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Why Optical Interconnection? ( Ultra High Frequency)
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Present Status of Usage of Optical Communication
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Optical Interconnection is introduced in Cellular Phone

Oct. 1,
2005
Asahi
Newspaper

Optical interconnection

Metal interconnection
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Si Ring Resonator Optical Switch

Operation at 1.5 Gbit/s
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Ring resonance type switch is used 
for miniaturization.

Electro-optic (EO) material (Ba,Sr)TiO3
(BST) is used for optical switches.
Optical switches are integrated on the 
top layer (process temp.<450 C)

Target: Optical Global Interconnection in Si LSI

Optical Fiber Light

Transistors

Waveguide
MicrolensPhotodetectorDriving transistor for

optical switch

Metal
interconnects

V

OutputInput

Ring Resonator
EO Materail Metal

Optical switch 
Using electro-optic (EO) material
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Optical Switches using Ring Resonator

EO Effect
Ring Radius 12 m
Width of Waveguide      2 m
Gap 0.1 m

Resonance Characteristics
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Resonance peak becomes sharp with 
increasing in round time of the light. 
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Operation Speed of Ring Resonator Switch

Factors
Polarization Time of EO Material
RC Time Constant of Device
Resonance Time of Ring
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Operation frequency (GHz)
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FASTSLOW

(BST, LN)

Structure used for Calculation

Resonance time determines the 
switching speed.
~ 100 GHz at R=12 m

Operation Speed of Ring Switch (cont’d)
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Mach-Zehnder Optical Modulator

Mach-Zehnder Interferometer (MZI)

Electro-Optic Material
(Ba,Sr)TiO3 (BST)

Ever Introduced in Si Process

Spin-Coat
Easy Formation

BST

V

Si Substrate
SiO2

V

Input
Light Sputter

Low Temperature
Good Crystallinity

Output
Light
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(Ba,Sr)TiO3 Film Formation by Spin-Coat

Post Anneal
for Crystallization

450~750 C

Rotation
600 rpm, 10 s
2000 rpm, 20 s

Low Temp. Bake
180 C, 10 min

Repeat, 80 nm/cycle

High Temp. Bake
450 C, 30 min

Drop
Source Liquid

Spin-Coat Final Thickness 500 nm
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Annealing Behavior

XRD Spectra Surface Roughness

550 Annealed Film is used.

Poly-Crystallized at >550 C Roughness increases with Temp. 

2 (deg)

In
te

ns
ity

 (a
.u

.)

Temperature ( )

R
M

S
 (n

m
)

Measured by AFMas-deposited

550oC, 30 min

600oC, 30 min

700oC, 30 min



19

Cross Section

Plan View

Monolithic Integration on Si Substrate

Fabricated Mach-Zehnder Optical Modulator
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Optical Modulation by 2-3%
at 90V (E=1.7x104 V/cm)

Our Group: Zhimou Xu et al. Appl. Phys. Lett. Vol. 88 No.16, 161107 (2006).

Process Temp. of 550 C
Problem:

Too High
<450 C

First Demonstration of Monolithic Optical Modulator 
using EO Mateiral

Measurement System 

Optical Microscope

PowermeterPhotodetector

Sample

He-Ne Laser
( =633nm)

Recorder

Lens

DC Voltage Source

Optical Microscope

PowermeterPhotodetector

Sample

He-Ne Laser
( =633nm)
He-Ne Laser
( =633nm)

Recorder

Lens
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Mach-Zehnder Interferometer (MZI)

Electro-Optic Material
(Ba,Sr)TiO3 (BST)

Ever Introduced in Si Process

Spin-Coat
Easy Fabrication

BST

V

Si Substrate
SiO2

V

Input
Light Sputter

Low Temperature
Good Crystallinity

Output
Light

Mach-Zehnder Optical Modulator

21 22

(Ba,Sr)TiO3
Target

O2
Ar

Exhaust

Si Substrate

RF Power Source
(13.56 MHz)

IR Lamp
Quartz Window 

Sputter Deposition of (Ba,Sr)TiO3 Film

1.0 nm/min 

Substrate

2.0 PaPressure

Ar : O = 4 : 1

1.2 x10 Pa

50  W

1.0 nm/min Deposition Rate 

23-700 CSubstrate
Temperature

2.0 PaPressure

Ar : O2= 4 : 1Sputtering Gas 
1.2 x10-6 PaBase Pressure 
50  WRF Power 
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Light Propagation Loss versus Crystallinity
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Crystallinity and Optical Property
XRD Spectra for Sputtered BST

High Crystallinity causes Loss of Light Propagation
Deposition at 450 C 470 dB/cm

Acceptable Temp. after Metallization
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100 m

Al electrodeSi3N4
waveguide

BST waveguide22.5

Si3N4 waveguide
45

BST waveguide 
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Si substrate
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(c) (d)
Si3N4 and BST series connection is used because of 
high propagation loss of BST.
Loss of BST phase shifter (400 m) is ~19dB.

