. SILICON-BASED ELECTRO-OPTIC DEVICE Background of the invention: 1. Field of the Invention:
The present invention relates to an electro-optic device formed on a silicon platform and utilized in the
field of, for example, optical communication, and in particular, to a silicon-based electro-optic device
formed on an SOI (Silicon-On-Insulator) substrate 2.1Description of the Related Arts: Information
communication networks typified by the Internet are constructed so as to spread throughout the world
as social infrastructure essential for peoples’ Iives.b%%tical communication using optical fibers is a

technique to support huge traffica-Sn e e ETp R @UMRIRIPRIO Bevices using silicon

platfolins can utilize a 1.3-m band and a 1.55-pm band of wavelengths, which are included in the
wavebands used for optical fiber communication. Furthermore, these optical communication devices
can be manufactured by a CMOS (Com%?é#@ﬁ%%%l‘-@ﬁéf@gemiconductor) device fabricating
processes. TR HreheaticahgeRIMuUnication devices are expected to implement high-density optical
integrated circuits. Increasing an information transmission rate per channel is a method for dealing

with traffic on infBFrRERTSR ABYRRVMCEMGT RERGIRSIVRRGriAeyieesioyaed By yetticonrplssirea addulator
is importaftifed impemertiay hisrasthrd v ARbeahMEEMRIO AUk AORME 5.5 epliissignals from

an LSI (Large-Scale Integration) circuit into optical signals. The LSI circuit processes information in an
optical cSITHIHPLIT HEG RN #0 51Q Brier tngibse0aubBEitator on a silicon platform has

been proposedscripAdly BiCaEepesed aptical modulator is of a type that utilizes a carrier plasma effect
to change the refractive index of a silicon material and thus to change propagation characteristics of

light. For examPIEPTRAIRPEORIHEVEHRI PRI T s potes dsethe hismshasnarsiueiisa phifunction

and operyeddvithotgyetreHiambi Ag@o@faﬁinﬁlaﬂgncaﬁ%%@seﬁﬂﬁﬁfapze%m@n\h:@.se@) RGprrier
depletion in a silicon waveguide,” OPTICS EXPRESS, vol. 15, no. Z, pp. 660-668 (2007)].T. Pinguet et

al. have PPOPBERIGEN SRS AR bAREE hd (RABTICTH patipna. hneeraBfiickim the 5 of CMOS

devices Eﬁptﬁ’déﬂgé&ﬁnﬁhﬁleaﬁ&ﬂéb‘iﬂc@gfhsl%]@@ﬁ%&Bﬁ%ﬁlrﬁl@%ﬂﬁ&%‘é@g {ndegrated ALves in SaApm
CMOS," Proc. of Group Four Photonics, ThA2, pp. 186-189 (2007)]. Both of these optical modulators
can ope d&fﬁﬂ@){@lﬁ@@g}s, which are included in the wavebands used for optical fiber communication.

Furthermore, these optical communication devices can be manufactured by a CMOS
(Complementary Metal-Oxide-Semiconductor) device fabricating processes. Thus, the optical
communication devices are expected to implement high-density optical integrated circuits.

Increasing an information transmission rate per channel is a method for dealing with
traffic on information communication networks, which increase year by year. An optical
modulator is important for implementing this method; the optical modulator quickly converts
electric signals from an LSI (Large-Scale Integration) circuit into optical signals. The LSI
circuit processes information in an optical communication device. Thus, implementation of the
optical modulator on a silicon platform has been proposed.

A typical proposed optical modulator is of a type that utilizes a carrier plasma effect to
change the refractive index of a silicon material and thus to change propagation characteristics of |
light. For example, A. Liu et al. have proposed a silicon-based optical modulator using a pn
junction and operated with reverse bias [A. Liu, et al., "High-speed optical modulation based on
carrier depletion in a silicon waveguide," OPTICS EXPRESS, vol. 15, no. 2, pp. 660-668
(2007)].  T. Pinguet et al. have proposed a silicon-based optical modulator compatible with
fabricating processes of CMOS devices [T. Pinguet, el al., "A 1550 nm, 10 Gbps optical
modulator with integrated driver in 130 nm CMOS," Proc. of Group Four Photonics, ThAZ, pp.
186-189 (2007)]. Both of these optical modulators can operate at high speed.

FIG. 1 shows the sectional structure of the optical modulator proposed by .Liu etal. FIG.

1 shows a cross section of the optical modulator taken on a surface that is perpendicular to the



FIG. 1 shows the sectional structure of the optical modulator proposed by Liu et al. FIG. 1 shows a
cross section of the optical modulator taken on a surface that is perpendicular to the 2 direction in
which light propagates. In the optical modulator, oxide layer 25 is formed on the top surface of silicon
substrate 24, and p-doped silicon layer 23 that is an$B0l layer is provided on oxide layer 25. In this
case, p-doped silicon layer 23 is formed such that the sectional structure thereof includes a projecting

portion serving as a care af a rib optical wayequide and slab portions arranged on the respective
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layer 22 thennteciect toethesiabeafithexiiil wanegnidedoatiteeaimbbgyof the rib waveguide, optical
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entirely cover p-doped silicon layer 23, p" ~doped silicon layer 22, n-doped silicon layer 21, and
n*"-doped silicon layer 21.

In such an optical modulator, a reverse bias voltage is applied to between p-doped silicon
layer 23 and n-doped silicon layer 21 via electrodes 27 and 28. Then, owing to the carrier
plasma effect, a modulation operation is performed on light passing through p-doped silicon
layer 23 and n-doped silicon layer 21, which form the rib waveguide.

If the optical modulation portion has such a structure, the shape of the optical modulation
portion and the external electrode portion connected to the optical modulation portion is different
from the structure of the waveguide connected to the electrodes. Thus, a connection structure
needs to be formed which optically couples the optical modulation portion and the external
electrode portion to the waveguide structure with a reduced loss and which enables high-speed
electric responses.

Furthermore, in the structure shown in FIG. 1, light is confined in the rib waveguide.
However, if there is only a short distance from p” -doped silicon layer 22 connected to the slab
of the rib waveguide to the main body of the rib waveguide, optical absorption by the p**-doped

silicon may disadvantageously result in aloss. Specifically, the p* -doped silicon has a higher



3 optical absorbance than pt-doped silicon or pure silicon (or intrinsic silicon), which has a lower
dopant concentration. Thus, the p++-doped silicon cannot be used in the central portion of the rib
waveguide. Besides the central portion of the rib waveguide, the vicinity of the rib structure is not
preferable as a position where the p++-doped silicors is placed, in terms of a reduction of optical loss.
On the other hand, to allow the optical modulator to operate at high speed, the electrodes are
desirably arranged near the rib structure to reduce electric resistance associated with the electrodes.

