waveguides, and an opti cal coupler. 

[0021] More preferably, the optical splitter includ es a 

silicon rib waveguide with no center-portion core, and a silicon 

rib waveguide including two thick core portions, an d the silicon 

rib waveguide with no center-portion core has one e nd connected 

to the polarization converter. 

[0022] Also, the above polarization rotator can be such 

that the mode converter includes an asymmetric dire ctional 

coupler including two waveguides differing in width , the two 

waveguides differing in width are silicon channel w aveguides, 

of the two waveguides differing in width, the wider  waveguide 

has one end optically connected to the polarization  converter 

by an intermediate waveguide, the intermediate wave guide 

includes a silicon rib waveguide including two port ions with 

relatively thick cores and a peripheral portion wit h a 

relatively thin core, and each of the portions with  the 

relatively thick cores has a tapered structure. 

[0023] The above polarization rotator is preferably  such 

that a tapered waveguide is connected to at least o ne of one 

end of the wider waveguide of the asymmetric direct ional coupler 

and one end of the narrower waveguide of the asymme tric 

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

[0024] Another aspect of the present invention prov ides 

a polarization rotator characterized in that the po larization 

rotator comprises: an input-output waveguide into w hich to 

input TM-polarized basic mode light; a polarization  converter 

including a silicon rib waveguide and configured to  convert the 

TM-polarized basic mode light into TE-polarized 1st  order mode 

light, the silicon rib waveguide including a center -portion 

core and a peripheral-portion core thinner than the  

center-portion core, and having such a tapered shap e that a core 

width of the peripheral-portion core gradually incr eases; a 

core-width conversion waveguide situated between th e 

input-output waveguide and the polarization convert er and 

continuously varying a core width between a wavegui de at the 

input-output waveguide and the center-portion core of the 

polarization converter; and a mode converter optica lly 

connected to the polarization converter and configu red to 

convert the TE-polarized 1st order mode light into TE-polarized 

basic mode light. 

[0025] Also, a polarization rotator according to a still 

another aspect comprises: a polarization converter including 

a silicon rib waveguide and configured to convert T M-polarized 

basic mode light into TE-polarized 1st order mode l ight, the 

silicon rib waveguide including a center-portion co re and a 

peripheral-portion core thinner than the center-por tion core, 

and having such a tapered shape that a core width o f the 

peripheral-portion core gradually increases; and a mode 



 - 10 -  

converter optically connected to the polarization c onverter and 

configured to convert the TE-polarized 1st order mo de light into 

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 aspect is preferably such that the mode  converter 

includes a delay circuit configured to cause a dela y of 1/2 of 

a wavelength and a 2 ×1 coupler, or a delay circuit configured 

to cause a delay of 1/4 of a wavelength and a 2 ×2 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-portion core, one of the two silicon rib  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 ×2 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 ected by a 

tapered intermediate waveguide, the tapered interme diate 

waveguide is a rib waveguide including a center-por tion core 

and a peripheral-portion core thinner than the cent er-portion 

core, and has such a tapered shape that a width the reof gradually 
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decreases toward an output side, a portion connecti ng the 

tapered intermediate waveguide and the mode convert er includes 

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

that a width of the core gradually increases. 

[0029] The polarization rotator according to the ab ove 

still other aspect can be such that the center-port ion core of 

the polarization converter has such a tapered shape  that a width 

of the center-portion core gradually decreases towa rd an output 

side, and the peripheral-portion core of the polari zation 

converter has such a tapered shape that the width o f the 

peripheral-portion core gradually increases toward the output 

side. 

[0030] Also, the tapered shape of the peripheral-po rtion 

core of the polarization converter can be designed such that 

the width of the peripheral-portion core increases in a curved 

manner. 

[0031] Further, each of the above polarization rota tors 

can operate also as a polarization rotator-splitter . 

Advantageous Effects of Invention 

[0032] As described above, with the present inventi on, it 

is possible to provide a polarization rotator that includes only 

silicon waveguides and needs no additional process for a silicon 

nitride layer or the like.  Further, with the prese nt invention, 

it is possible to relax requirements on fabrication  accuracy 

in close arrangement of waveguides. 

 

Brief Description of Drawings 
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[0033] 

[Fig. 1] Fig. 1 is a view showing a configuration i n a first 

embodiment of a polarization rotator of the present  invention; 

[Fig. 2] Fig. 2 is a view showing a cross-sectional  structure 

taken along line II-II on one of input-output waveg uides in Fig. 

1; 

[Fig. 3] Fig. 3 is a view showing a cross-sectional  structure 

taken along line III-III on a polarization converte r in Fig. 

1; 

[Fig. 4] Fig. 4 is a view showing a cross-sectional  structure 

taken along line IV-IV on a mode converter in Fig. 1; 

[Fig. 5] Fig. 5 is a diagram explaining the functio n of the 

polarization converter in the first embodiment of t he present 

invention; 

[Fig. 6] Fig. 6 is a diagram showing the intensity ratio 

between a TE-polarized component and a TM-polarized  component 

at the polarization converter of the present invent ion shown 

in Fig. 5; 

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

radiation structures applicable to the polarization  rotator of 

the present invention; 

[Fig. 8] Fig. 8 is a view showing a waveguide struc ture 

capable of adding a polarization splitting function  to the 

polarization rotator of the present invention; 

[Fig. 9] Fig. 9 is a view showing the configuration  of a 

polarization rotator in a second embodiment of the present 

invention; 
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[Fig. 10] Fig. 10 is a view showing the configurati on of a 

polarization rotator in a third embodiment of the p resent 

invention; 

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

structure taken along line XI-XI on an input-output  waveguide 

for a polarization converter in Fig. 10; 

[Fig. 12] Fig. 12 is a view showing a cross-section al 

structure taken along line XII-XII on the polarizat ion 

converter in Fig. 10; 

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

structure taken along line XIII-XIII on a mode conv erter in Fig. 

1; 

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

polarization rotator in a fourth embodiment of the present 

invention; 

[Fig. 15] Fig. 15 is a view showing a cross-section al 

structure taken along line XV-XV on one of input-ou tput 

waveguides in Fig. 14; 

[Fig. 16] Fig. 16 is a view showing a cross-section al 

structure taken along line XVI-XVI on a polarizatio n converter 

in Fig. 14; 

[Fig. 17] Fig. 17 is a view showing a cross-section al 

structure taken along line XVII-XVII on an intermed iate 

waveguide in Fig. 14; 

[Fig. 18] Fig. 18 is a view showing a cross-section al 

structure taken along line XVIII-XVIII on an asymme tric 

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

polarization rotator in a fifth embodiment of the p resent 

invention; 

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

structure of the polarization rotator taken along l ine XX-XX 

shown in Fig. 19; 

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

structure of the polarization rotator taken along l ine XXI-XXI 

shown in Fig. 19; 

[Fig. 22] Fig. 22 is a diagram explaining an exampl e of the 

result of calculation of the effective refractive i ndexes of 

eigenmodes versus the core width of a channel waveg uide; 

[Fig. 23] Fig. 23 is a diagram explaining an exampl e of the 

result of calculation of effective refractive index es versus 

the core width of the peripheral portions of a rib waveguide; 

[Fig. 24] Fig. 24 is a diagram showing the result o f 

calculation of the intensity ratio between differen tly 

polarized components for a second mode shown in Fig . 23; 

[Fig. 25] Fig. 25 shows the result of calculation o f the 

TE-polarized component and the TM-polarized compone nt of the 

second mode versus the thickness of the peripheral- portion 

cores of the rib waveguide; 

[Fig. 26] Fig. 26 is a diagram showing an example o f the result 

of calculation of the TE-polarized component of the  second mode 

versus the width of the peripheral-portion cores of  the rib 

waveguide for each given value of the thickness of the 

peripheral-portion cores; 
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[Fig. 27] Fig. 27 is a diagram showing an example o f the result 

of calculation of different mode components contain ed in light 

outputted from a polarization converter versus the thickness 

of the peripheral-portion cores of the rib waveguid e; 

[Fig. 28] Fig. 28 is a view showing a configuration  obtained 

by adding intermediate tapers to the polarization r otator in 

the fifth embodiment; 

[Fig. 29] Fig. 29 is a view showing a configuration  obtained 

by forming the center-portion core of the polarizat ion 

converter in the fifth embodiment into a tapered sh ape; 

[Fig. 30] Fig. 30 is a diagram showing an example o f the result 

of calculation of different mode components contain ed in light 

outputted from the polarization converter, versus t he thickness 

of the peripheral-portion cores of the rib waveguid e; 

[Fig. 31] Fig. 31 is a view showing a configuration  obtained 

by forming the peripheral-portion cores of the pola rization 

converter in the fifth embodiment into a curved tap er; 

[Fig. 32] Fig. 32 is a view showing details of the curved taper 

of the peripheral-portion cores of the polarization  converter 

in Fig. 31; 

[Fig. 33] Fig. 33 is a view showing the configurati on of a 

polarization rotator-splitter in the fifth embodime nt of the 

present invention; 

[Fig. 34] Fig. 34 is a view showing the configurati on of a 

polarization rotator in a sixth embodiment of the p resent 

invention; 

[Fig. 35] Fig. 35 is a view showing a configuration  obtained 
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by forming peripheral-portion cores of a polarizati on converter 

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  shown in 

Fig. 36; 

[Fig. 38] Fig. 38 is a view showing a configuration  obtained 

by forming peripheral-portion cores of a polarizati on converter 

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. 40 is a view showing details of a mo de converter 

of the polarization rotator in Fig. 39; 

[Fig. 41] Fig. 41 is a view showing a configuration  obtained 

by forming peripheral-portion cores of the polariza tion rotator 

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. 43A is a view showing the configura tion of a 

polarization rotator in Conventional Technique Exam ple 2; and 

[Fig. 43B] Fig. 43B is a view showing a cross-secti onal 

structure of the polarization rotator in Convention al Technique 

Example 2. 
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Description of Embodiments 

[0034] In one instance of a polarization rotator of  the 

present invention, a waveguide at a polarization co nverter is 

formed in a rib structure, which has an inverted T- shape in cross 

section, thereby creating asymmetry in the waveguid e structure.  

Further, the waveguide width of the center core por tion of the 

rib structure is set to be extremely small.  In thi s way, the 

configuration is such that the intensity of an opti cal wave does 

not concentrate only at the center core portion and  is more 

influenced by the structural asymmetry.  With this 

configuration, it is possible to efficiently cause polarization 

conversion with a structure including only a silico n waveguide 

and no silicon nitride layer or the like formed the reon. 

[0035] Specifically, the polarization rotator of th e 

present invention includes: a polarization converte r including 

a silicon rib waveguide and configured to convert T M-polarized 

basic mode light into TE-polarized 1st order mode l ight, the 

silicon rib waveguide including a center-portion co re and a 

peripheral-portion core thinner than the center-por tion core, 

and having such a tapered shape that the core width  of the 

peripheral-portion core gradually increases; and a mode 

converter optically connected to the polarization c onverter and 

configured to convert the TE-polarized 1st order mo de light into 

TE-polarized basic mode light.  Various embodiments  of the 

polarization rotator of the present invention will be described 

below in detail. 

[0036] [First Embodiment] 
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 A polarization rotator according to a first embodi ment 

of the present invention will be described.  This e mbodiment 

shows a basic configuration of the polarization rot ator of the 

present invention, and is a configuration example i ncluding 

input-output waveguides which are channel waveguide s. 

[0037] Fig. 1 is a view showing a configuration in the first 

embodiment of the polarization rotator of the prese nt invention, 

and is a view of a device's surface where the circu it is formed.  

In figures explaining the present invention below, waveguides 

and the boundaries of their regions are individuall y 

illustrated with clear dotted lines (partitions per pendicular 

to the direction of travel of light).  It is, howev er, to be 

noted that the partitions are illustrated based on the functions 

of these parts for convenience and the constituent material has 

no discontinuity or actual boundary.  A polarizatio n converter 

104 and a mode converter 113 perform main operation  in 

polarization rotation.  TM-polarized basic mode lig ht 111 

inputted from an input-output waveguide 101 at the left end of 

the figure is converted by the polarization convert er of the 

present invention into TE-polarized 1st order mode light 112 

and then outputted from an input-output waveguide 1 10 at the 

right end.  The polarization converter is formed of  a silicon 

rib waveguide 104 including a center portion with a  relatively 

thick core and peripheral portions with relatively thin cores, 

and is such a tapered waveguide 104 that the core w idth of the 

peripheral portions increases from w1 to w2. 

[0038] The mode converter 113 is formed of silicon rib 
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waveguides 106, 107 with no center portion, and is an asymmetric 

directional coupler including two waveguides differ ing in width.  

The mode converter 113 is configured to convert the  TE-polarized 

1st order mode light inputted from the left in Fig.  1 into one 

of the silicon rib waveguides, namely, the silicon rib waveguide 

106, into TE-polarized basic mode light and output it from the 

right of the other silicon rib waveguide 107.  Thus , the mode 

converter includes an asymmetric directional couple r including 

two waveguides differing in width, and the two wave guides 

differing in width are silicon rib waveguides with no center 

portion.  Of the two waveguides differing in width,  the wider 

waveguide has one end optically connected to the po larization 

converter. 

[0039] An intermediate waveguide 105 is provided be tween 

the polarization converter 104 and the silicon rib waveguide 

106.  The intermediate waveguide 105 is formed of a  silicon rib 

waveguide with no center portion, and is a tapered waveguide 

smoothly connecting the polarization converter 104 and the 

silicon rib waveguide 106 to each other.  The input -output 

waveguides 101, 110 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 102, 103 and a rib-channel con version 

waveguide 108, 109 are provided between the input-o utput 

waveguide 101 and the polarization converter 104 an d between 

the input-output waveguide 110 and the silicon rib waveguide 

107, respectively. 
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[0040] Each of these rib-channel conversion wavegui des is 

formed of a section 102, 109 converting the wavegui de structure 

from a channel structure into a rib structure, and a section 

103, 108 varying the core width of the center porti on of the 

rib waveguide.  These rib-channel conversion wavegu ides do not 

directly contribute to the polarization rotation fu nction but 

eliminate structural discontinuity between the wave guides 

between which the rib-channel conversion waveguides  are 

connected, and are thus effective in preventing exc essive 

optical loss.  For this reason, it is preferable to  place the 

rib-channel conversion waveguides.  In particular, the section 

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

of the rib waveguide, reduces the discontinuity of the 

center-core portion where the intensity of the prop agating 

optical wave concentrates, and is therefore highly effective 

in preventing excessive optical loss. 

