WD 2009/ 020432 PCT/ SG2007/ 000241 AN ELECTRO OPTI C DEVI CE AND A
METHOD FOR MANUFACTURI NG THE SAME FI ELD OF THE | NVENTI ON [ 0001]
Enbodi nent syghodsheuasnvention relate to field of el ectropeiiscoriooozal
devices. By way of exanple, enbodinments of the invention relate to
an electro-optic nmodul ator and a nethod for manufacturing the sane.
BACKGROUND OF THE | NVENTI ON [ 0002] Silicon-based nodul ators have
recei ved considerable attention in recent years. In silicon, the
nodul ati on j i 1ﬁﬁﬁ) AR TERs MAS0R dﬂﬁﬂﬁmﬁlon
ef f ect (Fcﬁg§§ﬁ$ﬁ%f€§f@? fe%?ﬁggégygédﬁ§% a;%gﬁygtlon |%(%he free
carrier concentration causes a corFHlBEBANEE ng change in refractive

i ndex and optical extinction coefficient or absorption coefficient,
| eadi ng to phase-shift. Free carrier concentration can be varied

ei ther by using p-i-n di odeFEDDP GRTHE NVERTIG®N conduct or ( MOS)
capacitors based device structures. [0003] Pin offers high effective
refractive index variation and hence high phase nodul ati on

ef ficiency. MOWHverBmendunenty afrbe jnvexiaasistero eld Qflféﬂc’frB"’P"t‘"sd‘T"Hﬁﬁ By
carrier T eCng ? ﬁ)ﬂ: ang&ﬁﬁl%nts -E@%emnﬂ&gwléé tcPsh SeRBtic infbdulator
contrast, n Tt er g speed and zero DC power. However, in MOS
accunulatlonanmenm@piﬁen@mgwﬁwmuﬁﬁéé%nqaIed near the gate dielectric
in very thin region, e.g., about a 10nmthin layer. Thus the free
carrier optical overlap js ver I i jnarelatively | ow
effective real refractiV@AFﬁggéoiﬁﬁhégThgiﬂﬁkgﬁth&iar el ectrica
field applied or power. For a 7r phase shift to occur as required to
achi eve signal nodul atign, a | gng phase shifter . length t hen be
needed. [OOOH’PO:F]n rifispurhgped @O%FtPﬁtliaﬁﬁ reseived Gensidsrabi ?ﬁe\é\l%?fbghferc%tl on
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"Mcronetre-Scale silicon el ectro- OP 1
dispersion effect (FCPD). The FCPD effect occurs when a variation in the free

carrier concentration causes a corresponding change in refractive index and optical
extinction coefficient or absorption coefficient, leading to phase-shift. Free carrier
concentration can be varied either by using p-i-n diodes, or metal-oxide-

semiconductor (MOS) capacitors based device structures.

[0003]  Pin offers high effective refractive index variation and hence high phase
modulation efficiency. However, speed rarely exceeds 1 GHz due to its long carrier
recombination process. The MOS modulation scheme, in contrast, can offer high
speed and zero DC power. However, in MOS accumulation the carmiers are
concentrated near the gate dielectric in very thin region, e.g., about a 10nm thin
layer. Thus the free carrier optical overlap is very small, resulting in a relatively low
effective real refractive index change for the similar electrical field applied or power.
For a 7 phase shift to occur as required to achieve signal modulation, a long phase

shifter length will then be needed.

[0004] In relation to variation of free carrier concentration using p-i-n diodes, an

approach is disclosed in publication “Micrometre-scale silicon electro-optic



WO 2009/ 020432 PCT/ S&007/000241 nodul ator”, Q anfan Xu et al.,

Nat ure, Vol. 435, pp.325-327, 2005. The publication discloses a
silicon el extdeavomisc nodul at or. The nodul at or consi st spot/sg200i/mm241
resonat or coupled to a single wavegui de. The transm ssion of the
waveguide is highly sensitive to the signal wavelength and is
greatly reduced at wavel engths in which the ring circunference
corresponds to an integer nunber of guided wavel engths. By tuning
the effectivgohmaRy, OianfRexd bing., Nemes) Mol 4351 46325830, 2006 EThapublibaiagt h
is nodified, which induces_a strong npdul atjion of .the transm,tted
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wave-guide is rather thin, so that there is a good heat sinking to
the sl ab porti of ,the waveqguide acting .as,. . el

opti cal nodefolbgé]mel‘?m(%?)eﬁfs F[r'llgag BT c:31nust p?"l%ddglgdﬁgﬁghgglfgé%ﬁﬁﬁ wbliddifn

di rection, whitigh-speedatiliyonr elderermptit aasduliier tiesidn”gikyan dfived et gt dEEE

regi ons and i dewal ] .roughn . [9006 t anqther, simlar preach
usi ng p-i-n Fﬁ%ﬁr&cﬁ je%@’%&sgﬁgf% g%bl 47Ca 'o%’ a@ptzp;&:gammls@g 18
Modul at or s f publividionadistidstiza Mpblspatiebsetrbiic Sirkikcinjectidn indulitat based on a

SaO)", Ching Eng, P et al.,.,Journal ,pf Light e Technpl o | .
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optical phasglieidpt abeiguidasetiden a hedh-indonridue-sepmattdfrom  Behjindex slab

material. Thsiagotgigl lc%v%de)? angeg tﬂ:?e?eb?%oﬁ ln?ncg t!her:] gd\ralrlt%&sco rérblu%tremf waveguide

and a ridge waveguide. The index layer which splits the ridge wave-guide is rather
thin, so that there is a good heat sinking to the slab portion of the waveguide acting
as a heat spreader. The optical mode is well confined within the ridge in horizontal
direction, which greatly reduces loss due to highly doped contact regions and

sidewall roughness.

[0006]  Yet another similar approach using p-i-n diode is disclosed in publication
“Optical Phase Modulators for MHz and GHz Modulation in Silicon-On-Insulator
(SOI)”, Ching Eng Png et al., Journal of Lightwave Technology, Vol. 22, No. 6, June
2004.. Publication discloses a low-loss single-mode optical phase modulator based on
silicon-on-insulator (SOI) material. The modulator operates by injecting free carriers
to change the refractive index in the guiding region. The overlap between the

injected free carrers in the intrinsic region and the propagating optical mode has



to change the refractive index in the guiding region. The overl ap
between the injected free carriers in the intrinsic region and the
pr opagat i novopsmwezlszzrode has 2 WD 2009/ 020432 PCT/ S&R08é180884d00241
been optim zed and a particular p-i-n device geonetry where two n+
regions are joined as a common cat hode has been enpl oyed. [0007] In
relation to variation of free carrier concentration using MOS
capacitors, an approach is disclosed in United States Patent

6,845, 198. Th&nRphigiieatinaCd 9&3@1@ p-Sh lba@NzhasRy Whee twOndRtdicns are
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phase nodul atdcamurfibi, deflBEoh or inversion of free carriers on both sides of the dielectric at

the same time, resulting in high speed operation.

[0008] A similar approach using MOS capacitors is disclosed in publication
“Scaling the Modulation Bandwidth and Phase Efficiency of a Silicon Optical
Modulator”, Ansheng Liu et al, IEEE Journal of selected topics in quantum
electromics., Vol. 11, No. 2, March/April 2005. The publication discloses an all-
silicon optical modulator based on a silicon waveguide phase shifter containing a
MOS capacitor. The publication discloses that shrinking the waveguide size and
reducing gate oxide thickness significantly enhances the phase modulation efficiency
because of the optical field enbancement in the voltage induced charge layers of the
MOS capacitor, which, in turn, induces refractive index change, and thus phase

change in silicon due to free carrier dispersion effects.

[0009]  Another approach using MOS capacitors is disclosed in publication
“Phase Modulation Efficiency and Transmission Loss of Silicon Optical Phase



because of the optical field enhancenent in the voltage induced
charge layers of the MOS capacitor, which, in turn, induces
refracti ve wodewsgdaange, and thus phase change in sili egisdb@70®241
free carrier dispersion effects. [0009] Another approach using MOS
capacitors is disclosed in publication "Phase Mdul ation Efficiency
and Transm ssion Loss of Silicon Optical Phase 3 WO 2009/020432
PCT/ S&007/ 000241 Shifters", Ling Liao et al., |EEE Journal of

Quant um El ect Shifte:’§ Linddl.iao dtlal., INEE RBurnbRdf QuéfiR EIdhRnRYBIdICAL N8N, Feb
focuses on ung rstrﬁndl r]}gjF ghage nodul ation efficiency and  opticdl
| oss of MOS-c @éc' & Publfpadenyfagpses g 1ndervianding) ehash anddubtion teficiency mud he
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Detail ed co enof tefek ph pineesigns havesbesh ofakriqatedt usingapolpgilidoavand he
vwavegui de di ngAskRASd B dabaendie 50 xide near :
center of the optical node, angtgﬁre g@?ﬁgstst ?ﬁlal' g%}tagléegt%qm&(aﬁ%(’snsoygs‘@

si gni fi cant | yPaEFRAE eiowis tizat scalingl doven tho wardehide idemangion§, plibdie théedapacitor

anot her appr 1 4 0Ors,. | i.scl gsed in publi ion "A
Hi gh- per f or rrao%g%m%;éé g%éél\% @?e%?? %%‘!6 P%d haggew%&ﬁ% %Fc??g‘%v%ﬁ’fss
Shunt - Capacidignificeniif ¢rdrancss please modilatoguedfivgerife. at al ., Journal of

Li ght wave Technol ogy, Vol. 24, No. 2, Feb 2006. The publication
proposes enhancing the optical overlap by introducing two dielectric

| ayers and erdf1dyi n§ ebarilghaproodch ngneMOS\aypadioisde diselesid g publiagiov 7aL | r
figure-of - merg:t, achi kS, approximately 1.Q . Vemin order to
achi eve 180 digrBatsRiie SEraRPORS) TBhGiotuts dpatfchtider With dp Sty
on a 1 cm | orfépadiey Coefigufitenpukiabsang 00 dliak,Cloagas oALROWRIve SteciBRERY,
MOS el ectro- qpgi tor..including t shunt oxj de | ayer
capaci tors i ﬁ?oé'ggaﬁg?%ﬁb gB @Lalrﬁc Mﬂ}ﬂ“&éqpo%ﬁé\gﬁ%?%&? QRticpl fyestaprhyar
the two gat e ivixiddeing ayer delecrioriaiefs el byplobig 4 hed-doafifdnfint d#a%@%ﬁ&' on
effect i nducedd i%}/ lg{ép\lf ing a pgsi t.i @bia(?s on the e] ectrodes. he
theoretical Caleulati oh of EYPEE™EHr HBIVER &t FRPERIPHARLYCY plean imprder to
optical gui dachieve 180 degree or x-shift of its phase change under 1V applied on a 1 cm long
device. The publication discloses a novel Si-based MOS electro-optic phase
modulator including two shunt oxide layer capacitors integrated on a SOI
waveguide. The refractive index near the two gate oxide layers is modified by the
free carrier dispersion effect induced by applying a positive bias on the electrodes.
The theoretical calculation of free carrier distribution coupled with optical gunided
mode propagation characteristics has been carried out and the influence of the
structure parameters such as the width and the doping level of the active region are

analyzed.

[0011]  Publication “Compact gate-all-around silicon light modulator for ultra
high speed operation”, K.E. Moselund et al., Sensors and Actuators Al130-131, pp.
220-227, 2006 also attempted to enhance the optical overlap by proposing a Gate-
All-Round (GAA) sub-micrometer-scale waveguide and achieved a Valr of

~0.45Vem. The publication discloses a GAA MOS capacitor constisting of a silicon



node propagation characteristics has been carried out and the
i nfluence of the structure paraneters such as the width and the

dopi ng | evayoeadeoitaszacti ve region are analyzed. [0011] pPubGioedbdodn
"Conpact gate-all-around silicon |ight nodulator for ultra high
speed operation”, K E. Mselund et al., Sensors and Actuators

A130- 131, pp. 220-227, 2006 al so attenpted to enhance the optical
overlap by proposing a Gate- All-Round (GAA) sub-m croneter-scale
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SUMMARY OF THE INVENTION

[0013] In one embodiment of the invention, an electro-optic device is provided.
The electro-optic device includes an insulating layer, a first semiconducting region
disposed above the insulating layer and being doped with doping atoms of a first
conductivity type, a second semiconducting region disposed above the insulating
layer and being doped with doping atoms of a second conductivity type and an
electro-optic active region disposed abovq the insulating layer and between the first
semiconducting region and the second semiconducting region. The electro-optic
active region includes a first semiconducting partial active region being doped with
doping atoms of the first conductivity type, 2 second semiconducting partial active
region being doped with doping atoms of the second conduciivity type and an
insulating structure between the first semiconducting partial active region and the
second semiconducting partial active region, wherein the insulating structure extends

perpendicular to the surface of the insulating layer such that there is no overlap of the



conductivity type, a second sem conducting region di sposed above the
insulating |ayer and being doped with doping atons of a second
conducti vi twotgopm2asd an el ectro=optic active regi on deepesmdr/edoome
the insulating | ayer and between the first sem conducting regi on and
t he second sem conducting region. The electro-optic active region
includes a first sem conducting partial active region being doped
with doping atons of the first conductivity type, a second

sem conduct i rigstpsiticcaliuding ipdaial baBleoRgibriAg 16O REGnMsthicIRRLAYE BLANE
of the.second conductivity type and an insulating structure between
the first seffRBHEEeR f“ntbe %‘éﬁ“gﬁ?%i?e%ﬁc\#ér todbs SRl hejasulatiag dayer.

