A PHASE SHI FTI NG DEVI CE AND A METHOD FOR MANUFACTURI NG THE SAME Techni ca
Field [0001] Enbodi nents relate to a phase shifting device and a net hod of
manuf act wongiwise2sane. Background [ 0002] Long- haul fi becTsermenneasi ons
have provi ded hi gh speed connectivity over |ong distances. The high

per for mance optoel ectroni c conponents, which are essential for such
applications, are capable of speeds up to 40 Gbops and beyond. By enpl oyi ng
wavel ength division multiplexing, terascale data rates can be attained.
Currently, the majority of these high perfornmance optoel ectronic conponents
utilize high cost materials such as I11-V sem conductors and |ithium

ni obate, which have intrinsic nmaterial properties that may be suitable for
phot oni csA PEHASESSHFFING BPEYd GEsADD A METHOD FORMANEFAIISREG THE
integration may limt the feasibility of adoption for short reach
applications. [0003] Silicon Photoni SAMEfers a cost advantage, due to | ow
mat eri al costs and high volunme manufacturability. Further, there is a
potential for nonolithic integration of photonic conponents with silicon
Conmpl enent ary net al - oxi de- sem conductor (CMOS) on a single chip. Silicon
photonic nodul ators are vital conyeasiiéal Fi@4q the realization of silicon
phot oni ¢ transceivers Currently, “siTtTcon photonic nodul ators based on

freecarri gpofli s pﬁgﬁoﬁ?néﬁ%cﬁéi’a‘% £ PRNESHRRY EHIPAR & Heffld WrhiindAbAring

transm ssi on speedas

the same.

Background

[0002] Long-haul fiber communications have provided high speed connectivity over

long distances. The high performance optoelectronic components, which are essential for

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

wavelength division multiplexing, terascale data rates can be attained. Currently, 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 advantage, 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



up to 40 Go/s. The fastest of these nodul ators nmake use of carrier density
nodul ation in a pn junction located in the wavegui de phase-shifter. The pn
junction We 20evisi2e- bi ased to operate in carrier depl et iPOm/SGRE®D/000228

nodul ator with such a wavegui de phase-shifter nay possess good hi gh speed
scalability due to the | ow capacitance and ease of integration with

travel ing wave netal el ectrodes. However, a |likely effect associated with
such nodul ator structures may be such that the phase shifters tend to be

| onger due to éhe weak overla bet ween the opji Cﬁ node and, t he regl on of
modul at ed AR figheryh BeelR m%gezﬂ beghleanoatiEated With dafedragsmissign Sseds ot
alternative phase-shifter or hase shifting device which may provide an

i ncr easeduteetd Gb/shdhobastest ofd Wmmlat%@@iaﬁﬁe efraries gepsityonodubationan ed
carrier density with a conparable | ength. Summary [0005] In various

enbodi nena gy juacidraloeatedinfthe mgvemndachanashifier. [Jihe pn gadtiol sarepdisesisiaseditd t i ng
device may include a supporting |layer and a sem conducting | ayer di sposed
above t heoperpr damy deplgdon mbe Aenddudnciueith nghlaayaeguidy phaselshifter maf i r st
doped regi on doped with doping atons of a first conductivity type and

arranged gy3sdsh@osd! BB dpedtl) sdabibflity dedo aheS RO Bpacieddeél ah® gheofdnReftivh t h
dopi ng atonms of a second conductivity type being different fromthe first

conduct i Vi ta¥Bfhg %’Q@Jﬁie&ltéi&n%ﬁéson‘ﬂlo%i?&d al 18P BefERVasR i A S RAR S cpver the
first doped regi on such that a first doped regions junction nmay be forned

in a direghy | g i PpQr L | | ayer
and a se?gédﬁgop%gl on% %uﬁ%’?llatglﬁt r?ﬁ;t})?%& ﬁgﬁg?%ﬂ% begﬁ % ‘R‘% tB the
substanti al | akovRfl p0€ rt]quéé: l’ﬁxe optical mode and the region of modulated carrier density.

[0004] Therefore, there is a need for an alternative phase-shifter or phase shifting

device which may provide an increased overlap between the optical mode and the region

of modulated carrier density with a comparable length.

Summary

[0005] In various embodiments, a phase shifting device may be provided. The phase
shifting device may includé 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.



to the surface of the supporting |ayer.Brief Description of the Draw ngs

[0006] In the draw ngs, |ike reference characters generally refer to the
sanme partwothroosgizaut the different views. The draw ngsParscaaw/oneegssarily
to scal e, enphasis instead generally being placed upon illustrating the

principles of various enbodi nents hi the follow ng description, various
enbodi nents of the invention are described with reference to the foll ow ng
drawi ngs, in which: FIG |A shows a schematic view of an electro-optic
devi ce including a phase shifting device according to an enbodi ment; FIG

| B shows a cross-sectional view of the phase shifting device taken al ong
line A-A of FIG IA according to an enbodiment; FIGS. 2A to 2E show
cross-sectional views il us2ReDesgription ohthe Drawingsr nj ng a phase shifting
devi ce according to an enbodinent; FIG 3 show a flow diagramillustrating
a met hod 0806k or dn thy drapingse likeir¢feicper elearacters genwsaldl redert @ tha sembautteent ;
FIG 4 shows a sinulated net dopant profile of a rib wavegui de phase

shi fti ng teomigheutahe ehiffeteptaviewact Theadiawings caro moi mgeessaridyn tee stabeli emphiasis F| G 5A
shows a plot of power (a.u.) vs wavelength (run) at OV and -2.5V bias of an
asynmet r i instbid penéedilydsiting plaesd eponnitiustrating Vi prinaiples af odriows tefnbadinenms: | ong
phase shifting device according to an enbodi nent; FIG 5B shows a pl ot of

phase shifnt thé fol¥swing|dea@ptio) vaous 2mbYdidieats &f thainasybNald ddschliad wiilul at or
with a 4-mm | ong phase shifting device according to an enbodi nent;

reference to the following drawings, in which:

FIG. 1A shows a schematic view of an electro-optic device including a phase
shifting device according to an embodiment; FIG. 1B shows a cross-sectional view of the
phase shifting device taken along line A-A of FIG. 1A according to an embodiment;

FIGS. 2A to 2E show cross-sectional views illustrating a method for forming 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 simﬁlated 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 0V 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 pseudorandom

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



FIG 6 shows an eyeline diagramcaptured using 27 - 1 bits |ong

pseudor andom bi nary sequence (PRBS) at a synbol rate of 2.5 Gb/s according
to an enbwoizoevtsiDescri pti on [0007] The foll ow ng det ai Pet/SGea®rnbERs on
refers to the acconpanying draw ngs that show, by way of illustration,
specific details and enbodi nents in which the invention nmay be practiced.
These enbodi nents are described in sufficient detail to enable those
skilled in the art to practice the invention. O her enbodi nents may be
utilized and structural, logical, and electrical changes nmay be nade

wi t hout departing fromthe scope of the invention. The various enbodi ments
are not necessarily nutually excluslve“ as sone enbodi nents can be conbi ned
wi th one or nore other enbodinments new enbodi nents. [0008] The word
"exenpl ar S us$géh rein to nean "serving as an exanple, instance, or

i |l ustrat Y%PHVI. Ark gistailsd dgrcsiphon sriere 1o Hisropempanyingsdrapingsshair y» i s

not necessarily to be construed as preferred or advantageous over other
enbodi menttovebydeay ghdlusiratien speqifis; deteids end piobeliments in arhidi thetinventipni c
device or a silicon optical nodul ator including a phase shifting device may
be provi dedy baiprachcedayThash zmbediieasears liescribed) iefufficierenizyail tbhepabledhdsat or may
provide for a reduction in size and a rel axation of driver . requirenents.
[ 0010] | nskilked muthe edrbad praetite tlanin@kdtidnl 0 Other ietnbd@imied® mag|Heditiled aphase
shifting device may be provided, which may allow an enhancenent of the
nmodul at i ogingReAdloBial, and electrical changes may be made without departing from the scope

of the invention. The various embodiments are not necessarily mutually exclusive, as

some embodiments can be combined with one or more other embodiments to form new

embodiments.

[0008] 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.

[0011] An embodiment provides a phase shifting device. The device may include a

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



optim zing the doping design to reduce parasitic series resistance. [0011]
An enbodi nent provides a phase shifting device. The device nmay include a
supporti nyolawersiezad a seni conducting | ayer di sposed ab®¢@/SGhe@voEpsrti ng

| ayer. Thesem conducting |layer may include a first doped region doped with
doping atons of a first conductivity type and arranged on the supporting

| ayer; and a second doped regi on doped with doping atons of a second
conductivity type being different fromthe first conductivity type; wherein

t he secon e . i S ver th LI d regign_such
that o 11 Fenea e Plaat SR inehaf h R B Blog ddfed Vit HoP B §Re T
substanti al | arallel to a surfgce of the suppostin er, and second
doped r eorateRifidroind dyest b HicubrorttE HHoRt] rrecuhGirat rotaen goved

per pendi cul ar .tq the surface of the supporting |ayer, The first doped

regi on rra?"tged"a"“bg tajo7Bs (afge o¥fcant corductivityniaredisaie ddfran e B¢ &tnt ype
region. [0012] In an enbodiment, the first doped region and the second
doped r egfuueHKityftEPGnvVEITeI thesarontpped ragion thaousadisposedipves sofitishdaped t he
optical waveguide may include a rib portion and a slab portion. [0014] In
an enbodi regivn,suvh that a first dopédoregions jutiod miajp de dptried ah a avaopni sdistarttially n- t ype
regi on may be di sposed over the p-type region such that the n-type region
may be Lspagitd ta@nduifive di-thy apporiigdayeiaynd heedond idapgl giohafmetiet may be
squar e- shaped. [0015] In an enbodi nent, the first doped regi on may include

a rib porfor@ed 4oR re¥idnhsubsdRMRAIROpeRp MUl té AR fukfasd oLMBAUFEIiAd Yayby PE and
a slab portion doped with doping atons of
The first doped region 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 embodiment, within the rib portion of the optical waveguide, the n-type
region may be disposed over 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.