[0041] The length of the polarization converter 104  is 100 

µm, the core width of its center portion is 0.15 µm, and the 

core width of its peripheral portions is w1 = 0.9 µm to w2 = 

1.8 µm. 

[0042] The widths of the waveguide 106 and the wave guide 

107, forming the asymmetric directional coupler 113 , or the mode 

converter, are 2.0 µm and 0.8 µm, respectively.  The length of 

each of the two waveguides is 50 µm, and the gap between the 

two waveguides is 0.4 µm. 

[0043] The length of the intermediate waveguide 105  is 15 

µm.  The width of each input-output waveguide 101, 1 10 is 0.5 



 - 21 -  

µm.  As for the rib-channel conversion waveguide 102 , 103, the 

length of the waveguide 102 is 50 µm, the core width of its center 

portion is 0.5 µm, and the core width of its peripheral portions 

varies from 0.5 µm to 0.9 µm, while the length of the waveguide 

103 is 200 µm, the core width of its center portion varies from  

0.5 µm to 0.15 µm, and the core width of its peripheral portions 

is 0.9 µm.  Also, as for the rib-channel conversion wavegui de 

108, 109, the length of the waveguide 108 is 200 µm, the core 

width of its center portion varies from 0.15 µm to 0.5 µm, and 

the core width of its peripheral portions is 0.8 µm, while the 

length of the waveguide 109 is 50 µm, the core width of its center 

portion is 0.8 µm, and the core width of its peripheral portions 

varies from 0.8 µm to 0.5 µm. 

[0044] Fig. 2 is a view showing a cross-sectional s tructure 

taken along line II-II on one of the input-output w aveguides 

in the top view in Fig. 1.  An under cladding 122 m ade of silica 

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 

glass is provided in such a way as to cover the cor e 101.  The 

core thickness of the waveguide 101 is 0.22 µm, the thickness 

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

under cladding 122 is 2 µm.  Though not shown, the 

cross-sectional circuit structure taken along line II'-II' on 

the input-output waveguide 110 in the top view in F ig. 1 is 

exactly the same as the cross-sectional structure t aken along 

line II-II shown in Fig. 2. 
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[0045] Fig. 3 is a view showing a cross-sectional s tructure 

taken along line III-III on the polarization conver ter in the 

top view in Fig. 1.  An under cladding 132 made of silica glass 

is provided on a silicon substrate 133.  A center-p ortion core 

104a and peripheral-portion cores 104b, 104c of the  rib 

waveguide made of silicon are created on the under cladding 122.  

Further, an over cladding 131 made of silica glass is provided 

in such a way as to cover each core.  The core thic kness of the 

center portion 104a is 0.22 µm, the core thickness of the 

peripheral portions 104b, 104c is 0.06 µm, the thickness of the 

over cladding 131 is 1.5 µm, and the thickness of the under 

cladding 132 is 2 µm. 

[0046] Fig. 4 is a view showing a cross-sectional s tructure 

taken along line IV-IV on the mode converter in the  top view 

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

provided on a silicon substrate 143.  Cores 106, 10 7 of the rib 

waveguides with no center portion made of silicon a re created 

on the under cladding 142.  Further, an over claddi ng 141 made 

of silica glass is provided in such a way as to cov er both cores.  

The core thickness of the waveguides 106, 107 is 0. 06 µm, the 

thickness of the over cladding 141 is 1.5 µm, and the thickness 

of the under cladding 142 is 2 µm. 

[0047] As mentioned earlier, in order to cause 

polarization conversion of an optical wave propagat ing through 

the polarization rotator, waveguides need to have a symmetry.  

In the polarization converter 104 of the present in vention, its 

waveguide is formed in a rib structure, which has a n inverted 
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T-shape in cross section, thereby basically creatin g asymmetry.  

Here, the structure of a usual rib waveguide is suc h that the 

width of its center-core portion is about 0.5 µm and the 

intensity of an optical wave concentrates at this c enter-core 

portion.  For this reason, only providing thin peri pheral cores 

hardly provides asymmetry, and may achieve polariza tion 

conversion to some extent but the efficiency of the  polarization 

conversion is low. 

[0048] In the polarization rotator of the present 

invention, the waveguide width of the center-core p ortion is 

reduced to about 0.15 µm.  In this way, the intensity of an 

optical wave does not concentrate solely on the cen ter-core 

portion and is more influenced by the structural as ymmetry.  

With this configuration, a structure including only  a silicon 

waveguide can efficiently cause polarization conver sion with 

no silicon nitride layer or the like formed thereon . 

[0049] In this embodiment, the polarization convert er 104 

and the rib-channel conversion waveguide 102, 103 a re provided 

as individual circuits that bear their own function s.  The two 

functions--polarization conversion and waveguide st ructure 

conversion--can also be implemented at the same tim e by such 

a tapered structure that the width of the center-co re portion 

and the width of the peripheral-portion cores vary at the same 

time.  However, implementing the two functions with  one tapered 

structure imposes a design requirement that limits the amount 

of variation in width of the center-core portion an d the amount 

of variation in width of the peripheral-portion cor es for 
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efficiently causing polarization conversion.  There  is a 

possibility that the conversion efficiency might be  lowered by 

an error in core width of about ±0.05 µm caused by a device 

fabrication error.  In contrast, the polarization c onverter 

104 with the structure of the present invention can  obtain the 

same characteristics even if the width of the cente r-core 

portion or the peripheral-portion cores changes by about ±0.05 

µm.  For this reason, the polarization converter 104  and the 

rib-channel conversion waveguide 102, 103 are prefe rably 

provided independently of each other so as to be a structure 

that has higher tolerance (larger tolerable errors)  during 

device fabrication. 

[0050] Thus, the present invention can be implement ed as 

a polarization rotator characterized in that the po larization 

rotator includes: an input-output waveguide into wh ich to input 

TM-polarized basic mode light; a polarization conve rter 

including a silicon rib waveguide and configured to  convert the 

TM-polarized basic mode light into TE-polarized 1st  order mode 

light, the silicon rib waveguide including a center -portion 

core and a peripheral-portion core thinner than the  

center-portion core, and having such a tapered shap e that the 

core width of 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 the core width between a waveg uide at the 

input-output waveguide and the center-portion core of the 

polarization converter; and a mode converter optica lly 
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connected to the polarization converter and configu red to 

convert the TE-polarized 1st order mode light into TE-polarized 

basic mode light. 

[0051] Fig. 5 is a diagram explaining the operation  of the 

polarization converter in the first embodiment of t he present 

invention.  Fig. 5 is the result of calculation of an effective 

refractive index (vertical axis) versus a core widt h w of the 

peripheral portions of a rib waveguide.  The materi al of each 

part of the polarization converter and the cross-se ctional 

structure of the waveguide used for the calculation  are similar 

to those of the cross section taken along line III- III in Fig. 

3, and only the core width w of the peripheral port ions is varied 

to calculate the effective refractive index for thr ee modes.  

In the cross-sectional view in Fig. 3, the core wid th w of the 

peripheral portions is the length from the left end  of the 

peripheral-portion core 104b to the right end of th e 

peripheral-portion core 104c. 

[0052] Here, a first mode plotted with squares main tains 

a TE-polarized basic mode regardless of the core wi dth w of the 

peripheral portions.  On the other hand, a second m ode plotted 

with diamonds and a third mode plotted with triangl es are hybrid 

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

component are mixed in accordance with the change i n core width 

w of the peripheral portions.  When the core width w of the 

peripheral portions is around 0.8 µm, the second mode is 

substantially a TM-polarized basic mode and the thi rd mode is 

substantially a TE-polarized 1st order mode.  On th e other hand, 
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when the core width w of the peripheral portions is  around 2.4 

µm, the second mode switches from the TM-polarized b asic mode 

to substantially a TE-polarized 1st order mode, and  the third 

mode switches from the TE-polarized 1st order mode to 

substantially a TM-polarized basic mode. 

[0053] Fig. 6 is a diagram showing the intensity ra tio 

between the TE-polarized component and the TM-polar ized 

component at the polarization converter of the pres ent 

invention shown in Fig. 5.  Fig. 6 shows the intens ity ratio 

between the TE-polarized component and the TM-polar ized 

component (vertical axis) versus the core width w o f the 

peripheral portions of the rib waveguide (horizonta l axis) 

based on the result of the calculation of the secon d mode in 

the operation example shown in Fig. 5.  Fig. 6 indi cates that, 

as the width w of the peripheral-portion cores 104b , 104c 

increases, the intensity ratio of the TM-polarized component 

decreases but the intensity ratio of the TE-polariz ed component 

increases, and the two components switch from each other.  The 

polarization converter 104, shown in Fig. 1, is des igned such 

that the core width w1 on the narrower side and the  core width 

w2 on the wider side cover as much as possible a ra nge shown 

in Fig .6 within which the two polarized components  in the second 

mode switch from each other.  Specifically, in this  embodiment, 

w1 = 0.9 µm and w2 = 1.8 µm.  In a case where the TM-polarized 

basic mode light 111 is inputted into the polarizat ion converter 

104 from the left side in Fig. 1, the optical wave propagating 

through the polarization converter 104 is converted  into a 
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TE-polarized 1st order mode by the gradual increase  in core 

width from w1 to w2, and is outputted from the righ t side of 

the polarization converter 104. 

[0054] In the asymmetric directional coupler 113, o r the 

mode converter, the core width of each of the waveg uide 106 and 

the waveguide 107 is designed such that the effecti ve refractive 

index of the TE-polarized 1st order mode at the one  waveguide 

106 and the effective refractive index of the TE-po larized basic 

mode at the other waveguide 107 are substantially e qual.  In 

this way, the TE-polarized 1st order mode light inp utted into 

the one waveguide 106 is coupled to the TE-polarize d basic mode 

at the other waveguide 107, and TE-polarized basic mode light 

is outputted from the waveguide 107. 

[0055] In the polarization rotator in this embodime nt, the 

TM-polarized basic mode light 111 inputted into the  circuit from 

the input-output waveguide 101 is inputted into the  

polarization converter 104 through the rib-channel conversion 

waveguide 102, 103 to be converted into TE-polarize d 1st order 

mode light.  The TE-polarized 1st order mode light from the 

polarization converter 104 is inputted into the one  waveguide 

106 of the asymmetric directional coupler, or the m ode converter, 

through the intermediate waveguide 105.  At the wav eguide 106, 

the TE-polarized 1st order mode light is converted into 

TE-polarized basic mode light and outputted from th e other 

waveguide 107.  The TE-polarized basic mode light t hen passes 

through the rib-channel conversion waveguide 108, 1 09 and is 

outputted from the input-output waveguide 110 as TE -polarized 
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basic mode light 112.  The polarization rotator in this 

embodiment is bidirectional.  Thus, in a case where  the 

TE-polarized basic mode light 112 is inputted in th e reverse 

direction from the input-output waveguide 110, it p asses 

through paths that are the reverse of the series of  paths 

mentioned above, and the TM-polarized basic mode li ght 111 is 

outputted into the input-output waveguide 101. 

[0056] As described above, the polarization rotator  in 

this embodiment implements a function similar to th e 

polarization rotators of the conventional technique s.  However, 

unlike the conventional techniques, the polarizatio n rotator 

of the present invention does not need to include a  silicon 

nitride layer or a silicon nitride component.  The polarization 

rotator of the present invention includes only sili con 

waveguides and therefore has a great advantage that  it does not 

need an additional process for silicon nitride laye r or the like.  

Configurations with various modifications are appli cable to the 

polarization rotator in this embodiment.  For examp le, as will 

be discussed next, it is possible to add a configur ation that 

reduces noise light and improves the return loss 

characteristic. 

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

right side of the one waveguide 106 of the asymmetr ic 

directional coupler 113 and the left of the other w aveguide 107 

of the asymmetric directional coupler 113 are provi ded with no 

waveguide structure and terminated.  Based on the d esign, when 

light is inputted from the input-output waveguide 1 01, the 
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propagating light is supposed to be all coupled fro m the one 

waveguide 106 to the other waveguide 107 and never reach the 

right end of the waveguide 106.  Also, when light i s inputted 

in the reverse direction from the input-output wave guide 110, 

the propagating light is also supposed to be all co upled from 

the one waveguide 107 to the other waveguide 106 an d never reach 

the left end of the waveguide 107.  However, in the  actual 

circuit fabrication, the waveguide size and the lik e differ to 

some extent from those in the design.  For this rea son, there 

is a possibility that part of the propagating light  might reach 

the right end of the waveguide 106 or the left end of the 

waveguide 107 as unwanted noise light. 

[0058] In such a case, the noise light is reflected  on the 

right end of the waveguide 106 or the left end of t he waveguide 

107 and returns to the input-output waveguide 101 o r the 

input-output waveguide 110, from which the light ha s been 

inputted.  This results in a possibility that the r eturn loss 

characteristic of the polarization rotator might be  

deteriorated. 

[0059] To avoid the above problem of deterioration in 

return loss characteristic, it is preferable to fur ther add a 

waveguide structure and an optical termination or r adiation 

structure at at least one of the right end of the w aveguide 106 

and the left end of the waveguide 107. 

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

radiation structures applicable to the polarization  rotator of 

the present invention.  Fig. 7 only illustrates str uctures 
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added to the two waveguides 106, 107 of the asymmet ric 

directional coupler 113, shown in Fig. 1.  Tapered waveguides 

161, 162 formed of silicon rib waveguides with no c enter portion 

are newly added at the ends of the two waveguides 1 06, 107.  Here, 

the length of each tapered waveguide 161, 162 is 20 0 µm, and 

the core width of its tip is 0.15 µm.  Thus, the shape of the 

tip of each tapered waveguide is such that part of the waveguide 

is cut off.  Noise light transferred from the waveg uides 106, 

107 is inputted into and propagates through the res pective 

tapered waveguides 162, 161.  However, as the taper ed 

waveguides 161, 162 extend toward their tips, the t apered 

waveguides 161, 162 weaken their optical confinemen t and 

thereby gradually radiate and attenuate the light.  Hence, the 

noise light will not be reflected and return to the  input-output 

waveguides 101, 110. 

[0061] Thus, in the above optical radiation structu re, a 

tapered waveguide is connected to at least one of o ne end of 

the wider waveguide of the asymmetric directional c oupler and 

one end of the narrower waveguide of the asymmetric  directional 

coupler, and the tapered waveguide gradually narrow s with its 

tip cut off. 