Hence, &RtFRJiABSHbaarehanBs feRadREifpn oaPaGy MIdcPNd Pl dR N Bt Heanh & Bisbcin bt fawer
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waveguide in order to reduce an optical loss in the electro-optical device.  In the configuration in

which elB8tibde2ds. coBpdetsdho sl dodinasH fhyaireayssrdnihn vraity, ehthegibwingtpreblem
may occyribiheiBisknessQiRisiaratiailieen javansa s el (e diR A AR e bpN e caRdipgment of

light in the rib waveguide structure to increase efficiency. That is, a manufacturing variation is likely to
occur in REHidsSess of a silicide layer serving as a contact layer between electrode 27 and

p++-doped silig9i dayihelnAHISINAKES HEPIRG HSIRIBRAGEY %85@9{@ at hifh GrEPgaLmdidator
shown in FIG. 1, a pn junction is formed. However, W02004/088394 discloses an exar_ngle of a
ﬁl?ctor)

silicon-b@&ctr dfablorbipnsshagu i WrehnisIslice sirstie trssienraAstorigad
junction isfargaed instead ofiheePRLMRCHRR TS RRIGAERSAMALNNAS A Waueguide stugiure in which

a p-doped silicon layer and an ii-doped silicon layer are stacked via a relatively thin dielectric layer.
When a fRexfueitiBs drsier i Bp gREired Yoy Eadonld widtismesn mijh @ asneiffopleatredss @watilated or

removedgfifeGapios SANRRIIEAE: B RURISEh BRI [SIRGHKe RBROSR;Bi Rt dielectric

layer. This changes an effective optical refractive index. IG. 2 shows the sectional structure of the

optical modulat8rprsesEesTayamiiy e aestierer2dliparracsisd dose ctirsf it Opiaarriddsiator
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also includes a rib waveguide of an SOL1 structure but is different from the one shown in FIG. 1 in that
a p-dopddir&ifieesst iy idant SRS FesdnrBrgel dicinmeide s auits fiFws armte iaFstinction
along a eemépiioe extandig ndherienmicing] Aisaci ool REJdbvAY aRUsiRISHsh dhakihe glane of the

pn junction is perpendicular to the silicon substrate. Each of thg doped silicon layers has a low impurity

concentr@HBhSRTE A WRARRRLIBE AT emals6tEr4B PhARSPor frsthsiisoadaiae 2the iMburity
concentrgatipes inerpaaa syt e gistapre from the rib waveguide. Pinguet et al. fail to 4

In the optical modulator shown in FIG. 1, a pn junction is formed. However,
W02004/088394 discloses an example of a silicon-based electro-optic modulator in which an
SIS (Semiconductor-Insulator-Semiconductor) junction is formed instead of the pn junction.

This optical modulator has a waveguide structure in which a p-doped silicon layer and an n-
doped silicon layer are stacked via a relatively thin dielectric layer. When a modulation signal
is applied to between the two silicon layers, free carriers are accumulated or removed or the
carrier concentration is reversed, on the respective opposite sides of the dielectric layer. This
changes an effective optical refractive index.

FIG. 2 shows the sectional structure of the optical modulator proposed by Pinguet et al.
FIG. 2 shows a cross section of the optical modulator taken across a surface perpendicular to the
direction in which light propagates. This optical modulator also includes a rib waveguide of an -
SOI structure but is different from the one shown in FIG. 1 in that a p-doped silicon layer and an
n-doped silicon layer are arranged so as to form a lateral pn junction along a centerline extending
in the longitudinal direction of the rib waveguide such that the plane of the pn junction is
perpendicular to the silicon substrate. Each of the doped silicon layers has a low impurity
concentration in the rib waveguide portion. In the slab portion of the rib waveguide, the

impurity concentration increases with the distance from the rib waveguide. Pinguet et al. fail to



fully describe the specific structure of the optical modulator. However, ptdoped silicon layer 32 and n '-
doped silicon layer 30 have larger thicknesses at each position in the slab portion where the slab
portion contacts the electrode. In this structure, a stable silicide layer is expected to be formed so as to
serve as a contact layer.  In the optical modulagor or electro-optic device including the rib waveguide
of the SOT structure, it is completely unclear how ?%?se the contact layer js to beilocaﬁd 1;/gith_respect
to the'bily Wessaleidie TR R pEdt DSaRIFBh RN A, T ESLBchioR Hith &8hhection To the
electrggrdtiidoaniget Myenisitechelodateshwitierdspettion thehcehbraloporiorhot the sirbveytiide,
through which light passes, Eurthermare siliroailacks araudadion e siRRpasions eadbesrespective
opposﬁe Sides of the b waveguide may cause a propagation loss or an insertion loss resulting from
stray $igjhecSayamary of the Invention: As one of silicon-based electro-optic devices that can be
integrated op, aysiligaea( Qi) Gemicondysiorpubsitaie; wopicat mipdulatashastictOthercarter plasma
effect can realize, in a very small size of supmicron order, a reduction in costs,. lon of current
densitl/ &8 toeelr?/ oFpsHer gocn%sﬁr%%tfg H,agprl:%ﬁr }%%g}{;i g?%ae%egéﬁree,s%erﬁ/%éﬁgtréﬁ%%%g%evgﬁgge and
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layer WHiEh BISSH St (i HigHaB EEeah SRS H SR A Fethtish 1 B pticar propagation 0S8 in the
opticalamedulateiisicinknewrun inseiivelestresdiioginectiony dtgbicture in a silicon-based optical
modulator formed on an SOT substrat%wg%@%mﬂﬁcient optical connection and which
enables both high-speed operations and a reduction in optical propagation loss has been degmanded.
According to'n @speét Bfitre-piresestsriesanin, draresisifotfedsa MEEABhRY BI1SUFSToptie device
comprisingsRsiliconkedy regiopidapaddaextibiba fitshcondisctritynty piiea siicenligatéregion doped
10 X IE S P LBONCHEIN VDS, flapased Al leashin A PYekNeRlleR) Radtrdip iR define &
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in the costignters ardiehenwddatione ity BoUpseiontefidahe Sines patbigh gibrr & dnprtHen
combingfien-pfihe silicon fedy regianthe silicanaaie segien: andihevineinesed digleattpiayer
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e“silicon 'body region, wherein: tpon application of
an elemiribahsigna todhefirst etecwicaltbortactatid wraasedond wledhricedtdontash, fhechighrfises

aCCUr%g@é%b}f%&&eat%egﬁéﬁefﬂﬁ within Shs,silicen bady fegignanddng.slicomeatasegion on both sides of

the dielectric layer at the same time, such that an optical electric fieJd of the optical ii(%lna%stubstantially

overlaps witH'8 FfsHeaFEANSFRAN SR At GRS ARG RIAVEFRYISH Bt the BIR¥ S optic

deviceyadibaiameguide:iscka: fopmat dynaarnsafithbisHiconb e dyore gigh:stredsitisortigatewégion and

the dielectric layer, the second electrical,contact is coupled to a slab part of the rib waveguide via a rib
b .

electrc’JT%%él %60&5%?%%%?%? ﬂ%i%ﬁgﬁgsgs‘%ﬁﬁeerglge egtro e contact region being thicker than around a rib
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the iR e NS Re BERER A S P VAT 6 The H avglgui. e in a zeroth-order mode is
consta sithemtiny digtance betieengril wavaguigbamlares dipesan deecorizins payioraHdS

silicon body region and the silicon gate region so that the combination of the silicon body region, the silicon gate

region, and the interposed dielectric layer define an active region of the electro-optic device; a first electrical

contact coupled to the silicon gate region; and a second electrical contact coupled to the silicon body region,

wherein: upon application of an efectrical signal to the first electrical contact and the second electrical contact, free

carriers accumulate, deplete or nvert within the silicon body region and the silicon gate region on both sides of the

dielectric layer at the same time, such that an optical electric field of the optical signal substantially overlaps with a

modulation area of free carrier concentration in the active region of the electro-optic device, a rib waveguide is



