A PHASE SHI FTI NG DEVI CE AND A METHOD FOR MANUFACTURI NG THE SAME
Technical Field %3301]Enbodinents relate to a phase shifting device
and a net W& 281V1§34f act uri ng t he same. Background [OOOQQUﬁaﬁwﬁﬁmps
fi ber conmuni cati ons have provided hi gh speed connectivity over |ong
di stances. The hi gh performance optoel ectroni c conponents, which are
essential for such applications, are capable of speeds up to 40 Gops
and beyond. By enpl oyi ng wavel ength division nultiplexing, terascale
data rates can be attained. Currently, the majority of these high
per f or mance optoel ectroni c conponents utilize high cost materials

such as I, i lnigby R ' '
intrinsic %@?g}ﬁg?gﬁéﬁ?gﬁw n%y%@m %‘?ﬁ%ﬁg‘m&?@he
prohi bitive costs of fabrication and rogeneous integration nmay
limt the feasibility of adoption for rt reach applications.
100031Si I'i con Photonics offers a cost advantage, due to | ow materi al
costs and hi gh vol unme manufacturability. Further, there is a
potential for nonolithic integratign of ﬁgatonic conponents with .
silicon Conpl enentary netal - oxi de tor (CMOS) on a single
chip. Silicon photoni¢ nodul ators are vital conpopents for the .
real i zat | ofPOBN si b “ﬁﬁﬁt’%‘ﬁﬁed°ﬁrl’§#§é€‘if%d§?w€6¥dr aeibpd ofmapyenuring
phot oni ¢ npdul at ors based on free carrier dispersion nmechani sm have
been demon¥€f#fied with data transm ssion speeds of up to 40 Gb/s. The
fastest of these nodul ators nmake use of carrier density nodulation in
a pn junction located in the wavegui de phase-shifter. The pn junction
is reverse-biased to operate in carrier depletion node. A nodul ator
with such a wavegui de phase-shi ft erBaghgronndsess good hi gh speed
scalability due to the | ow capacitance and ease of integration with
travel i ng 0808 neletg-kdud fibechagmunitanerehave grdvided | hjghedpeettonasgivsy aved
wi th such nodul ator structures may be such that the phase-shifters
tend to belonpdigencedu@he bigh perfoveshcousedeaprohie cwmprnentscwinipl are atbsentiad éor
and the region of nodul ated carrier density.

such applications, are capable of speeds up to 40 Gbps and beyond. By employing

wavelength division multiplexing, terascale data rates can be attained. Cumrently, the

majority of these high performance optoelectronic components utilize high cost materials

such as III-V semiconductors and lithium niobate, which have intrinsic material

properties that may be suitable for photonics. The prohibitive costs of fabrication and

heterogeneous integration may limit the feasibility of adoption for short reach-
applications.

{0003] Silicon Photonics offers a cost advantagé, due to low material costs and high

volume manufacturability. Further, there is a potential for monolithic integration of

photonic components with silicon Complementary metal—oxide—semiconductor (CMOS)

on a single chip. Silicon photonic modulators are vital components for the realization of

silicon photonic transceivers. Currently, silicon photonic modulators based on free



[ 0004] Therefore, there is a need for an alternative phase-shifter or
phase shifting device which may provide an increased overlap between
t he opti cawordwasead t he regi on of nodul ated carri er dePST/Bg2008/000228
conpar abl e 1 ength. Summary [0005] 1 n various enbodi nents, a phase
shifting device may be provided. The phase shifting device may

i nclude a supporting |layer and a sem conducting | ayer disposed above
the supporting |layer. The sem conducting |ayer nmay include a first

doped regi .do it gping atons of a first.candyctivity 't d
ar r anged o‘gﬁ?%etﬂggﬁs#&r’gf%agf%l &' 5%8%“0 3‘5%?1%%%8@8%8?‘5%3@&5‘%8% &t
Wi th dopin t of ecaond .conductivity type being different from
the first BoRACCHe: TG fa?/‘ﬁg‘;"?\}ﬁfé?a’i" pletEs %*&%ﬁﬁofgceﬁ densty pdhiagor s
di sposed over . the first doped regi.on such . that a first doped regions
junction nahsBuctolpeated i the viavegride Bhase g &em ke 2n upcien i revarsedipsed to
surface of the supporting |layer and a second doped regions junction
may be for PRSEFLF i AITHF Aerietiapinedsn <t medulator yith sycha veavegidn phags-shifier may
surface of the sup(ﬁo,rti ng layer. Brief Description of the Draw ngs
[ 0006 | n tPRSSEEF &aRchbigh speedescalabilipe fusetocthe foye canesitagen andatdsy of drftegratiog
.the sanme parts throughout the different views. The draw ngs are not
necessar i | itk drasdisgewavenppiab elsctrorss.e dpvwpver nalikely bdéch gssokiated dvithperch
illustrating the principles of various enbodinments. In the foll ow ng
descri pt i omodulater sncheesbmaly brerstch tiat theephiaseydnftaro rendrte be demger ideel torthieh
reference to the follow ng drawi ngs, in which: FIG 1A shows a
schenat i ¢ weakwvedlapdhetvedcadha aptioplt madedad itteaegime bilrdoduiptal hds desityf t | ng
devi ce according to an enbodinment; FIG 1B shows a cross-sectional

vi ew of t hi@0pHaseTisdhefbte tiprdésva meed flcein dfetmagvd piee-fhificrodr Hate sHifting

according to an enbodi nent; FI GS. 2A to 2E show cross-sectional
views il udvicatwhidh raynprobidd ah ddcrda0éddvegapbiiasethé bptichl MedaditBeregion
according to an enbodi nment; FIG 3 show a flow di agram

i |1 ustr at i ¢gfgnaiuiieddRadict O¢nsitp ithrGompahBleergt. f t i Nng devi ce according
to an enbodi nent;

Summary

[0005] In various embodiments, a phase shifting device may be provided. The phase
shifting device may inc]udé a supporting layer and a semiconducting layer disposed
above the supporting layer. The semiconducting layer may include a first doped region
doped with doping atoms of a first conductivity type and arranged on the supporting -
layer; and a second doped region doped with doping atoms of a second conductivity type
being different from the first conductivity type; wherein the second doped region may be
disposed over the first doped region such that a first doped regions junction may be
formed in a direction substantially parallel to a surface of the supporting layer and a
second doped regions junction may be formed in a direction substantially perpendicular

to the surface of the supporting layer.



FIG 4 shows a sinulated net dopant profile of a rib wavegui de phase
shifting device after dopant activation according to an enbodi nent;
FI G 5A shea0u/15122¢ of power (a.u.) vs wavel ength (nn PEX/S@F0%EN0C228
-2.5V bias of. an asynmetric Mach-Zel nder Interferometric (M)

nmodul ator with a 4-nm | ong phase shifting device according to an
enbodi nent; FIG 5B shows a plot of phase shift () vs voltage (V) at
-2.5V bias of an asymetric MZlI nodulator wwth a 4-mm | ong phase
shifting device according to an enbodi nent; FIG 6 shows an
eyel i ne diagram captured using 27 - 1 bits |ong pseudorandom bi nary

sequence (PRBS) at a synbol %a?‘% gcf. %.. 5 @/}accor ding'to an

enbodi nent; .Description [O X S ed descri ption

refers to acc anyi ng drawi ngs that show, b of

illustrati @ﬂ,ﬁ‘ﬂs pe nﬁﬁec‘%ﬁ‘gggf’l lzkea'ﬁ rcé’r‘f?)(?ﬁ‘f’f‘fgﬁ? §e?%alm¥%‘ﬁ ke FIREPA 0N

may be pragticed. Th enbaodi mepts ,are described in sufficjent )

detail o iR HD SR e | Aht HE g 16 T9F AETFLEDL eschley ERPRSiS

O her enbodi mepts be utilized d structural, logical, and_

el ectrical mﬁﬁ%ﬂg@@@é?@% Rlefsd ureR gﬁ?ﬁ%ﬁhﬁ* pringples eihyarious swmbesimets.

the inventjon. The various enbodi nents are not necessarily nutual |l¥|
er

excl usi ve, Ingke felipwingrdersrintion vapew gebodipastselgthajinvyenienoans depamibed w1

enbodi ments to form new enbodi ments. [0008] The word "exenplary" is
used her ei Fiarecptaihe fdlomngdrawingain whishpl e, i nstance, or
illustration”. Any enbodi ment or design described herein as_
"exenpl ary" is Het 1Acthows ar sdbpmatic wiewoafra elestp-entic plewice incdutling a phase
advant ageous over other enbodi nents or designs. [0009JIn various
enbodi ment shifting déviestacoordipgite anl embadiment; BGs il Bishows apbiscmttiomabivibwbbthe
i ncluding a phase shifting device may be provided, which may enhance
phase- shi fhaseshiffing dévigeaykenRh@igrimd W-Atod F1GrehA grodingao iiwembodimctuct i on
in size and a relaxation of driver. requirenents. [0010]In various
enbodi nent, an RBGBC2A ae @ft showdeuiscsectionall wiews tiluatrping semethod forrfgrming a
phase shifting device according to an embodiment;

FIG. 3 show a flow diagram illustrating a method for forming a phase shifting
device according to an embodiment;

FIG. 4 shows a simulated net dopant profile of a rib waveguide phase shifting
device after dopant activation according to an embodiment;

FIG. 5A shows a plot of power (a.u.) vs wavelength (nm) at OV and -2.5V bias of
an asymmetric Mach-Zehnder Interferometric (MZI) modulator with a 4-mm-long phase
shifting device according to an embodiment; FIG. 5B shows a plot of phase shift (°) vs
voltage (V) at -2.5V bias of an asymmetric MZI modulator with a 4-mm-long phase
shifting device according to an embodiment;

FIG. 6 shows an eyeline diagram captured using 27 — 1 bits long psendorandom

binary sequence (PRBS) at a symbol rate of 2.5 Gb/s according to an embodiment;



devi ce may be provided, which may all ow an enhancenent of the
nodul ati on speed by optim zing the doping design to reduce parasitic
series reswotamwasiz2zg 0011] An enbodi nent provi des a phaseP&TisG100%Ep0228
devi ce. The device may include a supporting |layer and a
sem conducting | ayer di sposed above the supporting |ayer. The
sem conducting |layer may include a first doped regi on doped with
doping atons of a first conductivity type and arranged on the
supporting layer; and a second doped regi on doped with doping atons
of a second conductivity type being different fromthe first
conductivity type; wherein the secopd g@ﬂ regi on may be di sposed
over the first doped region such th st doped regions juncti?n
may be for in ' ] S i.al | |l el to a. surface
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t he supporti | ayer an a reglonf junc 0 yf 1
formed in i kectio uhst.ant i al.l t.pendi c r to.the. ace o
t he suppor @1"%’@, bP’%’f‘ r& f?IH"E PhstP eﬁlg}ééi(%%?lgawg ﬁmﬁ%(gmﬁréts g B’%{"\%‘é‘a FEGRHR
and the second doped ,region .be an n-type,regi.on. [.0012]1n,an
nbod et oY AEPRERSE ddseemai Ay G g%%%&gﬂaﬁéataﬁéésqﬁww
forman optical. wavegui de. [0013].In an enbodi nent, the optical.
wavegui dep%@%i Adrade 9 E’riaff["ﬁot;? i FLeRY t}éqra"rlgr’%ﬁ;&“tepﬁrﬁ‘a}[ %6 PH]IT?‘? A
enbodi ment, within the rih portion of the optical wavegui de, the
n-type r eg?t’a‘ﬁt“f?ggfc’%‘éa di”gipa%‘é%"“gﬁ}éqﬂgt’sdé‘a)bb% pade Vidyup denarting fromy therspepe
n-type region may be L-shaped and the p-type region nmay be )
rect angl e- ¥hilp éeyentions o lihe sardgus sabodmymissare Robpecesiprdyimuinally exghsive.rast

doped region may include a rib portion doped with
some embodiments can be combined with one or more other embodiments to form new

embodiments.