the first conductivity type. [0016] hi an enbodi nent, the second doped
region may include a rib portion doped with doping atons of the second
conduct i woyotyise2and a sl ab portion doped with dopi ng aComss2af/0062e8 second
conductivity type.[0017] In an enbodinment, the rib portion doped with
doping atons of the first conductivity type and the ri-b portion doped with
dopi ng atons of the second conductivity type may formthe rib portion of
the optical waveguide. [0018] In an enbodi nent, the slab portion doped with

dopi ng at f the first,conductivity type and the slab porti.o ed with
dopi ng atﬁﬁ§7gf Hﬂémk8@%%8"?8%3%%5*%P%@ogfggmﬂﬁvh¥EPWWEHQQET86tgﬁgggon of
the opti cal mavegyide&FL£01%] hi a enb%ginent, the sem conducting_ | ayer
may furt hEPGURRYIHEPSand the fibgoriqn doprd wath dopwe gtprasy ofithesecondsgondudtiyifyt i vi t y
type positioned adjacent and in electrical contact with the first doped
regi on. Th@cmaydprny heir rastiemet the eplicshwaesguisls: t er med t he p+ contact. [0020]
hi an enbodi nent, the sem conducting |layer may further include a second
ohm ¢ con{®d8] r edn om ehbadimente thmdlab grodunnt depedywitly glopingsitome € dhadirsic ent
and in electrical contact with the second doped region. The second ohm c

cont act regidactivigy type bmd nhel dldte portichodbpal .wifhl0W@dping | stoms efMtiadisegnt, t he
supporting |layer may be an insulating layer or a dielectric layer. [0022]

hi an embestidiedtisy t YRR thé Bigb gaw@h offBi¢ dpliEdlWikSeghidd. | | con oxide (Si ),
a buried oxide, silicon nitride (Si N) or silicon carbide (S C).
[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 embodiment, 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 nt+ 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 (Si3Ny) 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.



[0023] In an enbodi ment, the sem conducting |ayer may include silicon (Si),
polysilicon (poly-Si), gallium arsenide (GAs), germanium (CGe),

sil i con- geomamysm24Si Ge) . The sem conducting | ayer nmay PoEISGde9any229t her

sui tabl e sem conductor materials.[0024] In an enbodi nent, the phase
shifting device may further include a further sem conducting |ayer, wherein
the supporting |layer may be di sposed over the further sem conducting |ayer.
[0025] In an enbodi ment, the further sem conducting |ayer may further

i ncl ude S ol y-Si, As, Ce, SiGe. The. further seniconducting |ayer may
i ncl ude atﬂi’zgl heM™ i %m@%ﬁ%ﬂ%a%ﬁ@ﬁ%é%eam@y PHRFIRdRR further

sem conducting | ayer may be the sane or different fromthe sem conducting
| ayer. [OfasFondycting layplhavhasein the sepposine: berumey by disppsed oveyethe fpthert i ng

| ayer and the further sem conducting |ayer may include a

si |'i con- oseniipendueting’laye®0l ) | ayer structure. [0027] In an enbodi nent, the

sem conducting layer may include a thickness in the range of about 100 nm

to 300 nnj002Sy. d&bantenibdinmmt, theduither tsk@icosdurckiag tajec dagfutthareincladey/ Si, ncl ude
a thickness in the range of about 100 nmto 300 nm e.g. about 220 nm The

further sgdali-GONCGUALI GE Bie! THeYfubBerOfentibéhduatily Riyedirafchelale bhy Gpess from
the sem conducting | ayer. The supporting |ayer may include a thickness in

the rangegphbRReMicokdiBMdr BatdRalsMIhe fisttheR BQHordudiig 10048y bOtRNmERPdI ment
the first ohmc contact region of the first conduc%lwty type may include a

dopi ng cogeenif Ab LR @nﬂ@cﬁ{du&tﬁﬂ‘la&é}? dopi ng concentration of the first

[0026] In an embodiment, the semiconducting layer, the supporting layer and the
further semiconducting layer may include a silicon-on-insulator (SOI) layer structure.
[0027) In an embodiment, the 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 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. The supporting layer may include a thickness in the range of
about 1 ym to 10 pm, e.g. abbut 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 ohmic 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



doped region. The first ohm c contact region may include a doping
concentration of about 5 x 10 19 cm3 to 5 x 1020 cm 3 . [0029] In an
enbodi mrerwg 20tee1ssegeond ohnic regi on of the second condu@CirsiG2g09t09¢ees may

i ncl ude a dopi ng concentration higher than the doping concentration of the
second doped region. The second ohm c contact region may include a doping
concentration of about 5 x 10 19 cm3 to 5 x 1020 cm 3 . The dopi ng
concentration of the second ohm ccontact region may be the sane or
different fromthe do Hpg concentr %iondpf tFe fi.rst ohnic.coqtgct region
[0030] | nSYAch MRS MENbe i samme oL dikies gl froma Jio ACRiRS cPmeenttion-0t tBpifiey
concentration of about 5 x 1016 cm3 to 5 x 1018 cm3 . The first doped
regi on ne§hMiSCPHae r8818Bnsi st ent dopi ng concentration throughout the first
doped regi on or may include a varied doping concentration within the first
doped r egl0830] Thén pi embodiojsat] thexfiisb dopedyregine magancludiopdomng concenttatiani on
profile with one or nore peaks dependi ng on user and design requirenents.

[ 0031] | nofaboendadioteat? tat Hie Weband dbpedidst depédorgivaymayniatiude a aonkigémg
concentration of about 5 x 10 16 cm3 to 5 x 10 18 cm3 . The second doped
regi on Neyopitic tadentatidfthiddghan ck firsaidopdd miioabriiyy Meludba vaas® doping
different fromthe first doped regi on dependi ng on user and design

requi r emegyndentrhfibn $8EMthe URAKIIpEE Bofh. MEY ArfCdopeeredionins) DERAL a A8RhET.
concentration throughout the secong doped regi on or may ‘i nclude a varied

dopi ng congentt,abh Bgﬂgg {ith 3nk BEnSRGARS @egsgg&lng :&giel&gm a?{@%@%ggménféﬁged

region may I nclude pl ng concentration pro nmore peaks
dependi ng[Oﬂgl]useEn acjl.'nd e%(i:}osold%enrt,e GHé " LIS Sdoped 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 requirementé.