[0062] The polarization rotator in this embodiment 

assumes that the TM-polarized basic mode light 111 is inputted 

from the input-output waveguide 101.  In a case whe re 

TE-polarized basic mode light is inputted from the input-output 

waveguide 101, the TE-polarized basic mode light pr opagates 

through the polarization converter 104 while remain ing as 
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TE-polarized basic mode light.  Further, at the mod e converter 

113, the propagating light propagates through the w aveguide 106 

while remaining as TE-polarized basic mode light, a nd is hardly 

coupled to the waveguide 107.  Then, the polarizati on rotator 

of the present invention can also function as a pol arization 

splitter with an input-output waveguide newly added  to Fig. 1 

on a line extending from the waveguide 106 of the m ode converter 

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 

asymmetric directional coupler 113, or the mode con verter shown 

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 an input-output waveguide 174 are connected in this order 

on a lined extending from the waveguide 106 of the asymmetric 

directional coupler 113.  The rib-channel conversio n waveguide 

includes a section 172 varying the core width of th e center 

portion of the rib waveguide, and a section 173 con verting the 

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, the intermediate waveguid e 171 

is a tapered waveguide having a length of 15 µm and core widths 
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varying from 2.0 µm to 1.2 µm.  The length of the waveguide 172 

of the rib-channel conversion waveguide is 200 µm, the core 

width of its center portion varies from 0.15 µm to 0.5 µm, and 

the core width of its peripheral portions is fixed at 1.2 µm.  

The length of the rib-channel conversion waveguide 173 is 50 

µm, the core width of its center portion is fixed at  0.5 µm, 

and the core width of its peripheral portions varie s from 1.0 

µm to 0.5 µm.  The core width of the input-output waveguide 17 4 

is 0.5 µm. 

[0065] In the polarization rotator in this embodime nt with 

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-output waveguide 110 (polarization conversion  function).  

At the same time, TE-polarized basic mode light inp utted from 

the input-output waveguide 101 passes through the p olarization 

converter and the mode converter but is not convert ed, and is 

outputted as TE-polarized basic mode light 175 from  the 

input-output waveguide 174 (polarization splitting function).  

In other words, the function of a polarization rota tor and the 

function of a polarization splitter can be implemen ted at the 

same time. 

[0066] The circuit in this embodiment is bidirectio nal.  

Thus, the TE-polarized basic mode light 176 inputte d in the 

reverse direction from the input-output waveguide 1 10 is 
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converted into a TM-polarized basic mode and output ted into the 

input-output waveguide 101.  Also, the TE-polarized  basic mode 

light 175 inputted in the reverse direction from th e 

input-output waveguide 174 is outputted into the in put-output 

waveguide 101 as is.  In other words, the function of a 

polarization rotator and the function of a polariza tion 

combiner can be implemented at the same time. 

[0067] As described above in detail, with the polar ization 

converter of the present invention, it is possible to form a 

polarization converter from only a silicon waveguid e without 

having to include a silicon nitride layer or a sili con nitride 

component as in the conventional techniques.  Since  there is 

no need for an additional process for a silicon nit ride layer 

or the like, the problem of increase in fabrication  time and 

the problem of complication of the fabrication equi pment do not 

occur. 

[0068] [Second Embodiment] 

 A polarization rotator according to a second embod iment 

of the present invention will be described.  The st ructure of 

the polarization rotator in this embodiment is subs tantially 

the same as the first embodiment but differs theref rom in that 

rib waveguides are employed as the input-output wav eguides.  

The polarization rotator of the present invention c an handle 

not only case where the input-output waveguides are  channel 

waveguides but also cases where various input-outpu t 

waveguides. 

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

invention.  The configuration of the polarization r otator in 

this embodiment is exactly the same as the configur ation shown 

in Fig. 1 from the rib-channel conversion waveguide  103, which 

varies the core width, to the rib-channel conversio n waveguide 

108, which varies the core width, and description t hereof will 

be omitted.  In the polarization rotator in this em bodiment, 

input-output waveguides 181, 184 are formed of rib waveguides.  

For this reason, an intermediate waveguide 182 form ed of a rib 

waveguide is provided between the input-output wave guide 181 

and the rib-channel conversion waveguide 103.  Simi larly, an 

intermediate waveguide 183 formed of a rib waveguid e is provided 

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 

waveguide 181, 184 is 0.5 µm, and the core width of its peripheral 

portions is 2.5 µm.  The length of the intermediate waveguide 

182 is 50 µm, the core width of its center is 0.5 µm, and the 

core width of its peripheral portions varies from 2 .5 µm to 0.9 

µm.  The length of the other intermediate waveguide 183 is 50 

µm, the core width of its center is 0.5 µm, and the core width 

of its peripheral portions varies from 0.8 µm to 2.5 µm.  The 

core thickness of the center portion of each of the  waveguides 

181 to 182 and the waveguides 183 to 184 is 0.22 µm, and the 

core thickness of its peripheral portions is 0.06 µm. 

[0071] In the polarization rotator in this embodime nt, 

TM-polarized basic mode light 185 inputted into the  circuit from 
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the input-output waveguide 181 is inputted into the  

polarization converter 104 through the intermediate  waveguide 

182 to be converted into TE-polarized 1st order mod e light.  The 

output from the polarization converter 104 is input ted into the 

waveguide 106 of the asymmetric directional coupler , or the mode 

converter 113, through the intermediate waveguide 1 05 to be 

converted into TE-polarized basic mode light, and i s outputted 

from the waveguide 107.  The converted light is out putted as 

TE-polarized basic mode light 186 from the input-ou tput 

waveguide 184 through the intermediate waveguide 18 3.  The 

polarization rotator in this embodiment is bidirect ional.  

Thus, in a case where the TE-polarized basic mode l ight 186 is 

inputted in the reverse direction from the input-ou tput 

waveguide 184, it passes through paths that are the  reverse of 

the paths mentioned above, and the TM-polarized bas ic mode light 

185 is outputted into the input-output waveguide 18 1. 

[0072] As described above, the polarization rotator  in 

this embodiment handles the case where the input-ou tput 

waveguides are rib waveguides, and implements a fun ction 

similar to the polarization rotators of the convent ional 

techniques.  The polarization converter of the pres ent 

invention includes only a silicon waveguide and nee ds no 

additional process for a silicon nitride layer or t he like.  

Moreover, the polarization converter in this embodi ment can 

also employ the structure that prevents deteriorati on in return 

loss characteristic, described in the first embodim ent with 

reference to Fig. 7, and the structure that impleme nts the 
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function of a polarization splitter or combiner at the same time, 

described in the first embodiment with reference to  Fig. 8. 

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

embodiment and second embodiment, design parameters  of the 

asymmetric directional coupler, formed of rib waveg uides, are 

described by taking specific values as an example.  However, 

the polarization rotator of the present invention i s not limited 

to these parameters.  The widths of the two wavegui des are 

determined by the thicknesses of the waveguide core s and the 

refractive index of the material of each of the ove r cladding 

and the under cladding.  Thus, the design parameter s of the 

asymmetric directional coupler only need to be set such that 

the effective refractive index of the TE-polarized basic mode 

at the narrower waveguide 107 and the effective ref ractive index 

of the TE-polarized 1st order mode at the wider wav eguide 106 

are close in value. 

[0074] [Third Embodiment] 

 A configuration and operation in still another, th ird 

embodiment of the polarization rotator of the prese nt invention 

will be described.  The polarization converter in t his 

embodiment greatly differs from the first embodimen t shown in 

Fig. 1 in the configuration of the mode converter.  The 

configurations of the input-output waveguides, whic h are 

channel waveguides, and the configurations of the p art of the 

circuit configured to perform polarization conversi on are 

similar to the first embodiment. 

[0075] Fig. 10 is a view showing the configuration of the 
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polarization rotator in the third embodiment of the  present 

invention.  It is a view of a device's surface wher e the circuit 

is formed.  A polarization converter 204 and a mode  converter 

215 perform main operation in polarization rotation .  

TM-polarized basic mode light 213 inputted from an input-output 

waveguide 201 at the left end of the figure is conv erted by the 

polarization converter of the present invention int o 

TE-polarized 1st order mode light 214 and then outp utted from 

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

polarization converter 204 is formed of a silicon r ib waveguide 

including a center portion with a relatively thick core and 

peripheral portions with relatively thin cores, and  is such a 

tapered waveguide that the core width of the periph eral portions 

gradually increases from w1 to w2.  The configurati on of the 

polarization converter 204 is similar to the first and second 

embodiments. 

[0076] The mode converter 215 includes an optical s plitter 

206 and rib-channel conversion waveguides 207, 208 formed of 

silicon rib waveguides, rib-channel conversion wave guides 207, 

208, a delay circuit 209, 210 formed of channel wav eguides, and 

an optical coupler 211 formed of a channel waveguid e.  The mode 

converter 215 is configured to convert the TE-polar ized 1st 

order mode light inputted into the optical splitter  206 from 

the left side in the figure into TE-polarized basic  mode light 

and output it from the right side of the optical co upler 211.  

Thus, the mode converter includes an optical splitt er optically 

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

[0077] The polarization converter 204 and the mode 

converter 215 are connected by an intermediate wave guide 205.  

In this embodiment, the intermediate waveguide 205 is formed 

of a silicon rib waveguide with no center portion, and is a 

tapered waveguide smoothing connecting the polariza tion 

converter 204 and the optical splitter 206.  The in 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-output waveguide 201 and the polarization con verter 204.  

The rib-channel conversion waveguide includes a sec tion 202 

converting the waveguide structure from a channel s tructure 

into a rib structure, and a section 203 varying the  core width 

of the center portion of the rib waveguide.  The le ngth of the 

polarization converter 204 is 50 µm, the core width of its center 

portion is 0.15 µm, and the core width of its peripheral portions 

is w1 = 0.9 µm to w2 = 1.8 µm. 

[0078] In the mode converter 215, the length of the  optical 

splitter 206 is 200 µm.  The optical splitter 206 includes two 

portions with relatively thick cores.  Each of thes e portions 

is formed in such a tapered structure that the core  width 

increases from 0.15 µm to 0.5 µm.  The gap between the two 

tapered structures is 1.15 µm.  Moreover, peripheral portions 

of the optical splitter 206 with relatively thin co res have a 

core width of 2.3 µm.  The length of each rib-channel conversion 



 - 39 -  

waveguide 207, 208 is 50 µm, and the core width of its center 

portion is fixed at 0.5 µm.  Further, the peripheral portions 

of each rib-channel conversion waveguide 207, 208 i s formed in 

such a tapered structure that the core width varies  from 1.0 

µm to 0.5 µm. 

[0079] In the mode converter 215, the delay circuit  209, 

210 is designed such that the waveguide 209 is long er than the 

waveguide 210 by 0.314 µm.  The optical coupler 211 here is 

implemented by a multi-mode interference circuit (M MI).  The 

length and width of the MMI are 3.5 µm and 2.0 µm, respectively, 

and the gap between the portions of the waveguides 209, 210 

connected to the MMI is 1.0 µm.  Also, the input-output 

waveguide 212 is connected to the center of the MMI . 

[0080] The length of the intermediate waveguide 205  is 15 

µm.  The width of each input-output waveguide 201, 2 12 is 0.5 

µm.  In the rib-channel conversion waveguide 202, 20 3, the 

length of the waveguide 202 is 50 µm, the core width of its center 

portion is 0.5 µm, and the core width of its peripheral portions 

varies from 0.5 µm to 0.9 µm, while the length of the waveguide 

203 is 200 µm, the core width of its center portion varies from  

0.5 µm to 0.15 µm, and the core width of its peripheral portions 

is 1.0 µm. 

[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.  

A core 201 of the channel waveguide made of silicon  is created 
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on the under cladding 222.  Further, an over claddi ng 221 made 

of silica glass is provided in such a way as to cov er the core 

201.  The core thickness of the waveguide 201 is 0. 22 µm, the 

thickness of the over cladding 221 is 1.5 µm, and the thickness 

of the under cladding 222 is 2 µm. 

[0082] Fig. 12 is a view showing a cross-sectional 

structure taken along line XII-XII on the polarizat ion 

converter in the top view in Fig. 10.  An under cla dding 232 

made of silica glass is provided on a silicon subst rate 233.  

A center-portion core 204a and peripheral-portion c ores 204b, 

204c of the rib waveguide made of silicon are creat ed on the 

under cladding 232.  Further, an over cladding 231 made of 

silica glass is provided in such a way as to cover each core.  

The core thickness of the center portion 204a is 0. 22 µm, the 

core thickness of the peripheral portions 204b, 204 c is 0.06 

µm, the thickness of the over cladding 231 is 1.5 µm, and the 

thickness of the under cladding 232 is 2 µm. 

[0083] Fig. 13 is a view showing a cross-sectional 

structure taken along line XIII-XIII on the mode co nverter in 

the top view in Fig. 10.  An under cladding 242 mad e of silica 

glass is provided on a silicon substrate 243.  Thic k core 

portions 206a, 206b and thin peripheral cores 206c,  206d, 206e 

of the rib waveguide made of silicon are created on  the under 

cladding 242.  Further, an over cladding 241 made o f silica 

glass is provided in such a way as to cover all the  cores.  The 

core thickness of the thick core portions 206a, 206 b is 0.22 

µm, the core thickness of the peripheral cores 206c,  206d, 206e 
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is 0.06 µm, the thickness of the over cladding 241 is 1.5 µm, 

and the thickness of the under cladding 242 is 2 µm. 

[0084] The polarization converter 204 in this embod iment 

is designed similarly to the polarization converter  104 in the 

first embodiment; the core width w1 on the narrower  side is 0.9 

µm, and the core width w2 on the wider side is 1.8 µm.  In a 

case where TM-polarized basic mode light is inputte d into the 

polarization converter 204 from the left side in Fi g. 10, the 

propagating optical wave is converted into a TE-pol arized 1st 

order mode by the gradual increase in core width fr om w1 to w2, 

and is outfitted from the right side of the polariz ation 

converter 204. 