[6008] The word "exemplary” is used herein to mean “serving as an example,
instance, or illustration". Any embodiment or design described herein as "exemplary" is
not necessarily to be construed as preferred or advantageous over other embodiments or
designs.

[0009]  In various embodiment, an electro-optic device or a silicon optical modulator
including a phase shifting device may be provided, which may enhance phase-shifting
efficiency. The modulator may provide for a reduction in size and a relaxation of driver .
requirements.

[0010] In various embodiment, an electro-optic device including a phase shifting
device may be provided, which may allow an enhancement of the modulation speed by
optimizing the doping design to reduce parasitic series resistance.

[0611] An embodiment provides a phase shifting device. The device may include a

supporting layer and a semiconducting layer disposed above the supporting layer. The



doping atons of the first conductivity type and a slab portion doped
wi th doping atons of the first conductivity type. [0016]1In an

enbodi nentWorhw/i§82énd doped regi on may i nclude a rib pBETEGMHILINO2LS
wi th doping atons of the second conductivity type and a slab portion
doped wi th doping atonms of the second conductivity type. WO

2010/ 151224PCT/ 8G2009/ 000228 [0017] I n an enbodi nent, the rib portion
doped with doping atonms of the first conductivity type and the rib
portion dopagtcodubtifbOoRydSna3tiRiBacS firshdops @ RRNA cﬁ{aézﬂyﬁﬁ adﬂlﬁgvat&w@f 4Bt

formthe rib portion of the optical waveguide. [0018]In

enbodi ment o ddhgividyabsPetitaaRednaTe Wi gh&ggggagag an?i}é’ oftt do&:g@rekg)'il%%pe

conductivity type“and the slab porti oplng ato
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conductivitfy type tione acen

the first d d t ah t

the p+ contRER Sur*ﬁ%z% fw%g%s’ﬁdk%%%r&%ﬁg”%x@n‘ﬁfa& a&gmeﬁ%haﬁg?ﬁ%ﬁgsehs gty
furth i ncl d t
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t he second do |on ond o cont act n may be
t er med theﬁwﬂf Fctmms }aﬁe@ ?‘?Féﬂtthe %“ﬁ%cesatlplgeﬁwgmgd?p@r
may be an I atlng | ayer or a
1rst dope reg:on may be a p-type region and the second doped region may be an n-
type region.

[0012] In an embodiment, the first doped region and the second doped region may
form an optical waveguide,

[0013] In an embodiment, the optical waveguide may include a rib portion and a slab
portion.

{0014} In an exybodiment, within the rib portion of the optical waveguide, the n-type
region may be disposed ovér the p-type region such that the n-type region may be L-
shaped and the p-type region may be rectangle-shaped or square-shaped.

[0015] In an embodiment, the first doped region may include a rib portion doped with .
doping atoms of the first conductivity type and a slab portion doped with doping atoms of
the first conductivity type.

[0016] In an embodiment, the second doped region may include a rib portion doped
with doping atoms of the second conductivity type and a slab portion doped with doping

atoms of the second conductivity type.



dielectric layer. [0022)In an enbodi nent, the supporting |ayer may
include a silicon oxide (Si02), a buried oxide, silicon nitride

(Si 3N4) orweipigsm2dar bide (SiC). [0023] 1 n an enbodi nenPCT/BG09/000228
sem conducting layer may include silicon (Si), polysilicon (poly-Si),
gal l ium arseni de (GaAs), germanium (Ge), silicon-germanium (Si Ge).
The sem conducting |ayer may include any other suitable sem conductor
materials. WD 2010/ 151224PCT/ SG2009/ 000228 [ 0024] I n an enbodi nent,

the phase 3gyihji n%%vérﬁﬁodiﬁgnt{ p'.gt ke FFF?(})tEBt(A! ﬁtg)%ii awift}iJ rd%@.)ﬁ;é BitGmrg. of the first

sem conducting | ayer, wherein su pose

furt hé?esi‘#‘%&éﬁ{ X %‘*"%ﬁ‘éﬁé’?" o R i 8%&%&0‘5‘” FHF °°ﬁfbs§£9w
Ui t abl o ; B I b mo?e*?”d*iﬁ et %rwi%y sl ude any other
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conductivity type and the slab portion doped with doping atoms of the second
conductivity type may form the slab portion of the optical waveguide.
[0019] In an embodiment, the semiconducting layer may further include a first ohmic
contact region of the first conductivity type positioned adjacent and in electrical contact
with the first doped region. The first ohmic contact region may be termed the p+ contact.
[0020] In an emﬁodiment, the semiconducting layer may further include a second
ohmic contact region of the second conductivity type positioned adjacent and in electrical
contact with the second doped region. The second ohmic contact region may be termed
the n+ contact.
[0021] In an embodiment, the supporting layer may be an insulating layer or a
dielectric layer. |
[0022] In an embodiment, the supporting layer may include a silicon oxide (Si0,), a
buried oxide, silicon nitride (Si3N4} or silicon carbide (SiC).
[0023] In an embodiment, the semiconducting layer may include silicon (Si),
polysilicon (poly-Si), gallium arsenide (GaAs), germanium (Ge), silicon-germanium
(SiGe). The semiconducting layer may include any other suitable semiconductor

materials.



further sem conducting |ayer may include a silicon-on-insulator (SOT)
| ayer structure. [0027]1n an enbodi nent, the sem conducting |ayer may
i nclude a WoI26kissR4i n t he range of about 100 mm t o 300PCDHARG2099/000228
about 220 nm The further sem conducting |ayer nmay include a

t hi ckness in the range of about 100 urn to 300 nm e.g: about 220
urn. The further sem conducting |ayer nmay be of the sanme or different
t hi ckness fromthe sem conducting | ayer. The supporting | ayer may

include a .gkne ' .ra of about. 1 .gnto 1 .e about 2
o 1 0023) 190235635 ah otfisk 8 38e Bhad Biltnd o8ie Saf Wi afiufle < Rt
first conductivity.type may incl.ude a doping congeniration higher
Lhan t he. dSPTSEPRSiRel RETh T SHLS f58 SHePpipE 1o 3u o LaRoBss. OveR el Firder
ohm c contact, regi on may include a doping concentration of about 5 x
1019 cm 3 F6M8° Tﬁﬁﬂag%}B. [ 0029] hi an embodi ment, the second ohmic
regi on of second condyctivity type may include a doping . ]
concent r at iogﬁslni gﬁ'élan Fﬁ’éﬁg‘f’f’ﬁ‘étv d'i‘f'pﬁﬁ‘ié%%?ﬁ&‘é—%‘f‘?%‘f‘g dvebmay Harthes drghude Si,
doped region. The second ohm c contact region may include a dopin
concent r at PYH-Sbf Cad uee.sSides 0The derisr semisondusiom laya Bay Thadudtopriyngther
concentration of the second ohmc contact region may be the sane or
di ff erent $Hahlerspaicgadiciny reasereadsnt Thet funherotmichrducting layotmaycbectha szt or
region. [0030]1In an enbodi nent, the first doped region nmay include a
dopi ng condigietanbirptheofemidraductmglayt016 cm 3 to 5 x 1018 cm 3. The
first doped region may include a consistent doping concentration

t hr oughout [0026] f i irs an opbedinteat)i tbe semicomdnciing layele tlee supporddg daoyet agd the
concentration within the first doped region. The first doped region
may i ncl udfirthedepicogdooing éayer mby tielude afilicen-ui-insulatoe(SVT) lApéraupaaks
dependi ng on user and design requirenents. [0031] In an enbodi nent,
t he second{0fi2fled Iregn embodisheht) Helkimicndeiting dayep AP Michifel DMickhesa B e 5
x 1016 cm3 to 5 x 1018 cm 3. The second doped regi on nay include a

dopi ng congepd 684boan] 00t o BB/nBce. §. oSO ral. The k@ REmicbAdictielayer
first doped regi on dependi ng on user and design requirenents. The

second dopgéy ireRiden thifelhebs g/ thdRnge FQIBSHSIOE Bin 10300 BB, €8 BB 128t MThe
t hroughout the second doped region or may include a varied doping

concent r at futfeMbdniicohdubngs 862N dnddOBE bl BOI @fe JNEiIRRGOMIcIRAE GolC HieON
may i nclude a doping concentration profile with one or nore peaks
dependi ng %ié&ﬁﬁctﬁa@fhfﬁg'ﬁ{é 5pPYGRE TRRE Snay include a thickness in the range of
about 1 pmto 10 um, e.g. aﬁout 2 pm.
[0028] In an embodiment, the first ohmic contact region of the first conductivity type
may include a doping concentration higher than the doping concentration of the first:
doped region. The first obmic contact region may include a doping concentration of
about 5 x 10" cm™ to 5 x 10 cm™.
[0029]. In an embodiment, the second ohmic region of the second conductivity type
may include a doping concentration higher than the doping concentration of the second

doped region. The second ohmic contact region may include a doping concentration of

about 5 x 10" cm?to 5 x 10 cm™. The doping concentration of the second ohmic



[0032] 1 n an enbodi nent, the first conductivity type may be a p-type.
P-type dopants may include boron, alumnium gallium [0033]In an
enbodi nentwotzaey/serzend conductivity type may be an n-typer/SGkoyme22s
dopants may i nclude phosphorus, arsenic, antinony. [0034]1n an
enbodi ment, the first doped regions junction may. include a pn
junction. [0035]In an enbodi ment, the second doped regi ons junction
may include a pn junction. The first doped regions junction may be

b0301 15125 S0 riE Tt et SE TP BE hERR sbitRRt R ot iRyt
form ng a phase shifti.ng device. The nethod may include formng a
seniconducggﬁﬁchﬁg?'%. ve the supporting layer; fonning a first

| ayer Cf?h?‘@a&“ng% S HED Gy e P o Py Ay 1R iR SRgecadion

second dopeg |on hy doping the sem conducting |ayer wi th doping
atoms of a°s¥o axck?no%t'io\ﬁ WOt FPe- ﬂawerfgstdﬁmdeﬁesm may dasiude qsqnﬁ@tent
conductivity type and formng the second doped region over the first
doped r egi Beping equcenietion thrpyghoutiths dustrdegedrrgion grdrayoinclies a yariqdodaping
in adirection substantially parallel to a surface of the supporting
| ayer and ecnsetitsten withindhe St dopedjregien.i Die firatydoped fegiomrmunyiinclede a doping
directi-on substantially perpendicular to the surface of the
suppor t i ngednagrdration PO with ere @rhard perks tigpehdingomyser brsl desigs reqiidpeents.
regi on and the second doped
{0031} In an embodiment, the second doped region may include a doping
concentration of about 5 x 10" cm™to 5 x 10'® cm™. The second doped region may
include a doping concentration which may be the same or different from the first doped
region depending on user and design requirements. The second doped region may
include a consistent doping concentration throughout the second doped region or may
include a varied doping concentration within the second doped region. The second doped
region may include a doping concentration profile with one or more peaks depending on
user and design requirements.
[0032] In an embodiment, the first conductivity type may be a p-type. P-type dopants
may include boron, aluminium, gallium.
[0033] In an embodiment, the second conductivity type may be an n-type. N-type
dopants may include phosphorus, arsenic, antimony.
[0034] In an embodiment, the first doped regions junction may include a pn junction.
[0035] In an embodiment, the second doped regions junction may include a pn

junction. The first doped regions junction may be the same or different from the second

doped regions junction.