[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.



[0032] In an enbodiment, the first conductivity type may be a p-type.
P-type dopants nmay include boron, alumnium gallium [0033] In an
enbodi merwg 20tve1ssegeond conductivity type may be an n-typeT/SH2000pe2d®pant s
may i nclude phosphorus, arsenic, antinony. [0034] In an enbodi nent, the
first doped regions junction may include a pn junction. [0035] In an
enbodi nent, the second doped regions junction may include a pn junction.
The first doped regions junction may be the sane or different fromthe

second do egions_junction. [.0036 n € di ment .provi.des met hod of
For i ng. angshe A Frbtih Reb a0 im A B A pREE AR e, 178

sem conducting | ayer. abpve.the supparting |layer; formng.a . first doped
701 on on e S B A SoB ARG YR SB0 £ ARPO g By FmRE
doping atons of a_first conductivity type; form ng a second doped region by
dopi ng t ht Ts¥rdopedacsion A the yurporiing layeipbn doring ke sgmigondugiinglayemwitet i vi ty
type being different fromthe first conductivity type; and formng the
second dogming algimgrof @virst eondugtivityttypis Jemhing gisegend Wohed regionzbyf dapattg eped
regions junction nmay be forned in a direction substantially parallel to a
surface ofentibmndscpplayemyith alppingaatains of @ cecwhdd@pduktivitgitgpesbéing diffepent may be
formed in a direction substantially perpendicular to the surface of the

suppor t i nfomaefirst EéHABIGvilyltypd) apdrRehineiht sedofd Bbped régién bidrdhe GieP&fHed €gi ON
and the second doped region may include form ng an optical wavegui de.

[0038] | Nnregdn@UB0Hal® kst dbpddepBnt NAcAR G Rbe YEHRA W §QirB&¥nisBsdtatignf or m ng
arib portion and a slab portion.

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;
[0037] In an embodiment, 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 embodiment, 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

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



[0039] In an enbodinment, formng the first doped region nmay include formng
arib portion doped with doping atons of the first conductivity type and a
sl ab portworrotopert4wi t h dopi ng atons of the first condu®CirsiGegootopgees [ 0040]
In an enbodi ment, formng the second doped region may include formng arib
portion doped with doping atons of the second conductivity type and a sl ab
portion doped with doping atons of the second conductivity type. [0041] In
an enbodi ment, formng the rib portion doped with doping atons of the first

conduct i vj yp nd_the. ri orti ed with dopi at g of e second
conduct i vIT42f ypn Modliiins, Bpine e HRBBPrh Bpbd BIEIoPRE et oL UF
wavegui de_.[ 0042] I.n. an enbodiment, formng the slab. portion_dpped w.th

Glopt ng. at BIFE CORMCIEIN gt At R,AED Forin GeRedonlh cRBing| Ams Of chosessbbed wi t h
dopi ng atons of the second conductivity_ type rrafy i nclude formng the slab
portion ofondugivatyitypemayieligiferaning thssBpb porionpfdharpticlsyavegtide net hod may
further include formng a first ohmc contact region of the first

conduct i vI00¢3k ypén auj enslasimentd thenmethed tmayc firthgo inclede {eirmingt & dirstj ohmic doped
regi on by doping the sem conducting |ayer with doping atons of the first
conduct i vednyact yggion pDEhefiirst normucevihyogperdiacertt laed e teleodticalpgonitact twhithrthe ncl ude
formng a second ohm c contact region of the second conductivity type

adj acent fiRd dopedetegivinr byt dbpiag thé edmidbiductife 1ae€ ol dbpptatb@giodnhdfirsdopi ng
the sem conducting |ayer wth doping atons of the second conductivity type.
[0045] | neaauarvpedipent, the supporting layer may be an insulating |ayer.

[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 region 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 include SiO,, a buried oxide,
silicon nitride (Si3Ny), 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.

[0050] 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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[ 0046] hi an enbodi ment, the supporting |layer may include SiQ2, a buried
oxide, silicon nitride (Si N), silicon carbide (SiC). [0047] hi an

enbodi merwQ 20tve15s2ri conducti ng | ayer may include Si, polPgTSG200@8008228 Ce,

Si Ge. [0048] hi an enbodi nent, the nmethod may further include form ng the
supporting . |ayer over a further sem conducting |ayer. [0049] hi an

enbodi nent, the further sem conducting |layer may include Si, poly-Si, GAs,
Ge, SiCGe. [0050] In an enbodi nent, form ng the sem conducting |ayer, the
supportin er and the further, sem conducting. | ayer nmay.include formng a
silicon-o -dsﬁgul AP ot |empefinagnty foring [tg?)&?fft P anéﬁﬁ%d’ieﬁ’é’ﬁt ,0% ths rﬁrﬁg t he
first ohmc contact region of the first conductivity type may include
formng t KenduEH Yty bRgi Bay: deplude; farmingothefirsh ohmigopmigst é%@éml?/ha?id@ﬁmﬁi gher

t han the doping concentration of the first doped region. [0052] In an
enmbodi mengoncepfrationdighee than thandppitadoncenstgtiomobthe first dopadangiononduct i vity type
may i nclude formng the second ohm c contact region with a doping