[0085] At the mode converter 215, the TE-polarized 1st 

order mode light inputted from the polarization con verter 204 

into the optical splitter 206 is split into two bea ms of 

TE-polarized basic mode light having the same inten sity.  The 

two beams of TE-polarized basic mode light are inpu tted into 

the delay circuit 209, 210 through the rib-channel conversion 

waveguides 207, 208, respectively.  At this point, assuming 

that the used central wavelength of the polarizatio n converter 

in this embodiment is 1.55 µm, a phase difference of 1/2 of the 

wavelength is present between the two beams of TE-p olarized 

basic mode light.  Further, as the two beams of TE- polarized 

basic mode light pass through the delay circuit 209 , 210, a delay 

of 1/2 of the wavelength is added.  Hence, the phas e difference 

between the two beams of TE-polarized basic mode li ght is zero 

when they are inputted into the optical coupler 211 .  The two 
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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 light from the input-output  waveguide 

212. 

[0086] As in the other embodiments, the polarizatio n 

rotator in this embodiment is also bidirectional.  Thus, in a 

case where TE-polarized basic mode light 214 is inp utted in the 

reverse direction from the input-output waveguide 2 12, it 

passes through paths that are the reverse of the pa ths mentioned 

above, and the TM-polarized basic mode light 213 is  outputted 

into the input-output waveguide 201. 

[0087] In the polarization rotator in this embodime nt, in 

a case where TE-polarized basic mode light is input ted from the 

input-output waveguide 201, the TE-polarized basic mode light 

propagates through the polarization converter 204 w hile 

remaining as TE-polarized basic mode light.  Furthe r, at the 

optical splitter 206, the TE-polarized basic mode l ight is split 

into two beams of TE-polarized basic mode light hav ing the same 

intensity, but no phase difference is present betwe en the two 

beams of TE-polarized basic mode light. 

[0088] Then, the delay added at the delay circuit 2 09, 210 

may be set at 1/4 of the used central wavelength, a nd the optical 

coupler 211 may be changed to a two-input two-outpu t MMI.  In 

this way, TM-polarized basic mode light inputted in to the 

polarization rotator in the changed embodiment is r otated into 

TE-polarized basic mode light and outputted from on e of the 

outputs of the MMI.  At the same time, TE-polarized  basic mode 
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light inputted into the polarization rotator in the  changed 

embodiment remains as TE-polarized basic mode light  and is 

outputted from the other output of the MMI.  In oth er words, 

by slightly modifying the polarization rotator in F ig. 10, a 

polarization rotator and a polarization splitter ca n be 

implemented at the same time as well. 

[0089] As described above, the polarization rotator  in 

this embodiment can also implement functions such a s 

polarization rotation, polarization splitting, and 

polarization combination similar the polarization r otators of 

the conventional techniques.  On the other hand, th e 

polarization converter of the present invention inc ludes only 

a silicon waveguide and needs no additional process  for a 

silicon nitride layer or the like as in the polariz ation 

rotators of the conventional techniques.  It is nee dless to say 

that the polarization converter in this embodiment can also 

employ the structure that prevents deterioration in  return loss 

characteristic, described in the first embodiment w ith 

reference to Fig. 7. 

[0090] As for the mode converter 215 of the polariz ation 

rotator in this embodiment, design parameters of th e optical 

splitter 206 and the delay circuit 209 are describe d by taking 

specific values as an example.  However, the parame ters are not 

limited to these values.  Further, the optical coup ler is 

described by taking an MMI as an example.  However,  any other 

circuits configured to implement optical combinatio n such as 

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

 A configuration and operation in still another, fo urth 

embodiment of the polarization rotator of the prese nt invention 

will be described.  This embodiment differs from th e foregoing 

embodiments in the configurations of the mode conve rter and the 

intermediate waveguide connecting the polarization converter 

and the mode converter. 

[0092] Fig. 14 is a view showing the configuration of the 

polarization rotator in the fourth embodiment of th e present 

invention.  It is a view of a device's surface wher e the circuit 

is formed.  A polarization converter 304 and a mode  converter 

314 perform main operation in polarization rotation .  

TM-polarized basic mode light 311 inputted from an input-output 

waveguide 301 at the left end of the figure is conv erted by the 

polarization converter of the present invention int o 

TE-polarized 1st order mode light 312 and then outp utted from 

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

polarization converter 304 is formed of a silicon r ib waveguide 

including a center portion with a relatively thick core and 

peripheral portions with relatively thin cores, and  is such a 

tapered waveguide that the core width of the periph eral portions 

increases from w1 to w2. 

[0093] The mode converter 314 includes an asymmetri c 

directional coupler 308, 309 including two waveguid es differing 

in width and each formed of a silicon channel waveg uide.  The 

mode converter is configured to convert TE-polarize d 1st order 

mode light inputted into ones of its waveguides, na mely, the 
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waveguide 308, from the left side in Fig. 14 into T E-polarized 

basic mode light and output it from the right side of the other 

waveguide 309. 

[0094] In this embodiment, the configuration of an 

intermediate waveguide 313 connecting the polarizat ion 

converter 304 and the mode converter 314 is a chara cteristic 

difference from the other embodiments.  In the inte rmediate 

waveguide 313, three types of waveguides 305, 306, 307 are 

connected in this order.  The waveguide 305 is form ed of a 

silicon rib waveguide with no center portion, and i s a tapered 

waveguide smoothly connecting the polarization conv erter 304 

and the following intermediate waveguide 306.  The 

intermediate waveguides 306, 307 are a rib-channel conversion 

waveguide and include a waveguide section 306 varyi ng the core 

width of each center portion of the rib waveguide, and a 

waveguide section 307 converting the waveguide stru cture from 

a rib structure to a channel structure. 

[0095] Thus, in this embodiment, the mode converter  

includes the asymmetric directional coupler 308, 30 9 including 

two waveguides differing in width; the two waveguid es differing 

in width are silicon channel waveguides; of the two  waveguides 

differing in width, the wider waveguide 308 has one  end 

optically connected to the polarization converter 3 04 by the 

intermediate waveguide 313; the intermediate wavegu ide 

includes the silicon rib waveguide 306 including tw o portions 

with relatively thick cores and peripheral portions  with 

relatively thin cores; and each of the portions wit h the 



 - 46 -  

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-channel conversion waveguide 302, 303 is provid ed between 

the input-output waveguide 301 and the polarization  converter 

304, the rib-channel conversion waveguide 302, 303 smoothly 

connecting the input-output waveguide 301 and the p olarization 

converter 304.  Specifically, the rib-channel conve rsion 

waveguide 302, 303 includes a waveguide section 302  converting 

the waveguide structure from a channel structure in to a rib 

structure, and a waveguide section 303 varying the core width 

of the center portion of the rib waveguide. 

[0097] The length of the polarization converter 304  is 50 

µm, the core width of its center portion is 0.15 µm, and the 

core width of its peripheral portions is w1 = 0.9 µm to w2 = 

1.8 µm. 

[0098] The widths of the one waveguide 308 and the other 

waveguide 309, forming the asymmetric directional c oupler 314, 

or the mode converter, are 1.0 µm and 0.5 µm, respectively, and 

their lengths are both 20 µm.  The gap between the two waveguides 

is 0.4 µm. 

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

the waveguide 305 is 15 µm, and the core width of its peripheral 

portion varies from 1.8 µm to 1.0 µm.  Also, as for the 

rib-channel conversion waveguide 306, 307, the leng th of the 

waveguide section 306 is 200 µm.  The waveguide section 306 
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includes two portions with relatively thick cores, each of which 

has such a tapered structure that the core width va ries from 

0.15 µm to 0.485 µm.  The gap between the two tapered structures 

is 0.5 µm.  The peripheral portions also have such a tapere d 

structure that the core width varies from 1.0 µm to 2.5 µm.  The 

length of the waveguide section 307 is 50 µm, the core width 

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

of its peripheral portions varies from 2.5 µm to 1.0 µm. 

[0100] The width of each input-output waveguides 30 1, 310 

is 0.5 µm.  As for the rib-channel conversion waveguide 302 , 

303, the length of the waveguide section 302 is 50 µm, the core 

width of its center portion is 0.5 µm, and the core width of 

its peripheral portions varies from 0.5 µm to 1.0 µm; and the 

length of the waveguide section 303 is 200 µm, the core width 

of its center portion varies from 0.5 µm to 0.15 µm, and the 

core width of its peripheral portions is 1.0 µm. 

[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.  

A core 301 of the channel waveguide made of silicon  is created 

on the under cladding 322.  Further an over claddin g 321 made 

of silica glass is provided in such a way as to cov er the core 

301.  The core thickness of the waveguide 301 is 0. 22 µm, the 

thickness of the over cladding 321 is 1.5 µm, and the thickness 

of the under cladding 322 is 2 µm. 

[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.  

A center-portion core 304a and peripheral-portion c ores 304b, 

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 304a is 0. 22 µm, the 

core thickness of the peripheral portions 304b, 304 c is 0.06 

µm, the thickness of the over cladding 331 is 1.5 µm, and the 

thickness of the under cladding 332 is 2 µm. 

[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 

306c, 306d, 306e of the rib waveguides made of sili con are 

created on the under cladding 342.  Further, an ove r cladding 

341 made of silica glass is provided in such a way as to cover 

all the cores.  The core thickness of the thick cor e portions 

306a, 306b is 0.22 µm, the core thickness of the 

peripheral-portion cores 306c, 306d, 306e is 0.06 µm, the 

thickness of the over cladding 341 is 1.5 µm, and the thickness 

of the under cladding 342 is 2 µm. 

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

structure taken along line XVIII-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 silicon 

substrate 353.  Cores 308, 309 of the channel waveg uides made 

of silicon are created on the under cladding 352.  Further, an 

over cladding 351 made of silica glass is provided in such a 

way as to cover each core.  The core thickness of t he waveguides 

308, 309 is 0.22 µm, the thickness of the over cladding 351 is 

1.5 µm, and the thickness of the under cladding 352 is 2  µm. 

[0105] The polarization converter 304 in this embod iment 

is designed similarly to the polarization converter  104 in the 

first embodiment; the core width w1 on the narrower  side is 0.9 

µm, and the core width w2 on the wider side is 1.8 µm.  In a 

case where the TM-polarized basic mode light 311 is  inputted 

into the polarization converter 304 from the left s ide in Fig. 

14, the propagating optical wave is converted into a 

TE-polarized 1st order mode by the gradual increase  in core 

width from w1 to w2, and is outfitted from the righ t side of 

the polarization converter 304.  The TE-polarized 1 st order 

mode light after the conversion is inputted into th e mode 

converter through the intermediate waveguide 313. 

[0106] In the asymmetric directional coupler 308, 3 09, or 

the mode converter, the core width of each of the o ne waveguide 

308 and the other waveguide 309 is designed such th at the 

effective refractive index of the TE-polarized 1st order mode 

at the waveguide 308 and the effective refractive i ndex of the 

TE-polarized basic mode at the waveguide 309 are su bstantially 

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

inputted into the one waveguide 308 is coupled to t he 



 - 50 -  

TE-polarized basic mode at the other waveguide 309,  and 

TE-polarized basic mode light is outputted from the  waveguide 

309.  The converted light is outputted from the inp ut-output 

waveguide 310 as TE-polarized basic mode light 312.  

[0107] The rib-channel conversion waveguides 306, 3 07 in 

the intermediate waveguide 313 are designed such th at the 

TE-polarized 1st order mode light inputted from 305 , which is 

a rib waveguide with no center portion, is inputted  into the 

channel waveguide 308 of the asymmetric directional  coupler 

while remaining as TE-polarized 1st order mode ligh t. 

 As in the other embodiments, the polarization rota tor in 

this embodiment is also bidirectional.  Thus, in a case where 

the TE-polarized basic mode light 312 is inputted i n the reverse 

direction from the input-output waveguide 310, it p asses 

through paths that are the reverse of the paths men tioned above, 

and the TM-polarized basic mode light 311 is output ted into the 

input-output waveguide 301. 

[0108] The polarization rotator in this embodiment can 

also implement functions such as polarization rotat ion, 

polarization splitting, and polarization combinatio n similar 

to the polarization rotators of the conventional te chniques.  

On the other hand, the polarization converter of th e present 

invention includes only a silicon waveguide and nee ds no 

additional process for a silicon nitride layer or t he like as 

in the polarization rotators of the conventional te chniques.  

The polarization converter in this embodiment can a lso employ 

the structure that prevents deterioration in return  loss 



 - 51 -  

characteristic, described in the first embodiment w ith 

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

function of a polarization splitter or combiner at the same time, 

described in the first embodiment with reference to  Fig. 8. 

[0109] As for the mode converter of the polarizatio n 

rotator in the above fourth embodiment, design para meters of 

the asymmetric directional coupler, formed of chann el 

waveguides, are described as specific values.  Howe ver, the 

parameters are not limited to these values.  Requir ements for 

the widths of the two waveguides 308, 309 are deter mined by the 

thicknesses of the waveguide cores and the refracti ve index of 

the material of each of the over cladding and the u nder cladding.  

The design parameters of the asymmetric directional  coupler 

only need to be set such that the effective refract ive index 

of the TE-polarized basic mode at the narrower wave guide 309 

and the effective refractive index of the TE-polari zed 1st order 

mode at the wider waveguide 308 are close in value.  

[0110] The polarization converter in each of the ab ove 

embodiments has been described such that silica gla ss is used 

as the material of the over cladding and the under cladding.  

However, the material is not limited only to silica  glass.  The 

over cladding and the under cladding only need to b e made of 

a material lower in refractive index than silicon. 

[0111] Also, as for the polarization converter in e ach of 

the above embodiments, specific numerical values ar e 

exemplarily given as the thicknesses of the over cl adding and 

the under cladding.  However, the thicknesses are n ot limited 
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to these numerical values.  The over cladding and t he under 

cladding only need to be as thick as or thicker tha n the cores. 

[0112] Further, as for the polarization converter i n each 

of the above embodiments, specific values are exemp larily given 

as design parameters of the silicon waveguide.  How ever, the 

parameters are not limited to these values.  The co re width of 

the peripheral portions of the silicon waveguide th at causes 

conversion between TM basic mode light and TE 1st o rder mode 

light is determined by the thickness and width of t he 

center-portion core, the thickness of the periphera l-portion 

cores, the refractive index of the material of each  of the over 

cladding and the under cladding, and the like.  The  waveguide 

widths w1, w2 of the opposite ends of the tapered w aveguide at 

each polarization converter 104, 204, 304 only need  to be set 

to cover as much as possible the range of change in  waveguide 

width within which polarization conversion occurs. 