S There is also disclosed an electro-optic device includes a first silicon layer of a first conductivity
type, a second silicon layer of a second conductivity type different from the first conductivity type, the
second silicon layer being at least partly stacked on the first silicon layer, a dielectric layer formed at
an interface between the first silicon layer and thg.second silicon layer, a first electric contact
connected to the first silicon layer, and a second electric_.contact connected to the second siligon layer,
wherécﬂ’F’EﬁQe]%‘Yrgleéﬂ?dgﬁh%%??ﬁ{?%i@’%ﬁ’ﬂri@‘?&?%ﬂnﬁﬁ TRECREEE S %1?8??‘1%)’%’ FRr AR SIS ction,
and ametecttiesiipdal freish gach bf thesisspandvsecdne-eledtriontontabis, tildwssafteaibaleierdo be
accunyialed.omaveds Qi avRTaeten IBARCvRORPasIiEAIdeR i disleptig RysIiaimogulate a

free-carmier concentration sense y an electric field of an optical signal, wherein a stack structure
includiegiss Fraedifedm rires Bisraecsteskateir et erna s anRpat St SHapeed 489B form an
optical.confinepanipsete apdariabopastiaageitbeniinaieguicecinaly gosian predtmwhiathometal
electrqde. is connected as the. first electric contact,. wherein.the slab portion in the area.to, which the
metal%fféa%aargg%d(c?%ﬁreec e??flesctfﬁ?c eerxt%gaur{i3 é}é% rlf%) Ul ﬁ%‘?ﬁ‘éj %fié%aﬁfo:rﬂloﬁfég% O\?v%lé Fgﬁ%ﬂtegg?gma%o which
the méitdnetdetroders voraedtendibiobaletrats thaipceanpeasesa distance from the rib waveguide to the
area to which the metal electrode is connected is such that when the distance is changed, an effective
refractive index of the rib waveguide in a zeroth-order mode does not change. The above and
other objects, features, and advantages of the present invention will become apparent from the
following description based on the accompanying drawings which illustrate exemplary embodiments of
the present invention. Brief Description of the Drawings: 6 FIG. 1 is a sectional view showing an
example of the structure of a silicon-based optical modulator with a pn junction; FIG. 2 is a diagram
showing an example of a connection structure for the optical modulator and an electrode;



FIG. 3 is a diagram showing another example of the connection structure for the optical modulator and
the electrode; FIG. 4 is a sectional view of the connection structure for the optical modulator and
the electrode according to a first exemplary embodiment; FIG. 5 is a sectional view showing an
optical modulator according to a second exemplagy embodiment; FIG. 6 is a graph showing the

dependence of the optical modulator shown in FIG. 5 on the distance tQ an Sj block in an gptical
waveguide rhBgE % dlsﬁ*—%ﬁé?ﬁfﬁlet‘ﬁr?ﬁ%‘édf&cﬁdﬁ%%\ﬁsﬁ%aﬁ‘é%éﬂﬂf%ﬂ%@ﬁ’iﬂ &OB%S%té‘ggyof
fabricatjrgdhe-eptictkmodtaiat s Besadptiamai the &pakbffirentmnf tveflnventibntivity Betorke
description. of.exemplary embodimen 1 | ' - ' ted to an
clectr e B B O e e
changeriesinbetiiscsdisclnpl atirer dmec erdnlisxiesrnd VoRapE By EHS HeoHSOHEtR PRERHPton of
the wayegiidaiche ashiava thisscan alesiodadscannestaddena postiosipfdhryis, waseguisenrwhich

extends, from a slab. Metal.such as alyminum (Al) or copper (Cu)is.generally used as the elegtrode.
The pd ?SH%}A%%%% Fgﬁrﬁctﬁa esl,‘laaﬁ}aa%rf]1 Scegﬁ%degicg %gaﬁg %féc%glzs% ‘é‘g‘rﬁ’ﬁgﬁ‘%‘ésén V\?Ii[l Ctgcsflll%lggl layer
dopediwitreinipefiifiediot ardigkconhekntration{asty aBawssefies agracctnbrctiaierlafide [BRISH iKf which

the contagtlayerapdihe nsialelecids are spnrestathiguetherissonfiguedwitharsiligidedayer to

allow the electrode and the contact layer to he reliably electrically connected Log ther,.
sensed by an electric field of an optical signal, wherein a stack structure including the™first silicon layer

and the second silicon layer has a rib waveguide shape so as to form an optical confinement area, and a
slab portion of the rib waveguide includes an area to which a metal electrode is connected as the first
clectric contact, wherein the slab portion in the area to which the metal electrode is connected is thicker
than a surrounding siab portion, and wherein the area to which the metal electrode is connected is located
so that a range of a distance from the rib waveguide to the area to which the metal electrode is connected
is such that when the distance is changed, an effective refractive index of the rib waveguide in a zeroth-
order mode does not change.

The above and other objects, features, and advantages of the present invention will become
apparent from the following description based on the accompanying drawings which illustrate exemplary
embodiments of the present invention.

Brief Description of the Drawings:



FIG. 3 shows an electro-optic device which is similar to the device shown in FIG. 1 but which includes
a contact layer, that is, p++-doped silicon layer 22 with the thickness thereof reduced in order to
decrease an optical propagation loss in the rib waveguide. In this configuration, since pHtdoped silicon
layer 22 is very thin, when an attempt is made to fon an electric contact via the silicide layer for
connection to metal electrode 27, the electrical characteristics of the connection may be unstable.

Specifically, e thaugh an.attempt is made to form suicide layers using the, same fabricatin
process, the tkﬁ%ﬁgﬁ%ns@fﬁ \l/%nr;léfr%gn teng %fﬁfﬁgﬁigﬁ'ﬁh‘éﬁwgﬁer §ai (‘j%?%sﬁqc%&%nt
contact resisfanmewifhis p& jusetions problem.  As a solution to the inconstant contact resistance, an
example of a igyration of an electro-optic device according.to a first ex mﬁgry emgodiment is
Chown in FIG. B G A  BO e AT Lo PR E A VR RO Bvample, o
silicon-basddlapticadrandidegorie; In the optical modulator shown in FIG. 4, as in the optical

modulator shown.in,E1G. 3, p+-r-doped silicon layer 22 connected to the slab of the rib waveguide is
formed to be tfiﬁfrﬁ‘&oﬁlgé?g I%‘({)Wéngpﬁ?@ég?ﬁgﬁm er%g FIRTERECS ST S (i RB RS or

shown imbdSlathmirddbpedesiticdn layer 22 is formed to be thicker at a position corresponding to the

connection to trode 27. In other words, p+' -doped silicon layer 22 is formed so as to have a
trapezoidal crc?s&zfsé%ﬁoansﬁcetg) ¢ &onft @?OWW%QBBHSHE%F‘ %féh?c@fj%_a% AR Eer 22
serving elsarodataciolayes te thitkeeadriipacpambotiondetelectrode 27, a suicide layer can be stably

27, The reauid b1 TS pTGSBHD TR S L RHEh TR B GO IS Coab LB IEE RS aimec
when p-embtogiectsiticon layer 22 is thicker than the slab portion of the rib waveguide by between 50
fim and 100 T S, g pIe Ab Rag thO B AISEe  HMeR Thbdater thonen SR B S oip e
the distance to an Si block in an optical waveguide mode; and
FIGS. 7A to 7F are sectional views sequentially showing a process of fabricating the
optical modulator.
Description of the Embodiments of the Invention:
Before description of exemplary embodiments, a portion of a rib waveguide where a slab
is connected to an electrode structure will be described.
To allow the refractive index of a silicon waveguide to be changed using the carrier
plasma effect, an external voltage needs to be applied to a core portion of the waveguide. To
achieve this, an electrode is connected to a portion of the rib waveguide which extends from a
slab. Metal such as aluminum (Al) or copper (Cu) is generally used as the electrode.
The portion extending from the slab and connected to the electrode is configured with a silicon
layer doped with impurities of a high concentration, so as to serve as a contact layer. The
‘portion in which the contact layer and the metal electrode are connected together is configured
with a silicide layer to allow the electrode and the contact layer to be reliably electrically
connected together.
FIG. 3 shows an electro-optic device which is similar to the device shown in FIG. 1 but
which includes a contact layer, that is, p -doped silicon layer 22 with the thickness thereof
reduced in order to decrease an optical propagation loss in the rib waveguide. In this
configuration, since p™*-doped silicon layer 22 is very thin, when an attempt is made fo form an
electric contact via the silicide layer for connection to metal electrode 27, the electrical
characteristics of the connection may be unstable. Specifically, even though an attempt is made

to form silicide layers using the same fabricating process, the thickness may vary among the