concent r a{0052] hi dhean t érabpditnentd oformmgc trec sadondt blxnicofregidre fetlendecbmded
region. [0053] hi an enbodinent, the first doped region may include a

dopi ng cooesfuttivty §pe dayaiaclutle Sormidd thkGsecond chrbicXonfddiBregith 3vith h @pth hi an

enbodi nent, the second doped region may include a doping concentration of
about 5 XcdifReRrfidhdigher hax tHOdepifg BoRcentration 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 10'8 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 (_embodiment, the second doped regions junction may include a pn
junction.
{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 phase 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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[ 0055] hi an enbodinent, the first conductivity type nmay be a p-type.
[0056] In an enbodi nent, the second conductivity type nay be an n-type.

[ 0057] hiwerosnmisoxtsnent, the first doped regi ons juncti @0T/S&R0G90002028le a pn
junction. [0058] hi an enbodi nent, the second doped regions junction may
include a pn junction. [0059] An enbodi ment provides an electro-optic
device. The electro-optic device may include an optical source for

provi ding an optical signal; a splitter for splitting the optical signal

into a fi i j I . caon ical signal; hase shifting
devi ce foieﬁé%ggrlsé?? glganft %egﬂ?als? g@ﬂbn%t(;ﬁ%bc?' g}hgﬁgef:&%ﬁﬁgcp‘?eﬁ?ed}] %’g %%Fp?d:?lephase
nodul at ed_opt.i cal ..Si gnal ; further phase shiftin evice for recejving the
second odPP@£ﬁ°§iBﬁ%ﬁ“ﬁﬁapﬁPﬁwﬂaﬁw6 VEEDRY @ ﬁd§&uaﬁadfﬁ¥ééu@ﬁﬁp@ Y
signal; and conpi ner fqor combining.the first phase nodul ated optica

si gnal anEﬂ“Pﬁ%‘ suptyia hapluesesbdtingdviceopt i cal signal to produce a resul tant
optical signal; wherein the further phase shifting device may include

al engt h | 986Wr t Amnan Henbedimentsiihe ¢ furtherd whpsee shifiing olewice r mappinclddedi ce may
be termed the nodul ator. The further phase shifting device may al so incl ude
a | engt h cumfigumation af $tjucayel e same 8§ thelphasetshiftingdplicease shi fting devi ce.

[ 0060] In an enbodi nent, the further phase shifting device may include a
confi gur aj0o6r] or F3Gr LA tshows klyehandtie view tdfanEiase-dplit fdelivg 102 wichalind §061]
FIG | A shows a schematic view of an electro-optic device 102 including a

phase shi pHakd chiftRigi deQicé Qb4 AcERERE RE ah CmBBdiREAL ATREA ctrolbiRiceleffct 102 QP i C

devi ce 102 or nodul ator may include an optical source or a | aser source

(not  showdqfibr Hfa?‘fﬁéiﬁ&garﬁgptical 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 Lyop.
[0062] FIG. 1B shows a cross-sectional view of the phase 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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i nput 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 ectwo-20mist22devi ce 102 may i nclude a phase shifti rgTde2io®0d28 f or
receiving the first optical signal 110 and providing a first phase

nmodul ated optical signal 114 and a further phase shifting device 116 for
recei ving the second optical signal 112 and providing a second phase
nodul at ed optical signal 118. The el ectro-optic device 102 nmay further
omrbinin

i nl cud j 120 f the .first pdul, at ti

Sl gnal - 1104 RierbAing Bern o B RRRpadiEne ber 207 By R4S s S Bestice
resul tant OPti%§| si gha 22, wherein the fgrther phase shifting dexice 116
may i ncl u'§&°8 } ﬁj@Pﬁ ) g atAms 1ok a;ftﬁéts nEYtY {1 BEYPEOERIOF R

further phase shifting device 116 may include a configuration or structure
t he sane #mngek opihe supnorting Hyerandceserond doped regigt H-Sofloned ewithy depiag phase
shifting device 116 may be represented by LMOD- [0062] FIG |B shows a

cr oss- secatpop af aveend sonduntivigh dge, eharf hityps wewncthe seebntl gkeductivitnbeing ne A- A
of FIG I|A according to an enbodi ment. The phase shifting device 104 nmay

i ncl ude adiffeepofromnidje lfiasgt eonduntivitg ypen whareth the secundatoged tdgivg 1 28ymay b4

di sposedabove the supporting | ayer. The sem conducting | ayer 124 may

i ncl ude adifgosed ovtd adfifsegiped rdgdbn UDPQh Wt A fHQRIoPEd Algis j\Bictién 130 mhy
conductivity type or a p-type region and arranged on the supporting |ayer;

and a secRnfePfra UREHRA shBRatitisDatiifehiocdP RirfGe BF HBsuBborfing BRFGhd a
conductivity type, or an n-type région, the second conductivity being

di fferent m fir : tiyht e; rejn th C regi on
128 may BT doBE, rekiShs SRAGME, 112 oy WSl b iR AARRY, OO e

regrons que:rl'lé:cetnldl%lqla%‘ ’tgoothg%\erace of the supporting layer.
p

[0063] The first éonductivity type may be a p-type and the second conductivity type
may be an n-type.

[0064] The first doped region 126 and the second doped region 128 may form an
optical waveguide 134. The optical waveguide 134 may include a rib portion 136 and a
slab portion 138.