[0113] Also, for efficient polarization conversion,  the 

width of the center-portion core of each polarizati on converter 

104, 204, 304 is preferably set to be small to prov ide a structure 

with such large vertical asymmetry that the optical  wave can 

be sufficiently influenced.  In view of this, the w idth of the 

center-portion core is preferably less than or equa l to twice 

the thickness of the center-portion core.  In each of the above 

embodiments, the thickness and core width of the ce nter-portion 

core of the waveguide of the polarization converter  are set at 

0.22 µm and 0.15 µm, respectively and well satisfy the above 

requirement that the width of the center-portion co re is less 
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than or equal to twice the thickness of the center- portion core.  

Meanwhile, the thickness of the peripheral-portion cores of the 

rib waveguide is not limited to the value in the em bodiment.  

However, if the thickness of the peripheral-portion  cores is 

near the thickness of the center-portion core, ther e is a 

possibility that an unwanted high mode higher than the 1st order 

mode might occur and deteriorate the polarization c onversion 

characteristic.  Thus, in view of suppressing the h igh-order 

mode, the thickness of the peripheral-portion cores  is 

preferably set to be less than or equal to 1/3 of t he thickness 

of the center-portion core. 

[0114] Each of the first, second, and fourth embodi ments 

has shown an example utilizing an asymmetric direct ional 

coupler as a mode converter, and the third embodime nt has shown 

an example utilizing an interference circuit includ ing an 

optical splitter, a delay circuit, and an optical c oupler.  It 

is generally possible to utilize an adiabatic conve rter as a 

mode converter, but the size of the circuit tends t o increase 

to about several hundred µm in length.  In contrast, the circuit 

length of an asymmetric directional coupler or inte rference 

circuit formed of silicon waveguides is only about several µm 

to several tens µm.  Thus, in view of downsizing the circuit, 

an asymmetric directional coupler or an interferenc e circuit 

is preferably utilized, as discussed in the embodim ents of the 

present invention. 

[0115] Also, for the polarization converter in each  of the 

above embodiments, in view of connectivity to other  circuits, 
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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, in a case of using silica for the cladding s, which has 

been most commonly, the cross-sectional area of the  waveguide 

core needs to be approximately less than or equal t o 0.2 µm2 

if the waveguide is a channel waveguide, and the cr oss-sectional 

area of the center portion (thick core region) of t he waveguide 

core needs to be approximately less than or equal t o 0.2 µm2 

if the waveguide is a rib waveguide. 

[0116] As described above in detail, with the polar ization 

converter of the present invention, it is possible to provide 

a polarization rotator that includes only silicon w aveguides 

and needs no additional process for a silicon nitri de layer or 

the like. 

[0117] In the following, description will be given of 

embodiments as other instances of the polarization rotator of 

the present invention in each of which the polariza tion rotator 

has a configuration more simplified from a differen t point of 

view and can also allow more relaxed fabrication to lerance and 

reduce the entire circuit length.  Each of the abov e embodiments 

includes the configuration in which the width of a tapered 

waveguide reaches 0.15 µm or the core width of the center portion 

of the polarization converter.  Here, the influence  of the width 

of the tapered waveguide on circuit characteristics  is 
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sufficiently small and is not problematic in view o f tolerable 

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 l coupler 

of the polarization rotator described as a conventi onal 

technique includes a configuration in which the gap  between its 

waveguides reaches 0.15 µm.  Such a variation in the gap between 

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 

present invention will be described below with refe rence to Figs. 

19 to 21.  The fifth embodiment and 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 

relatively large gap between its waveguides and foc using on the 

configuration of the mode converter at the second p art of the 

polarization rotator. 

[0120] [Configuration of Polarization Rotator] 

 Fig. 19 is a view showing a configuration example of the 

polarization rotator in this embodiment.  At a pola rization 

converter 1102 in this embodiment in Fig. 19, TM-po larized basic 

mode light inputted from the left side in the figur e is converted 
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into TE-polarized 1st order mode light, and outputt ed from the 

right side in the figure. 

[0121] The polarization converter 1102 is formed of  a 

silicon rib waveguide including a center portion wi th a thick 

core and peripheral portions with thin cores.  The core width 

of the waveguide at the center portion is 0.5 µm.  The core width 

of the waveguide at the peripheral portions is w1 t o w2. 

[0122] A mode converter is formed of: a delay circu it 1103, 

1104 formed of channel waveguides; and an optical c oupler 1105 

formed of a channel waveguide.  The TE-polarized 1s t order mode 

light outputted from the polarization converter 110 2 is 

inputted into each part of the delay circuit 1103, 1104 of the 

mode converter.  In doing so, the TE-polarized 1st order mode 

light is split into two TE-polarized basic modes ha ving mutually 

opposite phases.  At the mode converter, the optica l coupler 

1105 converts the two split TE-polarized basic mode s into one 

beam of TE-polarized basic mode light and outputs i t. 

[0123] The length of the polarization converter 110 2 is 

30 µm, the width w1 of the thick core at the center por tion is 

0.5 µm, and the width w2 of the thin cores on the sides of the 

thick core is 1.5 µm. 

[0124] The length of each part of the delay circuit  1103, 

1104 is 100 µm.  The length and width of the optical coupler 

1105 are 3.5 µm and 2.1 µm, respectively.  The thickness of each 

waveguide 1103, 1104 of the delay circuit is 0.22 µm, and each 

waveguide 1103, 1104 of the delay circuit is formed  of a channel 

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 µm.  As will be described later, the longer waveguid e 1103 

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 shown i n Fig. 19.  

An under cladding 1202 and an over cladding 1201 ar e formed on 

a silicon substrate 1203 in this order from the sub strate.  Each 

cladding 1201, 1202 is made of silica. 

[0127] The core thickness of a waveguide 1101 is 0. 22 µm, 

the thickness of the over cladding 1201 is 1.5 µm, and the 

thickness of the under cladding 1202 is 2 µm. 

[0128] Fig. 21 is a view showing a cross section of  the 

polarization rotator taken along line XXI-XXI shown  in Fig. 19.  

Note that components 1102a, 1211 to 1213 in Fig. 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 r from the 

substrate.  Each cladding 1211, 1212 is made of sil ica.  In the 

polarization converter 1102, the core thickness of a center 

portion 1102a is 0.22 µm, the core thickness of peripheral 

portions 1102b is 0.15 µm, the thickness of the over cladding 

1211 is 1.5 µm, and the thickness of the under cladding 1212 

is 2 µm. 
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[0130] Fig. 22 is a diagram explaining an example o f the 

result of calculation of the effective refractive i ndexes of 

eigenmodes versus the core width of a channel waveg uide through 

a finite-difference method.  In the example shown i n Fig. 22, 

the cross-sectional structure of the waveguide is s imilar to 

that shown in Fig. 20 such that the core material o f the waveguide 

1101 is Si and the material of each cladding 1201, 1202 is SiO 2.  

Moreover, the effective refractive index is calcula ted for a 

first mode to a third mode with the waveguide width  (core width) 

varied. 

[0131] The first mode maintains a TE-polarized basi c mode 

regardless of the core width. 

[0132] The second mode and the third mode are such that, 

when the waveguide width is smaller than 0.66 µm, the second 

mode is a TM-polarized basic mode, and the third mo de is a 

TE-polarized 1st order mode.  On the other hand, wh en the 

waveguide width is larger than 0.66 µm, the second mode is a 

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

TM-polarized basic mode. 

[0133] In optical propagation through a tapered wav eguide 

whose core width, or waveguide width, gradually inc reases from 

a width smaller than 0.66 µm to a width larger than 0.66 µm, 

light inputted as a TM-polarized basic mode propaga tes while 

remaining as a TM-polarized basic mode, whereas lig ht inputted 

as a TE-polarized 1st order mode propagates while r emaining as 

a TE-polarized 1st order mode.  This is because the  structure 

of a channel waveguide is symmetric in each of the thickness 
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direction and the width direction in terms of refra ctive index, 

and a TE-polarized component and a TM-polarized com ponent are 

completely perpendicular. 

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

waveguide thickness direction as shown in NPL 2, th ere is no 

perpendicularity between a TE-polarized component a nd a 

TM-polarized component, and a hybrid mode in which the 

TE-polarized component and the TM-polarized compone nt are mixed 

occurs at around a certain core width (approximatel y 0.7 µm).  

Around this core width (0.7 µm), the effective refractive 

indexes of the second mode and the third mode do no t coincide 

with each other. 

[0135] By forming a tapered structure that is adiab atic 

and gradually increases in core width from a width smaller to 

some extent than the core width at which a hybrid m ode occurs 

to a width larger to some extent than the core widt h at which 

the hybrid mode occurs, light inputted as a TM-pola rized basic 

mode propagates through the tapered waveguide while  maintaining 

the second mode, and is outputted as a TE-polarized  1st order 

mode.  Thus, polarization conversion can be perform ed. 

[0136] Fig. 23 is a diagram explaining an example o f the 

result of calculation of the effective refractive i ndexes of 

eigenmodes versus the core width of the peripheral- portions of 

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 of the waveguide is simil ar to that 

shown in Fig. 21, and the effective refractive inde x is 
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calculated for a first mode to a third mode with th e core width 

w2 of the peripheral portions 1102b varied.  Note t hat the core 

width of the center portion 1102a is 0.5 µm. 

[0137] The first mode maintains a TE-polarized basi c mode 

regardless of the value of the core width w2 of the  peripheral 

portions. 

[0138] On the other hand, with the value of the cor e width 

w2 of the peripheral portions varied, the second mo de and the 

third mode are hybrid modes, in which a TE-polarize d component 

and a TM-polarized component are mixed, and the eff ective 

refractive indexes of the second mode and the third  mode do not 

coincide with each other. 

[0139] When the value of the core width w2 of the p eripheral 

portions is around 0.5 µm, the second mode is substantially a 

TM-polarized basic mode, and the third mode is subs tantially 

a TE-polarized 1st order mode.  On the other hand, when the value 

of w2 is around 1.0 µm, the second mode switches substantially 

to a TE-polarized 1st order mode, and the third mod e switches 

substantially to a TM-polarized basic mode.  As des 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 in waveguide widt h to cover 

the waveguide width (approximately 0.7 µm) at which a hybrid 

mode occurs, light inputted as a TM-polarized basic  mode 

propagates while maintaining the second mode, and i s outputted 



 - 61 -  

as a TE-polarized 1st order mode.  Thus, polarizati on 

conversion can be performed. 

[0140] Fig. 24 is a diagram showing the result of 

calculation of the intensity ratio between the TE-p olarized 

component and the TM-polarized component from the r esult of the 

calculation of the second mode shown in Fig. 23.  I t can be seen 

that, as the value of the core width w2 of the peri pheral portions 

increases, the intensity ratio of the TM-polarized component 

decreases but the intensity ratio of the TE-polariz ed component 

increases, and the polarized components switch from  each other. 

[0141] The core widths w1, w2 of the polarization c onverter 

1102 are set to cover as much as possible a range w ithin which 

the polarized components of the second mode switch from each 

other.  In the example in this embodiment, w1 = 0.5 µm, and w2 

= 2.5 µm. 

[0142] Fig. 25 shows the result of calculation of t he 

intensity ration between the TE-polarized component  and the 

TM-polarized component of the second mode versus a thickness 

h of the thin peripheral-portion cores of the rib w aveguide of 

the polarization converter 1102, shown in Fig. 21. 

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

w1 = 0.5 µm, and the width of peripheral-portion cores is w2 

= 1.5 µm. 

[0144] As the thickness h of the peripheral-portion  cores 

increases, the TE-polarized component increases but  the 

TM-polarized component decreases, and the TE-polari zed 

component and the TM-polarized component switch fro m each other 
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at around h = 0.06 µm.  Thus, the thickness of the 

peripheral-portion cores of the polarization conver ter 1102 is 

set to be larger than or equal to 0.06 µm. 

[0145] Fig. 26 shows the result of calculation of t he 

intensity ratio of the TE-polarized component of th e second mode 

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 of the 

peripheral-portion cores necessary to reverse the i ntensity 

ratio between the TE-polarized component and the 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, if the 

angles of spread of the tapered portions of the 

peripheral-portion cores of the polarization conver ter 1102 are 

set at the same angle, the circuit length can be fu rther reduced. 

[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 l-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] As the core thickness h increases, the TE-po larized 

1st order mode component decreases but the 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 

polarization converter 1102 in the polarization rot ator in this 

embodiment is set at h = 0.15 µm so that both a short circuit 

length and high conversion efficiency can be achiev ed. 

[0150] Also, in this embodiment, the width of the 

peripheral-portion cores of the polarization conver ter 1102 is 

set at w2 = 1.6 µm so that the delay circuit 1103, 1104, or the 

mode converter, can be disposed. 

[0151] Description will now be given with reference  to Fig. 

19 again.  In a case where TM-polarized basic mode light is 

inputted into the polarization converter 1102, the propagating 

light is converted into a TE-polarized 1st order mo de by the 

gradual increase in core width from w1 to w2, and t hen outputted. 

[0152] At the mode converter 1103 to 1105, the TE-p olarized 

1st order mode outputted from the polarization conv erter 1102 

is branched and inputted into the waveguides 1103, 1104 as two 

TE-polarized basic modes having mutually opposite p hases, 

respectively.  At this point, the phase of the ligh t propagating 

through the waveguide 1103 has a delay of 1/2 of a wavelength 

relative to the phase of the light propagating thro ugh the 

waveguide 1104.  However, the phases of the two bea ms of light 
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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 

combines the two beams of TE-polarized basic mode l ight having 

the same phase and inputted from the waveguides 110 3, 1104 into 

one beam of TE-polarized basic mode light.  The opt ical coupler 

1105 then outputs the combined beam of basic mode l ight into 

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 

waveguide 1101 is inputted into the polarization co nverter 1102 

to be converted into TE-polarized 1st order mode li ght.  The 

output from the polarization converter 1102 is spli t into two 

beams of TE-polarized basic mode light having mutua lly opposite 

phases and inputted into the delay waveguide 1103 a nd the 

waveguide 1104.  The beam of light inputted into th e waveguide 

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 

optical coupler 1105, which is an MMI, as two TE-po larized basic 

modes having the same phase, and outputted into the  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 s.  Here, 

the circuit includes only silicon waveguides and th erefore has 

an advantage that it does not need an additional pr ocess for 

a silicon nitride layer or the like, which is not e mployed in 

usual fabrication of a silicon waveguide circuit. 