As with the silicon-based optical modulator shown in FIG. 1 or FIG. 3, in the silicon-based optical
modulator shown in FIG. 4, oxide layer 25 is provided on silicon substrate 24, and p-doped silicon
layer 23 serving as an SCA layer is further provided on oxide layer 25 as the lower half of the rib
waveguide by patterning. On the top surface of p-doped silicon layer 23, n-doped silicon layer 21 is
provided so as to form a pn junction with p-doped silicon layer 23. In addition, n++-doped silicon layer

20 is connected to a.side portion of n-doped. silicon layer 21. Electrode 28 is connected to n+H-doped
silicon |afyeé‘#%" Sl 5‘15&?%%&@6%&&%%%@3&%&?%?tfﬁ’@%b WAD S i IS RIoRIER to

cover all over p&dtap;emﬁ'tbi@w ity @1c3Bsprt dopad: stisanray e PRNEth SHEA PR R and
n+tdopedlsilticon Itagﬁr 20.  On each of the opg}oig%sid s of the rib waveguide which are formed as
projecting PooRE of TS SFIATHIE iR S551 Ryam ﬁﬁgﬁ 845 RAE RHidkh&ss dPSt most 100
rim and tdefunstipticadeaistain IBYEr 4 Ry ouidhoh fd toesiasiayenis RrHepassilicancayess2a sp1g as a

contact Igg)%r'l%il-doped silicon layer 23 is used for connection to electrode 27. Electrode 27 is
compose oH o?rexample, aluminum or copper. In the area in which Tr-doped silicon 8 portion by at

least 50 nm.  InrhthiptesentintitioksiessohiFicloned siligeniaal Addinsramaniniwimeh the
ptdoped silicon layet is joined tg electrode 27 is set to be the same as that of the SOI layer on which
the rib m%véégiﬁ%% i 0#2%%&?68%%@§ {etherfla ,°5F88é"§é‘éa‘d%%a%lﬁaf8ﬁ@§fétaﬁ’%&1ea| modulator

is simplifitavéhiais uetike eseapetaitinodul aontickvesisIaic s andieonstbutasohladHsSHgvEqsIBIG. I this

structure, the thin SOI layer which becomes the slab of the rib waveguide is formed adjacent to

p+tdopeé’gllic"oﬂ %yééfggﬁygid??lé%%ﬂ%%‘f & éaﬂﬁﬁﬁbamt]iﬂr\ﬁﬂfg??@?@éﬂﬂﬁi@ s joined to

p-H--doped:siliton laykrcidde Mie chntiakaxisdf thE ribpeavatvidadsdesanashavghdhatelestsade 27

IS electriggllézc?&qected to the rib wrﬁ)\éiguide ata sufg;cien%% é w resistance. Furthermore, the effective
S

refractive HAex 1A the Peroth-order é’%‘ﬁﬂéoﬂﬁgtﬁ waveguide structure is designed so as

to be independgintepileldisidsitefrolythe ZestankparticonheleoteodeRitier hatceritmkanismab the rib
Waveguidl%bt'lr' Q&% angem QI of electg)de %{ 3nd th&1 Ijtke allows avoidance of the adverse effect of an
optical abSorption (6ds chised By (S SfedRode WRFthe AiBAR 98 OFrSTRABH RS P EREDles the
electrodédtvbendEsignpetisilesndayminindalaptieh! propadatiesuitooie!Gefshomenastelectro-optic
device according to a second e lary embodiment. T.0 enable the electro-qptic device to
operate %)f%rglﬁlésllégé%?gﬁ%g%tﬁ%rgg oc?ﬁé%% IIEAAEH 6 & ﬂ%%fﬁéig Soltag O%eér%?bg%fblf}y&ﬁ% ged in
proximityhickéretimo dheadian puotioonoifthehithvighizinids detb aitbepaitiara imdnr0semiconductor. However,
silicon doped with impurities absorbs light, and the electrode nged.in proximity ta t odulation
portion leads tvci)Qt 3%1%%5%%0%%365%&3%%% Ef’ﬂ% {ja?%%%%%ﬁlba?r@g g%g@& g%%fé %%?i & tradeoff
relationghdpivith a reduction in optical loss. The second exemplary embodiment attempts to find the
optimurm condigon ol e ARETSR A ERASEILILERMESHon ¥l e fadeqT relpionship:

based optical modulator shown in FIG. 4, oxide layer 25 is provided on silicon substrate 24, and

p-doped silicon layer 23 serving as an SOI layer is further provided on oxide layer 25 as the

lower half of the rib waveguide by patterning. On the top surface of p-doped silicon layer 23,

n-doped silicon layer 21 is provided so as to form a pn junction with p-doped silicon layer 23.

In addition, n""-doped silicon layer 20 is connected to a side portion of n-doped silicon layer 21.

Electrode 28 is connected to n"-doped silicon layer 20. Oxide layer 35 also functioning as a

clad layer of the rib waveguide is provided to cover all over p-doped silicon layer 23, p™ -doped

silicon layer 22, n-doped silicon layer 21 and n"*-doped silicon layer 20.

On each of the opposite sides of the rib waveguide which are formed as projecting

portions of the SOI layer, the SOI layer is formed so as to have a thickness of at most 100 nm

and to function as a slab layer. Provided on the slab layer is p™ -doped silicon layer 23 serving

as a contact layer; p_ -doped silicon layer 23 1s used for connection to electrode 27, Electrode

27 is composed of, for example, aluminum or copper. In the area in which p™ -doped silicon

layer 22 is joined to electrode 27, p++-doped silicon layer 22 is formed to be thicker than the slab



An electro-optic device shown in FIG. 5 is similar to that shown in FIG. 4, but is different from that
shown in FIG. 4 in that thin dielectric layer 29 is formed at the interface between doped silicon layers
21 and 23, instead of forming the pn junction at which n-doped silicon layer 21 is connected directly to
p-doped silicon layer 23 forming the rib waveguide. hat is, this electro-optic device includes an SIS
junction. In this electro-optic device, when an electric signal is applied to between p-doped silicon
layer 23 and n-doped silicon layer 21 via electrodes 27 and 28. Then, on the respective opposite sides
of diele®@AEIRE/BY 8blepele Bdfiers are accumulated or removed or the carrier concentration is
reversed. As ajfasillle45e ARNGKNMREOBIGS frag AR NBIEh 22ts an: Wiea alesticrigld of an eutical

signal propagating through the rib Waveguide is modulated in accordance with the electric signal.