[0065] The first doped région 126 may include a rib portion doped with doping atoms
of the first conductivity type 170 and 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 rib portion 136 of the opfical waveguide 134.

The slab portion doped with doping atoms of the first conductivity type 172 and the slab
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be formed in a direction substantially parallel to a surface of the
supporting |l ayer and a second doped regions junction 132 may be fornmed in a
di recti orweubsvan24al | y perpendi cul ar to the surface of PCHSGUPOIRsE ng

| ayer. [0063] The first conductivity type may be a p-type and the second
conductivity type may be an n-type. [0064] The first doped region 126 and

t he second doped region 128 may form an optical wavegui de 134. The opti cal
wavegui de 134 may include a rib portion 136 and a slab portion 138. [0065]

The first ' . [ I 1J.0n it h.doping
atom of PREOF dob@OAAN dbafe i) (ko LBl Gbe ERPRG Wikl BT
doping atons. of .the.first conductivjity type 172. The second doped region
128 nay iﬂgx}%ﬁﬂé?’goﬁhﬁo @?atliw(%e% ehéd" with doping atoms of the second
type.174 and a sl ab portion dgped with dop_.ng atons of the

conductivjt
second comf%ai vithy seppeeniiveting drys)l24Haay ifarthss inslude aolistl omic, coripgtng
atoms of the first conductivity type or ptype dopants 170 and the rib :
portion desEd WQ ofdbpifist senstvstivty tyre eeednepniashdasitipnddt gdiagepe apd in- t ype
dopants 174 may formthe rib portion 136 of the optical waveguide 134. The
sl ab port ¢leetridd podtagi withdbgifing depedreegndn 12fe The s¢micambiotng layey 124/pay172 and
the sl abportion doped with doping atons of the second conductivity type 176
may form funthesinalidparstéond chdfic obnthdieegipit 14Abf the vewuil denduddvity 896 6f n¥he
sem conducting layer 124 nay further include a first ohmic contact region
140 of t heonftdck pbsiteHed Ufatatit bivd frydlect@Eal Bonts@NitkGhe RR6Ad ddpe@eegisl Bxxent and in

[0068] The supporting layer may be an insulating layer. The supporting layer may

include a SiO;, a buried oxide, Si3N4, 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-Si, 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 concentration of the second doped

region 128.
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el ectrical contact with the first doped region 126. The sem conducti ng

| ayer 124 may further include a second ohm c contact region 142 of the
second cowmOuetw/wizy type or n+ contact positioned adj acent/S&nae9iono22s

el ectrical contact wth the second doped region 128. [0068] The supporting
| ayer may be an insulating |layer. The supporting |ayer may include a Si Q2,
a buried oxide, Si N, SiC. The sem conducting |ayer 124 may include Si,
poly-Si, GaAs, CGe, SiCGe. [0069] The phase shifting device 104 nmay include a

further seip.epndugt.i ré t t}%{}p%m rein t rting layer may
be di sposgghgﬁer %eﬁ}% qui(?%erre lgfr?n'lggn C |1r111\é@%a‘§)3%n.g ih%,g&#%ﬁ? 8? ABour ™
sem condugting | ayer may. | ude Si oly-Si, GAs, .G, .S Ce. 070] The
sem condud bt AgopdyaRedBHion; {28 08 BeieP AP Ao AR of ey The A
sem conducting layer may_include a, silicon-on-insulator (SO é_ | ayer
st r uct ur e OYPICIONTASH FRgiqral 4 maydndlydern doping conesmrpiionc ohtbout -+ d§F sFFordo of
the first conductivity tyge may include a dopi ng concentration higher than
t he dopi nghmissentactragion )44 mayhecladerasdopingrogcenigiionofigbgut The second ohnic
contact region 142 of the second conductivity type may include a doping
concent r atd0@3l hi gherfirsthdoped hegidwpiungionol3®emay atciuda agin junetice dhadecbaged
region 128.[0072] The first doped region 126 nmay include a doping
concent r atloped rediomyanétion 13Phaas Grehidd adaprfctiongi The fr8dopey rdgivils yaletian dopi ng
concentration of about -. The first ohmic contact region 140 may include a
dopi ng comuekhy Bé iheRak agihedbcond dbp&l £L0AY flinction 132.

[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 um 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 tgo.

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 layer 124 etch depth. The height or thickness of the slab

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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ohm ¢ contact region 142 may include a doping concentration of about --.
[0073] The first doped regions junction 130 may include a pn junction. The
second doweaoreegizzas junction 132 nmay include a pn juncPCosG2di®odns st
doped regions junction 130 may be the same as the second doped regi ons
junction 132. [0074] The sem conducting | ayer 124 may include a thickness
in the range of about 100 nmto 300 nm e.g. about 220 nm The further
sem conducting |layer may include a thickness in the range of about 100 nm

to 300 n : Qui 2 The further sem.conducting |la may .be of

t he sam::nl)()r(ﬁa\gffz\lﬁ1 nére?%tﬁcmes“g r%?#‘?%eJOB%‘ﬁiV? 8t ‘Tr‘?ﬁgﬁ‘"éié% 1“29&/ B%he
supporting | ayer .include a thjckpess.in the range of about 1 mmto 10
mm e.g. HBE§Ented H?qu f&di?egelﬁﬁteofﬂb? QHPOBPntdﬁBedr Vish agmq antsd 70may hs
determ ned by the thickness of the sem conducting |ayer 124. The hei ght of
the rib pepraseried BB yhmVhe locatign ekdaribrpason B withindhépptical waveghider3p
portion 136 may be represented by Wb- [0076] The hei ght or thickness of