region may include formng an optical waveguide. [0038]1n an

enbodi ment, form ng the optical waveguide may include formng arib
portion andoaeslae2porti on. [0039] I n an enbodi nent, forptTeGiohodiRasst
doped region may include fanning a rib portion doped with doping
atons of the first conductivity type and a slab portion doped with
doping atons of the first conductivity type. [0040] 1 n an enbodi nent,
formng the second doped region nmay include fanning a . rib portion

doped wi th I@g%ﬂ@@&ﬂ%dﬁﬁe DoV AMledhQ ¢ fobhitl Yot @ﬁﬁ@gg {i«?viaJ. Phe

portion do th doping a e secon

0041] 1
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semiconducting layer with doping atoms of a second conductivity type being different

from the first conductivity type; and forming the second doped region over the first doped
region such that a first doped regions junction may be formed in a direction substantially
parallel to a surface of the supporting layer and a second doped regions junction may be
formed in a direction substantially perpendicular to the surface of the supporting aner:
[0037] In an erﬂbodiment, forming the first doped region and the second doped
region may include forming an optical waveguide.

[0038] In an embodiment, forming the optical waveguide may include forming a rib
portion and a slab portion.

[0039] In an ex_rnbodiment, forming the first doped region may include forming a rib
portion doped with doping étoms of the first conductivity type and a slab portion doped
with doping atoms of the first conductivity type.

[0040}] In an embodiment, forming the second doped region may include forming a .
rib portion doped with doping atoms of the second conductivity type and a slab portion
doped with doping atoms of the second conductivity type.

[0041] In an embodiment, forming the rib portion doped with doping atoms of the
first conductivity type and the rib portion doped with doping atoms of the second

conductivify type may include forming the rib portion of the optical waveguide.



first conductivity type and the slab portion doped with doping atons
of the second conductivity type may include formng the slab portion
of the optwoaogaiRgui de. [ 0043] I n an enbodi nent, the nRCHIA2008000228
further include formng a first ohmc contact region of the first
conductivity type adjacent and in electrical contact with the first
doped regi on by doping the sem conducting |ayer with doping atons of
the first conductivity type. [0044]In an enbodi nent, the nethod may

further ingg4ge f%m;e&badmﬁpmnﬁtgﬁh sﬁg%ﬁ&,&l dopél QHh‘anhgﬁtoﬁﬁ%?%

conductivity type adjacent and in electrical con act W t he second
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[Suppo}’ t Inngn q?fggéffgl%\,gﬁ ﬂlg fl}atr Qo&é?ctgg%t%agr%r ?rﬁ:?@h Exgyléf:t%calocromagt thﬁl the

first doped region by doping the semiconducting layer with doping atoms of the first
conductivity type.

[0044] In an embodiment, the method may further include forming a second ohmic
contact region of the second conductivity type adjacent and in electrical contact with the
second doped regioh by doping the semiconducting layer with doping atoms of the
second conductivity type.

[0045] In an embodiment, the supporting layer may be an insulating layer.

[0046] In an embodiment, the supporting layer may inciude SiQ,, a buried oxide,
silicon nitride (SialNy), silicon carbide (SiC).

[0047] In an embodimeﬁt, the semiconducting layer may include Si, poly-Si, GaAs,
Ge, SiGe,

[0048} In an embodiment, the method may further include forming the supporting .
layer over a further semiconducting layer.

[0049] In an embodiment, the further semiconducting layer may include Si, poly-Si,
GaAs, Ge, SiGe.

[6650] In an embodiment, forming the semiconducting layer, the supporting layer and
the further semiconducting layer may include forming a.silicon-on-insulator layer

structure,
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[0049] I n an enbodi nent, the further sem conducting |ayer may include
Si, poly-Si, GAs, Ce, SiCGe. [0050]In an enbodinent, formng the
sem conducworgliigyred, the supporting |ayer and the furthe'r/sczoownaozzs
sem conducting layer may include formng a . silicon-on-insulator

| ayer structure. WD 2010/ 151224PCT/ SG2009/ 000228 [0051]In an

enbodi nent, formng the first ohmc contact region of the first
conductivity type may include formng the first ohmc contact region

2, SOPIABEOTSA Sl iyl SRR SRR Rl B
ST SHr OB e P A s Sl
(he dop! 15 Soncepl, o SRR B b 280h e or
of about 5 {6(05% 16 Icman3 Jm%ogln)l(en%o 081'111(1:nng~f the second ohmic region of the second
conductivity type may include forming the second ohmic contact region with a doping
concentration higher than the doping concentration of the second doped region.
[0053] In an embodiment, the first doped region may include a doping concentration
of about 5 x 10" cm? to 5 x 10*® cm™.
[0054] In an embodiment, the second doped region may include a doping
concentration of about 5 x 10' cm™to 5 x 10*® cm.
[0055] In an embodiment, the first conductivity type may be a p-type.-
[0056] In an embodiment, the second conductivity type may be an n-type.
[0057] In an embodiment, the first doped regions junction may include a pn junction.
[0058] In an gmbodiment, the second doped regions junction may include a pn
Jjunction.
{0059] An embodiment provides an electro-optic device. The electro-optic device
may include an optical source for providing an optical signal; a splitter for splitting the -
optical signal into a first optical signal and a second optical signal; a phase shifting
device for receiving the first optical signal and providing a first phase modulated optical
signal; a further phase shifting device for receiving the second optical signal and
providing a second phase modulated optical signal; and a combiner for combining the

first pbase modulated optical signal and the second phase modulated optical signal to

produce a resultant optical signal; wherein the further phase shifting device may include a
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[ 0054] I n an enbodi nent, the second doped region may include a doping
concentration of about 5 x 1016 cm3 to 5 x 1018 cm 3. [0055]1In an
enbodi nentwoth®/isinsét conductivity type may be a p-typePCl/86506%/600228n
enbodi ment, the second conductivity type may be an n-type. [0057]In
an enbodi ment, the first doped regions junction may include a pn
junction. [0058]In an enbodi ment, the second doped regi ons junction
may include a pn junction. [0059] An enbodi ment provides an

| t _ . . |
&l ect 1 0- OPfehfthdSiileF fhan HkHaLHtifly BideS TR ¥lcco B 4 emfckg.ﬁaﬁbt%{z?rgga el

source for provi ding an optical signal; a splitter

opti cal gﬂ&hatbpt’ﬂ*eaﬁﬁ'ﬂh&s hagptshﬁﬂrg ﬁé@&alm ggoaincclﬁ& quer%% 'sxgl%{annally

si gnal ; ase shifting device recei vi t he rst

si gnal and [ ul ated optical signal; a
aloalr sﬂ'{;@aq t@ hise ﬂFﬁﬁS A 9

further pha vice receiving the second optlcal si gna

and provi dj cond e cal n I ner
for conbi n‘"ﬁgmt he iaﬁlst%p‘i’ﬂgggﬂgoﬁ'u Qi“glaf P'%é’%gﬁﬁwc%rﬁ]a}f Hﬁag cénd
phase nDdul%%ed 0 qﬁ to RLO ucehﬁare ulLtant optical signal;
wher ei n t h&"f! f PR ARNPRES DS FY%%ude a | ength

| onger tha ep ftln devi ce, e el ectro-opti.c devjce

be termed @Héﬂm)dg@ "FY?ea BEPART “ﬁW Angleefrpioplc &%@%@%ﬁgmmé

i nclude a Iength substantlally equal or simlar_to the phrase
shifting desceuftingdsnirs A0hrecerdnsdtefambogdiment. uﬁ%ﬁ%ﬂtfﬁrp&slé deyies 102y

device may include a
modulator may include an optical source or a laser source (not shown) for providing an

input optical signal 106, a splitter 108 for splitting the input optical signal 106 into a first
optical signal 110 and a second optical signal 112. The electro-optic device 102 may
include a phase shifting device 104 for receiving the first optical signal 110 and providing
a first phase modulated optical signal 114 and a further phase shifting device 116 for
receiving the second optical signal 112 and providing a second phase modulated optical
signal 118. The electro-optic device 102 may further inlcude a combiner 120 for
combining the first phase modulated optical signal 114 and the second phase modulated
optical signal 118 to produce a resultant optical signal 122, wherein the further phase
shifting device 116 may include a length longer than the phase shifting device 104. The.
further phase shifting device 116 may include a configuration or structure the same as the
phase shifting device 104. The length of the further phase shifting device 116 may be
represented by Luop.

[0062] FIG. IB shows a cross-sectional view of the i)hase shifting device 104 taken
along line A-A of FIG. 1A according to an embodiment. The phase shifting device 104

may include a supporting layer (not shown) and a semiconducting layer 124 disposed
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configuration or structure the sanme as the phase shifting device.
[0061]FIG | A shows a schematic view of an el ectro-optic device 102

i ncl udi ng wophass1zhi fting device 104 according to an epbDdGmeMIa022Bhe
el ectro-optic device 102 or nodul ator may include an optical source
or a |laser source (not shown) for providing an input optical signal
106, a splitter 108 for splitting the input optical signal 106 into a
first optical signal 110 and a second optical signal 112. The

el ectro- opty i i-Acl WE1l . {.C r
Feci vi ng Hsae AR sForttle R itfe oAz EnBliok Y HAMCE afp Bopc
nodul ated opti i L 4. and a further phas hi fting, device 116
for receivi é) ntcl%é dz' gd;ﬁ’gh(])déﬂnngg "8 {%ﬂaa Hsﬁiofgg‘%ﬂ'ﬁﬁ?&ﬁ Ui an%t)?e §%§’:‘3hﬂl]d
phase nodul at ed, optj cal signal 118. The electro-optig device.102 ma
Purther § nrEe 2R b BpmeBrElavars pid B a6one AgPeiseins DF nsd i doping’
nmodul ated optical signal 114 and the second phase nodul ated opti.cal

si gnal 1183 BE B 38f08d SORMCHYIEARPS: P AP CPPSTeg thy second qeAdurRvipHheine
further phase shjfting _device 116 nmay include a | ength |onger than
the phase %‘%F‘PP'E Fem by fiest coppctivnfystypd: grherrdn thesseand doped regipnd@dinay be1e
may include a confiquration or structure the sanme as the phase