Hence, fABCSRdRIRADisiRet ferlridmaltis srtie Redbe simras @bk dOhimre eiurkisk B doped
silicon layen23iarms msiisonbodaread ard n-repedoilicardaved livmese ansp@saa. The silicon

body area and the gate area, sandwiching thin dielectric layer 29, form an active area of the
electro-SPRIAIOTES SmpithiedyrolditirRfipertian digien oprasiicotsiayes 8 ePwHRN e rode 27 is
joined exiahga @l the longitudinal direction of the rib waveguide to form a parasitic rib. Therefore,
the electro-optic device has three silicon blocks A, B and C each extending along the longitudinal

direction. Silich BisctapHRdee ShinRe Higry Wuskdsaraetibrisebaidhs b waiseriteiShe center
rib portigpraiddedii¥waysgtideped siliddla9erittangadisgicalentherdishngs FoRoh erGoRact

portion in which electrode 27 is Joined to p-Hr-doped silicon layer 22 to the central axis of the rib

waveguRlecii?drid eRdmiprdrirambdrmmksilicoRisreeB e seatal pxinpldesihrars@tidiies the

tradeoff gelasienshiBHmndie RIREIHR-0PHS Jemiseaneviaadhe f@@)ﬁ@@ﬂpw@feglﬁdaighaw&m@raﬂon and
a reductjon In gptical loss. Varying distance D allows the characteristics of the modulation portion and

the surré®VdriGEasreof HEhsABite dhsiiReg e Ecftrplvedarsmdy e idnegeiagieet ficdimplary
embodirmgitdpdbat Wre Ghadacienisiies Qfdecsul oy g Rds: s RPQREAbMALRTIdR @ ax@mined to

determine the -optimum value for the electrode position in connection with the tradeoff relationship.

FIG. 6 a6t BHUHRSS Blreedrinihty drerendptiesph iRy i msaudsr shtisHBRIGEEFIEE. 5 with

respect toevatinQ TistaneeRe MIHR PRt exiboiRiciaterdodigalesphe-ctpeatiytisafiagtive index.
The axis of ahscissa indicates distance D. Several sets each including three quadrangles, i.e., two

rectangl 634 Ry RS HETHES RS A 8Pl Srnmh SHiEe8 FepPRicROEIRBIGT pheleRiEosidathgles A, B

and C caeaspensblasthedhiagisilisospalathsddaBaba fedabeled in FIG. 5, respectively. Furthermore, a
circle in the quadrangle indicates a propagation mode in which light propagates in the corresponding
silicon block (tr?fﬁ?rém‘%&mg%ﬁﬁﬁa%ﬁ TG ARRESRSI, %?ﬁ%‘lﬁpr%ffﬁﬁ?%?%ﬁ@‘?ﬂ%ﬂfdﬁ'a
modulation op€gratasbie tadiddeedaspiraiis: a0y afytesalid dinepctae HtbRE MRes Bippsidanth by

dashed lines. Qbyiously, in the mode jn which a modulatign operation is tqQ be performed, light
oropagat oA CRMAER SR D B AT G B el R RSy S
from theigraptidrwitizceritisthetheadeniioadichyr. a sobddine, atitbvdhidbid Wwiteiuged fies adidation

operation, jhat i3, fhe uode,n which ght propagates;hrough the rb waveguife, in a portion.of the

optical loss. Thus, realization of high-speed operations is in a tradeoff relationship with a
reduction in optical loss. The second exemplary embodiment attempts to find the optimum
condition for the electrode arrangement in connection with the tradeoff relationship.

An electro-optic device shown in FIG. 5 is similar to that shown in FIG. 4, but is different
from that shown in FIG. 4 in that thin dielectric layer 29 is formed at the interface between
doped silicon layers 21 and 23, instead of forming the pn junction at which n-doped silicon layer
21 is connected directly to p-doped silicon layer 23 forming the rib waveguide. That is, this
electro-optic device includes an SIS junction,

In this electro-optic device, when an electric signal is applied to between p-doped silicon
layer 23 and n-doped silicon layer 21 via electrodes 27 and 28.  Then, on the respective

opposite sides of dielectric layer 29, free carriers are accumulated or removed or the carrier

concentration is reversed. As a result, the concentration of free carriers, which acts on the



10 depending on distance D, the propagation mode is coupled to the other propagation modes shown

by dashed lines. If the propagation mode is coupled to the other propagation modes, the silicon blocks
fail to operate normally as an electro-optic device. Furthermore, even for regions in which curves each
indicating the effective refractive index for the correbonding propagation mode depending on distance
D cross each other, it is desirable to avoid using some of the regions for which determining whether or

not the curves ach other is difficult. In the present example, proyided thaf distance D is at least
about o.%f%%%?ﬁ%?é? %@fﬁ&(ﬁﬁﬂﬁé@ﬂ%@ﬁo@ﬁfg% SE é‘fbvega%e}%ﬁfl?géferaaéﬁ, then it is

possibleateqreict thigh caugbogitosither mbdesenhichifaaikeasic IRgsiis preveageallowing the
silicon blocks to operate, as a nor. waveguide. Thus, the, resylts of the examination clearly indicate
hore (YRR RO ealba 05 HEtIHE ATl Mitia B 129G SOR LB B the
arrangemeni-dbihd silicon hakeks! feanthegite wavegUide dnkemn bigaaeaunt the AlgQibathe
electro-optic device shown.in FIG. 5, distance D is set such that electrode 27 is electrically connected
to the riﬁ%@gv&jﬂﬂfe%ﬁ%?ﬁlﬁ’&n[ﬁy%ﬁ réé%%ﬁﬁﬁ%ﬁ%ﬁ%ﬂ%& B LRroRiiFedffSietive index in the
zeroth-order mbgle@bibwifip gy aRiGH Wayegwidcostitpiu e i sehicilerendently ofdistance D. This
arrangement ég §Iectr%g 27,aré(1:li@tge like allows avaidance of the adverse effect of an gptical

absorptiSHiBes 2808 LY AL LReLOUECHRD Y EPRIGRIVE iﬁ%fﬂ%@é{%@ﬁ&ble e HEtrode

to be degigrkaiso-ostiodadintais thecoplicalPHRAGAIOB MAUAC cach MdvndmprasagsHef fabricating the
electro-(fgtic. d vic?

hown in E|G. 5, that js, the silicon-hased optical modulator, will be described.
FiG. 7A CRESUARE drepa cé\%&?ﬁﬁ%ﬁ‘éfgﬁ’é 146 BRE At S RE AR SN RS b W¥Vice. The
SOl subslsaieBs corfiguredripbrilat dunedibxidedayrie 25 is provided on silicon substrate 24, with a
silicon layer of thickness.about 300 rim stacked.on oxide layer 25. To redyce an optjcal loss, the
buried oxide la! eﬁp@e e%ﬁtﬁl}‘ﬁ% e{f{ﬁﬁ%ﬁé&g%a%tﬂéc&s%‘i%@%? ﬁﬂﬂ%&ﬂ%&ﬁﬁe‘?’?&}ﬁlﬁjﬁg@g%% layer
25 is whiatjisireslledpdh &k daykcan@dyneadsitatbecpraaped siCoR layera3giiese, asshining that the
first and second conductivity types are defined as a type and and an n-type, respectively, the silicon
layer oneg§f33q%§§frg§) #%g%egé%sﬁ%%? ﬁ) %5 X B%!pﬁ%efﬁg{% rﬁ%ﬁ?&ﬂﬁ\‘}ﬁﬁst%eeﬁrﬁ atively, the
followinggbetionsis isip desiitetrAftettodndtie barivacsilihoreldiation bifirthitidpdayenhitiphesahorous
(P) or baragn (B) is doped,into the, surface layer of the silicqn layer by ion implantation or the like.
Thereaffeer,ut%le Pelélu(ffgh a%li} Sgtra?f&}gyg%ﬁég‘émﬁﬁ@ﬁwg&%%{gﬁféyg‘%g ﬂl‘ﬁlﬁ%% fﬁ%’é‘ impurities
througheuttioe silictre kyartdiisfoireragf treasiipoicdayar #pid ¢ to pe d:silidapdayaha poitfd of thd hen,
as shown.in FIG. 7B, a resist pattern is formed gn the surface of p-doped silicon layer 23. A reactive
crching Proieim AR RERLLE R S SR SRR AR B A s waveoude
shape. Furthenmderacanx angsed ith dettype opantpriahighloefoe titatiec:ddpad shziein inoreshinto
p-doped “%i&c%ré lt%/%o%izfe\f\’hmh lepa silicon block portion located adjacent to the rib waveguide