sem conducting partial active region, wherein the insulating
structure exhgﬁgf Bgrpendi cular to the surface of the insulating
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Ul a1 00 LG REARE DS BpsSRcongl LG par Ll el ve
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insulating | AP Sertidsn ugtPnagt pag'tri]ael‘ ra%tixlres re%?onoa\l/n%r &%pseggndt sr::gniconducting partial

active region in the direction perpendicular to the surface of the insulating Jayer.
BRIEF DESCRIPTION OF THE DRAWINGS

[0015]  In the drawings, like reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of the invention. In
the following description, various embodiments of the invention are described with

reference to the following drawings, in which:

[0016] FIG. 1 shows a cross-sectional view of an electro-optic device in

accordance with an embodiment of the invention;



first sem conducting partial active region and the second

sem conducting partial active region in the direction perpendicul ar
to the surfvagensobzoidze i nsul ati ng | ayer. BRI EF DESCRI PTI eNr/&SE200 w0241
DRAW NGS [0015] In the drawings, |ike reference characters generally
refer to the same parts throughout the different views. The draw ngs
are not necessarily to scale, enphasis instead generally being

pl aced upon illustrating the principles of the invention. In the

fol | owi ng deagrs) Pt iraEs, YR RY ShAFRSHARNLS aftf crbh@ebinentibwiliastating
described with "reference to the follow ng draw ngs, in which: I[()016]
FIG 1 showsbracessessipr smanifastiingy peglesio-gnlie| dorice oidpei Rhqiedptedon o

accordance w B Mimft of B ihRKEa:1 on; 6 WO 2009/ 020432
PCT/ S&Q2007/ %&%ﬁ%&e%‘%@}e&% élsn 20A to 2Q show respective top and

cross-sectional views illustrating processes for manufacturing an

el ectro-opti Vi - i i ﬂilriﬁé‘
enbodi nent c}ﬁogﬁe gﬁ%gg@%@%@fg?{ﬁgﬁgtgétglﬁ&%ﬁ&g&?ﬁgﬁ}%ram -

i |1 ustrati ngelectwedpkio devicr in aenvrianet with angenehodinednef theinypation; devi ce in
accordance with an enbodi nent of the invention; [0019] FIG 4A to 4D
show respective cross-sectional views of an electro-optjc _device
with diff er dA019opiElG- dAHE HDSSIOY T8WEEE FrsE SThtonal AP Ve Gl FRSHO-98HC ¢ he
pnvention: [ A0R81witl Gitferon? 0By ctichi®l 3 GERIMLS Glith! 1 EBOGIRA 6Tothe
intensity plot for an electro-optic device in accordance with an
enbodi ment ofivénieni nventi on; [0021] FIG 6 shows a plot of optical
node distribution profile vs carrier accunulation and depl eti on when

a horizontal cut is made at the mddle of the rib height in
accor dance i[A020t colGndfeshuwshe annsaise ¢legiist (13D anbisali messity slot oD 2]

FIG 7 SNOWS.i84l o Abei G 00 rdaoclit £ SRR oME vendtd; VA T

accordance w nment of the I nvention;

[0021] ¥FIG. 6 shows a plot of optical mode distribution profile vs carrier
accumulation and depletion when a horizontal cut is made at the middle of the rib

height in accordance in accordance with an embodiment of the invention;

[0022] FIG. 7 shows a plot of change in efficiency ‘and Valw vs Vd in

accordance with an embodiment of the invention;

[0023]  FIG. 8A shows a plot of speed vs slab doping concentration in accordance
with an embodiment of the invention; FIG. 8B shows a plot of DC loss vs slab

doping concentration in accordance with an embodiment of the invention;

DESCRIPTION

[0024]  While embodiments of the invention have been particularly shown and
described with reference to specific embodiments, it should be understood by those
skilled in the at that varous changes in form and detail may be made therein

without departing from the spirit and sbope of the invention as defined by the



[0023] FIG SA shows a plot of speed vs slab doping concentration in
accordance wth an enbodi nent of the invention; FIG 8B shows a pl ot

of DC | oss wis26b/ade432d00pi ng concentration in accordance wyiBcaioon24l
enbodi ment of the invention; DESCRI PTION [0024] Wil e enbodi nents of

t he invention have been particularly shown and described with
reference to specific enbodinents, it should be understood by those
skilled in the art that various changes in formand detail may be

made t herein HED Uhingke Pk i fol B hb&saRi;k | :
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appended cl aictEns gl s grhichirame itk the mepring lhod rangelploaivdlehyy ¢the

appended | 3hdBhiRl thothdreGRARGARI WSk Wi thin the meaning and
range of equivalency of the clains are therefore intended to be

enbraced. [0025] In an enbodi ment of the invention, an electro-optic

device is prgyghsed hS; | h _hi. hase .
efficiency ag}gbﬂ?g hHs]d %Eaeglg 5%8‘!2{%] e&%ﬁﬁ{ﬁgﬁg{%’g&%—oy}%&&g i?;g éséfrfwd%eéll th?fi ew
of an el ect r é 2 to eckdeveiboth Higophase effcewy dadbighwptdd. an enbodi ment  of
the invention. The electro-optic device 100 includes a starting
insulating layer 102 or a dielectric layer. The insulating |ayer 102
may be an oxi0826]l ayBG. ¥ ehovexanpkesestidnal eiewond gie eleSiréBYticodevire NBDIigd

oxi de | ayer. t ess ot her, sui tabl e jnsul atin terial
can be used f&r d%'ﬁ%e Pﬁ{%u a‘fﬂflﬁ%%“?%fgrﬂlﬁﬁm% ee!Etif‘ -'%’%Pi vige P8 e
100 further inehidexiesarting insshtiselnayes a02ivics dislgetric ¢65e I Tht QkubliisPrs@d 02
above the in%llé| %'%i ng, A eylgr 18)2 and .bejn do]_@eg &Sh dobg‘i_n atons of
a first condUétiVi yxtl‘gp YN &T S*2BRlE o Arags (it Oh g BEE eride fger.

di sposed abdeerthbless| asybitl Agtablaydulafifl? nAksiabeidBe doael: Wetibsuli®Ri NY
atons of a secon ndycti vit, pe.. The first sem conducting region
104 is typi c%‘?’?ryg%_' g[gﬁekéigﬁt‘i‘:'l‘??gﬁ ‘{eé% 10d &B@lﬁ?a‘P%l“@??r avﬁd‘f’tg?e)m@ﬁg“@ﬁ%
second seni cogiduclOdnlisposdl sdvd @f insldMpilaat 192 Pal Yeingi dop&PRith doping
(poly-Si). Neverthel.ess, the first sem conducting region 104 nay al so
be

atoms of a first conductivity type and a second semiconducting region 106 disposed
above the insulating layer 102 and being doped with doping atoms of a second
conductivity type. The first semiconducting region 104 is typically a bulk silicon (8i)
substrate (or wafer) and the second semiconducting region 106 is typically poly-
silicon (poly-Si). Nevertheless, the first semiconducting region 104 may also be
poly-Si and the second semiconducting region 106 may also be a bulk Si substrate
according to chosen process technology of comstructing the device. Any other
suitable semiconductor material can be used for the first semiconducting region 104
and the second semiconducting region 106. The first conductivity type is typically p-
conductivity type and the second conductivity type is typically n-conductivity type,
however, the first conductivity type may also be n-type conductivity and the second
conductivity type may also be p-type conductivity type, as long as the first and
second conductivity types are different according to the chosen electrical biasing

conditions.

[0027]  The electro-optic device 100 further comprises an electro-optic active
region 108 disposed above the insulating layer 102 and between the first



poly-Si and the second sem conducting region 106 nay al so be a bul k
Si substrate according to chosen process technol ogy of constructing

the devi ce.wényoopbdies suitable sem conductor material ¢ef/sRSoHERE
for the first sem conducting region 104 and the second

sem conducting region 106. The first conductivity type is typically
p- conductivity type and the second conductivity type is typically
n-conductivity type, however, the first conductivity type may al so

be n-type CO”%H 4&&}&%@@9}1 E@fﬁﬁ@%o%&&%ﬂy&hhéﬂn %eé&ﬁ?‘fﬁd*%e lesifd-he

p-type condué ong as t rst and second
conduct i vi t y attjveasgian d 08 iddhwstes at firsicsorichindecting patial epbsaisgien éé@ roeiRg|

bi asing conditions, {00271 The.elegt i,C S
conprises an 8?@0??‘%48}6]? caloar% ??/g ﬁ%eéoggﬁ&l% %&é Ogegéﬁ) Bove tﬁtmg

i nsul ating | ayeial dfige mgd:nliéz\bemg doted iklr ddpingBatiMs Qﬁ@@ﬁ@@@d@@ldmﬁmﬁf
PCT/ SG20071000241 , semni ct iLon d t.h

seni conduct i H@’eraé‘&th“E% #ﬂ‘@kﬁgég{aﬁe gjtg F%%Ifg%dag nigl geive
first sem copshii Utgax[m{hteIs@don&@bmjcendiegng)parﬂlélOachee m@gmrdb}:ﬂedvlwdmfhe
doping atons of g first c ductl Vi t a_,seco ctl
partial acti \’/@“]ragﬁg E)tHJCE‘ieZ ?’ﬁﬁ‘%@ﬁ%ﬁ“ﬁ“ﬁﬁt Sr‘fﬁin eg %cond
conducti vity 102 YRA e thefdts h@swrlap bﬂ@eﬁmmmheiu&tﬁgﬁmial\aﬁwewmmmst
sem conducting_ partial active _region 110 and the s

seni conduct i ﬁ@d p@F t pespody SeriFendUSHIS PRI ASHIE r ERIPD ﬁié) Pndlf SEHgn

structure 114.@xt8a0s wp akRembte o hﬁrm&ﬂhtbgﬁaﬁﬂldzaQ‘Ee afsuletiy sonsmiteattidng
| ayer 102 suc that there is no over| aﬂ of th(@j(‘5 Eéé“f ?s]lem conduct i ng

partial acti vatepdigresm thepgriacs theyiasul@ngreyes A GOU9=qRHP gptive

active regi oeold?1dgho ttﬂ&%ﬁibﬂ' {86 ble@b-oiR aB@RAEGibh 208. tThe FR sénitdrdaaingf
the insulating |ayer . The insulating structure 114 extends from

the surface ayﬁrmh@tlwmﬂgm&tlﬂﬁgs maﬁ}@ﬂi%b?nffﬁ Wiy theg et ssmisopdystipgyegion
active regi Qf, JBnlQedohE séﬁeoﬂmcm%a%ﬁ@%&tm 0fbh ¢1R%tih CRchiegi antak08.

The first semconducting partial active region 110 is in electrical
contact wi t hwithghs secend ssmiroedistingtceiog 1P&gi on 104 and the second
sem conducting partial active region 112 is in electrical contact

[0028]  The electro-optic active region 108 has a rib-shape with a larger height
than the first semiconducting region 104 and the second semiconducting region 106
relative to the surface of the insulating layer 102. The electro-optic active region 103
has a width denoted by W in the range from about 1000A to about 7000A and a
height denoted by H in the range from about 1000A to 4000A. Typical W/H can be
4000A/2500A. The first semiconducting region 104 has a width denoted by Warml
in the range from about OA to about 3000A and the second semiconducting region
106 has a width also denoted by Warm?2 in the range from about 0A to about 3000A.
The choice of arm length is between the resistance concemn and optical loss from the
proximity of the center optical profile to high dopant area. The first semiconducting
region 104 and the second semiconducting region 106 have a height denoted by h in
the range from about 1000A to 7000A.

{0029]  The first semiconducting partial active region 110 is typically of the same

material as the first semiconducting region 104 and the second semiconducting



wi th the second sem conducting region 106. [0028] The el ectro-optic
active region 108 has a rib-shape with a | arger height than the
first sem eamehdsbiong regi on 104 and the second sem condp€t/sddot/@gr4@n
106 relative to the surface of the insulating |ayer 102. The

el ectro-optic active region 108 has a width denoted by Win the
range from about 1000A to about 7000A and a height denoted by Hin
the range from about 1000A to 4000A. Typical WH can be 4000A/ 2500A.