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

cores at the sides of the polarization converter 11 02 is made 

relatively large.  In this way, the width w2 of the  right end 

of the polarization converter 1102 can be set small er than that 

in a case where the core thickness is small.  Accor dingly, the 

circuit length of the polarization converter 1102 c an be 

smaller. 

[0158] In Fig. 19, the polarization converter 1102 is 

formed of a rib waveguide including a thick core at  its center 

portion and thin cores at its peripheral portions, while the 

mode converter 1103 to 1105 is formed of channel wa veguides with 

no thin core.  Thus, the polarization converter 110 2 and the 

mode converter 1103 to 1105 have different waveguid e structures, 

which results in reflection or radiation of the pro pagating 

light and thus causes a loss. 

[0159] (Modification 1) 

 To suppress the above loss, it is preferable to ad d a 

tapered waveguide having a rib structure including a thick core 

and thin cores to the polarization rotator in Fig. 19 on the 

output side of the polarization converter 1102 and on each input 

side of the delay circuit 1103, 1104 to optically c onnect the 

polarization converter 1102 and the mode converter 1103 to 1105. 
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[0160] Fig. 28 is a view showing an example of the tapered 

structure capable of suppressing the loss.  Tapered  waveguides 

1403, 1404, 1405 include relatively thick cores, an d their 

peripheral portion 1406 includes a thin core.  The lengths of 

the tapered waveguides 1403 to 1405 are all 10 µm, and the length 

and width of the thin peripheral-portion core 1406 are 20 µm 

and 1.6 µm, respectively.  Also, the width of the terminatio n 

of the tapered waveguide 1403 and the widths of the  terminations 

of the tapered waveguides 1404, 1405 are all 0.2 µm. 

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

a polarization converter 1402 is inputted into the tapered 

waveguide 1403 and the peripheral-portion core 1406 .  The width 

of the tapered waveguide 1403 gradually decreases t oward the 

output side (the right end in the figure) so that m ost part of 

the electric power of the light can concentrate at the core 1406.  

The light from the core 1406 is then inputted into the tapered 

waveguides 1404, 1405.  When the TE-polarized 1st o rder mode 

light whose electric power has concentrated at the core 1406 

is inputted into the tapered waveguides 1404, 1405,  the light 

is split at the same intensity for the tapered wave guides 1404, 

1405.  In doing so, the light is outputted into the  tapered 

waveguides 1404, 1405 as TE-polarized 0-th order mo des having 

mutually opposite phases. 

[0162] As described above, the tapered waveguide 14 03 and 

each tapered waveguide 1404, 1405 are structurally 

discontinuous in the direction of the optical propa gation.  

However, since the light propagates mainly through the thin 
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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 d the core 

width of the input-side end (left end in the figure ) of each 

tapered waveguide 1404, 1405 are dependent on the m inimum core 

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 µm. 

[0164] Note that the polarization rotator in this 

embodiment is the polarization rotator in the third  Embodiment, 

shown in Fig. 10, without the polarization converte r 204 and 

the intermediate waveguide 205.  The function of th e 

polarization converter in the third Embodiment is i 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 o, as 

described with reference to Fig. 27, if the thickne ss of the 

peripheral cores of the polarization converter 1402  is set to 

be larger than 0.15 µm, the circuit length of the polarization 

converter 1402 can be reduced, but the efficiency o f conversion 

from TM-polarized basic mode light into TE-polarize d 1st order 

mode light decreases such that part of the inputted  light is 

outputted as TM-polarized basic mode light. 

[0166] If the center-portion core of the polarizati on 
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converter 1402 is formed into a tapered structure, the tapered 

waveguide 1403 will be unnecessary.  In this way, i t is possible 

to avoid the increase in length of the polarization  converter 

1402 while suppressing the loss, and also improve t he efficiency 

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 converter formed into a tapered struct ure.  With 

this configuration, it is possible to avoid the inc rease in 

circuit length and suppress the loss at the same ti me, and also 

improve the efficiency of the polarization conversi on. 

[0168] The length of a polarization converter 1502 is 32 

µm, a width w1 of its input end is 0.5 µm, a width w2 of the 

output end of its thick center-portion core is 0.2 µm, and a 

width w3 of the output ends of its thin peripheral- portion cores 

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

polarization converter 1502 is converted into TE-po larized 1st 

order mode light at the output end of the polarizat ion converter 

1502, and the electric power of the light mostly co ncentrates 

at the peripheral-portion cores. 

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

calculation of the intensity ratio between the diff erent mode 

components contained in the light outputted from th e 

polarization converter 1502 upon input of a TM-pola rized basic 

mode into the polarization converter 1502, versus a  thickness 

h of its peripheral-portion cores.  Fig. 30 shows t he result 
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of calculation of the intensity ratio between the d ifferent mode 

components through a three-dimensional finite diffe rence time 

domain (FDTD) method and overlap integration of an eigenmode. 

[0170] In a comparison of the calculation result in  Fig. 

30 with the calculation result in Fig. 27, the TE-p olarized 1st 

order mode component in the output light is larger and the 

TM-polarized basic mode component in the output lig ht is smaller 

when the thickness h of the peripheral-portion core s is around 

0.15 µm.  Thus, high polarization conversion efficiency c an be 

maintained even when the thickness of the periphera l-portion 

cores is set to be smaller than that of the polariz ation 

converter 1102 in the fifth Embodiment, described w ith 

reference to Fig. 19. 

[0171] Each of tapered intermediate waveguides 1503 , 1504 

shown in Fig. 29 includes a rectangular waveguide w ith a thin 

core and a tapered waveguide with a thick core.  Th is tapered 

waveguide is optically connected to the correspondi ng one of 

a delay waveguide 1505 and a waveguide 1506 each fo rmed of a 

rectangular channel waveguide. 

[0172] The width of the input end (the left end in the 

figure) of the tapered waveguide with the thick cor e is 0.2 µm 

and the width of its output end (right end in the f igure) is 

0.5 µm.  The width of the rectangular waveguide with the  thin 

core is 0.5 µm. 

[0173] The TE-polarized 1st order mode light whose 

electric power has concentrated at the thin cores i s outputted 

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

1506 via the tapered waveguides with the thick core s.  The core 

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 

dependent on the minimum core width that can be rea lized by the 

fabrication process.  It is preferable to make the core width 

smaller than 0.2 µm if possible. 

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

outputted from the tapered intermediate waveguides 1503, 1504 

into the mode converter 1505, 1506, 1507 is split i nto two beams 

of TE-polarized basic mode light having the same in tensity but 

mutually opposite phases and inputted into the dela y waveguide 

1505 and the waveguide 1506, respectively. 

[0175] The delay waveguide 1505 and the waveguide 1 506 are 

a delay circuit.  Meanwhile, the delay waveguide 15 05 is 

designed to be longer than the other waveguide 1506  by 0.314 

µm. 

[0176] The beam of TE-polarized basic mode light in putted 

into the delay waveguide 1505 delays by 1/2 of a wa velength after 

being coupled to the waveguide 1506 and transmitted , relative 

to the TE-polarized basic mode of the opposite phas e inputted 

into the waveguide 1506.  Hence, the beam of TE-pol arized basic 

mode light inputted into the delay waveguide 1505 b ecomes in 

phase with the other at the output end of the waveg uide 1506. 

[0177] At the multi-mode interference waveguide (MM I) 

1507, the two beams of TE-polarized basic mode ligh t having the 

same phase and intensity after being outputted from  the delay 
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circuit 1505, 1506 are combined into one beam of TE -polarized 

basic mode light and outputted into an input-output  waveguide 

1508. 

[0178] The width of the tapered waveguide of the 

polarization converter 1502 is set to linearly incr ease from 

the input end to the output ends.  At the boundary of the 

polarization converter 1502 and an input-output wav eguide 1501, 

the rate of change in width of the tapered portion is 

discontinuous.  When light propagates from the inpu t waveguide 

1501 to the polarization converter 1502, a high mod e which is 

a TM-polarized 1st or higher mode or a TE-polarized  2nd or higher 

mode occurs at this discontinuous point, and a conv ersion loss 

occurs.  To suppress this unwanted high mode, the e ntire length 

of the polarization converter 1502 may be increased .  In this 

way, it is possible to reduce the angle of spread o f the taper.  

Alternatively, the peripheral-portion cores may be widened by 

using a curved taper instead of the straight taper,  for example.  

In this way, it is possible to avoid increase in le ngth of the 

polarization converter 1502 and also suppress the h igh mode. 

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

polarization converter widened by using a curved ta per 1603 

formed of thin cores for the purpose of avoiding in crease in 

circuit length and also suppressing the high mode. 

[0180] Fig. 31 shows a configuration example of the  taper 

1603.  The taper 1603 is a combination of two curve s formed 

quadratically.  Specifically, the taper has quadrat ic curves 

concave from the input end to the half point in len gth of the 
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entire taper that is the point at 16 µm and has quadratic curves 

convex away from the sides of the taper from the ha lf point in 

length of the entire taper to the output ends.  Fig . 32 shows 

the appearance of this taper. 

[0181] Fig. 32 is a view showing the tapered shape of the 

taper 1603.  In Fig. 32, a horizontal axis x repres ents the 

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

a vertical axis y represents the distance ( µm) in the direction 

of a plane perpendicular to the direction of optica l propagation.  

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 

 Curve D: 16 ≤ x ≤ 32, y = (x - 32) 2 / (0.275 / 256) - 0.8 

 Note that an input waveguide 1601 is optically con nected 

to a taper 1602.  The taper 1602 is formed of a thi ck core and 

formed such that its width decreases linearly.  A w idth w1 of 

the input end of the taper 1602 is 0.5 µm, and a width w2 of 

its output end is 0.2 µm.  A width w3 of the output side of the 

taper 1603 is 1.6 µm. 

[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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can be derived from higher-order polynomials or tri gonometric 

functions. 

[0184] The polarization rotator in this embodiment 

includes a polarization converter and a mode conver ter 

including a delay circuit and a combiner.  Among th ese, for the 

combiner, a 2 ×1 multi-mode interference waveguide (MMI) is used 

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 

changed to a 2 ×2 MMI, and the amount of delay caused by the delay 

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 a 2 ×2 MMI 

1808 as a combiner.  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] The configuration of a delay circuit 1806, 1 807 is 

similar to a delay circuit 1606, 1607 shown in Fig.  31, but the 

delay waveguide 1806 is set to be longer than the w aveguide 1807 

by 0.157 µm 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 a thickness of 0.22 µm, and is an MMI having 

a width of 2.1 µm and a length of 7.0 µm. 

[0188] Output waveguides 1809, 1810 are channel 
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waveguides having a thickness of 0.22 µm and a width of 0.5 µm. 

[0189] TM-polarized basic mode light inputted from the 

input waveguide 1801 is converted into TE-polarized  1st order 

mode light by the polarization converter 1802, 1803 , and then 

split into two TE-polarized basic modes having mutu ally 

opposite phases but the same intensity and inputted  into the 

delay circuit 1806, 1807 through the intermediate t apers 1804, 

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 of the 

beam of light propagating through the waveguide 180 7 has 

advanced by 1/4 of a wavelength 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] At the polarization converter 1802, 1803, in  a case 

where TE-polarized basic mode light is inputted fro m the input 

waveguide 1801, it is not subjected to polarization  conversion 

and is inputted into the intermediate tapers 1804, 1805 while 

remaining as a TE-polarized basic mode.  Then, spli t into two 

beams of TE-polarized basic mode light having the s ame phase 

and intensity, the beams of light from the intermed iate tapers 
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1804, 1805 are inputted into the delay circuit 1806 , 1807.  The 

beam of light propagating through the delay wavegui de 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 waveguide 1807.  Of the two beams of TE-polariz ed basic mode 

light to be inputted into the MMI 1808, the beam of  light 

propagating through the delay waveguide 1806 has a phase delay 

by 1/4 of a wavelength relative to that in the othe r waveguide 

1807, and the two beams of TE-polarized basic mode light are 

then combined by the MMI 1808 into one beam of TE-p olarized basic 

mode light and outputted from the output waveguide 1809.  As 

described above, the waveguide that outputs light w hen the input 

light is TE polarized and the waveguide that output s light is 

different from when the input light is TE polarized  to when the 

input light is TM polarized when the input light is  TM polarized 

are different in the case where the amount of delay  caused by 

the delay circuit of the polarization rotator is se t at 1/4 of 

a wavelength and a 2 ×2 MMI is used as the combiner.  In other 

words, the polarization rotator in this embodiment can operate 

not only as a polarization rotator but also as a po larization 

splitter. 

[0192] 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 d in usual 

fabrication of a silicon waveguide circuit.  Also, the gap 

between the waveguides of the directional coupler i s 0.2 µm, 

and improvement in fabrication tolerance from the d irectional 
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coupler shown in NPL 2 can therefore be expected. 

[0193] [Sixth Embodiment] 

 The configuration of a polarization rotator accord ing to 

a sixth embodiment is substantially the same as tha t shown in 

the fifth embodiment, except that it includes a del ay circuit 

and a directional coupler such that the entire leng th of a mode 

converter using the delay circuit and an MMI combin er can be 

smaller. 

[0194] Fig. 34 is a plan view showing a configurati on 

example of the polarization rotator in this embodim ent.  The 

configuration and size of a polarization converter 2102 are 

similar to those of the polarization converter 1102 , shown in 

Fig. 19. 

[0195] A delay circuit 2103, 2104 and a directional  coupler 

2105, 2106 are each formed of rib waveguides having  

cross-sectional structures similar to that of the p olarization 

converter 2102.  The thickness of their thick cores  is 0.22 µm, 

and the thickness of their thin cores is 0.15 µm. 

[0196] An input waveguide 2101 and output waveguide s 2107, 

2108 are formed of channel waveguides.  Note that t he output 

waveguides 2107, 2108 are such regions that the two  waveguides 

2107, 2108 are not optically coupled to each other.   In other 

words, these regions are regions that do not operat e as the 

directional coupler. 

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

each thick core of the delay circuit 2103, 2104 are  0.2 µm, and 

the width of each thin core thereof is 0.5 µm.  The length of 
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the entire delay circuit is 8.9 µm. 

[0198] Note that the thick core of the delay wavegu ide 2103 

is formed of: an input-side taper having a length o f 3.5 µm and 

gradually widening toward an intermediate portion; an 

output-side taper having a length of 3.5 µm and gradually 

narrowing toward the output end; and a rectangular waveguide 

therebetween having a width of 0.5 µm and a length of 1.9 µm. 