shi fting ddisnosed avsy thetfiat dopedjragians126 sechy thattafisst dopedseegions funpting d8waye
116 may be represented by 1440D- g00621FIG. | B shows a _

cr 0ss- sect beoianed, inepdisgctiph sulistantialls paraliel trya gafdce of UBsuppdidre hyaragd a
line A-A of FIG 1A according to an enbodi nent. The phase shifting
devi ce 104sepangd idnpddudesionss iypsten i 13§ mayebe (fommeds kroven Mirestipna substantially
sem conducting |layer 124 di sposed above the supporting |ayer. The
sem conduaicrpegdicalpeto thesurfaeg of the bupgpertmgfliyest doped regi on 126 doped
wi th doping atons of a first conductivity type or a p-type region and
an- anged dftéde sTlxphrst corgluttinigriypamdy be 8 pagpecandahe secomtycomdudRBy dgyeed
wi th doping atons of a second conductivity type, or an n-type region,
t he secondmgomdinai-typety being different fromthe first conductivity
type; wherein the second doped region 128 may be di sposed over the
first dopedo64gi oThel Afst dupdd fegivh 26 dndSthe S@pRdl doRdi @FiSn | 108 Ghdyofornt 3Q
may be formed in a direction substantially parallel to a surface of

t he suppordptibg waygiidansh, aTixespticd WaRgddé €Tl @RS inclds birdpokdh 1%8Yande
formed in a direction substantially perpendicular to the surface of

t he supporddbi@ricys. [0063] The first conductivity type may be a
p-type and the second conductivity type nay be an n-type. [0064] The
first dopegossygi OthelfGt dped HpforSEER HARRS: ALSHrAh dogld Whh dEﬁ’ihEht_%gxs

optical wavegui de 134. The optical waveguide 134 may include ar
portion 13§ i irsBeotlddivity tip <7018 a slab portion doped with doping atoms of the first
conductivity type 172. The second doped region 128 may include a rib portion doped .
with doping atoms of the second conductivity type 174 and a slab portion doped with
doping atoms of the second conductivity type 176.
[0066] The rib portion doped with doping atoms of the first conductivity type or p-
type dopants 170 and the rib portion doped with doping atoms of the second conductivity

type or n-type dopants 174 may form the nib portion 136 of the optical waveguide 134.

The slab portion doped with doping atoms of the first conductivity type 172 and the slab
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[ 0065] The first doped region 126 may include a rib portion doped with
doping atons of the first conductivity type 170 and a slab portion
doped w t waapivigizzé ons of the first conductivity type RFRSGIDN®000228
second doped region 128 may include a rib portion doped. w th doping
atons of the second conductivity type 174 and a sl ab portion doped

wi th doping atons of the second conductivity type 176. [0066] The rib
portion doped with doping atons of the first conductivity type or p-

type dopanpepibd QopadeitogidlatDRt bi A8 sEORE 90%&?5&%39#31976%@}1? ];Shet 4%

second conductivity type or n-type dopants ormt

portion 13 | w@% . 134. The sl ab portion doped with
dopi ng ato m%g?tl?ﬁ%ﬂﬁlé!r)@?glcon cfulﬁgﬁ'y type 172 and the slab portion

doped with i ng ons.: eco condyct.i vi.t 76 may form
tho sl ab pht7hn” 73 YR thalBe TEP "Rar BT Y iehdey B g e conBl
sem conductin e 2 further include a fjrst.ohmic,.contact.
regi on 140re§f°%t h}@lf) ? rﬂi‘i %ﬁgﬁ%ﬁg’ﬁn\ﬂ RS BE pgr COﬂiaCLBHT"é‘?PFTchSi&cf’?tO gt
adj acent and .i.n el ectrical contact wth jrst .doped.region_126.
The seni coRBHETH Rgae R the Arst doned Tegien \§8c s e e 2% may
contact region 142 of the second conductivity type or n+ contact

posi t i oned™HiFLineitfe éﬁ?f°P‘?1°’é‘Pl§cﬁ°PfaE‘ng‘€Bﬁt‘%1e¥ thmqqnﬁf HRGNEBAR dYRFOE &
region 128. [0068] The supporting |ayer may be an insulating | ayer.
The suppor qu[‘ﬂjt pasitionedradiaqeptandda elgetpad sontget pithi thejseggndlepedyeginn 1285 C.

The sem conducti n% | ayer 124 may include Si, poly-Si, GaAs, Ge, SiCe.
[0068] he supporting layer may be an insulating layer. The supporting layer may

include a Si0,, a buried oxide, SizNy4, SiC. The semiconducting layer 124 may include
Si, poly-Si, GaAs, Ge, SiGe.

[0069] The phase shifting device 104 may include a further semiconducting layer
(not shown), wherein the supporting layer may be disposed over the further
semiconducting layer. The further semiconducting layer may include Si, poly-8i, GaAs,
Ge, SiGe.

[0070] The semiconduéting layer 124, the supporting 'layer and the further
semiconducting layer may include a silicon-on-insulator (SOI) layer structure or SOI
substrate.

[0071] The first ohmic contact region 140 of the first conductivity type may include a
doping concentration higher than the doping concentration of the first doped region 126.
The second ohmic contact region 142 of the second conductivity type may include a
doping concentration higher than the doping concentraiion of the second doped

region 128.
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[ 0069] The phase shifting device 104 may include a further

sem conducting |layer (not shown), wherein the supporting |ayer may be
di sposed owerotdisiX2ért her sem conducting | ayer. The fur POBRG2009/000228
sem conducting layer may include Si, poly-Si, GAs, Ge, SiCe.

[ 0070] The sem conducting |ayer 124, the supporting |ayer and the
further sem conducting |ayer may include a silicon-on-insulator (S01)
| ayer structure or SO substrate. [0071] The first ohm c contact

regi on 140 he s jV | i '

co%cent r at i[o(yr'IIZLi gt%? ftﬁﬁa@%%%lp%dgm%%%é@%ﬁ#?ﬁ L‘%ﬁ cﬁu‘g{?ﬁ Jrsl%tm()at()p'ed

regi on 126qpThe 564 i rﬁ%ﬁ}&g%§ gxﬁg%éluJeezgh(ﬁJgne%é%gﬁtrgﬁ%??%%Qp-q The {llﬁte

conductivity type ma opl ng co gher than
20701 15122800 ShsBDRisno 0 B SRR el b of ¥ 1B agyond
126 my | noRTRQORSRTERRY | ELRRL e e Shbing consalRu ST SR T Tt ohm ¢
cont 2t AR £ ST B 5 i 3B OB B, e i
o et RS 1oh s St ot 0t o
the same sl ey GubB Rtmerbes et BRe famRIBRaBEs

[0074) The semiconducting layer 124 may include a thickness in the range of about

100 nm to 300 nm, e.g. about 220 nm. The further semiconducting layer may include a
thickness in the range of about 100 nm to 300 nm, e.g. about 220 nm. The further
semiconducting layer may be of the same or different thickness from the semiconducting ‘
layer 124. The supporting layer may include a thickness in the range of about 1 pm to
10 pm, e.g. about 2 pm,

[0075] The height of the rib portion 136 may be determined by the thickness of the
semiconducting layer 124. The height of the rib portion 136 may be represented by tsol.
The width of the rib portion 136 may be represented by wyp.

[0076] The height or thickness of the slab portion 138 may be determined by the "
thickness of the semiconducting Jayer 124 etch depth. The height or thickness of the siab
portion 138 may be represented by ty and may be in the range of about 10 nm to
100 nm, e.g. 60 nm. The dimensions of the slab portion 138 may be configured such that
the optical mode may be highly confined within the rib portion 136 of the optical

waveguide 134.
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[ 0074] The sem conducting |layer 124 may include a thickness in the
range of about 100 rimto 300 inn, e.g. about 220 nm The further
sem conducwiOor§i/gya# may i ncl ude a thickness in the ranBer/862ahaer2s
100 nmto 300 rim e.g. about 220 nm The further sem conducti ng

| ayer may be of the sane or different thickness fromthe

sem conducting |layer 124. The supporting | ayer may include a

t hi ckness in the range of about 1 gmto 10 gm e.g. about 2 gm

[0075] The rf!ﬁhg t afhetf}eadul RELRE tiflf;;fjoxgti%ﬁ W}@ﬂﬂ@%t&@%ﬁ{sbﬁd y be

t hi ckness of the sem conducting er 124. he i

25y AR SRR e B R

o B RO ko
i 38, may. _ :

o120, Port | o0 9% M8 SR SAERLGELIA Shal) SRty be L e Loge

portion 13 he confi,gured such that the optical de. may be

hi ghl y cong'ieg@% GG el it i gy B Fonm ei@)(sa%‘f* ajejgn amqvﬁl&amna%@saw@
134. WO 2010/,151224PCT/ St(% 09/ 000228 [0077] The breadth of the rib
portion doP®¥¥ b&iipfePpadephe %ﬁgﬁw%wmalwewe Theggipres a ieasenable dgvicarier
the height of the rib portion doped with p-type dopants 170 may be

r epr esent efevise i formigemaybaebtaiged f Theraeadin(xpef theaib predendoped with ndype
optical wavegui de 134 may be determ ned by ion inplantation and
anneal conéerapisid0 nEyrbedn shepraage plorbiout H6 by 2096 0h Wex(fyr exaiplea.gimay(bej )
may be controlled by accurate ion inplantation processes and may be

i ndependengbosf 300 ni.og megytheabmi2B0ingnnEee heigdit &dkoftherib portien doprablith p-
devi ce-todevice uniformty may be obtained. The breadth (xj) of the
ri b porti otypeldensatsli70 inay-teyip shehopgmefsebdROl Ofatpe 3986 oftsdilier exangde tod; may
about 10%to 90% of wib (for exanple wyn, nay be about 500 nm x]j
may be abobg abR80220mm), xj inap bhebaihd 3¢ wp).of the rib portion doped with
p-type dopants 170 may be in the range of about 10%to 90% of tOl1
(for exanpl0@878lsol FIGS; 2Betodisiow2@0sstiectiond] vieray illastrating dtmetid(d BN jorming
[0078] FIGS. 2A to 2E show cross-sectional views illustrating a nmethod
for form ngplaspidfiag devitd i igacderdingeo ADdmbuiiaéi Nng t o an enbodi nent .

[0079}) In FIG._ 2A, a silicon-on-insulator (SOI) substrate 144 may be provided. The
SOI substrate 144 may include a semiconducting layer 124 disposed above a supporting
layer 146, and the supporting layer 146 further disposed above a further semiconducting
layer 148.

[0080] The semiconducting layer 124 may include silicon (81}, polysilicon (poly-Si),
gallium arsenide (GaAs), germanium (Ge), silicon-germanium (SiGe) or any other
semiconductor materials. The further semiconducting layer 148 may include Si, poly-Si,
GaAs, Ge, SiGe or any other semiconductor materials. The further semiconducting layer
148 may be of the same or different material from the semiconducting layer 124. The

supporting layer 146 may include an insulating layer. The supporting layer 146 may
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[0079]In FIG . 2A, a silicon-on-insulator (SOD subitrate 144 may be
provi ded. The SO substrate 144 may include a sem conducting |ayer
124 di sposwo 2abse22a supporting |ayer 146, and t he supppPCT/EGIOS/@NEIS
146 further disposed above a further sem conducting | ayer 148.