The first Seﬂﬂtfa? %Hfé iﬁ\@m{ eﬂgg %t :Lgﬁcalﬂ Soft ik dlahhe dBRARLIGM abYth¥WAgddbnd 1 N
u

t he range friom abou to a 000A and t he second semni condugti ng
region 106 semicondusting tegiahd§6.dBvolinsicsemjcondiratins prrtiehwetiv e Frgions Hentout

QA to about 30QOA. Th jce. of 1@ RIPSHVRE ST BShstrat
resi stance c %%ésrtnse%nr? g%%&?étgﬁegl olsdgl gr%ﬁlg%hga b[%)lr o_xilm' tgls%f tshaée(gcérnt er
optical profwife)tand Hheysecoabsanticandacting Tatidl iacite waivncdidlike ithgseceidyi on

s e e I SR R e otad b

seni conduct i sagidpaddctiag paeki vaiveergon 1D0mayg dlsppbe aolyySiofnd He segpnd

material as the first sepi.conduct.in eqgion 104 .4 c .
sem conduct i EECOBIURRRS BRI 35 \zfgﬁgxaﬁ}%e%m@? éﬁ@ﬁ%%lﬁg?stu%%[ Rggﬂh\?le
region élZ | itk isacbndubtbr &dﬁ&rifﬁhm batesd ﬁirdths firfi sem@oodubting partial
sem conducting region 106. The first sem.con tin arti active
region 110, lK“ereg‘PPlélql?’:\dsIFe ?8%%8??&?88‘?‘1%}4@5 Pf’é{gé&ﬁu‘%dgglfngsllfiypi cally a
bulk silicon (Si) substrate (or wafer) and the second sem conducti ng
partial active region 112, like the second ., sem conducting,r.eqi. 106
i's typical | VORI y- Ihp MEPRIEFGPGHILS; 1)914111’% Eratdﬁ’iefcglé‘:g?yef ﬁ%a[??’gcéetlaqu’%r
sem conduct | 8 PRIGiOA! NeRkhMEs! &G A kiflabi@ihsulbiit Bster|cyn Sk vasddot he
second sem conducting partial active region 1121&?% alﬁg be a QEI Kk
Si subst r at ethe Arsjlagng structag HApThe iSRRI FTEBE AP it idRrs g8 T ed
for the firsf S aORME! i0sdRREddaliingAsHrial acti®g irionl 100 andhd bezond

second sem conducting partial actjve region 112. [00301 The
i nsul ati ng stemieonducing partipheaptivreregiog 147 dERGISdLY ’5%1[‘“ tg? range g’)?P’daé’oPtgyer,
for nm to about 50 nm, typically between 5 nm to 30 nm. The dielectric shall be

electrically able to induce the carrier density change as to accumulation or depletion

effectively, while optically be low loss to the guided light.

[0031]  The first semiconducting region 104 is in further contact with an electrode
116 of a corresponding conductivity type and the second semiconducting region 106

is also in further contact with an electrode 118 of the corresponding conductivity

type.

[0032] The electro-optic device 100 further comprises an oxide cladding layer
120 covering the electrodes 116, 118, the first 104 and second 106 semiconducting
regions, the first 110 and second 112 semiconducting partial active regions and the
insulating structure 114. The oxide cladding layer 120 is typically SiO; but
nevertheless, any other suitable insulating material can be used for the oxide
cladding layer 120. The cladding layer is to provide sufficient refractive index

contrast between that of cladding to the waveguide or phase shifter material, so the
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exanpl e Si 2. Neverthel ess, any other suitable insulating nmateri al
can be used for the insulating structure 114. The insul ating
structure Xilda00am20@32 hi ckness in the direction fromthectk&sh000241
sem conducting partial active region 110 to the second

sem conducting partial active region 112 denoted by Tox in the range
fromabout 2 nmto about 50 nm typically between 5 nmto 30 nm The
dielectric shall be electrically able to induce the carrier density
change as t -%ﬁ%ﬁﬁ“ﬂle% d Ghd HRR! g?ﬁde@réffe@eweﬁpﬁtﬂ%s\é prifabAtRn apdsi wia | y
be | ow | oss gul I'1 ght first sem'conducting

regi on 104 i minimueakhas mtﬂo‘fh@ aladding ﬂﬂyelapi\ﬂélsdﬂfe@d%f it Jarge gpdey contrast,

cor respondi cond I on
106 18- al oMt e ebied bpfcheBrin R PG ASEI GRS, pduh

cor r espondi nipr ﬁﬂﬁxﬂuéd\mmlmtygraﬁopp@md{a badiiv refiectivt aulex eucbcmmr@oné»éwé &s 100

further conpri n _oxi de .cl addi n a 1 i

el ectrodes 1% %‘?denlglg Ayt 1f& ‘F'"fl?satg 8:390 an é(Dgzgefmél égﬂ%gygagl%&ggé]egﬁgt ?Or?éact
regi ons, t hefolstdns io]&nﬁﬁld;wﬂﬂh@ddchﬂidﬂeh@ﬂﬂd@(fmdummg partial active
regions and the insulating structure 114. The oxi de cl addi ng | ayer
120 is typically Si G2 but nevertheless, any other suitable

i nsul ating npos]i alFICEN2Ae 2Q kbW fpdoties 1) Iaﬁl@crossi-admhnangwﬁushhﬂﬁg

The cl addi ng | ayer |s to rovi de sufficie |ve

contrast bet FOsFTSSHon MR aC LR A §lOPEP-ORtlE ‘%&\983@@ 6?12%%%%%0& er

material, SO0adchRanckOvitiEn20B94iRA3 2heREonG6R GO Eﬁﬁ)&élvlces biegitegratady be

confined and thus guided effectively with | oss propagation |oss with
m ni nrum | eakage into the cladding layer. Air is perfect for it large

i ndex contraghad] DUIG. DATBSWs Aaukiae s@npbidudiol Qibstrith @04 (Asua tilluserativn, |
be needed as nechani cal surroundl n for further i%sui cea@@b ration.
Oxi de has | otfe stringctrie@niua,subsig gﬂla%ﬁn aqr nsng“EVer
as well as e’!l“ﬁ&@dlcé’cl—ucm%@'z@ﬂ'ﬁi&uaés' ﬁrssehﬁboaﬁlh&w 4086J Tdyer 061t sepirated

formations to contact with the el ectrical ele trode f%a bi asi

[0033] FI GS. veriieally fran gtimporieiheets v& bvp b&ﬁlﬂ OFBEEBOSK (p¥5R At 105 &hs

I T ustrating;,guating layer. The insulating layer 210 electrically isolates the device layer 206

from the support substrate 208, The SOI structure 204 may be fabricated by any
standard techniques, such as wafer bonding or a separation by implantation of

oxygen (SIMOX) technique.

[0035] In the illustrated embodiment of the invention in FIG. 2A, the device layer
206 is typically bulk Si but may be formed from any suitable semiconductor
materials including, but not limited to poly-Si, gallium arsenide (GaAs), germanium
(Ge) or silicon-germanium (SiGe). The thickness of the device layer 206 is typically
in the range of about 2 nim to about 1 pm, but not so limited. The support substrate
208 may be formed from any suitable semiconductor materials including, but not
limited to, Si, sapphire, polycrystalline silicon (polysilicon), SiO; or silicon nitride
(SizNy). The thickness of the support substrate 208 is typically in the range of about
500pm to about 1000um. The thickness will be typical and decided by the size of the
wafer. The insulating layer 210 is typically SiO;, processed from
tetraethylorthosilicate (TEOS), Silane (SiHy) or thermal oxidation of i, glass, silicon
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processes for manufacturing an electro-optic device 200 and a

phot o-detector 202 in accordance with an enbodi ment of the invention
when bot h deyh@eszase i ntegrated. [0034] FI G 2A showsp@r/S&aotbgosh
sem conductor substrate 204. As an illustration, the starting

sem conductor substrate 204 is a Silicon-On-lnsulator (SA)

structure. The SO structure 204 includes a sem conductor device

| ayer 206 separated vertically froma support substrate 208 by a

buried oxi de fBEX)SkEYCsr AkbbrObarBife. TR Hidlib0of mzeg%m;@% rri;a?%gﬁﬁt k"9

| ayer 210 electrically isolates the device |ayer
support substi¥Ri¢adlydpghe rrpge w@boutt 30041t kot Garmdopt e sb dimited aTledthizyerany

st andar d t echpy,p ' r eparation by . .

i npl ant ation of Hgisypgrgfr% S af%@ﬁﬁ%géﬁg%r?%%‘? g‘Fl ﬁecﬁﬂéhq ‘V?"ég‘flfl%’f’ed
enbodi ment ofitbgvssitieveent i on in FIG 2A the device layer 206 is
typically bulk Si but may be formed from any suitabl e sem conductor
materials including, but not limted to poly-Si, gallium arsenide

(GaAs), ger nHB6im Kew) BIG.sRBi cluwsger midekecitio (1540e P12 Thotiiickpess of

t he device | s . typica in.the. ran f about 2 nmto
about 1 m boreBih eiocliaf ot ome il 18RS el b0 spmipbe o
formed from axammebiCabibeutskdli AraRRHE 20 hadrBkiat batofe hadhasfilngy detinfpt
limted to, ﬁieVe ap hire, 0|1¥': 1)éstal.ine silicon (polysilicon), SiQz
or silicon nitriade ¢Sra3Ry"® ﬁ’é tRTUCAERE Jeateral cp be wsgshfor thaBisteptsie o

208 is typi chlybn212nThéwethe segieonfictob@dvice 1BRD0E & @l tvithA4Fbe Sint
t hi ckness w .f the size of the  wafer. The

| b i cal__and decjded b _
i nsul ating | &y&F r@’&%g?rgn@)ﬁPEﬁﬁ%FVh%Fe@?gﬂﬂPQE’é@%@G Ig5iey#A6 as p-type. Some
t et r aet hyl or bhamldsiotahebddESR ant Jobeait® o> HA) KQY: LREL BRIk QXEHRL 199 of
S, glass, silicon 1T Vi@ 2000] 020432 PCT/'SG2007] 000241 ni tride
|

(Si 3N4) or sPFY &BRoEY en #iter laRk 1Bes isfan; pmeplingydten mactivaipethe 210
I's typicall ynplantd, Mhisiep06wel byiiettesRPQAnlife mﬂ%né{%t&#}l not so
ca

limted. The thicker insulator is preferred for opti confi nement
for the light guided in the waveguide in above structure.

[0037)  Subsequently, FIG. 2C shows a SisN; hard mask layer 214 deposited on
the dielectric layer 212. The SiyN, hard mask layer 214 protects the dielectric layer

212 in subsequent etching steps.

[0038] From FIG. 2D to 2Q, a cross-section is made through the electro-optic
device 200 along the line A-A and a cross-section is made through the photo-
detector 202 along the line B-B.

[0039]  In FIG. 2D, a photoresist layer (not shown) is deposited on the SisNj hard
mask layer 214. The photoresist layer-is then patterned to form a Si waveguide 216
by standard photolithography techniques. Subsequently, using the patterned
photoresist layer as a mask, portions of the hard mask 214 not covered by the
photoresist mask is etched away by an anisotropic etching process such as Reactive
Ton Etching (RIE). Then, the dielectric layer and the Si device layer 206 are also
ctched to form a Si waveguide 216. This is followed by PRS and wet clean.
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[ 0036] Next, FIG 2B shows a dielectric |layer 212 deposited on the
sem conductor device |layer 206. The dielectric layer 212 may be an
oxi de | ayekyo tg@s20eanpl e Si 2, about 100 Annstong, as pagsE6dBR0241
bef ore hardnmask | ayer deposition. Nevertheless, any other suitable
insulating material can be used for the dielectric |ayer 212. Then
t he sem conductor device |ayer 206 is doped with a p-type dopant,
for exarrpl e boron (B) to render the sem conductor device |ayer 206 as
p-type. " wRE
BEL 20 Ko ML B 2l SR LR R e R 0 e B o
i s an anneal vamg:abgaqalsol@maclawatp@omnletelﬁ npiptgrhetveerrig poly-Si lfil‘ﬂr 28015y
phot or esi st tr| ( ) G
2C shows a Scf 6 ﬁ °§5§‘ 'X@ﬁﬁ%}gﬁ%gl ({Vglgﬁiz)]r?hﬁﬂ%ﬁqﬂﬁag%ﬁ %igﬂ

| ayer 212. Tzhﬂ 156 Msulaﬂma Iiyma%lo W&y@plmﬂﬁrmt%@esﬂeﬂlﬂﬁ dgped with mitgpe

| ayer 212 i bs ent .etchin ] F a
Cross-sectio Pf“Léi r?@’géh ’[Shqfoaﬂg??pf) e co @%{1}1 g%tglogtﬁ e%\?@:egdof%gsgqgﬁg t he
| i ne A- A andiager Q06 SKhe slopihg Gnddns blsmnlplanﬂmdwghffmdrml P exanjdtsed tigype202

along the line B-B. [0Q3 In, El G. 2D, phot or esi st | ayer (not
shown) is dep®apt g FP‘?&LS@F%RWS%?W f‘lrask | ayer 214. The

photoresist layer is then patterned to forma Si waveguide 216 by

standard photol ithog tec ue S tI Ve te iy
patterned (JH#Ibr edf @%8 é@’ or Slﬂ'a@f?r L&bcsgrsﬂ?"&[‘} &Fp‘?sste‘{l Eé%%%ﬁl 214
n?t hCOVGV ed fayerthe. Th]:@hihbtlgf@{:‘s: &BremmkenlI%Etﬁhah&dfommohﬁﬂmawgmé@mmp| c
etching process such as React | n Etc . _The

diel ectric |byetandud phptol §Fo%§¥7¥cé"°ﬁ% %’39"5& rslbsmge%%é’&gfmeq‘ orm
a Siwavegui gl 2dbit 1aTh & d BadkO) &mw@obfhue FIRpsanh weitcootrediby tthnééDm

2009/ 020432 PCT/ SG2007/ 000241 [ 0040] In FIG 2E, )g de | ayer -218,
for exanpl e Spheg A%EY (RN AEFSOFICORANIRE Procss (SPFlL 37 RbE R s they o

layer to conplgbghyadssol ate between a poly-Si layer 220 to Si device
| ayer 206. Next “poly-Si 220 is deposited over the Si3N4 hard mask

| ayer 214

[0042] In FIG. 2G, a dielectric layer 224 is deposited over the poly-Si 220, SizN,4
214 and insulating layer 210. The dielectric layer 224 is typically SiO, but not so

limited.