ations
structure.
FIG. 6 is a plot obtained by examining all the optical waveguide modes of silicon blocks

in FIG. 5 with respect to varying distance D. In the graph, the axis of ordinate indicates the
effective refractive index. The axis of abscissa indicates distance D. Several sets each
including three quadrangles, i.c., two rectangles A and C and one square B, are shown in the
light side of the graph. The Quadrangies A, B and C correspond to the three silicon blocks A, B
and C labeled in FIG. 5, respectively. Furthermore, a circle in the quadrangle indicates a
propagation mode in which light propagates in the corresponding silicon block (the rib
waveguide or parasitic rib). Additionally, in the graph, a mode in which a modulation
operation is to be performed is shown by a solid line. The other modes are shown by dashed
lines. Obviously, in the mode in which a modulation operation is to be performed, light
propagates through central silicon block B, that is, the rib waveguide.

The following is apparent from the graph in FIG. 6. In the mode shown by a solid line
and which is to be used for modulation operation, that is, the mode in which light propagates

through the rib waveguide, in a portion of the mode in which the effective refractive index varies



Then, as shown in FIG. 7C, oxide layer 35 used as a clad layer is formed by depositing an Si02 film of
thickness 300 to 700 nm all over p-doped silicon layer 23 and p-doped silicon layer 22. Then, oxide
layer 35 is flattened by a technigue such as CMP (Chemical-Mechanical Polishing process) so as to
control the height of the rib waveguide. Next, agg8hown in FIG. 7D, a resist mask pattern is formed
on the surface of oxide layer 35 processed by CMP, and the reactive etching process is applied to the
resist mask pattern to form a trench correspondin%;io the position of the rib waveguide, in the oxide

clad lay8FPFRERESHEEansiPo Hhifapuragation mgdes 1rewrlrd pothioAtbetmeonpsravRgiidesis exposed
from th%ﬁ@@@ﬁ?}éﬁ@ﬁ@@ @hdhe tfﬂﬁ%}bmﬁg%ﬁﬁ)m%éqy%ﬁﬁ%g @Eﬁ@%tﬂ@f%@%sﬁga@(ﬁ?m@d’&d fwEhen, as

shown in FIG. 7E, a silicon oxide layer that is relatively thin dielectric layer ormed on the SOI

layer, thEtiROERINsks da- Hopeaalniermal e ap an leaveimatioderdaen tFalthsemompiensatfior kg9 may
be, instead.aidhe3NCoR exiiRilaYRTy (AL EXREIRIE rralicon RIlEdGolaYe e FR¥: AR YR pagation

dielectric-constant (high-k) insulating layer, or a stack of these layers. Thereafter, a polycrystalline

silicon 1&5Rds< insancifsarcnldspey sartorthaydl Pidesiratia o aspistisinesiems ef the regsmfied in
an electygag g acitishRAHIONIRIRAGPSS BICARRY BFRd each 6RAN BBRUAWNINELGrdkEnxIde layer

35 as the clad layer is further deposited such that all the layers including C-doped silicon layer 20 and
n-dopeFERIBEH I dyeYidediicdistanas With théeastidbortall fayerommene tnd siefecinis oxide layer 35 is
flattened, I eTarzTe es for that electrodes 27 and 2.8 be taken, out
through t%egé\étac%(?es. Asrcé1 %as It ﬁ'ﬁég%gﬁﬁ‘gu%o%%‘y@%{%"éﬁ %rt% gé%: ts%l%i[)ﬁolu qé? are
exposedthonnthéchottonh surfaceslohthécsentquthalesl, EHosimiclel siNdois lepksitedperathesexposed
portions +ik- ilican layer 20 and p*-doped silicon layer.22 to.form a siligide layer..Maoreover,
B oo R S S R A B
complet® dlebdtratisbs2 2ad 2GsElestrodés 2ib avg @Rideas pedsibiecoithabtiandogrddving tiecuit.

The Wh%‘ﬁ%nnr%t&fsﬁbeemefﬁ%rﬂgl%%' Vgséﬁti)i%d' %ﬂtls gi%%lé)osuenq’above can be described as, but not limited

to, the following supplementary notes:. uppfér%entary hote 1) A silicon-based electro-optic device
comprising: a gVisomibelylestimnmdispdd teeekbiwit t ik chnilsietivityDtypegt such silicetegatda@dion

Gope kTR SRS B Sl R e e s v
gate regithsctive refractive index in the zeroth-order mode of the rib-type optical waveguide structure is
set independently of distance D. This arrangement of electrode 27 and the like allows
avoidance of the adverse effect of an optical absorption loss caused by the electrode and the
highly doped silicon area, and enables the electrode to be designed so as to maintain the optical
propagation mode.
Now, a process of fabricating the electro-optic device shown in FIG. 3, that is, the silicon-
based optical modulator, will be described.
FIG. 7A shows the sectional configuration of an SOI substrate used to form an electro-
optic device. The SOI substrate is configured such that buried oxide layer 25 is provided on
silicon substrate 24, with a silicon Ié,yer of thickness about 300 nm stacked on oxide layer 25.
To reduce an optical loss, the buried oxide layer preferably has a thickness of at least 1,000 nm.
A silicon layer on buried oxide layer 25 is what is called an SOI layer and needs to be p-doped
silicon layer 23. Here, assuming that the first and second conductivity types are defined as a p~
type and an n-type, respectively, the silicon layer on oxide layer 25 may be doped so as to
exhibit the first conductivity type.  Alternatively, the following process is possible. After
formation of a silicon layer on buried oxide layer 25, phosphorous (P) or boron (B) is doped into
the surface layer of the silicon layer by ion implantation or the like. Thereafter, the resultant

substrate is subjected to thermal treatment so as to diffuse p-type impurities throughout the

silicon layer, thus forming the silicon layer into p-doped silicon layer 23.



a dielectric layer disposed in the contiguous area between the silicon body region and the silicon gate
region, the combination of the silicon body region and the silicon gate region with the interposed
dielectric layer defining an active region of the electro-optic devices; a first electrical contact coupled to
the silicon gate region; and a second electrical conthatt coupled to the silicon body region,  wherein
upon application of an electrical signal to the first electrical contact and the second electrical contact,

free carriers acgymulate, Iaplaterer yertuitindbe-plcRRRoR. aaianand e sHison gals,feaion on

both sides of the dielectric layer at the same time, such that an optical electric fthe‘optical signal
substantiaiy 8verldpreadtivaatsbig atiovest inapbited todhtaresishpatitratiomioctse petdredegiornof the

clectro-98Lis 951156 o 1 SERUANETHIe ' Fames vk mspurLibe silcandipdnisalon e sifcon gate

region and the dielectric layer, a first electrica contact is coup art of the rib waveguide,
the rib peeneridratieridnped tiswin s doraletirid® coneacd mtiom Jaier@2hickivbss afsthecslblael contact

region ' IS thj ; [ : position of the electrode contact region of
of iR ALY £cté}ﬁ.'%oaﬁ?é?fig &’Qx@%ﬁ%%%mmﬁe.

the rib part Is located at a position of center e waveguide where an effective index value of the rib

waveguide in a 2evoth-srdenimodéis/Eomatdstlaiee 3 dhsatistan cénd dayrrdm iobmedvsgdegesiing tie
electrodg; t regi j 7@488' 1l b lectr I device as
defined %@%ﬁeﬁgl\%ﬁ%@ (:)L:C?Nhereln ??%%%@%%@% glc%g%%%o%tﬁafgfé%%ﬁ%o%{%gib part is
the samiees 32hickhessosidhdasierwaiedaittmed by a technique such as CMP (Chemical-Mechanical

Polishing process) so as to control the height of the rib waveguide.