Mach-Zehnder Modulator using Sputtered BST
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Modulation by ~10% at 200 V

BST Sputtered at 450 C Device

• Dep. Temp. = 450 C
• Ref. Index of BST = 2.3
• Length of BST WG = 400 m
• Width of WG  =  20 m
• Thickness of BST= 0.27 m

Measurement
• Input He-Ne laser (633 nm)

Optical Modulation of Mach-Zehnder Modulator using 
Sputtered BST
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Low temperature formation of 450 C,
acceptable for the process after metallization. 
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Various Electro-Optic Materials

RF Sputter (450 C)25.2Thermal
SiO2

Poly Film(Ba,Sr)TiO3

Aerosol Dep. (300 C)102ITOc Film(Pb,La)(Zr,Ti) O3

RF Sputter0.32GlassPoly FilmLiTaO3

MOCVD (725 C)22MgO s-Cryst.Epi FilmBaTiO3

RF Sputter (275 C)1.34GlassPoly FilmLiNbO3

CZ600Bulk s-CrystKTa1-xNbxO3

CZ30.8Bulk s-Cryst.LiNbO3

MethodEO
Coeff.(pm/V)

SubstratePhaseMaterial

This Work
Spin-Coat
(550 C  annealed)5.2Thermal

SiO2

Poly Film
(Ba,Sr)TiO3
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Sub-Summary and Improvement Plan

• Al direct contact to BST
• Miniaturization
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Ring Resonator Optical Switches using 
Magneto-Optic Material

V

Si substrate

Input

Output
Magneto-Optic 
Materials

Magnetic Field

Current

V

Si substrate

Input
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Materials

Magnetic Field
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wave (right handed mode)
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Refractive index for 
right handed mode:

Refractive index for 
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.22
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Polarizer is not necessary.

,

Low Voltage 
Operation <0.1 V
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Sputtered Bi3Fe5O12(BIG) at Room Temp.
(Amorphous)

0.5mm 3 mSiO2

BIG
3 mSiO2

BIG

Faraday Effect of Magneto-Optic Material 
Sputtered ( )

~2% modulation is achieved at an external magnetic field of ~0.2T.

N S
Magnet

BIG

Faraday effect

Magnetic field
Plane of polarization is rotated.

BIG

Faraday effect

Magnetic field
Plane of polarization is rotated.Si

Waveguide

BIG
Waveguide

Polarizer

Photodetector

Polarizer

Powermeter

Semiconductor laser
( = 1550 nm)

Focus lens

BIG

Faraday effect

Magnetic field
Plane of polarization is rotated.

BIG

Faraday effect

Magnetic field
Plane of polarization is rotated.Si

Waveguide
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Principle of Si Ring Optical Switch
Si Ring

n+

p+

IEEE J. Quantum Electron., Vol. 23. No. 1 (1987)123.

Refractive index is changed by 
carrier injection.
Stack type optical switch is 
proposed.
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Gap
I/O Line

Ring
Resonator

Satck Type Plane Type
Gap

SimpleComplicatedProcess
DifficultEasy and PreciseGap Control
EtchingPlanarizationKey Technology
SameDifferentLayers of Ring and I/O

PlaneStackStructure

Electrode

Comparison between Stack and Plane Switch
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Fabricated Si Ring Resonator

PINPIN

5 m

Si nitride waveguide 

Si ring 
SiO2

p+ Si n+ Si

Al

15~25 m
Gap : 0.2 m
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Si Ring

SiN I/O Line
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Measurement Results for Si Ring Switches
Measurement System

Pumping Light 
Source (He-Ne
Laser: 633 nm)

Sample

Optical
Microscope

Tunable Semiconductor
Laser ( =1280-1320 nm, FWHM~0.2 nm) 
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~3% of modulation is achieved by Si ring resonator optical switch. 
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Summary

Stack type ring switch was proposed and ~3% modulation was 
demonstrated by optical pumping.

Si Optical Switch

(Ba,Sr)TiO3 (BST) Optical Switch
Low temperature (450 C ) monolithic fabrication technology 

was developed.
Optical modulation of ~10% was achieved by Mach-Zehnder
modulator.

Next Stage

Bi3Fe5O12(BIG) Optical Switch
Ring switch without polarizer was proposed and the 
characteristics were simulated. 
Modulation of ~2% was achieved using amorphous BIG film.

Realization of optically interconnected 
LSI by improving the device properties.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