[0043] Next in FIG. 2H, a photoresist layer (not shown) is deposited over the
dielectric layer 224 and a Si waveguide reverse mask pattern is formed. Then the

patterned photoresist as a mask, the dielectric layer 224 is etched and wet clean is

performed.

[0044] In FIG. 2X, chemical mechanical polishing is performed on the poly-Si
220 layer such that about 500 Armstrong of SisNs 214 remained. Then the SizNy

layer 214 is removed by wet clean.

[0045] In FIG. 2J, the N+ 226 and P+ 228 areas for the electro-optic device 200

or modulator are etched and the respective n-type and p-type dopants are implanted.
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and the insulating |ayer 210. The poly-Si 220 is subsequently doped
with n-type dopants, which is of an opposite conductivity type of
that of thavdomed20%s2 device |ayer 206. The doping is deags@yolamRbant
or by diffusion. Sone exanples of n-type dopants are arsenic (As
and phosphorus (P). [0041] In FIG 2F, a photoresist |layer (not
shown) is deposited on the poly-Si Iayer 220. The photoresist |ayer
is then patterned to forma poly-Si wavegui de 222 by standard

photol it hogr@@ﬁ'{ﬁ efhpi;g . 2:ib3 efueRtd Yayeiu%@gs td%&asﬁéﬁ & fiBskquent

phot or esi st r as a nas portions of the poly- 220 not covered
by the mask séectletgﬂo@@d@mméo‘ﬁfprahﬁﬁ@twéﬁm@retchl ng process such as
RIE to formthe poly-Si waveguide 222. [0042] In FIG 2G a
dielectric layer 224 is deposited over the poly-Si 220, Si3N4 214
and insul ati mgmayetn EIG) 2LTihe mhowtdetectar (3 aydow232 ip 9p@ny@4é@d inyFI§i. o2

but not so B gaﬁ%&ggi‘{shseﬁ'% ely %C\{EIL I%Cﬂl]gghotgdglgcﬁbpég%ﬁl w 23Y Sfpeh NOt

shown) is de yer and a wavegui de
reverse nms kupml eNnrdspecﬁw e ahdh @ﬁyﬂdﬁpammeenmwtephmpdh@é?ﬁ Spiteay a

mask, the di | ayer et t. cl
[0844] 'n &t °ml:ﬁ1?8 38?1‘“’%@2@%2?1?%@ %% TR S%szg%’&efis"?’ WER%Ja{L%t he
poly-Si 220 Iayer such that about 500 Arnstrong of Si3N4 214

d. Th the S 4 0045
I E G20, eI, BRI Ph e P reot e 2R e
500 or mdusﬁqug d@ﬁo@mﬁlﬁ fob edvandlct daldn@sTeai invEIGN 2P yfhe namldlatbrtcyma:t
opants are |rrp

WD 2009/ 32 PCT/ SGQ2 100 0046]
Then in FIG ‘21K24%1m3ﬂ 1310%%“?"301’%‘?%‘?‘ 2%&4%?%8’??'?2@1%18?% Q%&a&gﬁ
sel ective gr gyfPet@feae W ndow for the photo-detector. [0047] In FIG
2L, the photo-detector Ge wi ndow 232 is opened. And in FIG
[0049]  Finally in FIG. 2Q, metal layers 246 are deposited in the respective
contact holes 242, 244. The metal layer 246 is typically titanium nitride (TiN) or
aluminum (Al). Then the metal pad is patterned, such as the layer shown on top of
the isolation structure 240. This is followed by etch and wet clean. Then it is

completed.

[0050] FIG. 3 shows a flow diagram illustrating a method for manufacturing an
alectro-optic device in accordance with an embodiment of the invention. The method
300 begins at 302 with a starting semiconductor substrate 204. Next, in 304, a
dielectric layer 212 is deposited on the semiconductor substrate 204. Further, in 306,
a Si;l% hard mask layer 214 is deposited on the dielectric layer 212. Then in 308, a
photoresist layer is deposited on the S8izN, hard mask 214. The photoresist layer is
patterned using photolithography techniques to form a Si waveguide pattern. Using
the patterned photoresist as a mask, portions of the 5i3Ny hard mask 214 not covered
by the photoresist mask is etched away. Then, the dielectric layer 212 and the Si
device layer 206 are also etched to form a Si waveguide 216. This is followed by
PRS and wet clean. Then in 310, oxide 218 is thermally grown, followed by poly-St
220 deposition and poly-Si layer doping. In 312, the poly-Si waveguide pattern 222
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2M Ge epitaxy 234 is selectively grown in the photo-detector Ge
wi ndow 232. Then in FIG 2N, respective n-type and p-type dopants

are i npl antyed 2000f0f432he Ge epitaxy 234 to formthe respgetiEtoMnezad
and P+ 23 8 areas. This is followed by annealing. [0048] In FIG 20,

a thick dielectric layer or isolation structure 240, for exanple
Si2 is deposited for wavegui de cladding. Then in FIG 2P, the
nodul at or contact hole 242 and phot o-detector contact hole 244 are

patterned. Thg ﬁmhéd 4r@dl JoBnsh 5] in
FIG 2Q net ?A 0. gﬁers IJ546 ar%%dlg gﬂs%lmttéear%l ghim%%%%ge?%??ég&ldaﬂgaw

hol es 242, 2 Bl 4ot Hthgr @?0“2%@%%221/@ deslopitedt ﬂ"h%mmuifﬂ@nwawegmde
(TN or  al yeefsdrindslid pastthiell oh i, BEfelio RA: b84 P B flea WyoRuigeal e

| ayer shown on top o he isolation structure ovved
by etch and M"'@%a{% 31&HeyPiis P¢r§31medmplﬂeqmly-sﬁ e2Gafd ik GisN3 hatdomaska

flow di agramphd kgt @hHLAQ, B B%deléc‘f?tfo-o%g%oﬁgfag{r %f%g d B 228 areas

el ectro-optic device in accor ance with~an e
i nvention. THRE ¢ieh psdimpboedoeigh rmspetivgyped 4l atypt aibpmglgtoms In 322, a

sem conduct o tyL 0, a_,di ric.l 2 1s
deposi ted onla% eggeln?%?)%gg% jég%s%ﬁbfg %é%ﬂndof—”uﬁ?ﬁg# %@We i’

Si 3Nd hard nabko{dgipeter Gd windgwdeposg Z?éZdThen hizes omeé;ﬂexyzaa lé gyen in .
Then in 308, aye osi.t on the Si3N4 h d mask
214, The pholiSeneks] 85 ibldol e 23R 1 Jheive oot

t echni ques t doifing stoms Sie umlumgdlmtbethp @hﬁtwdetecthng% brltEP-1D 28t 2l eﬂns is
phot or esi st S hard mask 214 naot
covered by ?%10%6%%}3%%% E}nﬁ %ﬁ{’ Bﬁ ‘ge KIS, 1avPherd0 Shéepgsitsdefrr i ¢
| ayer 212 anetawgmds.claddiagﬂmen ire3Aay tha Qo dalator @48 @n Hblfteaieté&brfzan BbiRach
wavegui de 21 Thi s s f.ol|l owe PRS. and we an. Then in 310,
oxi de 218 i s]??lﬁ %TWBF SV r%\ﬁ?]etcg'ﬁf ﬁcﬁ?“p%ﬁ}J'SP 33?296@61@&5 #6oEeand

pol y- Si Iayedepdmmlngo thafnea__ﬁat:vet&mmaohole@42\j\@¥£glﬁiﬂ§ fRRWe8 b9 nfetd pad 4
WD 2009/ 02043 07/ 00241 is forned and poly etch Stop |s

deposi ted on’%S| 3‘?‘ FraeRn- 24l heRgompisiedct ri ¢ | ayer

[0051]  FIG. 4A to 4D show respective cross-sectional views of an electro~optic
device with different doping schemes in accordance with an embodiment of the
invention. The first semiconducting partial active region 402 comprises a first doped
region 406 and a second doped region 408 and the second semiconducting partial
active region 404 comprises a first doped region 410 and a second doped region 412.
The first doped regions 406, 410 are defined as the vertically elongated regions
adjacent the insulating structure and the second doped regions 408, 412 are defined
as the horizontally elongated regions nearer to the respective first semiconducting

region 414 and second semiconducting region 416.

[0052]  The first doped regions 406, 410 of the respective first 402 and second 404
semiconducting partial active regions typically has a height similar to the height of
the first 402 and second 404 semiconducting partial active regions. The height is
typically in the range from 100 to 500A. The first doped regions 406, 410 of the

respective first 402 and second 404 semiconducting partial active regions has a
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210. In 314, a further dielectric layer 224 is deposited. Then in
316, waveguide reverse nmask is patterned on the dielectric |ayer
224. Thi s o tebbwed by etch and wet clean. In 318, CMrk&zeo7/000241
performed on the poly-Si 220 and the Si3N4 hard mask 214 is wet
removed. In 320, the electro-optic nodul ator N+ 226 and P+ 228 areas
are etch and inplanted with respective n-type and p-type doping
atons. In 322, a dielectric layer 230 is deposited for SEG Ge

W ndow. In 3 leted sBiifd steRnWe ACDYE QEeni ng
232. Then in&ég%%spégtc%%?%glxgﬂ\%gc@}s{ ngggmﬁq?ﬂ%%ﬁ%]ﬂ%hot o-detector Ge
wi ndow openi wypgic@B2in thirrenge frong @t § pwped@d e n-t ype and p-type doping
atons are inplanted into the photo-detector N+ 236 and P+ 238 areas.
This is followed by annealing. In 330, a thick dielectric. |ayer 240
i s deposited0dssi igeeewnddopdacklpmdgi08PHErpfithe BaEotitehEsiiidwnd sesend 42

and phot o-defect or. 244 cont act, ...hol : r : nd
wet cl ean. F%cﬁafwccfn?ﬂlu?g%}j aﬁ%{ %clhoﬁgléegg)?l g@%gﬂ%frmg arl%%p})%gsl??grdtg?%’l% hﬁe
respective cefithafifst 4id and s@6ad 4 Bstmicbhiwting rdpiink.olhedeight tifallpmghe

pattern, etch an t. cle t. i s.t.hen, co F to
4D show r esp@§d ’g‘é‘n\,\g%ést? 3@894'0%5@‘1@?%&53 %?%B}é(ﬁhﬁ%gé{eg %-%(])z]p?ts i J(I‘:lcz‘L Tevi ce
wi th di ffer epipepi Mgt sehankscind 4dcanitandeting pirtisdncenbomgione hpicelly t he

invention. The fjrst sem conducti artial, acti.ve reqi .
conpri ses a ’msrasf%m@%?ﬁ%eax ending 19y oicg%&%fné%ec%ﬂﬁatalgpsggé@eggﬁ gﬁr%‘é“ and
the second S@RiI&QD GGHidngFllay reipattivedidtM0Z aidgtan 400 4emibopiubtiepagial

first doped region, 41Q and cond ed reqgion.412. . .The fi.rs
doped regi on%"’“ﬁ@’éﬁgm&‘iﬁrh&r“éd@é’? ﬁﬁéﬁmﬁgg‘?ﬁi’gr &}si4@§,ﬁ]l§o£rtgﬁasg%cg§e bt
regions adj aoesd dehiidi M3WedldoNdicEhg patislr Riivebgione isepialty Gapethnge
regi ons 408, 412 are defined as the horizontally el ongated regions
nearer to thBomEdpate first sem conducting region 414 and second
sem conducti ng region 416. [0052] The first doped regions 406, 410 of
the respective first 402 and second 404 seﬂgi conduct j ngw ar&i al .
active regi d8®54lypita& H shgws thaha petipn of thetust doge ’F‘?@“’Helg Jportip o

first 402 ange fecapsh 4k SercaRdiehd Me: Randdndkctag bhiiel 4cagi opsn 4The
height is typically in the range from 100 to S%PA. Trae fir 5 dodoe'd
regi ons 406, owtlapsoft apHatersection. Similarly a portion of the first doped region 410 and a

portion of the second doped region 412 of the second semiconducting partial active

region 404 ovetlaps at the intersection.