Next, as shown in FIG. 7D, a resist mask pattern is formed on the surface of oxide layer
35 processed by CMP, and the reactive etching process is applied to the resist mask pattern to
form a trench corresponding to the position of the rib waveguide, in the oxide clad layer. Then,
p-doped silicon layer 23 serving as the core portion of the rib waveguide is exposed from the
bottom surface of the trench.

The mask layer used for the patterning is removed. Then, as shown in FIG. 7E, a silicon
oxide layer that is relatively thin dielectric layer 29 is formed on the SOI layer, that is, exposed
p-doped silicon layer 21, by thermal oxidation treatment. Dielectric layer 29 may be, instead of
the silicon oxide layer, for example, a silicon nitride layer, any other high dielectric-constant
(high-k) insulating layer, or a stack of these layers. Thereafter, a polycrystalline silicon layer is
deposited to form n-doped silicon layer 21, and n*"-doped silicon layer 20 is formed in an
electrode extracting portion of n-doped silicon layer 21.

Finally, as shown in FIG. 7F, oxide layer 35 as the clad layer is further deposited such
that all the layers including n™ -doped silicon layer 20 and n-doped silicon layer 21 are covered
with the oxide clad layer. Then, the surface of oxide layer 35 is flattened by CMP and contact
holes are formed such that electrodes 27 and 28 can be taken out through the contact holes. As
aresult, n" ~doped silicon layer 20 and p™ -doped silicon layer 22 are exposed from the bottom
surfaces of the contact holes. Thus, nickel (Ni) is deposited on the exposed portions of n™'-
doped silicon layer 20 and p™"-doped silicon layer 22 to form a silicide layer. Moreover, an
electrode layer composed of TaN/Al (Cu) or the like is formed in each of the contact holes to
complete electrodes 27 and 28.  Electrodes 27 and 28 are used for connection to a driving
circuit.

The whole or part of the exemplary embodiments disclosed above can be described as,

but not limited to, the following supplementary notes.



(Supplementary note 3) The silicon-based electro-optic device as defined in Supplementary note 1,
wherein a thickness of the electrode contact region of said rib part is the same as a thickness at least
in part of a 501 region of the rib waveguide (Supplementary note 4) The silicon-based electro-optic
device as defined in Supplementary note 1, whereihZa width of electro contact region of the rib part is
wider than a width of the rib waveguide. (Supplementary note 5) An electro-optic device comprising:
13 a first silicon layer of a first conductivity type;  a second silicon layer of a second conductivity

type different frORRRHEEFBORAG Vit (b ORiBased SHE S b AR BFRGEERIE partly stacked on
the first siliconjayeson baglielaelisdpyetfenmpst at@stiptadacehotygen the first silicon layer and the

second silicon layer; a first electric contact connected to the first silicon layer; and )

a silicon gate region doped to exhibit a second conductivity type, the silicon gate region
being disposed at least in part over the silicon body region to define a contiguous area between
the silicon body region and the silicon gate region;

a dielectric layer disposed in the contiguous area between the silicon body region and the
silicon gate region, the combination of the silicon body region and the silicon gate region with
the interposed dielectric layer defining an active region of the electro-optic devices;

a first electrical contact coupled to the silicon gate region; and

a second electrical contact coupled to the silicon body region,

wherein upon application of an electrical signal to the first electrical contact and the
second electrical contact, free carriers accumulate, deplete or invert within the silicon body
region and the silicon gate region on both sides of the dielectric layer at the same time, such that
an optical electric field of the optical signal substantially overlaps with a modulation area of free
carrier concentration in the active region of the electro-optic device, _

a rib waveguide is formed by means of the silicon body region, the silicon gate region and
the dielectric layer,

a first electrical contact is coupled to a slab part of the rib waveguide,

the rib part has a region coupled to an electrode contact region where thickness of the
electro contact region of rib part is thicker than around rib part, and

a position of the electrode contact region of the rib part is located at a position of center of
the waveguide where an effective index value of the rib waveguide in a zeroth-order mode is
constant when the distance between rib waveguide and the electrode contact region varies.

(Supplementary note 2) The silicon-based electro—optic device as defined in
Supplementary note 1, wherein a thickness of the electrode contact region of the rib part is the
same as a thickness of the rib waveguide.

(Supplementary note 3) The silicon-based electro-optic device as defined in
Supplementary note 1, wherein a thickness of the electrode contact region of said rib part is the
same as a thickness at least in part of a SOl region of the rib waveguide

(Supplementary note 4) The silicon-based electro-optic device as defined in
Supplementary note 1, wherein a width of electro contact region of the rib part is wider than a

width of the rib waveguide.

(Supplementary note 5)  An electro-optic device comprising:



a second electric contact connected to the second silicon layer, wherein the first silicon layer, the
dielectric layer, and the second silicon layer form an SIS junction, and an electric signal from each of
the first and second electric contacts allows a free carrier to be accumulated, removed, or reversed on
respective opposite sides of the dielectric layer to middulate a free-carrier concentration sensed by an
electric field of an optical signal, wherein a stack structure including the first silicon layer and the

second silicon Ig_yer has arib waveggkjide shape so as to form an optical confinement area, and a slab
portion of the ABTRAYEGORITSERTR S SheanRdTE \WNiEPS: metal electrode is connected as the first

electric contac},secoMNERIL tHE &3k PQUtIRN iIthiRaiemteywbiGthe Meial alediradeidicanngcted is

thicker than a surrounding slab portion, and wherein the area to which the metal electrode is

connect@@isthscnerndsilipandasrges B tistahea fosrakedipnibe Sgrlislkitemavatea to which the
metal electrodg ig-CQRREHOE: ifraHEeR thak Whamhendistanceisiibanaesh ayaffadive Rii@ative index of

the rib waveguide in a zeroth-order mode does not change. (Supplementary note 6) The
electro-é‘éﬁé‘iﬂ@ﬂ%’é as defined in Supplementary note 5, further comprising a silicon substrate and a

buried oxide |aygrdarmad OfoHigcptinansbst ate first WRGILM e 4ikgt silicon layer is provided on the
buried oxide layer so as to serve as an SOT layer, (Supplementary note 7) The electro-optic

device as defife@ArS GiRALIR AN TR ectidgoeretAng SIISARIYSESs in the area to which the

metal electrode g epnaRCtRG isitbersRMe, as-QneQliheahts, ahthediishigan; tyera iRt e hiban
waveguide.  (Supplementary note 8) The electro-optic device as defined jn Supplementary note 5

or 6, wheteiReERth WideniRtARIament i RarethEtarer dd de R EairRiERrRISR BIME  the width
of the firgtsiieRday 8k iRcthentilWavRaiUEd, or reversed on respective opposite sides of the dielectric

layer to modulate a free-carrier concentration sensed by an electric field of an optical signal,

wherein a stack structure including the first silicon layer and the second silicon layer has a
rib waveguide shape so as to form an optical confinement area, and a slab portion of the rib
waveguide includes an area to which a metal electrode is connected as the first electric contact,

wherein the slab portion in the area to which the metal electrode is connected is thicker
than a surrounding slab portion, and

wherein the area to which the metal electrode is connected is located so that a range of a
distance from the rib waveguide to the area to which the metal electrode is connected is such that
when the distance is changed, an effective refractive index of the rib waveguide in a zeroth-order
mode does not change.