[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 µm and the width of the output end is 0.5 µm. 

[0200] Each thin core is a rectangular waveguide ha ving 

a width of 0.5 µm.  The length of the directional coupler 2105, 

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

waveguide 2101, 2107, 2108 is 0.5 µm. 

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

TM-polarized basic mode light is inputted from the input-output 

waveguide 2101 into the polarization converter 2102  and 

outputted as TE-polarized 1st order mode light. 

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

from the polarization converter 2102 is inputted in to the delay 

circuit 2103, 2104 as two TE-polarized basic modes having 

mutually opposite phases but the same intensity.  T he width of 

the thick center-portion core of the delay waveguid e 2103 is 

increased by its tapered structure, so that the eff ective 

refractive index and group refractive index of the beam of light 

propagating therethrough are larger than those in t he waveguide 

2104.  For this reason, the beam of light propagati ng through 
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the delay waveguide 2103 is inputted into the direc tional 

coupler 2105, 2106 with a phase delay of 1/4 of a w avelength 

relative to the beam of light propagating through t he waveguide 

2104. 

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

waveguide 2105 of the directional coupler further d elays by 1/4 

of a wavelength after it is coupled to the waveguid e 2106 and 

transmitted, relative to the beam of light inputted  into the 

waveguide 2105 and transmitted.  As a result, the p hase of the 

beam of light having passed through the waveguides 2103, 2105 

has a delay of 1/2 of a wavelength relative to the phase of the 

beam of light having passed through the waveguides 2104, 2106.  

At the waveguide 2106, the beams of light become in  phase and 

interfere with each other, and are outputted from t he output 

waveguide 2108. 

[0204] As described above, the polarization rotator  in 

this embodiment implements a function similar those  of the 

conventional polarization rotators.  Here, the pola rization 

rotator includes only silicon waveguides and needs no 

additional process for a silicon nitride layer or t he like.  

Further, the entire circuit length can be smaller t han that 

shown in the fifth embodiment. 

[0205] In Fig. 34, in a case where TE-polarized bas ic mode 

light is inputted into the input waveguide 2101, it  is not 

subjected to polarization conversion by the polariz ation 

converter 2102 and remains as TE-polarized basic mo de light.  

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

intensity and inputted into the delay circuit 2103,  2104. 

[0206] The beam of light propagating through the de lay 

waveguide 2103 is inputted into the directional cou pler 2105, 

2106 with a phase delay of 1/4 of a wavelength rela tive to that 

in the waveguide 2104. 

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

waveguide 2106 of the directional coupler further d elays by 1/4 

of a wavelength when it reaches the waveguide 2106.   As a result, 

the phase of the beam of light having passed throug h the 

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

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

in phase and interfere with each other, and are out putted from 

the output waveguide 2107.  Thus, in the polarizati on rotator 

in this embodiment, the waveguide that outputs ligh t is 

different from when the input light is TE polarized  to when the 

input light is TM polarized.  Hence, the polarizati on rotator 

in this embodiment operates not only as a polarizat ion rotator 

but also as a polarization splitter. 

[0209] (Modification 2) 

 Fig. 35 is a view showing a configuration in a mod ification 

obtained by forming the peripheral-portion cores of  the 

polarization converter in the sixth embodiment into  a curved 

taper.  Modification 2 represents a polarization ro tator with 

peripheral-portion cores formed into a curved taper .  The 

modification in Fig. 35 shows a polarization rotato r including 

a polarization converter 2202 having a tapered stru cture 
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including thin cores using quadratic curves, as in the tapered 

structure shown in Fig. 31.  In this way, the polar ization 

rotator can operate as a polarization splitter and also suppress 

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 d in usual 

fabrication of a silicon waveguide circuit.  Also, the gap 

between the waveguides of the directional coupler o nly needs 

to be 0.2 µm, and improvement in fabrication tolerance from th e 

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, but a polarization converter in this em bodiment is 

has a three-step rib structure.  This three-step ri b structure 

can further suppress the occurrence of a high mode and reduce 

the entire circuit length. 

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

of the polarization rotator in this embodiment.  Th e 

configurations and sizes of a delay circuit 3103, 3 104 and a 

directional coupler 3105, 3106 are similar to those  of the delay 

circuit 2103, 2104 and the directional coupler 2105 , 2106, shown 

in Fig. 34.  Moreover, output waveguides 3107, 3108  are similar 

to the output waveguides 2107, 2108, shown in Fig. 34. 

[0213] The entire length of a polarization converte r 3102 

is 25 µm.  At the input end, a width w1 of its thick 
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center-portion core is 0.5 µm, and a width w2 of its thin 

peripheral-portion cores is 0.7 µm.  At the output end, a width 

w3 of the thick center-portion core is 0.2 µm, a width w4 of 

the thin peripheral-portion cores is 1.6 µm, and a width w5 of 

thin cores is 1.8 µm. 

[0214] An input waveguide 3101 includes a taper inc 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.  

Note that each of the two pairs of the thin periphe ral-portion 

cores of the polarization converter 3102 has a tape red structure 

obtained by combining quadratic curves, and the cor es that have 

a thickness of 0.15 µm are formed by curves derived from the 

same functions for the tapered structure shown in F ig. 31. 

[0215] The taper of the thinnest peripheral-portion  cores, 

having a thickness of 0.06 µm, is obtained by changing the curves 

of the taper of the 0.15- µm thick peripheral-portion cores such 

that the width is increased to 0.7 µm at the portion connected 

to the input waveguide 3101 and to 1.8 µm at the portion connected 

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 r from the 

substrate.  The over cladding 3201 and the under cl adding 3202 

are both made of silica glass. 
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[0218] A center-portion core 3102a is a core of a r ib 

waveguide made of silicon, and peripheral-portion c ores 3102b, 

3102c are formed on its sides. 

[0219] The core thickness of the center-portion cor e 3102a 

is 0.22 µm, and the core thickness of the peripheral-portion  

cores 3102b is 0.15 µm.  The core thickness of the 

peripheral-portion cores 3102c is 0.06 µm, the thickness of the 

over cladding 3201 is 1.5 µm, and the thickness of the under 

cladding 3202 is 2 µm. 

[0220] In the polarization rotator in this embodime nt, 

TM-polarized basic mode light inputted from the inp ut waveguide 

3101 is inputted into the polarization converter 31 02 and 

outputted as TE-polarized 1st order mode light.  Th e 

TE-polarized 1st order mode light outputted from th e 

polarization converter 3102 is split into two TE-po larized 0-th 

order modes having mutually opposite phases but the  same 

intensity, and inputted into the delay circuit 3103 , 3104. 

[0221] The width of the center-portion core of the delay 

waveguide 3103 is increased by its tapered structur e, so that 

the effective refractive index of the beam of light  propagating 

therethrough is larger than that in the waveguide 3 104.  For 

this reason, the beam of light inputted into one of  the 

waveguides, namely, the delay waveguide 3103, is in putted into 

the directional coupler 3105, 3106 with a phase del ay of 1/4 

of a wavelength relative to the beam of light propa gating 

through the other waveguide 3104. 

[0222] The phase of the beam of light inputted into  the 
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waveguide 3105 of the directional coupler further d elays by 1/4 

of a wavelength when it reaches the waveguide 3106.   As a result, 

the phase of the beam of light having passed throug h the 

waveguides 3103, 3105 has a delay of 1/2 of a wavel ength. 

[0223] The beams of light inputted into the delay c ircuit 

3103, 3104 are of mutually opposite phases at the b eginning.  

Thus, as these beams of light are coupled at the di rectional 

coupler 3105, 3106, the beams of light become in ph ase and 

interfere with each other at the waveguide 3106, an d outputted 

from the output waveguide 3108. 

[0224] As described above, the polarization rotator  in 

this embodiment implements a function similar to th ose of the 

conventional polarization rotators.  The polarizati on rotator 

includes only silicon waveguides and does not need an additional 

process for a silicon nitride layer or the like, wh ich is not 

employed in usual fabrication of a silicon waveguid e circuit.  

Further, the polarization rotator in this embodimen t can 

further reduce the entire circuit length as compare d to the 

fifth embodiment and the sixth embodiment. 

[0225] Note that the width of the right end of the taper 

formed of the 0.22- µm thick center core of the polarization 

converter 3102, the widths of the input and output ends of the 

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

widths of the output portions of the 0.22- µm thick cores of the 

directional coupler are dependent on the minimum co re width that 

can be realized by the fabrication process.  It is preferable 

to make the widths smaller than 0.2 µm if possible. 
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[0226] In Fig. 36, the 0.15- µm thick peripheral-portion 

cores and the 0.06- µm thick peripheral-portion cores of the 

polarization converter 3102 are both tapers defined  by curves 

obtained by combining quadratic curves. 

[0227] Fig. 38 is a view showing a configuration ob 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- µm 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 

can be further suppressed.  Since an input waveguid e 3301 does 

not need a tapered structure, the entire circuit le ngth can be 

further reduced. 

[0228] The lengths of the taper defined solely by s traight 

lines are L1 = 10 µm and L2 = 7 µm, and the entire length of 

the polarization converter is 17 µm. 

[0229] Note that, in this embodiment too, as in the  sixth 

embodiment, in a case where TE-polarized basic mode  light is 

inputted from the input waveguide 3101, shown in Fi g. 36, a 

TE-polarized basic mode is outputted from the outpu t waveguide 

3107.  Thus, the waveguide that outputs light is di fferent from 

when the input light is TE polarized to when the in put light 

is 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 r. 

[0230] 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 d in usual 

fabrication of a silicon waveguide circuit.  Also, the gap 

between the waveguides of the directional coupler o nly needs 

to be 0.2 µm, and the fabrication tolerance is therefore 

improved as compared to NPL 2. 

[0231] [Eighth Embodiment] 

 Description has been given of the case where the 

polarization converters 3102, 3302 in above Figs. 3 6 and 38 are 

formed into three-step rib waveguide structures.  H owever, 

they may be formed into two-step rib waveguide stru ctures.  Here, 

the delay circuit (3103, 3104 in Fig. 36 and 3303, 3304 in Fig. 

38) and the directional coupler (3105, 3106, 3305, 3306) are 

formed of two-step rib waveguide structures each in cluding a 

center-portion core having a thickness of 0.22 µm and 

peripheral-portion cores having a thickness of 0.15  µm.  For 

this reason, mode mismatch occurs between the polar ization 

converter (3102, 3302) and the delay circuit (3103,  3104, 3303, 

3304), and reflection or radiation occurs as a loss .  The 

configuration of the polarization converter of the polarization 

rotator in this embodiment is similar to that of th e 

polarization converter in the seventh embodiment, b ut the delay 

circuit and the directional coupler are configured as follows 

in order to suppress the mode mismatch with the pol arization 

converter.  Specifically, the mode converter is con figured in 
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such a way as to integrate a delay circuit and a di rectional 

coupler using three-step rib waveguides including c ores having 

thicknesses of 0.22 µm, 0.15 µm, and 0.06 µm. 

[0232] Fig. 39 is a plan view showing a configurati on 

example of the polarization rotator in this embodim ent. 

[0233] The configuration of a polarization converte r 4102 

is similar to that of the polarization converter 31 02, shown 

in Fig. 36, but differs in core width and length.  Specifically, 

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

µm, the width of the output ends of the 0.15- µm thick cores is 

1.0 µm, and the width of the 0.06- µm thick cores is 1.2 µm. 

[0234] The length of the polarization converter 410 2 is 

25 µm.  The functions of the curves defined by the 0.15 - µm thick 

cores and the 0.06- µm thick cores are combinations of quadratic 

curves satisfying the above core widths. 

[0235] A mode converter 4103 is a circuit in which a delay 

circuit and a directional coupler are integrated.  In Fig. 39, 

the waveguide width of a 0.22- µm thick core on the top side of 

the sheet is partly increased toward the top side o f the sheet 

such that the phase of light concentrating around t he 0.22- µm 

thick core on the top side delays by 1/4 of a wavel ength relative 

to light concentrating around a 0.22- µm thick core on the bottom 

side of the sheet.  The widths of a 0.15- µm thick core and a 

0.06- µm thick core are partly increased in a similar mann er. 

[0236] Fig. 40 is an enlarged view showing only the  mode 

converter 4103, which is shown in Fig. 39 and in wh ich the delay 

circuit and the directional coupler are integrated.   In Fig. 
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40, the width of the input end of each of the 0.22- µm thick cores 

disposed at the top and bottom is w1 = 0.2 µm, and the distance 

between the centers of the cores is 0.8 µm.  The width of the 

0.15- µm thick cores is w2 = 1.0 µm. 

[0237] The width of the 0.06- µm thick cores is w3 = 0.12 

µm.  The length of the widened taper portion of each  of the 

0.22- µm, 0.15- µm, and 0.06- µm thick cores is L1 = 1.5 µm.  Of 

the 0.22- µm 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 µm and a width of 

w4 = 0.4 µm. 

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

the bottom side of the sheet is a rectangular waveg uide over 

the entire area thereof, and its width is w1 = 0.2 µm.  The width 

and length of the rectangular widened portion of th e 0.15- µm 

thick cores are w5 = 1.2 µm and L3 = 3.0 µm, respectively, and 

the width of the right end of the 0.15- µm thick cores is w7 = 

0.5 µm. 

[0239] The width and length of the rectangular wide ned 

portion of the 0.06- µm thick cores are W6 = 1.4 µm and L4 = 3.1 

µm, respectively.  A length L5 of the entire mode co nverter may 

be any length as long as it is larger than the enti re length 

of the widened sections.  In this embodiment, L5 = 6.0 µm, for 

example. 

[0240] A termination taper 4104 is formed of a thre e-step 

rib waveguide having thicknesses of 0.22 µm, 0.15 µm, and 0.06 

µm.  The termination taper 4104 is optically connect ed to the 
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mode converter 4103 and an input-output waveguide 4 105. 

[0241] The 0.22- µm thick center core has a tapered 

structure, and the width of its input end is 0.2 µm while the 

width of its output end is 0.5 µm.  The 0.15- µm thick 

peripheral-portion core is a rectangular waveguide and its 

width is 0.5 µm.  The 0.06- µm thick peripheral-portion core has 

a tapered structure, and the width of its input end  is 1.2 µm 

while the width of its output end is 0.5 µm. 

[0242] The length of the termination taper 4104 is 5 µm.  