[0055] The doping concentration of the first doped region 406 and the second
doped region 408 of the first semiconducting partial active region 402 is higher than
the doping concentration of the remaining region of the first semiconducting partial
active region 402. Similarly, the .d0ping concentration of the first doped region 410
and the second doped region 412 of the second semiconducting partial active region
404 is higher than the doping concentration of the remaining region of the second

semiconducting partial active region 404.
[0056] The first doped region 406 and the second doped region 408 of the first

semiconducting partial active region 402 are of the same doping concentration as the

first semiconducting region 414. Similarly, the first doped region 410 and the second

16



respective first 402 and second 404 sem conducting partial active
regions has a 15 WD 2009/ 020432 PCT/ SG007/ 000241 thickness

ext endi ng ivip bdgwsbysecti on out fromthe insulating strugtpsgetichoRhi
width typically in the range fromabout 0O nmto 300 nm [0053] The
second doped regions 408, 412 of the respective first 402 and second
404 sem conducting partial active regions typically has a height
simlar to the height of the first 414 and second 416 sem conducting

regi ons. The L ol i iat A forom 250A t.o 1000QA. In
2ddi 1 on, 1 he BeReich iR KB VR Tet b sl g B 200 B 5 R i
402 and secordngdepingerneenation dsthe paord saicasductiag regipinang, t ypi cal |y
has a thickness extending in the direction fromthe insulating
structure 418 or width simlar to the width of the respective first

402 and secor#SIb4 Seniowng votdenigrtipardfithd firs clopste rdzR@i 4065 sechh@ dwpedt h
of the secon r egl 408.. 412 of the . respective first 402 and
second 404 sgﬁgggggﬁc%%?ﬂﬂg%%gr PR PORGRGHNG Partial; %%ge iTeeien, §0¢ And ythe gty o
][ange df r02|n @emo@m@m% repi0 94} iFtifilardd t?é”ldmﬁnh gclS&t:eﬁérag&{ &ﬂ'dtﬁE'ﬁPJt dBﬁHﬂOEs
irst doped regio and a portio t he secon oped region 4
of the f!or st rg%?ﬁ gglooﬁaﬁcé’ﬁi%ﬁp%g’felgioﬁlﬂaé)?i%sW Wﬂ%’ﬁ“&@géﬁﬁ%ﬁ)@tﬁ{e an
i ntersecti on.regiimitdand theacqond sémmidolitictinggedibd 516, MPFEpsBIF Ai3h 4dAn2Rd 2
portion of the seg d doped .regi on AI12 of , the second sem conducti ng
partial active™ ?nglir‘]eo‘i?n W%%‘?"F%ﬁ%‘ aer peRistenefSer sect i on. [ 0055] The
dopi ng concentration of the first doped region 406 and the second
doped region Oﬁgﬁ of th{g0 first sem conducti n% partial active region
402 is hi gheP%Han Thenderitg Forgentatien it thst fish demed: sion 498, srcenyl desgidon
of the first reptum 408160Ghd ﬂ'ﬂstp@hﬁéoﬁhucﬁﬁ%tﬂaﬂﬁl ra%ﬂ{r%gﬁhoﬁaga 'ttﬁg Yot
e

t he dopi ng concentration of the first doped regi on,410 and
second dopedSFEgIGHCIEIeEP At isBdhnmnge fraoreut 19 hgmp dp 103 ekt The e

region 404 déspitly @hentlahiaid M6 AAQRLNA 1£Q55 21V, rs@éoh@'aof}?efd &%ﬁn rﬁgfgf ALY
region of the second sem conducting partial "active Tegion 4.
second semiconducting partial active region 404 and the second semiconducting

region 416 is in the range from about 10" cm™ to 10" em™®. The doped regions 406,
408, 410, 412 provide a low resistance path for faster camrier flow in and out from
contacts to the first semiconducting partial active region 402 and the second
semiconducting partial active region 404 and a richer reservoir of carrier source from
the body (ie., the regions adjacent to the vertical dielectric, 418) for higher
accumulated carrier concentration at the SiO, interface and hence better phase

change.

[0059]  FIG. 4B shows that the doping concentration of the second doped region
408 of the first semiconducting partial active region 402 is higher than the doping
concentration of the remaining region of the first semiconducting partial active
region 402. Similarly, the doping concentration of the second doped region 412 of
the second semiconducting partial active region 404 is higher than the doping
concentration of the remaining region of the second semiconducting partial active

region 404,
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[ 0056] The first doped region 406 and the second doped regi on 408 of
the first sem conducting partial active region 402 are of the sane
dopi ng congGembdraiieask as the first sem conducting regi opcfddaoor000241
Simlarly, the first doped region 410 and the second 16 WO

2009/ 020432 PCT/ S&007/ 000241 doped region 412 of the second

sem conducting partial active region 404 are of the sanme doping
concentration as the second sem conducting region 416. [0057] The
dopi ng conc ti : lqr Rbi IR séRRonduBE farlARREve
regi on 408 3?6‘{01; ﬁ?‘?§§°°Is‘&e]%°%d§n%§1é’??ﬁ§d°£rﬁ?iﬁg‘di@ acti ve_rﬁe)éﬂllgo_n 402 and
the first swegiondfdicef the samegiening sancerfratiniap e fist teFacouBpiting region
concentrati Oﬁm‘.’%h&ﬂﬁxf tht %écog&’gﬁgetdl %%&h%z%%e SRERNEnfonat: ﬁ?%ﬁhe 1412

t
of the second s$em conductin a active region 404 and

second seni catidecgiong04 epifdke shir®. doping qpuseptiationg$ thei sgernd spmisgndusting o
reduce the contact reshst 2) r I : :

dopi ng concelﬁﬁlloﬁta’ltl8‘nﬁl|%%ri°§afl ﬁ%ﬁ% 3%98%3% ’ éﬁ?%biécﬁe%%?%gg&c%%g%gggm
regi on 408 ofradék chricemtatione prafide duieklin gapalst i twl intiedviced as dgjioptimue 2hand
the first semconducting reqgion 414 is in.t a 3 ty: 1019
cm 3 to 1020%HNpEe sl %&Bﬁnf:ﬁlzggntés r??’?aarl‘h il ch?thnt ﬂg}? ?%fa{l%noggg%o}lgw
regi on 410, gaehig withipdilst egiiondddidgqfartiahactisaegimd 462/ msclotiy sthichige

partial acti regi.on 404 and the. second.sem.conducting region 416
isin the ra%éé’se?‘ ﬁ?‘&’ﬁ?}@fmﬂ?ﬁ%‘gﬁrm‘mg’h& The doped regi ons

406, 408, 410, 412 provide a |low resistance path for faster carrier
flowin and out from contacts to.the_first sem conducti rtha
active regi dA00id> ke donus SopwnEatie Rt E,l’(?nst?ﬁ‘ﬂ"?i ‘ﬂgé’e 5???’%1&%8? ?Q/Belﬁrsjc
region 404 anghi@nbh@g bakifSREVOdEioal 4100 ahd ke firstaemicenducting rdgive 41ddy
(i.e., the regions adjacent to the vgrtical déel(?ctric 4(%{841 for

hi gher  accustilat ©dhe denigrorcaaing o5 fieoireend oRed &agp it & tPasEonthd
hence bet t er sphas8uctiGh g8 actiRABHbn FOLndAB: sbaiSseintvahddctig thapinAge.
concentration of the second doped region 408 of the first

sem conducting partial active region 402 is higher than the doping
[0062] The doping concentration in the second doped region 408 of the first

semiconducting partial active region 402 and the first semiconducting region 414 is
in the range from about 10*° cm™ to 10% ¢m™®. The doping concentration in the
second doped region 412 of the second semiconducting partial active region 404 and
the second semiconducting region 416 is in the range from about 10% cm™ to 10%°

-3
cm .

[0063]  FIG. 4C shows that the doping concentration of the first doped region 406
of the first semiconducting partial active region 402 is higher than the doping
concentration of the remaining region of the first semiconducting partial active
region 402, Similarly, the doping concentration of the first doped region 410 of the
second semiconducting partial active region 404 is higher than the doping

concentration of the remaining region of the second semiconducting partial active

region 404.
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concentration of the remaining region of the first sem conducting
partial active region 402. Simlarly, the doping concentration of

t he secondwippeshnegi on 412 of the second sem conduct i pgr/@dobi/@ba41
active region 404 is higher than the doping concentration of the
remai ni ng regi on of the second sem conducting partial active region
404. 17 WD 2009/ 020432 PCT/ SG007/ 000241 [0060] The second doped
region 408 of the first sem conducting partial active region 402 is
of the sane i ng g At ' ) G Yeitvengpib e 020N
214, 'S m 1 a0 TR IRERESEERKRR of Rl Sobisoh i SoN ekt o
seni conduct iimgfpthet saade denitg \cenceegiton a0the Sirsyfsemprondushipg JBHPh 4
concentrati S,t second sem.c uct | .e0lon: - Dh b ]

dopi ng can %‘“ﬁ?&e ?ﬁ%lr? a]srﬁ%% reeg{&el(f??% %Eéédgi??eln{ég%%ﬁﬁﬁ? i’ %ﬁ%ﬁ@ggg%ned
concent r at i o104p¢ effthd @ndealoping kbncenteation ksihe beonhsangehndedingsegan 4t i mi ze
the resistance as well as mnimzing the dopants inpact on
propagation loss for light traveling within first sem conducting
partial actifymss]egiTan dbpdki emobmdatiorg of tthe dirstr doped h8gigrci®fdof the first
sem conducting, partial actjve. regi.on 4. .[006 The _dopin

concent r at i CRIEROREFENS @E‘{S‘ﬁ{jaﬁ’é’ﬁéggl?neéégﬁ %%’gmb%‘ltt%%ﬁ c'r@fm& from the
sem conduct i@ghﬁaerohj;@ha@@i bV e fRg ddped Gaficndi( bietht isechd Sewicondvdtng | ng
region 414 is” simlar to the doping concentration of the second
doped r egi orPatibagdivetigE@nd8nd sem conducting partial active region
404 and the second sem conducting region 416. [0062] The dopi ng

concentration in the second doped regio 08 of the fir

seni conduct iMf6par e dopine; GacPghoh “&dge %{ﬂ g?i’éafnglg? @gn?fcglﬁdﬂ%fi ng
region 414 ig :dRaidigg pARMECIivORLBRAS is 1 rde-tbnt SbokORD° an? & 10the
dopi ng concentyation 1h the second doped regionn 412 of tthtgh seconéj
sem conduct | wg° - phike daping cONGRRTRERF gh U dirg néppet HESIgR (Hfgot the secon

sem conduct i ag,; ' H8all Bribdrekbe 402048 e ramBeahanibokd 16’ emB td 10”1020
cm 3. [OOGB]QIE%III%E%C%H%ﬁO\Ag ttﬁat eglhe dopi ng clgl??centrati on of the first

doped r egqi orend06

[0067] FIG. 4D shows that the doping concentration of the first semiconducting
region 414 is higher than the doping concentration of the first semiconducting partial
active region 402. Similarly, the doping concentration of the second semiconducting
region 416 is higher than the doping concenfration of the second semiconducting

partial active region 404.
RESULTS

[0068] A 2-D electrical simulation package, Avant! MEDICI, is employed to
simulate the electrical characteristics in the waveguide with any applied bias. The
proposed electro-optic device or modulator is intended to be operating in pure
depletion mode. The device simulation suggests that the flatband voltage is VFB =
0.93V. With silicon and oxide dielectric having respective breakdown electric fields
of about 3.0e5 Vem-1 and 5.5e6 Vem-1, simulation suggests that minimum Vd is

0.15 V in depletion mode, being limited by the Si breakdown effect.
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of the first sem conducting partial active region 402 is higher than
t he doping concentration of the remaining region of the first

sem conductyogep@idusl active region 402. Simlarly, tRaerdemonehozsl
concentration of the first doped region 410 of the second

sem conducting partial active region 404 is higher than the doping
concentration of the remaining region of the second sem conducting
partial active region 404. 18 WO 2009/ 020432 PCT/ S&G007/ 000241

[ 0064] The renmining region of the first sem conducting parti al

active region 402 is of the sane doping concentration as the fijrst
seni conduct i[A869] eqiFIG. S1shows Sitrandvarst ylectrin TERepntical mtpnsitoplohsa9t for pe
second senicgg

g c(%r%(-:c;pitirc] Gy RE! rjna!lcc&%;iﬁ-cf\éewftﬁ UnOBb et SoP thet BSertRHE The

dopi ng concefittatiron as the second sem conducting region 416. AOOGS]
The dopi ng clocdized dedingpetefn dehes thielsghipdomd stagitonverds vt thingoftions t

sem conduct i r.tjal active region 4Q2 .i | m . C3R.;108.:
different f r%%hgﬁﬂgheaéoﬁ?%ﬁai 3%%15@{ TR gDﬁSlg$ t@ngl e}e?{né: '?l Hg%'pggnlrgglé%hgﬁ
410 of the s@ppnd ceheainduct hgluce dighenlspedt performeyteo and) (dtter| PHEG]
The dopi ng copcentration i.n the first ped regi.q 0 ; | st
sem conduct i ?fgclﬁ’é‘i*yt i%rméc%hwﬂ?%d?%nw g@ ?% E}D?F%fﬁﬁ‘g ?‘a%gé ?Jrléc])%ng %%t
1016 cm 3 t ocokMRingClidhsiedNspee)itiag: efficieant amt loan ahalydihevab idose abped
region 410 of the second. senjcondyctin rti.al .active, reagion 404 is
in the rangelHHyAdNR ke olFhout d"’il’)’gb‘s} OBWQ%GT%9¥1€EF%95%3' shows
that the doping concentration of the first sem conducting region 414

i s higher than the doping, concentration of the first sem_.conducting
partial actlP¢®lre 9 Ghowssp R P%Pff?“‘faﬁén pfhﬁﬁljijﬁ%%é' %rF SATSF

the second sgmhGERAYEIAdEplcki8H 60N whdba heridbh@D et ik hade kivke dafilagf the

concentration of the second sen conductin artial, aqll; ive regio.