{Supplementary note 6) The electro-optic device as defined in Supplementary note 5,
further comprising a silicon substrate and a buried oxide layer formed on the silicon substrate,

wherein the first silicon layer is provided on the buried oxide layer so as to serve as an
SOI layer. '

{Supplementary note 7) The electro-optic device as defined in Supplementary note 5 or
6, wherein a slab thickness in the area to which the metal electrode is connected is the same as
one of heights of the first silicon layer in the rib waveguide.

(Supplementary note 8) The electro-optic device as defined in Supplementary note 5 or
6, wherein a slab width in the area to which the metal electrode is connected is larger than the
width of the first silicon layer in the rib waveguide.

(Supplementary note 9)  The electro-optic device as defined in Supplementary note 5,
wherein the slab thickness in the area to which the metal electrode is connected is at least 70 nm.

(Supplementary note 10} The electro-optic device as defined in Supplementary note 5,



(Supplementary note 9) The electro-optic device as defined in Supplementary note 5, wherein the slab
thickness in the area to which the metal electrode is connected is at least 70 nm (Supplementary note
10) The electro-optic device as defined in Supplementary note 5, 14 wherein the distance at which the
effective refractive index does not change is at leasi4one third of a wavelength and at most two-thirds
of the wavelength. It will be apparent that other variations and modifications may be made to the
above described embodiments and functionality, with the attainment of some or all of their advantages.

It is an oYjewibihRclkpendby tiditenitstior anfmstsivy amiaoireanat plnnge dtishisass eemidisdithin the
true spigtfgnga%%%tﬁfat‘l;hemgi%_ﬁ&&%%@e@'ﬂgg{]-based electro-optic device comprising:
It will be apparent that other variations and modifications may be made to the above
described embodiments and functionality, with the attainment of some or all of their advantages.
It is an object of the appended claims to cover all such variations and modifications as come

within the true spirit and scope of the invention.



a silicon body region doped to exhibit a first conductivity type; a silicon gate region doped to exhibit
a second conductivity type, disposed at least in part over the silicon body region to define a contiguous
area between the silicon body region and the silicon gate region; a dielectric layer disposed in the
contiguous area between the silicon body region and the silicon gate region so that the combination of
the silicon body region, the silicon gate region@'a‘ﬂ e interposed dielectric layer define an active
region of the electro-optic device; a first electrical contact coupled to the silicon gate region; and a
second electricglsgont??ct C u%I d to Pﬁ(%ﬁsilicon bodé{nregion, wherein: upon application of an electrical

signal to'the first EI&et gg?cgnf%&@%ﬁ esecor

& Second elgétricql contact, free carriers accumulate, deplete
or invert within arissititodyoedipnesigiens inextrit sifies SeeciEdidR®n both sides of the dielectric layer at

the same time, sygb ahangercRLeleRESing idhriontisatnigpbs hsianiiplyaverars with a
modulation area of free carrier concentration in the actiye regio ofiﬁhe ?Dloeé:trro-g)d%tiatl: raai%\lgce, arib
waveguiBeeid oo Bydreding RS R cBABYNy ?é‘:'gfi‘ér? % {%]%8 CGRETEGEN and the dielectric

layer, theiizeaeae edgietijcal contact is coupled to a slab part of the rib waveguide via a rib electrode

contact region. Ingkpss ol et eleeifade agniactedionelna-hiske tian aipunstaio part of the

0

rib waveguide, Fhe r?b p%ﬁ has & region coupled to an electrode contact region where thickness of the
electrodsiontaaeregionsefttatihmopateratpnydpasiitoaeniaerenl B HCR/E [FSSRoEf the rib
electrode.eqniastdeginceihrydb prd sheratedaion positemeapashitomewesenter of the rib waveguide

where an effective index value of the ri vequide in a.zeroth-order ' en the
distance betwe@ﬁrﬁ%éfﬁ%t(} ﬁ%ﬁag %Pﬂg%\érli Oeﬁ%o 1?8%958%{3%0%8?&%1&%%%@%éggﬁ%?si i’j:%%-based
electro-otiglde Wobsesiideribety iregiinvisinarpi anileiinesy oh slechisabrignrbdhediiact region of the

rib part i%l@%%ié&%éﬁt%@%%%%%ﬁ thewibwaveguide. ArEhesiisandaasegisiestiaventic device as
defined in claim 1, wherein a thickness of the rib electrode contac re%i]%n %f Fa{? rib gart is the same
B R BrhE fes

as a thickfiBissths 38527 ReHarRIPA DR SBRRNSAG SIS PR ”85306 d&taThe
silicon-baseehrleGire-eptictasdeankaefineid firldisitheloptites riina sulttardblin ewitiepiesiiode contact

region Ofrﬁgguri!al%&a&%g 0 iﬁj@eer ég%%ra};gﬂgetﬁrg%mnr{pe%ﬁ@g@&& of the electro-optic device, a rib
waveguide is formed by means of the silicon body region, the silicon gate region and the
dielectric layer, the second electrical contact is coupled to a slab part of the rib waveguide via a
fib electrode contact region, thickness of the rib elecirode contact region being thicker than around
a rib part of the rib waveguide, the rib part has a region coupled to an electrode contact region
where thickness of the electrode contact region of the rib part is thicker than around the rib par,
and a position of the rib electrode contact region of the rib part is located at a position apart from
a center of the rib waveguide where an effective index value of the rib waveguide in a zeroth-
order mode is constant when the distance between rib waveguide and the rib electrode contact

region vares,

2. The silicor-based eleciro-optic device as defined in claim 1, wherein a thickness of the

rib electrode contact region of the rib part is the same as a thickness of the rib waveguide.

3. The siicon-based electro-optic device as defined in claim 1, wherein a thickness of the rib
electrode contact region of said rib part is the same as a thickness at ieast in part of a silicon-on-

insulator (SOI) region of the rib waveguide.

4 The silicon-based electro-optic device as defined in claim 1, wherein a width of the rib

slecfrode contact region of the rib part is wider than a width of the rib waveguide.



16 SILICON-BASED ELECTRO-OPTIC DEVICE ABSTRACT In an electro-optic device, a stack
structure including a first silicon layer of a first conductivity type and a second silicon layer of a second
conductivity type has a rib waveguide shape sgg@s to form an optical confinement area, and a slab
portion of a rib waveguide includes an area to which a metal electrode is connected. The slab portion
in the area to which the metal electrode is connected is thicker than a surrounding slab portion. The
area to which the metal elecHUdé€"id NeBASHBEIHE BT ER (@ BIrHA d¥E0f M distance from the rib
wavegmide to the area to which the metal electrode is connected is such that when the distance is
changed, an effective refractive index of the rib waveguide in a zeroth-order mode does not change.
FIG.5 ABSTRACT

In an electro-optic device, a stack structure including a first silicon layer of a first
conductivity type and a second silicon layer of a second conductivity type has a rib waveguide
shépe so as to form an optical confinement area, and a slab portion of a rib waveguide includes
an area to which a metal electrode is connected.  The slab portion in the area to which the metai
electrode is connected is thicker than a surrounding slab portion.  The area to which the metal
electrode is connected is set so that a range of a distance from the rib waveguide to the area to
which the metal electrode is connected is such that when the distance is changed, an effective

refractive index of the rib waveguide in a zeroth-order mode does not change.

FIG. 5