[ 0080] The sem conducting |layer 124 may include silicon (Si),
polysilicon (poly-Si), galliumarsenide (GaAs), germanium (Ge),
silicon-germanium (Si Ge) or any other sem conductor nmaterials. The
further sem Gt | . .| de.Si., .. As

S'Ge o aniicbie HieoRuidBhites SHEPYbE R S PR NG 6580 g

| ayer 148 @%Qﬁe’“‘é‘&&}ﬁeﬁ‘ﬂ&gﬁ %;eddi fferent material fromthe

sem conduc ?P’SBSrti ng | ayer 146 may include an

i nsul ati ng r..Jhe su rting | r 146 i.nclude a silic

oxi de | ayelld,(ﬁi}e burﬂigder&‘?g cfl%%/@ry?raé Irf’%yo'r’i‘cﬁﬁ%/?iﬂa g ‘Blﬁlﬂmf‘g"s?ﬁo‘ﬁ’é’%
carbide (Si or apy. other suitabl e oxide |ayers. /100811The

sem conduchf&a@ml %S&) ] erga)?g?‘ﬁgqglgo‘@na ﬂﬁi %E‘R%%"s%eu}l‘f?“ti%ng dpyse 14 may
about 100.t to 300 nm e.g. about 220 tun. The further

seni cond‘uctﬁCH’ae [2iskneps i Higyrangrcol Abental G0nm ip 884 oy, eghabous AZe nes  The
about 100 nun to 300 nm e.g. about 220 nm The further

seni conducfurtigr seapieendyotmeayerpkt8omay he of shresaxte o differentnthiokness Krnes the
fromthe sem conducting | ayer 124. The supporting |ayer 146 may

i ncl ude a semieqnduetinglayer h24. r Bhegeppstrtingoloyer 146 pray finsluie aphicknessgin tironge 2
pm [0082)In FIG 2B, a first doped region or p-type region 126 may
be fornmed ofebonel wmppdP ninng el dbpatr2 kmot shown) by dopi ng the

sem conducting layer 124 with doping atons of a first conductivity
type or p-t0¢BH dopuRlG . 2B)adestolvped oqpenk orggiype ragionnt26ypsy toforned od A
may be formed by doping. the sem conducting |layer 124 with doping
atons of asweating layen@iotihown) by tyyieg the semicbyduetintnlagarti 34 withelopimg @tbths
conductivity type being different fromthe first conductivity type.
The first cmfisctondidtividyype oraytypadopatie. i tecped dopdd rdpfors@GPGHe dopants
conductivity type may include n-type. P-type dopants or doping atons
may incl ude2smapie foned by doping thenseii@RdaRa Nhyer Q24 AR dupirdt A5ms FAY:
i ncl ude phosphorus, arsenic. The first doped region 126 and the

second dopg&dorda@naictivAP tyieyorittybo B@Relisbihe sédRd bofbaiiitipebeniy dfriRe
and n-type dopants to two depths within the sem conducting |ayer 124.

The p-typefrglapfist oBMubiRity e TRt doRd @ tidRE BRE nth§RhdIudeS-Qpk RAd the

sem conducting |layer 124 and the n-type dopants may be inplanted into

a shal | owedecel@Ptdndistivitytthe SRl 'iﬁ&ﬂ@ﬁlt%ﬂlgutbayfé dopafhs J:Qﬁ?ﬁx};'d}orﬁé Ghay

2C, hard mask deposition may be carrie First a dielecCtric layer

150 may bepndg@osibe hietBiunt BRI S 8H COPAME L RipilgPNGhs ha incRiaE bROPRbMs, T N
contact with the
arsenic. The first doped region 126 and the second doped region 128 may be formed by .
ion implantation of p-type and n-type dopants to two depths within the semiconducting
layer 124. The p-type dopants may be implanted into a deeper depth into the
semiconducting layer 124 and the n-type dopants may be implanted into a shallower
depth into the semiconducting layer 124.

[0083]  In FIG. 2C, hard mask deposition may be carried out. First a dielectric layer

150 may be deposited over the semiconducting layer 124, preferably in contact with the
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second doped region 128 or the n-type region. The dielectric |ayer
150 may al so include silicon oxide (5102) or any other suitable

mat eri al wwiockhiwsy22serve to protect the n-type regi on 1B8rhetns/ectize
subsequent deposition of a hard nmask |ayer 152. The dielectric |ayer
150 may include a thickness in the range of about 1 urn to 50 nm
e.g. about 10 urn. [0084] Next a hard mask | ayer 152 may be
deposited over the dielectric layer 150, the hard mask |ayer 152 nmay

ek TGRS ) A2 BRSPS By
1ot S5 AT B8 B0 -0 e S5
200 . d. . 00 . 08511 n .El G .2D, ' .
200 T o PR B PR o e B 33 W o

photoresist |ayer may then_be patterned tgQ forman optical wavequi de
134 patter ﬁ‘i‘YF‘h’Zﬁ%d’aﬁy CIHE??WI%B%PPE)&’EI%‘?& gpoyt Lpmylo B@P’Pi S 23 Igym
standard photolithography techni ques. Subsequently, using. the
patterned PW8thr et f%%@as%?yg dnay hssiepesipdovst ﬂlerﬁ’eﬁlwg?t‘damém the

| ayer 152 not covered by the photoresi st mask nmay be etched away by
an ani sot rbﬁﬂ@@kd#ﬁeﬁd%r‘%ﬁ’es@te%@ﬁ digleqige; dayen, £50 nsubseghent ptqhivie) steps.
Then, respective portions of the dielectric layer 150 and the

seni conduc#hqbard agask layzn | i may| isgdudsesikicontdtide §SiNo SkiNahoroguyi atledr suitable
wavegui de 134 including a rib portion 136 and a slab. portion 138.

Thi s may bwafeohlk oudabldbyo pétotsoamestils bamier.i The PRE) maskdlayet 152 may include a
[0086]In FIG 2E, an angled inplantation of n-type dopants nay be
carri ed outhickaessir thaeangp b almme $0 sm td 20knm1&d shayt 10@ngeposi t ed over a
portion of the structure formed in FIG 21D, for exanple the
structure [0685judi higFithe2Ihax ghorasckist Byear (ndb Zhownl enati el dpbsited dnahe thaib0
and the sem conducting |ayer 124. As a portion of the hard mask | ayer
152 may noinatke layend§Ed, Tl phgoresist dayer afayt then biebpaemed Qo 330 afByptiesl
protected frominplantation while one side or a sidewall of the rib
portion 13@awgdidt 184 padin Aacludiag 2 TdBpdrtbEsH akd @ slabpopint 138Mbylsshdaad

t he subsequent second ohm c contact region or n+ contact (not shown)
to be for npdtdAkoghphiy rféﬂkﬂﬂ;ﬁeﬁ- Shpgehwntia! by th8 pAttérhéd RbisHeEiRChye@ s FRY
be carried out such that the n-type region 128 nmay be fornmed over the
p-type regmadk, pefiofd/sitht Matd Madkd 1aFdr 18D notlBskeie@byQhe phdtsiksiSORRR may be
regions junction 130 may be forned in a direction substantially

parall el t@cledsualsgan %sat}rﬁioaééugg% Prb&ds L% Q5 RERAYe RRPMWnARIER Then,

second pn junction or seco regions junction 132 may b€ formed

in adi recfegﬁeﬁ@m&ﬁt&fﬁlé(ﬁd@ﬁﬁ@%@w B0l 3k telehiton Fi%gﬁx 024 also

supporting layer.” The rest of the process steps for ng a phase

shifting dgvi ﬁede)Af%oﬁﬁya;PS%ﬁu%ar CQ;JVE\IIQ I d 134 Pﬁ“{jﬂs“?\l\é %3%@@?%%39%}%”

FIG 3. (0087)FI G show gram rati
¢ . it h 4 i . ‘.
[0088] The MERRELES bl BERHNGG L pRIGRIA S PRYPRCHIRARATC, o
bstrat f I . Sub t 44 incl udi .
e conducliey 1 bt 2% i Bned i B T o poriy TR ed omhod
t he supporé+ﬂ lLayer. 146 f her , di,s ose above a further .
| ond et et KA PEY b 9SERRE ot f param ot Mg fopygikin
Zgg;ﬁfg gc géygé dopants to twq egth \/ gE ﬁarri d oqﬁ. FE??Eer
0306, hatl§- ARAIEr GERAF HeSHORLY BUNGing Re hat BEk Isjen | ¥ e dislgrmciaver
dielectric, ] ayer. 150 may be deposited on the sem conducting | ayer

124. A har BP0r#a€ the sgpiconductingdayep 424y ofys 3 peidign 98 the bardamask dayse 132 wmay agfer

150. Then, in 308, a optical mav%ggide 134 patterning and etching may
be carri edbeomovathjastopespripen/of (e rehepersipn 136 msy be prRseted s implangationon

the hard mask | ayer 152. The photoresist |ayer nay be patterned using
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shifting device 104 after dopant activation according to an

enbodi ment. [0090] The net dopant profile within the rib wavegui de
phase- shi fwirgiwdsyizee 104 or phase-shifter after dopant rerbsG2o8d/000rRs
may first be sinulated using a Technol ogy Conputer Ai ded Design
(TCAD) process simulator. The position of the nmetallurgical junction
(or pn junction) and the dopant profile nmay be easily controlled by
tuning the ion inplantation and anneal i ng conditions. For optinum

conpati bi | i i i LQA,. a: iC I.d Anne
(RTRy - spi e ie Bné HaCHERsiaBlol G2 b notidn Dl pRER oG Y bR e
profile may,stil i chi eved by, tunin he ion i ant at.i on
condi t i ons¥13I ol né(%n |6rru%$§tdil% rsll?s?%llp nG ?/\730%‘1 P#‘g}'ce%lnttagﬁ K" Ergﬁ'hicf)?%ﬂs&@f
about 950C for .abput 155 and about L 030C f.or . abqut, 5s nay be X
per f or med. SARE) 2? ﬁ%f‘-‘ﬁ?ﬂs@ 0] 36‘3’1’115?%?1 IF@%“V’&‘P” Bbt HH?fio‘ﬁEﬁ“?‘?%‘ﬂy PrasprRd
simlar. [0091].ln FIG 4, dopani_activation may be perfornmed at about
550C 1o LBkt el iy A SRy A AR G e ALbS FREPTRZS ShessBaighc
formation f two_pn.junctions 130, 132 with both vertically and
hori zont al 895! i REHY Pofifst sleredireginns Jendion; 130ymay jbsromel & adigsction
optical wavegui de 134. &092] FI G 5A shows a plot 158 of power (a.u.)
vs wavel engjibatapiiailypagllettp asurface of Wheysupporsipg daven ptnskawi) @nd a second pn
Mach-Zel nider Interferometric (M) nodulator 102 with a 4-nmi ong
phase shi fiungfiépraisspeaad foredsesiongdiupefiond 33 mayrhs Sorimed in a divebtioh SibseBtially
shows a plot 160 of phase shift (degrees) vs voltage (V) at 2.5V bhias
of an asynpependiculE|to Medsirfece of tE2supporting layemheons) qfiths proséss fsteps dor
devi ce 104 according to an enbodi ment. [0093] The out put spectra of a
nmodul at or fedRingi & phaph slsBinghlefice 164 deyitedistsedin thh dow-dilgrirh @s shovn in
about 4 mmin length may be neasured to obtain the relationship

bet ween phBK®3shi ft and phase-shifter bias. The nmeasurenent setup nmay
use an Anplified Spontaneous Em ssion (ASE) |ight source. Light may
be coupl ed[008Tjo aFH:.Guhoofa fidve diagiaicitihsuativg g vietod ¥&dorting g phase shifting
si ngl e-node | ensed fibers. The output may then be connected to an
optical spésidelit aradrdingio and gbdoiasity ed spectra for bias vol tages of