The output waveguide 4105 is a channel waveguide in cluding a 

core having a thickness of 0.22 µm, and is a rectangular 

waveguide having a width of 0.5 µm. 

[0243] In the polarization rotator in Fig. 39, 

TM-polarized basic mode light is inputted into the polarization 

converter 4102 through an input waveguide 4101 and outputted 

as TE-polarized 1st order mode light. 

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

from the polarization converter 4102 is inputted in to the mode 

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

light having mutually opposite phases.  Of the two beams of 

TE-polarized 0-th order mode light, the phase of th e beam of 

light propagating through the top side of the sheet  of Fig. 39 

delays by 1/4 of a wavelength relative to the beam of light 

propagating through the bottom side of the sheet of  Fig. 39.  

The beams of light are combined into a TE-polarized  0-th mode 

light at the waveguide on the bottom side of the sh eet and 

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

[0245] As described above, the polarization rotator  in 

this embodiment implements a function similar to th ose of the 

polarization rotators of the conventional technique s.  On the 

other hand, the polarization rotator in this embodi ment 

includes only silicon waveguides and does not need an additional 

process for a silicon nitride layer or the like, wh ich is not 

employed in usual fabrication of a silicon waveguid e circuit. 

[0246] Moreover, utilizing the mode converter 4103,  which 

has a three-step rib structure, eliminates the need  of splitting 

waveguides as in the mode converter shown in Fig. 1 9 (the delay 

circuit 1103, 1104 and the combiner 1105) and the m ode converter 

shown in Fig. 34 (the delay circuit 2103, 2104 and the 

directional coupler 2105, 2106).  Accordingly, the 

polarization rotator in this embodiment can reduce the circuit 

width, and can also reduce the coupling length of t he 

directional coupler and thus reduce the circuit len gth. 

[0247] Moreover, if the circuit width is reduced, t he 

entire length of the polarization converter can be reduced as 

well.  Hence, the circuit length can be further red uced as 

compared to the polarization converter 3102, shown in Fig. 36.  

Thus, by using the mode converter 4103 of the three -step rib 

structure as in this embodiment, it is possible to further 

reduce the circuit length and the circuit area as c ompared to 

the fifth to seventh embodiments. 

[0248] In the polarization rotator in this embodime nt, 

shown in Fig. 39, the entire length of the polariza tion 
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converter is 25 µm, the entire length of the mode converter is 

6 µm, the entire length of the input and output tapere d 

waveguides is 5 µm, and the entire length of the entire 

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

length can be greatly reduced as compared to the po larization 

rotator disclosed in NPL 2, whose entire length is 71 µm. 

[0249] Note that the width of the input end of the taper 

formed of the 0.22- µm thick center core of the polarization 

converter 4102 and the widths of the output ends of  the 0.22- µm 

thick cores of the mode converter and the output en d of the 

0.22- µm thick termination taper are dependent on the mini mum 

core width that can be realized by the fabrication process.  It 

is preferable to make the widths smaller than 0.2 µm if possible. 

[0250] In the polarization converter 4102 of the 

polarization rotator in this embodiment, shown in F ig. 39, both 

of the 0.15- µm thick peripheral-portion cores and the 0.06- µm 

thick peripheral-portion cores are tapers defined b y curves 

obtained by combining quadratic curves, but can be have 

different tapered shapes. 

[0251] Fig. 41 is a view showing a configuration ob tained 

by forming some peripheral-portion cores of the pol arization 

rotator in the eighth embodiment into a straight ta per.  As 

shown in Fig. 41, of the thin peripheral-portion co res of the 

polarization converter, only the 0.06- µm thick cores are formed 

as a combination of a taper defined solely by strai ght lines 

and a rectangular waveguide.  In this way, a high m ode can be 

further suppressed.  Hence, an input waveguide 4301  does not 
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need a tapered structure, and the entire circuit le ngth can be 

reduced accordingly.  The lengths of the taper defi ned solely 

by straight lines are L1 = 10 µm and L2 = 7 µm, the entire length 

of the polarization converter is 17 µm, and the entire circuit 

length is 28 µm.  Thus, the circuit length can be greatly reduced  

as compared to 71 µm in NPL 2. 

[0252] In the polarization rotator in this embodime nt, a 

branch circuit may be disposed on the output side o f the mode 

converter.  In this way, the polarization rotator c an operate 

also as a polarization splitter as in the fifth to seventh 

embodiments. 

[0253] Fig. 42 is a plan view showing the structure  of a 

polarization splitter obtained by disposing a branc h circuit 

on the output side of a mode converter.  A mode con verter 4403 

is designed such that the length of the waveguide f ormed of the 

0.22- µm thick core of each of the mode converters 4103, 4 303 

of the polarization rotators, shown in Figs. 39 and  41, on the 

bottom side of the figures is made equal to the len gth of the 

waveguide formed of the 0.22- µm thick core on the top side of 

the figures.  The length is 6 µm. 

[0254] A branch circuit 4404 shown in Fig. 42 has a  

three-step rib structure including cores having thi cknesses of 

0.22 µm, 0.15 µm, and 0.06 µm.  The branch circuit 4404 is 

designed such that mode coupling does not occur bet ween the 

waveguide on the top side of the sheet and the wave guide on the 

bottom side of the sheet. 

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

4402 into TE-polarized 1st order mode light and inp utted into 

the mode converter 4403.  The TE-polarized 1st orde r mode light 

inputted into the mode converter 4403 is split into  two beams 

of TE-polarized basic mode light having mutually op posite 

phases but the same intensity.  The phase of the be am of light 

propagating through the 0.22- µm thick core portion on the top 

side of the sheet delays by 1/4 of a wavelength rel ative to the 

beam of light propagating through the 0.22- µm thick core portion 

on the bottom side of the sheet, interferes with th e beam of 

light propagating through the 0.22- µm thick core portion on the 

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 

conversion by the polarization converter 4402 and i s inputted 

into the mode converter 4403 while remaining as TE- polarized 

basic mode light.  The TE-polarized basic mode ligh t inputted 

into the mode converter 4403 is split into two beam s of 

TE-polarized basic mode light having the same phase  and 

intensity.  The phase of the beam of light propagat ing through 

the 0.22- µm 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- µm thick core portion on the bottom side of 

the sheet, interferes with the beam of light propag ating through 

the 0.22- µm thick core portion on the bottom side of the shee t, 

and is outputted from the waveguide of the branch c ircuit 4404 
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on the top side of the sheet. 

[0257] As described above, in the polarization rota tor 

shown in Fig. 42, the waveguide that outputs light is different 

from when the inputted light is TE polarized to whe n the inputted 

light is TM polarized.  Hence, the polarization rot ator 

operates not only as a polarization rotator but als o as a 

polarization splitter. 

[0258] 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 d in usual 

fabrication of a silicon waveguide circuit.  Also, the smallest 

process dimension only needs to be 0.2 µm, and the fabrication 

tolerance is therefore improved as compared to the polarization 

rotator disclosed in NPL 2. 

[0259] In each of the above first to eighth embodim ents 

and modifications, silica glass is used as the mate rial of each 

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

cladding and the under cladding are not limited to this material.  

The over cladding and the under cladding only need to be made 

of a material lower in refractive index than silico n.  Moreover, 

the values of the thicknesses of the over cladding and the under 

cladding are not limited to those in the above embo diments and 

modifications. 

[0260] For the polarization converter in each of th e above 

first to eighth embodiments, design parameters of t he silicon 

waveguide are limited to specific values, but the s ilicon 

waveguide is not limited to these parameters.  The width of the 
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silicon waveguide that causes conversion between TM -polarized 

basic mode light and TE-polarized 1st order mode li ght is 

determined by the thicknesses of the cores of the w aveguide and 

the materials and refractive indexes of the over cl adding and 

the under cladding.  The widths of the opposite end s of the 

tapered waveguide at the polarization converter onl y need to 

be set to cover a range of change in waveguide widt h within which 

the conversion. 

[0261] The mode converter in the fifth embodiment e mploys 

a MMI circuit as its optical coupler, but can also employ any 

other circuits that implement optical combination s uch as a 

Y-branch circuit.  Moreover, the mode converter in the fifth 

embodiment creates a phase difference by using the difference 

in waveguide length between the delay waveguide 110 3 and the 

waveguide 1104, but can also create the phase diffe rence by 

using a difference in width between the waveguides.  

[0262] As described above in detail, with the prese nt 

invention, it is possible to provide a polarization  rotator that 

includes only silicon waveguides and needs no addit ional 

process for a silicon nitride layer or the like.  F urther, with 

the present invention, it is possible to relax requ irements on 

fabrication accuracy in close arrangement of wavegu ides. 

 

Industrial Applicability 

[0263] The present invention can be generally utili zed in 

optical communication systems. 
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Reference Signs List 

[0264] 

101, 110, 174, 181, 184, 201, 212, 301, 310, 1001, 1007, 1008, 

1101, 1401, 1501, 1601, 1801, 2101, 2201, 3101, 330 1, 4101, 4301, 

4401 input-output waveguide 

102, 103, 108, 109, 172, 173, 202, 203, 207, 208, 3 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, 3102, 3302, 

4102, 4302, 4402 polarization converter 

104a, 204a, 206a, 206b, 304a, 306a, 306b center-por tion 

core 

104b, 104c, 204b, 204c, 206c to 206e, 304b, 304c, 3 06c to 306e

 peripheral-portion core 

105, 171, 182, 183, 205, 305, 313 intermediate wave guide 

106, 107, 205, 206, 308, 309, 1005, 1006 waveguide of 

asymmetric directional coupler 

111, 185, 213, 311, 1012 TM-polarized basic mode li ght 

112, 176, 186, 214, 312, 1013 TE-polarized basic mo de light 

113, 215, 314, 4103, 4303, 4403 mode converter 

121, 131, 141, 221, 231, 241, 321, 331, 341, 351, 1 009, 1201, 

1211, 3201 over cladding 

122, 132, 142, 222, 232, 242, 322, 332, 342, 352, 1 010, 1202, 

1212, 3202 under cladding 

123, 133, 143, 223, 233, 243, 323, 333, 343, 353, 1 011, 1203, 

1213, 3203 silicon substrate 

161, 162, 1002, 1004 tapered waveguide 
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206 optical splitter 

209, 210 delay circuit 

211, 1105 optical coupler 

1103, 1407, 1505, 1606, 1806, 2103, 2203, 3103, 330 3 delay 

waveguide 

1104, 1408, 1506, 1607, 1807, 2104, 2204, 3104, 330 4

 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 sic mode 

light into TE-polarized 1st order mode light, the s ilicon rib 

waveguide including a center-portion core and a 

peripheral-portion core thinner than the center-por tion core, 

and having such a tapered shape that a core width o f the 

peripheral-portion core gradually increases; and 

 a mode converter optically connected to the polari zation 

converter and configured to convert the TE-polarize d 1st order 

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 nal 

coupler including two waveguides differing in width , 

 the two waveguides differing in width are silicon rib 

waveguides with no center-portion core, and 

 of the two waveguides differing in width, the wide r 

waveguide has one end optically connected to the po larization 

converter. 

 

3. The polarization rotator according to claim 2, 

characterized in that 
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 the polarization converter and the mode converter are 

smoothly connected by a tapered intermediate wavegu ide, and 

 the tapered intermediate waveguide is any one of 

  a silicon rib waveguide with no center-portion 

core, 

  a silicon rib waveguide, and 

  a silicon rib waveguide with no center-portion co re 

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 

  a silicon rib waveguide with no center-portion co re, 

and 

  a silicon rib waveguide including two thick core 

portions, and 

 the silicon rib waveguide with no center-portion c ore has 

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 , 

 the two waveguides differing in width are silicon channel 

waveguides, 

 of the two waveguides differing in width, the wide r 

waveguide has one end optically connected to the 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 

 each of the portions with the relatively thick cor es has 

a tapered structure. 

 

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

characterized in that 

 a tapered waveguide is connected to at least one o f one 

end of the wider waveguide of the asymmetric direct ional coupler 

and one end of the narrower waveguide of the asymme tric 

directional coupler, and 

 a width of the tapered waveguide decreases gradual ly and 

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 

waveguide and configured to convert the TM-polarize d basic mode 

light into TE-polarized 1st order mode light, the s ilicon rib 

waveguide including a center-portion core and a 

peripheral-portion core thinner than the center-por tion core, 

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 

 a mode converter optically connected to the polari zation 

converter and configured to convert the TE-polarize d 1st order 

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  of a 

wavelength and a 2 ×1 coupler, or 

 a delay circuit configured to cause a delay of 1/4  of a 
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wavelength and a 2 ×2 combiner. 

 

11. The polarization rotator according to claim 10,  

characterized in that 

 the delay circuit of the mode converter that is co nfigured 

to cause a delay of 1/4 of a wavelength is two sili con rib 

waveguides each including a relatively thick center -portion 

core and a relatively thin peripheral-portion core,  

 one of the two silicon rib waveguides has a struct ure 

including such tapers that a width of the center-po rtion core 

gradually increases and then gradually decreases to ward an 

output side, and 

 the 2 ×2 combiner of the mode converter is a directional 

coupler. 

 

12. The polarization rotator according to any one o f claims 

9 to 11, characterized in that 

 the polarization converter and the mode converter are 

optically connected by a tapered intermediate waveg uide, 

 the tapered intermediate waveguide is a rib wavegu ide 

including a center-portion core and a peripheral-po rtion core 

thinner than the center-portion core, and has such a tapered 

shape that a width thereof gradually decreases towa rd an output 

side, 

 a portion connecting the tapered intermediate wave guide 

and the mode converter includes two cores, and 

 each of the two cores has such a tapered shape tha t a width 
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of the core gradually increases. 

 

13. The polarization rotator according to any one o f claims 

9 to 12, characterized in that 

 the center-portion core of the polarization conver ter has 

such a tapered shape that a width of the center-por tion core 

gradually decreases toward an output side, and 

 the peripheral-portion core of the polarization 

converter has such a tapered shape that the width o f the 

peripheral-portion core gradually increases toward the output 

side. 

 

14. The polarization rotator according to any one o f claims 

9 to 13, characterized in that the tapered shape of  the 

peripheral-portion core of the polarization convert er is 

designed such that the width of the peripheral-port ion core 

increases in a curved manner. 

 

15. The polarization rotator according to any one o f claims 

9 to 14, characterized in that the polarization rot ator operates 

also as a polarization rotator-splitter. 