404. RESULTSib height in accordance with an embodiment of the invention. The 1b waveguide
core has a width of about 0.45 pm. The optical mode distribution is represented by
curve 602, The direct-current (DC) carrier accumulation profile at Vd = VEB=0.93V
is represented by curve 604. The carrier crests near the oxide edges are due to the
highly-doped strips adopted in the doping scheme of FIG. 4D. Because of the narrow
effective carrier modulation region, the carriers are accumulated mainly towards to

the oxide edge.

[0071]  The camier depletion profile at Vd = 0.15V is represented by curve 606.
At Vd = 0,15V, holes on the left side and electrons on the right side are depleted,
forming troughs near the oxide edges. This is evident of carrier modulation taking
place near the regions of highest optical intensity. In FIG. 6, the highest TE electric

field regions coincide with the vertical oxide location.

[0072] FIG. 7 shows a plot of change in efficiency and Valr vs Vd in
accordance with an embodiment of the invention. The change in efficiency vs Vd is
represented by curve 702 and the VzLw vs Vd is represented by 704, In Fig. 7, VaLa
figure-of-merit value is about 0,36 Vem (definition of Lp or Vp means the length of
the light travels in waveguide under Bias of Vp to achieve total phase shift of Pi, so
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[0068] A 2-D electrical sinulation package, Avant! MEDICl, is
enployed to sinulate the electrical characteristics in the wavegui de

with any appdbddodifss. The proposed el ectro-optic devi per/§2007/000241
nodul ator is intended to be operating in pure depletion node. The

devi ce simul ation suggests that the flatband voltage is VFB = 0.93V.
Wth silicon and oxide dielectric having respective breakdown
electric fields of about 3.0e5 Vcm1l and 5.5e6 Vcm 1, sinmul ation

suggest s t hatg, bei.n it ed
By the S br LB THENE: btp duipa SE MEE AL bR B S st it
[0069] FIG 5vithhivs Vd ﬁ%sﬂ@r\@&mahlcwggcsté thiz) fonphnodalatmgm@asd;ﬂajbmnl ot
500 for an 05.QP, cordan nbodi.ept of
the invention. 7%%% Eh]go%:ég | ze%étggﬂ:{r% Hi e%n‘Pg Loélg?(ﬁﬁﬁh’in&ﬂ?l?’ B'Bed
strips to ovéhglaytwhdimtrntnimmnmmsfmi sttdveuré)l GhBRE. D ftis ddtvn that the
intensity re t he.di el ectr] Wi.l e hjgher doping
concentrat i oﬁ}@?ﬂ}%ﬂf&ﬁ%ﬁgeésﬁ Wlﬁl peigasig | J"% ‘}ﬂﬁi@ﬁ%ﬁlms@gﬁ? EpPIpYELhis
effici ency, cﬁgtmel ef n@bis o pdsi brw Ia@s&owolld’cheaam iof i bt H8YNra6Rodzal d
anal ysi s ISI 0% ranﬁlbent S d@ﬁm se ef Ci enc\¥ and | oss

anal ysi s was ot E}t‘j “LS?\P Sd510h intrbpatedso by

was adopt ed Ialamt de dBYETrdpei BEY riwe dfaMGB/L'fr, [p@Q/Z@ﬂ:mF'lcﬁs RccthRVWSr 3bftOt
of optical ngc}aﬁgﬂstrl but.i on % &J ? vs carrier.  accurulation and
depl etion 60 EPYSPIng APt oot the S.athit feumgsrdhe essgpptiondhaty  p
hei ght in ac pa&ﬁm&:avwatlb\ss&&tem%t rmﬂB/cxﬁf 1t Ehek B M daP hat (LRGN e
wavegui de cor.e w dth of abqut, 0.45 m_ The optical node

a
di stributi onp?lgmgI Brles egsPntigl iR wgm‘éeazlﬂvmmdmgetb@ trengmission IgsoA)
carrier aCCUfgulboahbl@rlo%&fde' tﬁlsa%lﬂédﬁn'théﬂ:ﬁrg B:é ﬁc@ﬁﬁﬁﬁﬁ @ﬁldszt

curve 604. The C”;ll’l’l];l’ crests near the oxi es are due
hi ghl y- doped SRR siligesytvah the E%@“ﬁbf?%df’@c‘ﬁebﬁer@ﬂchl1GIBS$DhatBebm1&|se

of the narr ost/Ea‘rf'ﬂﬁtvbM@ge%{;éﬂa%ﬁt 1BRVDRY ba 4+ &de oﬁb%%h‘m%% pér €

accunul ated mnai nly towards t he oxide edge. [007 e carrier

depl etion prdept & 5&"15/1\76 negabive giye fosthe sprriess evifiskpvn) effaetyBin@oBis value is

small compared to the DC loss, the key in Ioss reduction is still either in improving

j‘-U
“"L%

the quality of or replacing the poly-Si.

[0073] In order to simulate the structure’s transient response, a square pulse of
Von = 0.15V and Voff = VFB = 0.93V is applied on the p-side electrode, keeping
the n-side electrode grounded. A 100 ps'time gap between the step rise and step fall
process induces a pseudo 1/(2*100ps) = 5GHz signal, more than 1 MHz to ensure
that inversion do not occur. A transient rise time of Tr (10-90%) = 4ps and TT (10-
90%) = 13.5ps is obtained, where Tr and Tf represents the rise and fall time
respectively. The 3-dB modulation bandwidth is then obtained from equation (1) as
shown. The intrinsic cut-off bandwidth is calculated to be 40GHz.

(1)

0.70
Fipy = 20
a8 n(1o-90%)+m9e-10%)[ ]

[0074] A MOS-based device offers the advantage of zero DC powei, Power is

consumed only during the switching process and the largest theoretical AC power
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At vd = 0.15V, holes on the left side and electrons on the right side
are depleted, formng troughs near the oxide edges. This is evident
of carrier ywpshbadokpn taking place near the regions of phfgBRH 000241
optical intensity. In FIG 6, the highest TE electric ? regi ons
coincide with the vertical oxide |location. [0072] FIG 7 shows a pl ot
of change in efficiency and VirL7r vs Vd in accordance with an
enbodi nent of the invention. The change in efficiency vs Vd is

epresented G eut e, % Th, VLS et g gL 704
(definition daflefigh Gipadincesansiot heishecgtie mbngdshdspletigh tater wilichie iire

VD 2009/ 020435 PEIPEESATNGTDIATY THE® fbitecd R EFHREDL 4T hb 2T out
of the MZI v, &RNEIGhe Thp £Q *YeRe+ ADEVSI QNEV, the)argesithédretiéal AC pifder-

0 T8Vpp. { R EETRBRY TS P To 2 A0URves ot g e PR
intensity fromeIhahgst 2 vm5skewkhane o aghadehfifond Rugth Ofr dabout 4.5mm,

structure). In FIG it is shown that the _V/rLaval ue increases
with i ncr eaghwmgarimymiirectiopldse és apprasinsigy S8 ¥t o i nprove this
figure of nmerit to as |l ow as about 0.1Vcm at Vd of about 0.8V,
al though transmission loss will be very high, The DC | oss at Vd =
0.15V, is c40078] at G+ & shewsampénief speedi i slah dqping copgepiratiqn jp agpordance

11 dB/ L7r, US| | : f Y/ i i
r pghgﬁ% %Iﬁgrgi&}éi%?%fﬁgé’%&?tﬁm. Phe 3RRH s sfib CdRehifhtion for carrier

representin > loss. This is under the assunption
that pol ysiaciwwHatiass eepteseedr i @iress 8@inod forspisr deletion if Fprenekty e
clear that redliCiddd 1§0es E%X%Weg%ﬂﬂaﬂ& S0M ihdicRE 158 6 bR defletion
significantly 1 nproving Che transmi ssi on loss. It is possible to
reduce thi s maleude flevitenie rapbyle tepdvaciendhigheprb oy & $4@EFOnAbETE, SRtighe
crystalline sili | £,h tential 1S o JeQd BSnd &Sused id O

| ess than aba(%‘f}fmm(i??g’ﬁllﬁé}dtre’.> e v%lsﬁggdcglg‘é%g%lgtﬁlt}g ogﬂ';st_3 ?VDL) @%er Lir at
Vd = 0. 15V igeneblisuluatestbotido the duabiolewer| to@HEfdciive capegjianps Bomutbe e¥ra he
carriers wt hdra\/va?il_edgflg;,uectc.a a%}tpngg this value is small conpared to
the DC Ioss,sa’f*ﬂémi(ey L o ) reduction is still either in inproving

[0076] FIG. 8B shows a plot of DC loss vs slab doping concentration in
accordance with an embodiment of the invention, The DC loss vs slab concentration
for carrier accumulation is represented by curve 808 and for carrier depletion is
represented by curve 810. FIG. 8B represents the trade off between higher speed

performance at the expense of high loss from dopant carrier absorption mechanism.

22



the quality of or replacing the poly-Si. [00731 In order to %&;@ézg%ﬁf%gé
the structure's transient response, a square pulse of Von = 0.

and Voff = VFB = 0.93V is applied on the p-side el ectrode, keeping
the n-side el ectrode grounded. A 100 ps tinme gap between the step
rise and step fall process induces a pseudo 1/(2*100ps) = 5GHz
signal, nore than 1 MHz to ensure that inversion do not occur. A
transient rise tinme of Tr (10-90% (= s_and .Tf, (10- 90% = 13.5ps is
obt ai ned, where Tr and Tf repre@lé/%%siﬁganrf%réwg d fall time

respect i velsshat fh&ideds: nodul ati on bandwi dth is then obtained from
.equation (1) as shown. The intrinsic cut-off bandw dth is cal cul ated
to be 40GH#z. 0.70 1 RUB - 77(10-90% +Tf(90-109%[20] ( ) [0074] A
MOS- based devi cgn efeb®s-sphid@vadvanigmeof zero DC power. Power is
consuned only during the sw t chi ng process and the |argest
theoretical "AC poWEH .2l 8P 2009/ 020432 PCT/ SG2007/ 000241 occurs at
‘the lowest resistance state€. Since depletion regions will contribute

to depletion capacitance but not resi , s Wely
State wi il haver PRGooREuttiesoRby HERR0 ASG L Mufl AR 3ha B8R Bige
resistance is calcylated to be _about, 2.74e3 fl.um and taking Vpp =2
* \/ss = 0.93 V-Wﬁl?g?m‘}g ftpms oh7 GELeondnehily YRSl AC power can be
determined to be Pac_ = 1/2 * Vss2 /| R owest = 1/2 * X i
(1/ 2* (0. 93V- 0. 15%4cppd semicondugting cyeiqmjlisposod phavsaths ingulstingdgyer gnd being
phase-shifting length L7- of about 4.5mm the maxi mumtheoretical
Pac i s approxi ndspedl with dopisewonfsod 25pcor condBwtivihosea pl ot of speed vs -
sl ab dopi ng concentration in accordance wth an enbodi nent of the
i nvention. The apdedrovsptislaativecegior dispaeil @hovfeahe tanlating layercod betweeh te
is represented by curve 802 and for carrier depletion is represented
by curve 804. flkesdncisqriatingeregionvad t802e@nd s8Ritohduditiagtregitmahe blgctro-
carrier depletion node, the device is capable to have very high
speed, up to 8QFHE aBkiveABPWE colpilisivg:t h
a first semiconducting partial active region being doped with doping atoms
of the first conductivity type;
a second semiconducting partial active region being doped with doping
atoms of the second conductivity type; wherein the material the first
- semiconducting partial active region is made of is different from the material the
second semiconducting partial active region is made of;
an insulating structure between the first semiconducting partial active
region and the second semiconducting partial active region, wherein the insulating
structure extends perpendicular to the surface of the insulating layer such that
there is no overlap of the first semiconducting partial active region and the second

semiconducting partial active region in the direction perpendicular to the surface

- of the insulating layer.
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accunul ati on node, >20GHz is still achievable. The high speedll?;frréslrﬁzo07/000241
e

depletion is generally understood to be due to |ower total Cgct699§m62009

capacitance fromthe extra serial node depletion capacitance. [0076]
FIG 8B shows a plot of DC |oss vs slab doping concentration in
accordance with an enbodi nent of the invention. The DC | oss vs sl ab
concentration for carrier accunmulation is represented by curve 808
and for carrier depletion is represented by curve 810. FIG 8B

represents2t he tAnad@nefdptibdtvesbohipiig: speed perfornance at the
expense of high | oss from dopant carrier absorption nechanism 22

PCT/ SG2007/ 000244 insReakt Mga: 3 June 2009 CLAIM5S (clean version) Wat
is clained is: 1 An electio-optic device, conprising: an insulating

layer; a first %g%@g;é \E}Mﬁ%ﬂg%{-oeg%od? gée%pa%ﬁ%;th??l%\ﬁféﬂégﬁaa% lh@%nig%ped

| ayer and bei ng atrons o irs ctivi

type; a second sem conducting reqi on,di.sposed above the insul ating

| ayer and bei ngm@cﬁjfcﬂg’&‘g\ﬁot“ﬁ %&ﬁ%@o’é‘%u&%%btfyp% second conductivity

type; an electro-optic active region disposed above the insulating,.

| ayer and bet wedrfe¢qid seprisanductiog, reginp ¢isprirg dbeys i mnlatingelayecgbeing

sem conducting region, the electro- optic active region conprising: a

first sem condudepedgviadaping aterns pReserai condursiviiy txipeped wit h dopi ng

atons of the first conductivity type; a second sem conducti ng

partial active negeom-bgingtidopgibnwiiphsciohbngtheatmiming fayehaddecosed the

corductivity type; wherein the material the first sem conducting

partial active fiegisemicosdurrge réfiod sndlitkfset@it schfiemdtfimgragien @k ddero-
optic active region comprising:

a first semiconducting partial active region being doped with doping atoms
of the first conductivity type;

a second semiconducting partial active region being doped with doping
atoms of the second conductivity type; wherein the material the first
semiconducting partial active region is made of is different from the material the
second semiconducting partial active region is made of;

;T an insulating structure between the first semiconducting partial active
region and the second semiconducting partial active region, wherein the insulating

structure extends from the surface of the insulating layer through the electro-optic

active region to the top of the electro-optic active region.'