t he sl ab mey tealster@deddy ivo idwlantationeahdannedl gonditibisc k hersexaoiple; fpeth the

sem conducting layer 124 etch depth. The height or thickness of the slab
porti on 1B@adthyxjpend bagledel) ney Uryconabhdil natcamie ibe implahthkon progssesfandbout 10
nmto 100 nm e.g. 60 nm The dinensions of the slab portion 138 may be
conf i gur eghag Wehinddprhddnb ®f Qithdgeadhidradailighyieite Theadibie, @avisonssle WE¥ibd-b-the rib
portion 136 of the optical waveguide 134.[0077] The breadth of the rib
portion deRed wifolnily Iuh B SBRAMAS ThéBréiBdh R oF BRI RSSIHIGHddped Wit pk he

hei ght of the rib portion doped wth p-type dopants 170 may be

dopants 170 may be in the range of about 10% to 90% of wy, (for example wy, may be

about 500 nm, xj may be about 280 nm). The height (yj) of the rib portion doped with p-
type dopants 170 méy be in the range of about 10% to 90% of tso; (for example tso; may
be about 220 nm, xj may be about 130 nm).

[0078] FIGS. 2A to 2E show cross-sectional views illustrating a method for forming
a phase shifting device 104 according to an embodiment.

[0079]) In FIG. 2A, a silicon-on-insulator (SOI) substrate 144 may be provided. The
SOI substrate 144 may inclﬁde 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 (Si), 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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represented by yj. The location of the rib portion 136 within the optical
wavegui de 134 may be determ ned by ion inplantation and anneal conditions.
For exanpwe,2otvatsie2ahe breadth (xj) and height (yj) may PeTSGR090béRe by
accurate ion inplantati on processes and may be independent of |ithographic
m sal i gnment. Therefore, a reasonabl e device-todevice uniformty may be

obt ai ned. The breadth (xj) of the rib portion doped with p-type dopants 170
may be in the range of about 10%to 90% of wpb (for exanple wpb nay be

about 500.n Xj..ay be, gbout 280 .run)., The .hei ght.. (vyi)..Qf the rib.portion
coped wi ¢ HeHds SR o8 e 838" B kdotie 1y “slidbint LS . ston Eor8iss o

tsoi (for 8 |l e tsoi may. be abput 220 nm xj may be about 130 nm). [0078]
FI GS. 2A f% g%%‘ﬁdwleéts leeefle XSS views illustrating a method for forning
a phase shifting device 104 according to an enbodi nent. [0079] In FIG 2A,
a siliconl®81} nsfihgisemicondyoting Jayer rlag anaydncluds a ghickness indbel rangh of gbyut
substrate 144 may include a sem conducting |ayer 124 di sposed above a
suppor ti n$0Q ayeto 3A% nmareck. t dbout AP ont. i Idpe | fagther seaicdndnétingr lagérs s edyabove a
further sem conducting |ayer 148. [0080] The sem conducting |layer 124 may

i ncl ude sincluden thiskhess [inltlesidnige ofi ab@al POSin) to §ad hingarbani2de raAhy,
germani um (Ge), silicon-germanium (Si Ge) or any ot her sem conduct or

mat eri al sfurthBe sdnbit bR tiSE MyeON48! Glidynge bR sakftBo@iffeten Hicl@eSy froROthY¥- Si
GaAs, CGe, SiGe or any other sem conductor materials. The further

sem condugdplifshdudnfy lagdd 2@%‘2@ %@BﬁHEQay?e‘? 186 Riay iR R INRE & the l’an%l;: om t he

sem conducting layer 124. T
of about 1 pm to 10 um, e.g. about 2 um.

[0082] In FIG. 2B, a first doped region or p-type region 126 may be formed on the
supporting layer (not shown) by doping the semiconducting layer 124 with doping atoms
of a first conductivity type or p-type dopants. A second doped region or n-type dopants
128 may be formed by doping the semiconducting layer 124 with doping atoms of a
second conductivity type, or n-type dopants, the second conductivity type being different
from the first conductivity type. The first conductivity type may include p-type and the
second conductivity type may include n-type. P-type dopants or doping atoms may
include boron, aluminium and n-type dopants or doping atoms may include phosphorus,
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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supporting layer 146 may include an insulating |ayer. The supporting |ayer
146 mayinclude a silicon oxide |layer, a buried oxide |layer, silicon nitride
(Si N) ,weizbiocism2dar bi de (Si C) or any ot her suitabl e oPcusGzen®ne28 | 0081]
The sem conducting |ayer 124 may include a thickness in the range of about
100 nmto 300 nm e.g. about 220 nm The further sem conducting |ayer 148
may include a thickness in the range of about 100 nmto 300 nm e.g. about
220 nm The further sem conducting |ayer 148 may be of the sanme or

different thickness f.ro he.,sem conduct i ayer. 124. e _supporting |ayer
16y | REPRGEOETRER 128 8F R THES AR T Gifirie 18Rh1 L0mag MR Y Lot
2 mm [008 In FIG. 2B, a first dqped regjop or p-type region 126 nmay be
f or med onmﬁ%n %ﬁ%&l?p anamer(swéﬁj'?%msaﬁl%i ngga'eﬂyrﬁgﬂteﬁep Fht sReei ng