[0088] The method 300 begins at 302 with a starting semiconductor substrate 144, for
example a SOI sn%bstrate 144, including a semiconducting layer 124 disposed above a
supporting layer 146 and ﬁe supporting layer 146 further disposed above a further
semiconducting layer 148. Next, in 304, ion implantation of n-type dopants and p-type
dopants to two depths may be carried out. Further, in 306, hard mask deposition may be.
carried out. In this regard, a dielectric layer 150 may be deposited on the semiconducting
layer 124. A hard mask layer 152 may be deposited over the dielectric layer 150. Then,
in 308, a optical waveguide 134 pattemning and etching may be carried out. This may
involve deposition of a photoresist layer on the hard mask layer 152, The photoresist
layer may be patterned using photolithography techniques to form an optical waveguide

134 pattern. Using the patterned photoresist as a mask, portions of the hard mask layer
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about 0 and -2.5 V may be shown in FIG 5A. By applying a
phase-shifter bias of about - 2.5 V to one of the two phase-shifter
arns, the worotwsm2depl eti on width nmay increase, which paysG2009/000228
essentially reduce the hole density and nmay cause a correspondi ng
change in the effective refractive index. The phase change (4) may be
cal cul ated using equation 1, where Ad is the wavel ength shift and FSR
is the Free Spectral Range of the MachZehnder interferoneter. Aco -

FSR(1) The - Sh j : i extracted
st ng. equaty oot by e okl Bpek il b ch@FRG " P SnE ploBRE Wyer
t he cal cul be about 1 Thi s caorrespond to a .

nor mal i zedqéﬁ%gé\- S %Eﬁ%{cog u%%’éﬂ?yeﬁggmay ifﬁ thﬁl%ga'ﬁc%%’g’ @F?ﬂq’(ﬁﬂe‘ﬁ?"e\g'f%m%%e
state of the,art depletio d ul at.or i.ch solely enploy either
|l ateral or ”Vgﬁ%ﬂgcaanﬁf’ﬁmP[}Wg?ai“g r?sn;?%’n@r?%f%:sa%?s Bﬁﬁib&fél“é{%@ypﬂ)ﬁ ARA
at the sane bi.as | ta The j npgroved, perforni ance may be attri buted
to the i ncrELYEAR \é@‘@?’l ‘ggl%é’thﬁﬁfé‘ﬁPglﬁt@’eé'ﬁ{)l?%%llsﬁﬁ’ééb%ﬁ?POFlFFé‘ Ve BRicFe
canter density. nodul ation as a result of the phase-shifter 104

st ruct ur e. IrHEIng{he hasdmask laygh 132, i didectriglayenl Rapd the ssmispndussing layeo
nmin height, may confute the optical node vertically. This may

ensur e t hatl24-h&n gagird ynplafationel ehipe depratsagy becimehewduchothnt thi a-type
vertical pn junction portion 132. In addition, the horizontal pn
junction p#etanok?3rsay &a@r@bé@vwbﬁ pdypaniegiontlBe seqht thatad firsbpie junkidorc B30 a
change in the phase-shifter bias may sinmultaneously change the hole
concent r at ey badermedhia a disgstion substantially pradllell BPa aurthchof thecsappdrtidShypn
junctions, and may significantly inprove the nodul ati on efficiency.
WO 2010/ 15142 4RCTd 3620090 0BAGRN] 08D4hd B Brshibvs andieytéin sebsthntglyam
162 captured using 27 - | bits |ong pseudorandom bi nary sequence
(PRBS) at perpsndivalar rathe swfac? oSthEshspoatrpdayt 146.t I 342, wype diviziégion and

[ 0095] . The high speed performance of the nodul ator 102 nay be

eval uat ed pitypechinéc megiini doatadi idgplamiatibh Inayhe AR to 58 tHehi+Scontact 142
measur enent, the nodul ator 102 may be driven in single-ended node
(only one pidathe pshiohtaer 140, M G4, 8 h-tygdenddp-type dopaitamai By abevabial aiyeed
by conbining a DC bias voltage ( Vbhias = -1.5 V) with the AC RF drive
signal ( ViRipafix f2tivatibn/mdh) bé tiied b WFRGUR MO ThébVBimats | (RYFRatkibds: d58e-
The drive signal used may be |ower than the state of the art.

100961FI G °® asch tsabbite1 TRagueRth 8Y6! anNfteflhyed R 2dedbsiforo(IED) SnayHeO™M
series resistance extraction and capacl t ance neasurenents, It my be

deduced t h@&ﬁ%tb%@%@ﬁ@eﬁﬁ%lé@ﬁhl iy RRdEY thiPEely Shns %ﬁ@%f about 0.2
resistance in the | ow doped regions between the highly-doped contacts

and the pn,jupclyl o GRYY Grvd 3(?rélé&)iéa)lyaﬁgla{ehg-leta?tiﬂ%erc% | LA & rodes
(Canal ). [00971H gher speed performance nay be achieve y optim zing
t he dopi ng ' t (o LES1S 85 TE

my Do t vo payely' RoBEE Rl BPREAR &b e M ad AL Wil BFBTs.
reduce the L N . SilEgi i t..fhe.regj of
ont act  beraehAft ey B Ml Gadtilhad b bilobal b Bk St el Btafl v g
t he ot her r%%Xli%YcoQﬁec&so reduce the optical wavegui de 134 sl ab

resi stance Dy 1 ncreasing the doping concentration and reducing the

slab lengt Bosﬁ' abFIG. 4 shows a simulated net dopant profile 156 of a rib waveguide phase
shifting device 104 after dopant activation according to an embodiment.
[0090]  The net dopant profile within the rib waveguide phase-shifting device 104 or

phase-shifter after dopant activation may first be simulated using a Technology Computer
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[ 0098) H gher speed performance nay al so be achieved by reducing the
total capacitance. The total capacitance nmay be reduced by reducing
t he | engt hwofzstansixzlhase shifting device, taking advant agersG2adranz2s
hi gher efficiency. WD 2010/ 151224PCT/ S&009/ 000228 10099] Usi ng a
cut - back method, the normalized |oss in the phase-shifter 104 may be
extracted to be about | dB/trim This nmay be conparable or better
than that of other simlar depletion-node nodul ators. 100100] Wil e

rof or once. (o Spanit QCAT %%?@Yﬁ‘%hﬁﬁ%gﬁgﬁ%ﬁgﬁ*ﬁ% %?Eﬂ?‘%@%ﬁaﬂwh%s(gr
Ferenc | _ _ _
ade ¢her oPh Treissl etk AN eFelPOREy o, R0V Rl g b fon

i nvention as 1d

vt on RO bR RO el SRR B e

e O LD, SR PRSIy Akl Shabla g, 55

A phase Shi;zilgzieg.g 'gl?é/ idgs?fed Cd%g}a)t{ti ;?riotnllge: mgy Sstlflll) %gréaLi?yg acl:h?gv%& ;by tuning the jon
implantation conditions alone. Simulations for two different anneal conditions of about
950°C for about 15s and about 1030°C for about S5s may be performed. The simulated
dopant profiles for both conditions may be similar.
[6091] In FIG. 4, dopant activation may be performed at about 950°C for about 15s.
The simulated dopaht profile 156 may disclose the formation of two pn junctions 130,
132 with both vertically and horizontally-oriented portions within the rib portion 136 of
the optical waveguide 134.
[0092] FIG. 5A shows a plot 158 of power (a.u.) vs wavelength (nm) at OV and -2.5V
bias of an asymmgtric Mach-Zehnder Interferometric (MZI) modulator 102 with a 4-mm-
long phase shifting device i04 according to an embodiment and FIG. 5B shows a plot
160 of phase shift {degrees) vs voltage (V) at 2.5V bias of an asymmetric MZI modulator
102 with a 4-mm-long phase shifting device 104 according to an embodiment.
[0093) The output spectra of a modulator 102 with phase shifting device 104 or
phase-shifters of about 4 mm in length may be measured to obtain the relationship
between phase-shift and phase-shifter bias. The measurement setup may use an
Amplified Spontaneous Emission (ASE) light source. Light may be coupled into and out

of the optical waveguide 134 using single-mode lensed fibers. The output may then be

connected to an optical spectrum analyzer. The measured spectra for bias voltages of
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a sem conducting |ayer disposed above the supporting |ayer, the
sem conducting layer conprising : a first doped region doped with
dopi ng at owe 20fo/mif2ur st conductivity type and arranged pOTAEO®09/000228
supporting layer; and a second doped regi on doped with doping atons
of a second conductivity type being different ' fl-emthe first
conductivity type; wherein the second doped region is disposed over
and in direct contact wiwth the first doped region such that a first

doped, 59, S UBFL 89 AOOERA i o R0k Db HALEBMAR it pegpon-
o the sur Pact et AL Helsoirdghenins. e Mppitfhaledon iy Yoworee.
of claiml, erein the first oBed regi on_and t he second doped )
regi on for Tt gssentialla vrdyes e hols dengtty and may capseraSogsneading ghagge in
claim 2, ereln the_optical wavegui de conprises a rib portion and a
sl ab port mﬁ,ege%"wﬁa Ft%i“%’ﬁ' érﬁﬁ%bﬁ‘é Cé%n?%}mbhe a%lféﬂ%g@ﬂwﬁi@m@enion
such that an optical node is substantially confined within the rib
portion of 1t Werg g ie dhe wavalenstiyehift agd FAR ivhe Frien Socotisl Renaepfdhe Mach-of
any one of clains Ito 3, wherein the first doped region conprises a
ri b porti ofchndpaiatefferomaispi ng at ons of the first conductivity type
and a slab portion doped with doping atons of the first conductivity

t , 2mAA

The phase-shift at different bias voltages may be extracted using equation 1 and may be
plotted in FIG. 5B. At a bias of -2.5 V, the calculated A¢ may be about 100°, This may
comrespond to a normalized phase-shift of about 25°/mm. This may be different from the
state of the art depletion mode modulators which solely employ either lateral or vertical
p-n junctions and typically achieve about 11°/mm at the same bias voltage. The
improved performance may be attributed to the increased overlap between the optical
mode and the region of carrier density modulation as a result of the phase-shifter 104
structure. The thin SOI rib portion 136, which may be only about 220 nm in height, may
confine the optical mode vertically. This may ensure that the peak of the optical modc‘
may be located near the vertical pn junction portion 132. In addition, the horizontal pn
junction portion 130 may also overlap with the optical mode. Hence, a change in the
phase-shifter bias may simultaneously change the hole concentration near the respective
vertical 132 and horizontal 130 pn junctions, and may significantly improve the