3. The electro-optic device of claim 1 or claim 2, wherein the first semiconducting

partial active region is made of any material selected from the group consisting of
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second sem conducting partial active region is made of; an in EW%&@%? 7/000241
structure between the first seniconducting partial active reQfGhedmgune 2009
the second sem conducting partial active region, wherein the '
insulating structure extends perpendicular to the surface of the
insulating | ayer such that there is no overlap of the first

sem conducti ng pal dikdonagiliivg ragiden(Gang), ideemaeeande) sedistiond geiiaiim
partial active region in the direction perpendicular to the surface
of the insul atingidegyer. 23 Anmended Sheet 1PEA/ AU PCT/ SG2007/ 000241
Recei ved 3 June 200 2. An electro-optic device, conprising: an
insulating layer; a first sem conducting region di sposed above the

i nsul ating | ayer and being doped wth doping atons of a first
conductivity type; secaond, sem conduct i regi on di sposed above the
i nsul ati ng ayeﬁﬁﬁﬁ%dﬁﬁﬂﬁE‘k88§8ﬁ° ﬁOHQ%Fﬁg atons of a second
conductivity type; an_electro-opti.c active region di sposed above the
i nsul ati ng | ayervhsiin themaplating lsxer if pg $HdsRs'conduct i ng regi on and the
second sem conducting region, the electro- optic active region
conprising: a first sem conducting partial active region being doped
Wi th doping atons of the first conductivity type; a second

sem conductsi ng fi&e tleetto-amtici deeice efjitloim Hei ng doped with doping atons
of the second conductivity type; wherein the naterial the first

sem conducti ng paeteintthe 8LiHE Vel i€ @isitidon Sxid@Hgerof is different fromthe
naaﬁrial the second sem conducting partial active region is nade of,

6. The electro-optic device of claim 4,

wherein the oxide layer is a buried oxide layer.

7. The electro-optic device of claim 1 or claim 2, -

wherein the first semiconducting region is made of silicon.

8. The electro-optic device of claim 1 or claim 2,

e wherein the second semiconducting region is made of poly-silicon.

S. The electro-optic device of claim 1 or claim 2,

wherein the first conductivity type is a p-conductivity type.

10.  The electro-optic device of claim 1 or claim 2,

. wherein the second conductivity type is an n-conductivity type.
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an_ insulating structure between the first sem conducti ng partPgT{Sizg?/Ooggg;
active region and the second seni conducting partial active r%ed’legfﬁ, une
wherein the insulating structure extends fromthe surface of the '
insulating | ayer through the electro-optic active region to the top

of the electro-optic active region. 3. The el ectro-optic device of

claim1 or claim2, wherein the first sem conducting partial active

region is made of any material selected fromthe group consisting of

24 Anmended; Sheety. 4EEA. HdcRERSFEIH 0QQ2%44h 2, Recei ved 3 June 2009
i€ .

bul k silicon, galliumarsenide (GaAs), germanium (CGe) and
Silicon-germani S 4 - : Pt L i f 1

clai m 2, wher o Rrp R HecrSpplg oS ShEnaRt b R & Dlargbibdie Bl
el ectro-optic device of . claim4, wherein the oxide layer is.a sil.icon
ox de Layor < 6 pg sepisgrdtsThnteineg: Be e e e gt ®
oxide layer is a buried oxide layer. 7. The electro-optic device of
claim1l or cl aithesurfagsef Biedngéng (a8 seni conducting region i s nade
of silicon. 8. The electro-optic device of claiml| or claim 2,
wherein the second sem conducting region is made of poly-silicon. 9.
The el ectro-optic device of claim1l or claim2, wherein the first
conducti vi 1. t ype: dlsctm-qpiic daductfi okdityl ¢rygbem 2,10. The el ectro-optic
device of claiml1l or claim2, wherein the second conductivity type is
an n-conducti Vi {NerkdRBes first semiconducting partial active region is in electrical contact with

o the first semiconducting region.
13.  The electro-optic device of claim 1 or claim 2,
wherein the second semiconducting partial active region is in electrical contact
* with the second semiconducting region.
14.  The electro-optic device of claim 1 or claim 2,
wherein the first semiconducting partial active region is made of silicon.
IR

15.  The electro-optic device of claim 1 or claim 2,

wherein the second semiconducting partial active region is made of poly-silicon

16.  The electro-optic device of claim 1 or claim 2,
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25" Anended Sheet |PEA/ AU PCT/ SG2007/ 000241 Received 3 June é&@l g}dzg(}?g):%g;
11. The electro-optic device of claim1l or claim2, wherein the

el ectro-optic active region has a rib-shape with a. |arger height

than the first sem conducting region and the second sem conducti ng

region relative to the surface of the insulating |layer. 12. The

el ectro-optic dewdreia thé induddting stroctucd Hsna Byickuassr @i thetdiection §om the first

sem conducting partial active region is in electrical contact with 3

the first sem cepdetmdifithg RaGQActiidegibho Bleebomt @piitanddaingqerttd active
claiml1l or claim?2, wherein the second sem conducting partial active

region is in e'ﬁg{ﬁih?a!er&&gétf&qﬁabde&mmttta%b@ﬁ%@%.sem conduct i ng

region. 14. The ectro-optic device of claiml or claim2, wherein
the first sem conducting partial active region is made of silicon.
15. The electro-optic device of claim1l or claim2, wherein the

second sem condycting partial. active region is made of poly-silicon
16. The elgitrdfgﬁﬁﬁgndﬁﬁWé%V%?o @QT%L? or claim2, 26 Amended Sheet
t PEA/ AU PCT/ S&2007/ 000241 Received 3 June 2009 ,mﬁghfin_thg

i nsul ating struehepia Hadowlaing Senelee has 3 fickesel; s Arecion fre e Lt

sem conducting partial active region to the second sem conducting .
partial active semiconducting partial active region to the second semiconducting partial active

region in the range from about 5 nm to about 30 nm.

18.  The electro-optic device of claim 1 or claim 2,
wherein the first semiconducting partial active region comprises a first doped
region and a second doped region, the first doped region having a’doping
concentration that is essentially the same as the doping concentration of the

second doped region.

19.  The electro-optic device 6f claim 1 or claim 2,
RN wherein the second semiconducting partial active region comprises a first doped
regioﬁ and a second doped region, the first doped region having a doping
concentration that is essentially the same as the doping concentration of the

second doped region.

20.  The electro-optic device of claim 1 or claim 2,
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region in the range fromabout 2 rimto about 50 nm 17. The}‘)(:"'F{SG"’)‘-007/000241
el ectro-optic device of claim16, wherein the insul ating strJdteavgd3 June 2005
has a thickness in the direction fromthe first sem conducting

partial active region to the second seniconducting partial active

region in the range fromabout 5 rimto about 30 rim 18. The

el ectro-optic dehdreig ®E fibtademidondictiakajamial, actibe tegion tdmeprisey atfirst doped

sem conducting partial active region conprises a first doped region

and a second dopgdn’ &g QnsecMaed(;ﬁeﬂsztegﬂﬁPQl‘i’e 'fRgi me@afyglsm HavB@Ph Nbping
concentration that is essentially the same as the doping

concentration OJOBEQ‘EI‘a’[l al 1 g %&%‘P Jne@k%pl con aﬁ’én?ﬁf‘ - QRbAE doped

device of claim erein the secon senlcon ucti ng
partial active reglon conprises a first doped } region and a second
doped region, &°First doped regi on having a doping concentration
that is essentlally the sane as the doping concentration of the
second doped region. 20. The electro-optic device of claiml or claim
2, 27 Anended Sheet | PEA/ AU PCT/ SG007/ 000241 Received 3 June 2009
wher ei n t i f i rBte deatiocaptiddetieanf gramtli criclaigrd.ve region conprises a
first doped region and a second doped region, the first, doped region
havi ng a dopi ngvhaeandbasecatd samitdraticting IhantAéractWﬁmgiohe:odquiisesqa first doped
concentration of the second doped region. 21. The electro-optic

devi ce of cl ai negiofr ar@l aig#tchd doped region, the first doped region having a doping

P concentration that is lower than the doping concentration of the second doped

region.

22.  The electro-optic device of claim 1 or claim 2,
wherein the first semiconducting partial a;ctive region comprises a first doped
region and a second doped region, the first doped region having a doping
concentration that is higher than the doping concentration of the second doped

region.

23. . The electro-optic device of claim 1 or claim 2,
wherein the second semiconducting partial active region comprises a first doped
region and a second doped region, the first doped region having a doping
concentration that is higher than the doping concentration of the second doped

region.
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wherein the second seniconducting partial active region conprpglé’g’cmgnoo0241

first doped region and a second doped region, the first dop CP@S %ﬂun62009
havi ng a doping concentration that is |ower than the doping

concentration of the second doped region. 22. The electro-optic

device of claim1l or claim2, wherein the first sem conducting

partial acféve Thgtlecircaniprdesies obcliinr sor dapel] regi on and a second

doped region, the first doped regi on having a doping concentration

that is higher Hhamirhefiee Eéﬂﬁﬂoxﬁﬂﬂﬁ@ghfe@hilﬁﬂ a @bpibp eosReembrdaRas higher
region. 23. The electro-optic device of claim1l or claim2, wherein

the second sem maﬂ%%ggl% cQﬁJehﬁ?cion%?&ﬂerﬁs{s%ﬁﬁ&Bdlguf[ﬁﬂgg%ﬁfaﬁacﬁ‘ivfa bdasdn.

doped region and a se d doped region, the fir ped region
havi ng a doping concentration that is higher than the doping
concentration of the second doped region. 28 Amended Sheet | PEA/ AU
PCT/ S&G2007/ 0002 Recei ved 3 Jupne .2009 .24._ The el ectro-optic device
of claim 1égr cﬁ%‘? #F%{O-%ﬁl@%&?lﬁe? aipy L @icld@id. conduct i ng regi on has a
dopi ng concentration that is higher than the doping concentration of
the first senicHheigE: thagepnmdt segncondusting regigndis D dopimh soptealptias Bt isc
device of claim1l or claim2, wherein the second sem conducting
regi on has a dohighe thontbedbpiag corcentmationiof theegbmat sembdemmdnpignginpiial getive
concentration of the second sem conducting partial active region.

26. The el ectroregjhhi c device of claim1l or claim2,

26.  The electro-optic device of claim 1 or claim 2,
wherein the first semiconducting region has-a doping concentration of about

10" em™,

27. The electro-optic device of claim 1 or claim 2,
wherein the first semiconducting region has a doping concentration of about

10'® cm™.

28.  The electro-optic device of claim 1 or claim 2,
wherein the second semiconducting region has a doping concentration of about

10'7 em™.

29.  The electro-optic device of claim 1 or claim 2,
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- ' PC
wherein the first sem conducting region has a dopi ng concent@&%USGQO Zﬁggégé

about 1017 cm 3. 27. The electro-optic device of claiml or’c
wherein the first sem conducting region has a doping concentration of
about 1018 cm 3. 28. The electro-optic device of claiml or claim 2,
wherein the second sem conducting region has a dopi ng concentration

of about 1017 whergin the secPhé sahisonduotimptagondesiacdonidg commentrationof gbaitm
2, 29 Anended Sheet | PEA/ AU PCT/ SG2007/ 000241 Received 3 June 2009
wherein the secti¥cs@ni conducting regi on has a dopi ng concentration

of about 1018 Cm 3. 30. A nethod for manufacturing an el ectro-optic
device, the nethod conprising: formng a first sem conducting region
on an insulating. Iayer and doping with doping atons of a first

conduct i vi wat yg%letﬁ ﬁ%@a&ﬁﬁr@hﬁopl ng%ga@&&&emer&ah O?%nfsiﬁg

i nsul ating l'ayer an opi hg W ons of ‘a secon
conductivity type.. | ectro-o tlc active

i nsul ating | ayer and ab% % Sc cf) ]ﬁ%uctlfjg §t81 % 8y Ha‘ﬂ%tﬁgnfﬁy% %o??o%é%wf-the

second sem condyctin o form.ng the electro optic active

regi on conpri sitgne& QQW stqondyeti 6nducting partial active

regi on being dﬂged W th doplng atonms of the first conductivity type
fornmng a secor@mBiBgiacEeRIdCEMiFgTEReing Jrgioreen ‘6}3@ ipadatiog ler agd derpegivith
weh doping atoms of a second conductivity type;

:ﬁ ,‘7 forming an electro-optic active region oﬁ the insulating layer and between the first
semiconducting region. and the second semiconducting region, forming the
electro-optic active region comprising:

forming a first semiconducting partial active region being dopﬁd with
doping atoms of the first conductivity type;

forming a second semiconducting partial active region being doped with
doping atoms of the second conductivity type; .wherein the material the first
semiconducting partial active region is made of is different from the mateﬁal the

~ second semiconducting partial active region is made of;

forming an insulating structure between the first semicondueting partial
active region and the second semiconducting partial active region, wherein the
insulating structure extends perpendicular to the surface of the insulating layer
such that there is no overlap of the first semiconducting partial active region and

the second semiconducting partial active region in the direction perpendicular to

the surface of the insulating layer.
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. o _ PCT/8G2007/000241
doping atons of the second conductivity type; wherein the matgdbabd 3 June 2009

the first sem conducting partial active region is nmade of is
different fromthe nmaterial the second sem conducting partial active
region is made of; } formng an insulating structure between the
first sem conducting partial active region and the second

sem conducting partial active region, wherein the insulating
structure extends perpendicular to the surface of the insulating

| ayer suchlthats mﬁh‘rfgfm' mapefagviang apeledftrotdpsic ddeviet, thrempthohchngirisimg:
partial. active region and the second sem conducting partial active
region in the diormabig ofirpeepérodintingrregion ohha Swilhége l98r bt doping with
insulating layer. 30 Anended Sheet | PEA/ AU PCT/ SG007/000241

Recei ved 3 Junedafdilfatodd of AiFEEIMAGCH Wy tyganuUf acturing an el ectro-optic
device, the nethod conprising: formng, a first sem conducting region

on an insul ating, &f seBtMh é%ﬁgédﬁgu%dnggﬁ%igtggféﬁ&e@%%% QL 1ol ;hﬁ%%ig%r dand

conductivity type; formng a secon cting region S
above the insul ati.ng l.ayer. and depin 'tg q‘(c) i ng atons of a second
conductivity ty%oéj;mgfg%lf‘hm ?Pén%%ogf 8@%‘)?68-9%%%“ UG v?"?\?ﬁ’er egi on on the
insul ating layef and between the first sem conductjng regi on and the
second sem cond{?ﬁ‘f’inﬁdmrﬁ GORPUS HUYE AR tﬂ}é lﬂéglﬁP%g Jt%grl @Sg’é‘f‘"{e\?’é&e first
region conprising: faormng a_first sem-conducting partial active
regi on bei ng dofEdcCOpRpingdesgiong ad dhe sesondheenpipenguciing deaien. viorpingy e
form ng ‘a second sem conducting partial active region being doped
wirt B dopi ng at®dertroptic etiveaeginn cooprking: i vity type; wherein the
material the first
forming a first semiconducting partial active region being doped with
doping atoms of the first conductivity type;
forming a second semiconducting partial active region being doped with
doping atoms of the second conductivity type; wherein the material the first
semiconducting partial active region is made of is different from the material the
second semiconducting partial active region is made of;
forming an insulating: structure between the first semiconducting partial
S active region and the second semiconducting partial active region, wherein the

insulating structure extends from the surface of the insulating layer through the

electro-optic active region to the top of the electro-optic active region.

32.  The method of claim 30 or claim 31, wherein the first semiconducting partial
active region is made of any material selected from the group consisting of bulk

silicon, gallium arsenide (GaAs), germanium (Ge) and silicon-germanium (SiGe).
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. , PCT/SG2007/000241
sem conducting partial active region is nmade of is different Hdceied BGune 2009
material the second sem conducting partial active region is nade of,
form ng an insulating structure between the first sem conducting

partial active region and the second semiconducting partial active

region, wherein the insulating structure extends fromthe surface of

the insulating | ayer through the electro-optic active region to the

top of the electro-optic active region. 32. The nmethod of claim 30 or

cl ai m 31, ¥her elhe mptbod phadaims¥raretw@dét i ng partial active region is

made of any material selected fromthe group consisting of bul k

silicon, galli uwhaeindin idel{tiEaAs)er isparcadeilaer.( Ge) and
silicon-germanium (Si Ge). 31 Anended Sheet | PEA/ AU

'PCT/ S&007/ 000241 Received 3 June 2009 33. The nmethod of claim 30

or claim31, wherein the insulating |layer is an oxide layer. 34. The

met hod devige Ofm&&éh&l&%ufwﬁg&ﬁh@3the oxide layer is a silicon OXIde
layer. 35. The method of claim 33, wherein the oxide layer is a

buri ed oxide | aygl emth?'e dx1c-1rer1§¥ép§§QQHCOQ{PXYASQE@SO or claim 31, wherein

the first semconductin licon. 37. The nethod
of claim 30 or claim 31, mhereln t he second sem conducting region is
made of poly-silicon. 38. The nethod of claim30 or claim 31,

wherein the first conductivity type is a p-conductivity type 39.
ﬂwrmﬂm@%fémﬁﬁ@@@w% 3m 31,

- ). wherein the oxide layer is a buried oxide layer. |

36. The method of claim 30 or claim 31,

wherein the first semiconducting region is made of silicon. '

37. The method of claim 30 or claim 31,

wherein the second semiconducting region is made of poly-silicon.

™ 38. The method of claim 30 or claim 31,

wherein the first conductivity type is a p-conductivity type.

39. The method of ¢laim 30 or cléim 31,

. wherein the second conductivity type is an n-conductivity type.

40. The method of claim 30 or claim 31,
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PCT/S g 007/000241

wherein the second conductivity type is an n-conductivity ty cﬂv 3 June 2009

The met hod of claim30 or claim31, 32 Anended Sheet IPEA/
PCT/ S&G2007/ 000241 Received 3 June 2009 wherein the electro-optic
active region has a rib-shape with a larger height than the first

sem conducting region and the second sem conducting region relative
to the surfacewhéreinhthe elisub-apiingrtivayegion 4ds a Tiheshapt Wikl adfrged béightIban
or claim3l, wherein the first sem conducting partial active region

is in el ectricatheqptsagiicontiding tdporf ardsthe Sevnd eadisohduegng egiomncelafie to
The met hod of claim30 or claim31l, wherein the second sem conducti ng

partial active pRGL@RIFtHn&lfRENdyeal contact with the second
sem conducting region. 43. The nméthod of claim 30 or claim 31,

wherein the first sem conducting partial active region is made of
silicon. 44. The method of claim30 or claim31l, wherein the second

sem conduct i ng rei tive re s made of poly-silicon 45. The
net hod of ékalnggﬁmgﬁoéPgﬂﬁmﬁﬁ ﬁaﬁﬁ%g%lthe insul ating structure has
a thickness in the direction fromthe first . sem canducting parti al

active region t@hesis t8e e aeraispndustiRA RATHHFCHSE ToRIM 15, sleqmeyl g griaet Witk

the range fromabout 2 nmto about 50 nm 33 Anended Sheet IPEA/AU
the first semiconducting region.

) 42.  The method of claim 30 or claim 31,
wherein the second semiconducting partial active region is in electrical contact

* with the second semiconducting region.

43. The method of claim 30 or claim 31,

wherein the first semiconducting partial active region is made of silicon.

44, The method of claim 30 or claim 31,

fali ' wherein the second semiconducting partial active region is made of poly-silicon -

45, The method of claim 30 or claim 31,
wherein the insulating structure has a thickness in the direction from the first
semiconducting partial active region to the second semiconducting partial active

region in the range from about 2 nm to about 50 nm.
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PCT/ SG2007/ 000241 Received 3 June 2009 46. The nethod of CHéiQ&ééBJunezmm

wherein the insulating structure has a thickness in the direction
fromthe first sem conducting partial active region to 'the second
sem conducting partial active region in the range fromabout 5 nmto
about 30 nm 47. The method of claim30 or claim31l, wherein the
first sem4onduthd methpdiofdlasim 4cti ve regi on conprises a first doped
region and a second doped region, the first doped regi on having a
dopi ng concent whérkinthe hauldtiag agaenie kdsl o/ tHitieesaimetha slitebdordfpimnthe first
concentration of the second doped region. 48. The nethod of claim 30

or claim 31, whehfidhdhdRgSAGMdcHRMesion s eld ReolPdehii@nddGina tRriL bR
conprises a first doped Tregion and a second doped region, the first

doped region h%%%ﬁgh@ﬂgQQﬁqunfﬁﬂﬁfgéﬁ@BEQHE%b3&hiS essentially the

sanme as the dopifig concenttation o secon oped region. 49. The
met hod of claim 30 or claim 31, wherein the first sem conducting
partial active region conprises a first doped region and a second
doped regign, the firs ped. regi on having a doping concentration
that is | oWer t?%ﬁmﬁﬁgi@ggﬂﬁbukﬁﬁ@@ﬁ@ﬁation of the second doped
region. 34 Anmended Sheet | PEA/ AU PCT/ S&007/000241 Received 3 June
2009 50. The nuheieid B¢ fustasermiandesting| partgl Fptive region comprises a first doped

region and a second doped region, the first doped region having a doping
concentration that is essentially the same as the doping concentration of the

second doped region.

48, The method of claim 30 or claim 31,
wherein the second semiconducting partial active region comprises a first doped
region and a second aoped region, thle first doped region having a doping
concentration that is essentially the same as the doping concentration of the

second doped region.

49, The method of claim 30 or claim 31,
wherein the first semiconducting partial active region comprises a first doped
region and a second doped region, the first doped region having a doping
concentration that is lower than the doping concentration of the second doped

region.
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erein the second sem conducting partial active region conpr &%ﬁ783jhne2009

irst doped region and a second doped region, the first doped region
havi ng a doping concentration that is |ower than the doping
concentration of the second doped region. 51. The nethod of claim 30
or claim3l, wherein the first sem conducting partial active region
conpri ses éoflr§heu@ﬁ@d0f¢a¥@@@@mﬂandma second doped region, the
first. doped region having a doping concentration that is higher than
t he dopi ng concehtreat thesewhd tsheicordoting patisichctive gigton. condbrisdhe firge dbed
of claim30 or claim3l, wherein the second sem conducting parti al

active region cogi &%aaseﬁbﬁéﬂoﬁéﬂp%élonr QBd Gistaddped BBGANKLVERPEH, 111g

-region, the first doped region haV|ng a dopi ng concentratlon t hat

hi gher than the
Tha et hod of | ofaeedifiiof MARENEAL) Bk fhe dobe CEPAMAOR SE 0d SGbA 1o )

regi on has a dQ%gF% concentration that i s higher than the doping
concentration o e first sem conducting partial active region. 54.
The nmethod of claim30 or claim31l, 35 Anended Sheet | PEA/ AU

PCT/ SG2007/ 000241 Received 3 June ‘2009 wherein the second

sem conductj ng regi on has a ing concentration that is higher than
t he dopi ng® konc@ﬂmatﬁP%ﬁf@#mﬁng scg@éiﬁ’d sem conducting partial active

region. 55. The nethod of claim30 or claim 31,
wherein the first semiconducting partial 'activc region comprises a first doped

L
.

P region and a second doped region, the first doped region having a doping
concentration that is higher than the doping concentration of the second doped

region.

52. The method of claim 30 or claim 31,
wherein the second semiconducting partial active region comprises a first dopéd
region and a second doped region, the first doped region having a doping
concentration that is higher than the doping concentration of the second doped

N ' region.

33.  The method of claim 30 or claim 31
wherein the first semiconducting region has a doping concentration that is higher

than the doping concentration of the first semiconducting partial active region.

54, The method of claim 30 or claim 31,
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wherein the first sem conducting region has a dopi ng Conce”tﬁ&k59&%9§une2009
I t he

about 1017 Cm. 56. The method of claim 30 or claim 31, wherein

first sem conducting region has a doping concentration of about |018
cm 3. 57. The method of claim30 or claim31l, wherein the second

sen conducting region has a dopi ng concentration of about: 1017 cm 3.
58. The met hod wherenathmsgepndrselicon@iclng ragien diap a Heping eovdntration that is
sem conducting regi on has a doping concentrati on of about 1018 Cm 3.
36 Anended Shesdgherti2BAhAdoping concentration of the second semiconducting partial active

region.

55. The method of claim 30 or claim 31,
wherein the first semiconducting region has a doping concentration of about

10" em?,

3 56.  The method of claim 30 or claim 31,
wherein the first semiconducting region has a doping concentration of about

10" em™,

57. The method of claim 30 or claim 31,
wherein the second semiconducting region has a doping concentration of about

10" cm™.

- 58. The method of claim 30 or claim 31,
wherein the second semiconducting region has a doping concentration of about

10" cm™.
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