modulation efficiency.
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5. The phase shifting device of any one of clains | to 4, wherein the
second doped region conprises a rib portion doped with doping atons
of the secwondoomsdizeti vity type and a sl ab portion dopepcwstGivogiopeazg
atons of' the second conductivity type. 6. The phase shifting device
of clainms 4 and 5, wherein the rib portion doped with dopi ng atons of
the first conductivity type and the rib portion doped with doping
atons of the second conductivity type formthe rib portion of the

tical i d T Lt dewi ' 4 . 9D,
CRLICel oM, Serid. o TS8R hE bt IR SRRly SH'T, 220 B o
ductivit . th |.ab ' d i t ' t Or f
the secondr S8R P TyRudes BRERLCr SBRRY ket 5T ReSheie
wavegui de. 8. The phase shifting device of any one of clains Ito 7,
wherein th nducting | ayer further conprises a first ohmc
ey

contact B o b S bk RE I e Ak

shifting dgy\éiliﬁg digfgragln¥62021%a§1£cr§e!,n%i rIT’I(;)r %hig (r)negéurezrgenﬁ\r{gen gl%%ulggﬁeito.? may be
driven in single-ended mode (only one phase-shifter arm driven). The drive signal may be
obtained by combining a DC bias voltage (Fiias = -1.5 V) with the AC RF drive signal
(VrFpp= 2.7 V) from the modulator driver using a bias tee. The drive signal used may be
lower than the state of the art.
[0096] FIG. 6 shows the measured eyeline diagram 162 at 2.5 Gb/s. From series
resistance extraction and capacitance measurements, it may be deduced that the
bandwidth may be limited by the high series resistance in the low-doped regions between
the highly-doped contacts and the pn junction (BW o (27RC)™") and the total capacitance
(Ca). |
[0097] Higher speed pefformance may be achieved by optimizing the doping design
to reduce the parasitic series resistance. There may be two ways to reduce the series
resistance. One way may be to reduce the contact resistance by Ni silicidation at the .
region of contact between the metal electrode and the ohmic contact regions and the other
way may be to reduce the optical waveguide 134 slab resistance by increasing the doping
concentration and reducing the slab length I,
[0098] Higher speed performance may also be achieved by reducing the total

capacitance. The total capacitance may be reduced by reducing the length of the phase

shifting device, taking advantage of the higher efficiency.
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1PEA/ AU wherein the sem conducting |ayer further conprises a second
ohm ¢ contact region of the second conductivity type positioned

adj acent awd 2on/Bkeetrical contact with the second dopegcr/egro09900228
10. The phase shifting device of any one of clains 1 to 9, wherein
t he supporting layer is an insulating layer. Il1. The phase shifting
device of any one of clains 1 to 10, wherein the supporting |ayer
conprises silicon oxide, a buried oxide, silicon nitride or silicon
carbide. Lioode RAARS GRbLA! AL U BAhiAR O NP bhdch 3B 1d49ndy be
wher ei n the seni condUcting layer conprises silicon, polysilicon,

gal l'ium ar Lde, r i Il -germanium. .13 .The phase
shifting d%@ﬁ%@gé?ggﬁgaghgggf C]éﬁﬁ%“%$§%qfﬁ?m?ﬁ?{ﬁéFg &Eﬁ}ﬁﬁfﬂ%ogm'

further sem ¢gonducting |ayer erein the supporting |ayer is
di sposed oVéf %@ﬁ%ﬁP%%@F%ggﬁkcﬁﬁducting | ayer. 14. The phase

shifting dgyl of.,.cl]ajm 13, .wherein the fyrther sen copnductjng | ayer
conpri ses @w&ﬁo n,kwﬂt‘fltbesinlvf”g@ﬁ, a@ﬁ‘fcl“ipﬁﬁ’lc *"’gé R (28 a’@%ml’: W}‘d‘ reference
silicon- get[;)rrs?ngéigg] embodiments, it should be understood by those skilled in the art that various

=1

changes in form and detail may be made therein without departing from the spirit and
scope of the invention as defined by the appended claims. The scope of the invention is
thus indicated by the appended claims and all changes which come within the meaning

and range of equivalency of the claims are therefore intended to be embraced.
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15. The phase shifting device of claim13 or 14, wherein thRCT/SG2009/000228
sem conducting layer, the supporting |ayer and the furthdhmened24hmuch2011
sem conducting |l ayer conprises a silicon-on-insulator |ayer.

structure. 27 Arended Sheet | PEA/AU 16. The phase shifting device of

any one of clainms 8 to 15, wherein the first ohm c contact region of

‘the first conductivity type conprises a doping concentration higher

t han the dopi ng concentration of the&laimst doped region. =~ 17. The

phase shu&ﬁ&q&dgnyhce of any one of clains 9 to 15, wherein'the

second ohm'C ‘régron of the second conductivity type ‘conprises a

dopi ng concentratlon hi gher- than the doping concentration of the
- second dopelt ﬁe@qa@rﬁmmmmcmmgsm fting device of any one of

claine 1 to 17,

a supporting layer; -

a_semidcgnducting layer disposed above the supportizig layer, the semiconducting layer

comprising :

a first doped region doped with doping atoms of a first condﬁcrivity type and arranged on the

supporting layer; and

\ a second doped reglon doped with doping atoms of a second conductivity type being different
" - from the first conducnwty type;

wherein the second doped region is disposed over and in direct contact with the first dop ad
rchon such that a first dopcd regions junction is formed in a direction substantially parallel to a
surface of the suppornng layer and a second doped regions junction is formed in a direstion
gubstanua][y petpendicular to the surface of the supporting layer,

2. The phbase shifting device of claim 1,
wherein the first doped region and the second doped region form an optical waveguidé.

.3, The phase shifting device of claim 2,

wherem the optlcal waveguide comptises a 1ib pomon and a slab portion, the 1ib portion and the
slab’ portmn are configured such that an optical mode is substaut:ally coaﬁnad within the rib

portion of the optical waveguide,
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‘wherein the first .doped regi on has a doping concentration oPCHISER008/000228
X 1016 cm3 to 5 x 1018 19. The phase shifting device of Rengived@4 March 2011
clains 1 to 18, wherein the second doped regi on has a doping

concentration of about 5 x 1016 -a Cm 20. The phase shifting
device of any one of clainms Ito 19, wherein the first- conductivity
type is a p-type. 21. - The phase shifting device of any one of

clains 1 to 20, wherein the second conductivity type is an n-type.

22. The phase Tafplakd ififiedevize oDiny@dAY ofyMBm®i 1 @i M6 Ito 21, wherein
the first doped regions junction conprises a pn juncti on. 28 23. -
The phase shifting device of any one of clains Ito 22, wherein the

sec ﬁ ng d ]Eﬂiscblrr ibgfiondoped rugtonmm?mmam 1l Ptich clbilﬁd WHAEAd ﬁﬂ% atoms o the flist
.nmethod o t vice, the nmprising :
forning. a co%%%ﬁ’:]g ndu ca?F ﬁgﬁl’ By er %Qgg Fﬂéd@ﬂfﬁd‘ | Eg‘elﬁéﬁféi’“d“““"“y type.

5. The phas; shifting device of any one of claims 1 to 4,

' wherein the second doped region comprises a rib portion doped with doping atoms of the seeand

conducnvlty type and a slab portxon doped with doping atoms of the second conductivity type

L ( 6 The phase shifting device of claims 4 and 5,
wherein the rib portion doped with doping atoms of the first conductivity type énd the rib portion
doped with doping atoms of the second conductivity typc form the rib pomon of the optical
waveguide.

7. The phase shifting device of ¢laims 4 and 5,

wherein the slab portion doped with doping atoms of the first condﬁctivity type and the slab

. portion doped with dopmg atoms of the second conductivity type fonn the slab portion of the
optical waveguide.

‘8. Theg phase ghifting device of any one of claims 1 to 7,

wherein the sei’nicéndupting layer further comprises a first ohunic contact region of the first.
cc_mductivity type posiﬁoned adjacent and in electrical contact with the first doped region,

9. The phase shifting device of any one of ¢Jaims 1 1o 8,
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forming a first doped region on-the supporting |ayer by dofClgSGR@09/000228
sem conducting | ayer with doping atons of a first conducReacited Xyerch 2011
form ng a second doped regi-on by doping the senm-conducting | ayer with
~dopi ng atons of a second conductivity type being different fromthe

first conductivity type; and forrri ng t he- second doped regi on over and

in direct ntact wt theflr region sych that a first doped
regi ons j‘ivj]rg]eg ulggi]ﬁ NS rgl?'l?ﬂ?& gy %EH‘TSBW SRS ORRNG Gomfagt rpgionof ted seeanda
surface afonﬂttwvwmmzrdsmngadl adjpent @iddn dedLRDah-AORRE e @&b@d‘éoph&'f&ﬁioh on
is formed in a direction substantially perpendicular to the surface

of the supporting layer. - 25. The nethod of claim 24, wherein
forning t hel® Thephagoihifting dayicenf amydnt dfzldes brdd,doped regi on conpri ses
form ng an optical waveguide. - 26. The nethod of claim25, wherein

form ng the optical waveguide conprises fornming a.rib portion and a
sl ab por tYHSFFIn PREPPPRng yerive: imsrtiogleysl ab portion are configured
such that . an optl cal m)de i's substantl ally confined within the rib

“portion of. %lh tIC (y % .- 29 27. The nethod of any one of
clains 24 t ase shifling device o an}'oncofclaunsltol{) -

“wherein the supporting layer compnses silicon oxlde, a buncd oxide, silicon mtnde or silicon

carbide,
12. The phase shjfting device of any oné_of claims 1 to 11, |

wherein the, semaconductmg layer comprises sﬂmon, polyszhcon ga]lmm arsamdc, germanium,
sﬂmon-gennamum

13. The phase shifting' device of any one of ¢laims 1 10 12,

further comprising a further semwonductmg layer, wherem the supportmg layer is dxspused over
the forther semaonductmg layer, '

- 14. The phase s];iﬂing device of claim 13,

K _ ~ wherejn the further semiconducting ]ayer comptises silicon, polysﬂ]con gallium arsenide,
germanium, sﬂxcomgennnnmn . :

* 15, The phase shlﬂmg dcT;ricc_ of claim 13 or 14,

whersin the semiconducting layer, the supportlng layer and the ﬁlrther sc:mconductmg layer -

comprises a s:hcomon-msulator layer strueture,
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wherein formng the first doped region conprises formng al;g;ysezoowooozzs
portion doped with doping atons of the first conducti vityeesiyed 2hilagch 2011
sl ab portion doped with doping atons of the first conductivity type.

28. The nethod of any one of clains 24 to 27, wherein forming the

second doped region conprises formng a rib portion doped wth doping
atons of the second conductivity type and a 'stab portion doped with

~dopi ng atons of the second conductivity type. 29. The net hod of

cl ai ms <27 ah® Thg phask shifling désdrerif my dnkef elkimsas ($,0n doped with doping

atons of the first conductivity type and.the rib portion doped with

dopi ng atoms of the second ceonductivity type conprises formng the

rib portiGHFrER thedest shmicoantacimagingof the first coBetiviteyprechmtkeod dephrai M5 27

and 28, vdaaédtriidnQigheP@ard ; i t h_dopi ng atons of

the first conducti vél_ﬁiey ty'!ggd?h'%qt"ﬁ%%sﬁﬂ°gg‘??‘?%§6p&§5¢ i th dopi ng

atons of the second conductivity type conprises formng the slab

portion of th&heptiseifimpiRdHofifhy one oBdaimd BG (8t hod of any one of

claims 24 to 30, further conprising formng a first ohnmic contact -

region of- the first conductivity type adjacent and in electrical

contact Wheteit the sdopmdsehntlo prglin hEQE Sotoil/cod BNy fhEeo@R&ANMNGE T NY
| ayer Wi thnsoRiidd nthe Banlhe dd3fhe bhiR BN TG Lot Vo U Shton o 00

~Sheet”
{ ( ' 18. The phase shifting device of any one of claims 1 to 17,
wherein the first doped region has a doping concentration of about 5 x 106 ™ to 5x 108 em, -

19, The phase shifting device of any one of claims 1 to 18,

wherein the second doped region has a doping concentration of about 5 x 10’ cm” to 5 x 10'¥

o™,

20. The phase shifting _dcvic.c of any one of claims ll to 19,
whe;eiu the first éondugﬁvi'ty type is a p-type. |
E _: 21. The phase shifting device of any one of elaims 1 0 20,
wherein the second conduetivity type is sn n-type.
22, The phase shxfuug g:levicé of any one of claims 1 to  21,
wherein the ﬁrs‘t doped regions jun'ction comprises & pn junction.
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IPEA/AU 32, The method of any one of claims 24 to 31, fuPFhE¥G2009/000228

“conprising forning a second ohmic contact region of the s&§Hgd 24 March 2011

EaN

conductivity type adjacent and in electrical contact with the second
doped regi on by doping the sem conducting |ayer with doping atons of
t he second conductivity type. 33. The nethod of any one of clains
24 to 32, wherein the supporting layer is an insulating l'ayer.  34.
The nmethod of _any one of clainms 24th 33, wherein the supporting |ayer
conpri ses. st1-it@eRNARP ehafting deyineiof anvour aiclain E ke nitride or silicon

.car bi de: 35. The Method of any one of clainms 24 to 34, wherein the

seni conducting |l ayer conprises, silicon, polysilicon, gallium
ar seni de,‘glbcéﬁ”ﬁﬁ‘ﬁf%}ﬂd‘gqu?@ﬁ??@%l%“aﬁmnses%J“ﬁqﬁen-rret hod of any one

of claims 24 to 35, further conprising formng the supporting |ayer

over a further, ducting |layer. . 37. The method of claim 36,
wher ei n theﬁlgf}r %erdc(’ggo "é%aG%Eieisﬁ%’qgé&"/‘ch’E,}iﬁr%ﬂ?"gégmg’ﬂ?“?&:’on,
polysilicon, gallium arsenide, germanium silicon-gernmanium

forming a semiconducting layer above a supporting layer: ‘

 forming a first doped region on the supporting layer by doping the semicdﬁducting layer with
doping atoms of a first conductivity type;- B '

Pt

forming a second doped region by doping the semiconducﬁng—layer with doping atoms of a

second conductivity type being different from the first conducﬁviiy type; and

forming the second doped region over and in direct contact with the ficst doped region such that
a first doped regions junction is formed in a dircction substantially parallel to a surface of the
supporting layer and a second doped regions junction is formed in a direction substantially

perpendicular to the surface of the supporting layer,
25. The method of claim 24,

wherein forming the first doped region and the second doped region comprises forming an
optical waveguide, ' '

26. The method of ¢laim 25,

) thrain_fdﬁning the optical wavegnide comprises forming a,rib portion and z slab portion, the
rib portion and the slab portion are configured such that an optical mode is suEstanﬁally confined

within the rib portion of the optical waveguide.
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38. The method of cl ai m 56 or 37, 31 wherein forni ng the PCT/5G2009/000228
sem conducting |ayer, the supporting |ayer and the f ur t hdeceived 24 March 2011
sem conductiing | ayer conprises formng a silicon-on-insulator |ayer
structure. 39. The nethod of any one of claims 31 to 38, wherein
formng the first ohmc contact region of the first conductivity type
conprises forming the first ohmic contact region with a doping

concentrati h an t he ng concentration of the first doped
regi on. gg ﬂf%] %lr?gt ?)‘H'(’(I}‘F"%ﬁ?@m %‘g“’@ﬁ clainms 32 to 38, wherein
form ng the second ohnic region of the second conductivity type
conpri sesyfaLmeig: :%EQE ond. ahm ¢ contact regi on with a doping
concentration higher i lgt&%’ %ere‘ﬂ?)lb‘foﬁﬁmﬁ‘?ﬂmgraa? pRytiosy dopebwitledaping atorms
doped r ecfdhe frgy GODMQEVIWHHWGM oflaaporianidped with ddpiss 22 o7 ek Qirst ‘é@:?d%gli%
the firstygloped region has a doping concentration of about 5

cnf8 to 5-x 1018 cmt. 42. The method of any one.of clains 24 to 41,
wherei n the second doped regi on has a dopi ng concentration of. out 5 X

1016 ci nat 025':{1%; Heth8d of any one of ¢claims 24 to 27,

wherein forming the second doped region comprises f‘orrhjng a rib portion doped with doping
atoms of the second conductivity type and a slab portion doped with doping atomns of the second
conducnwty typs.

29, 'I'he_ method of claims 27 and 28,

“wherein forming the rib pomon doped with dopmg atoms.of the first conductivity type and the .

rib portion doped with dcpmg atoms of the second conductivity type comprises forming the rib
portion of the optical waveguide,

30. The method of claims 27 and 28,

wherein forming the slab portion doped with doping atoms of thie first conductivity type and the
slab portion dopéd with doping atoms of the secand conductivity type compnscs fonmng the
slab portion of the optical waveguide.

RN

31. The method of any one of claims 24 o 30,

“further comprising forming a first chinic contact region of the first conductivify type adjacent
and in electrical contact with the first doped region by doping the semiconducting lnyer wlth
‘ dopmg atoms of the first conducnwty type. )
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' 43, The nmethod of any one of clainms 24 to 42, wher ePFT{§&2009/000228

M .
first conductivity type is a p-type. 44. The method of Reggived 34 Mdrch 2011

claims 24 to 43, wherein the second conductivity type is an n-type.
32 Anended Sheet | PEA/ AU c. PCT/ SG2009/ 000228 Recei ved 24 March
2011 45, The nethod of any one of clainms 24 to 44, wherein the first

doped regi @2sThennehbDdr 60 6H df $REnsD4RY31,UNCLion. 46. The method of any
one of clains 24 to 45, :

further comprising forming a secand ohmic contact region of the second conductmty type
adjacent and in electrical contact with the second doped region by doping the semmonductmg
]ayer with doping atoms of the second conductivity type,

33, The method of any one of claims 24 to 32,
wherein the supporting layer is an insulating Jayer.

34. The method of any one of claims 24.t0 33,

wherein the supporting layer comprises silicon oxide, a buried oxide, silicon nitride or silicon

carbide,
35. The methpd of any one of claims 24 to 34,

whereln the semlcanductmg layer compnses silicon, polysilicon, gallium zu-semdc germanium

stlicon-germanjum, -
36. The method of aﬁy one of claims 24 to 35,
further coq:pﬁsing forming the supporting layer over a further semiconducting layer. ‘

37. The method of claim 36,

ST

wherein the further semiconducting Iayer comprises silicon, polysilicon, galhum arsenide,

. germanjum, s:hcon-gmnamum

38. The method of claim 36 or 37,

K}
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wherein the second doped régi ons junction conprises a pn_j ubleTiS§i2009/000228
47. An el ectro-optic device conprising: an optical sourcé&F@Wed24hmﬂch2011
provi ding an optical signal; a splitter for splitting the optical

signal into a first optical signal and a second optical signal; a

phase shifting device of any one of clains 1 to 23 for receiving the

first optvwiesdin ﬁr@mgm@eﬂzcaﬁd&m@umr &esh 5@&@@&? é}demj% ctm
si gnal ; ngurthe.r%sptBase S hftl ng dévice for cel Vi ng e "§eco g

optical SPEhEIMEERE HrH0s yFHepaondpsuisig layssmetisdul at ed optical si gnal :
and a' conbi ner for conbining the first phase nodul ated opti cal S|gnal

and the secsgn?i Qﬁgﬁgd@agyh%&gkgﬁgﬁ%h%m gnal to produce a resultant

optical signa erein _ se shifting device conprises a
| ength | onger than the phase shifting device. 48.. The el eciro-optio

devi ce Ofwhglef] Bkfids (MBES he |fILn devi ce

conpri ses _a conflgurat 5n hé&§%%§¥%§°§ﬁ8%%§8§gugﬁﬁ¥ A §oBPrLPmaing

any one’ e st ohmie cpnigef fﬂﬂ WigBa doping concentration higher than the doping concentmnon :
of the first doped region. :

40. The meth_od of any one of claims 32 to 38,

(':' ( ' wherein funning the second ohmic ngiOn of the second conductivity type comprises fo;mmg the -

second ohmic contact region thh a doping concentmuon higher than the doping concentration of
the second doped region, .

41, The method of any ane of claims 24 to 40, |
wherein the first doped region has & doping concentration of about § x 10" cm™ to 5 x 10%% e,
" 42. The method of any one of claims 24 1o 41,

wherein the second doped region has a doping concentration of _iabouf 5% 108 con?t0 5 1018

em®,

—

- 43 The method of any one of cleims 24 to'42;
whergin the ﬁ;st dondueﬁxdty type is a p-type.

. 44 The method of any one Qf claims 24 to 43,
wherein the second conduetivity type is an n-{ype.
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45, Tﬁc -n‘1ethod of an? one of ciaims 24 to 4'4,.
wherein the ﬁrst_dﬁped regic‘ms Jjunction cam_j:xiscs‘a pn jﬁnction.
| 4}6. Tﬁe method of an:y one of claims 24 to 45, |
wheréin' the second doped regions junction comprises apn junction.
47. An.e]etj.tro-optic device comprising:

an optical source for providing an optical signal;

a splitter for splitting the optical signal into a first optical signal and a second optical signal;

aphase shxftmg device of any one of claims 1 to 23 for receiving the first optical signal and
provxdmg a first phass modulated optical s1gnal '

- a further phase shifting device for receiving the second optical signal and providing a second

phase modulated optical signal; and

a combmer for combmmg the ﬁrst phase modulated opncal signal and thc second phase

modulated optical signal:to produce a resultant optical 51gnal‘

" wherein the further phase shifting device comprises a length longer than the phase shifting

dcwce
48. The electro-optic dcvice'o_f' claim 47,

wherein the further phase slnfting device compnscs 2 conﬁgu.ratlon the same as the phase
sh:fnng device of any one of clmms 1t023.
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