| ayer 124 with doping atons of a first conductivity type or p-type dopants.
A second %ﬁ@dl%gﬁf% the spbsegyrnt depesition af® haymask laysrnidd. biheddigiepigict he
sem conducting layer 124 with doping atons of a second conductivity type,
or n-t ypelagenpkitmay inblude e tudkhesomdbetangs ofaboypknindgo AQ nah €.ezbont 1¢ mom t he
first conductivity type. The first conductivity type may include p-type and
t he seconf084hdudNeixva hyrdinygsk lagey 1 5 hmay e depdsitgbovePilie\didedapmgérs] 501 thdopi ng
atons may i nclude boron, alum nium and n-type dopants or doping atons may

i ncl ude phaaphakUsyeras2emhg proté the dielecB@PRer €50 MNsubduamdettiifg sepoNd
doped region 128 may be fornmed by . ion inplantation of p-type and n-type

dopant s t phd WaddgRkhayeM 11Diday BRI HiIREAIuEHE TGN, BYN,) dPdhy JhE Ridhbiee
dopants may be inplanted into a deeper depth into the sem’conducting |ayer

124 and t peBafk YRAEIORGIES a8y R bAMLANTRE Hhff Radk ng@lj h%ay include a
thickness in the range of about 10 nm to 200 nm, e.g. about 100 nm.
[0085] In FIG. 2D, a photoresist layer (not shown) may be deposited on the hard
mask layer 152. The photoresist layer may then be patterned to form an optical
waveguide 134 pattern including a rib portion 136 and a slab portion 138 by standard
photolithography techniques. Subsequently, using the patterned photoresist layer as a
mask, portions of j:he hard mask layer 152 not covered by the photoresist mask may be
etched away by an anisotropic etching process such as Reactive Ion Etching (RIE). Then,
respective portions of the dielectric layer 150 and the semiconducting layer 124 may also
be etched to form an optical waveguide 134 including a rib portion 136 and a slab.
portion 138. This may be followed by photoresist strip (PRS) and wet clean.
[0086] In FIG. 2E, an angled implantation of n-type dopants may be carried out. A
further photoresist layer 154 may be deposited over a portion of the structure formed in
FIG. 2D, for example the structure including the hard mask layer 152, the dielectric layer
150 and the semiconducting layer 124. As a portion of the hard mask layer 152 may not

be removed, a top surface of the rib portion 136 may be protected from implantation
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depth into the sem conducting |ayer 124. [0083] In FIG 2C, hard nmask
deposition may be carried out. First a dielectric |layer 150 may be

deposi t edwowvero/tshz4sem conducting | ayer 124, preferabl yPCH/SGaomoace228v t h

t hesecond doped region 128 or the n-type region. The dielectric |layer 150
may al so include silicon oxide (SiQ2) or any other suitable material which
may serve to protect the n-type region 128 before the subsequent deposition
of a hard mask |ayer 152. The dielectric layer 150 nmay include a thickness

in the rap f ahout 1.nm.t.0.50 n . (.,-,2h0 10 .nm .[O Next .a hard
mask | ayer g%neﬁ%@@g% ac?éd%évs? |ht°(=§ eolfl/g}’o‘[gwg lc??e?f‘@téfier ?q%b P?ﬁ/‘é‘? (l)?é%?twteﬁ‘bthﬁar d
mask | ayer., 152 .ma rotect the dielectric |ayer 150 i.n subsequent etching
steps. ThE? Wﬁégﬁ aPﬁy%? syBseapenl serpnd, efumici sqntash regien PHET(@nfact oty ) or
any other suitable materials suitable to act as an etch barrier. The hard
mask | ayefhoran tedhg formed uepy be implakede dwplantatipe in & Hled directippmay be camieio 200
nm e.g. about 100 nm [0085] In FIG 2D, a photoresist |ayer (not shown)
may be depésuelethapihe nHapé rasibmiRSkmpygeformsd overtiee piype segien $26 suahdrat pay t hen
be patterned to forman optical waveguide 134 pattern including a rib
portion 186t gndjuactidnabr gostt doped LidBiohy jedcaindal3d mhgtbel forhed)imphydiréciohni ques.
Subsequent |y, using the patterned photoresist |ayer as a mask, portions of

the hard smstntidlyepardliel 16 at suefave b thebippdreing MBlep (103 ishéwisid 1Btohe pet ched
away by an ani sotropic etching process such as Reactive lon Etching (RIE)

Then, 1 esp@EhdnVé Ldd dbg@d fdgiddGurithiBh 893 kla§ bk Wigied iR d8idnBbstantially
sem conducting layer 124 nmay al So be etched to forman optical wavegui de

134 i ncl ugiBghddeuidr o RAE Ts{qubelrﬁﬁth@%qplgoﬁg&%tyeré Plg%}que&nofltﬁg proTJELSS stdfyY fop®

fol |l owed by photoresist strip (PRS)

forming a phase shifting device 104 may be disclosed in the flow diagram as shown in
FIG. 3.

[0087] FIG. 3 show a flow diagram illustrating a method for forming a phase shifting
device 104 according to an embodiment.

[0088] The method 300 begins at 302 with a starting semiconductor substrate 144, for
example a SOI substrate 144, including a semiconducting layer 124 disposed above a
supporting layer 146 and the 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 patterning 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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[0086] In FIG 2E, an angled inplantation of n-type dopants may be carried
out. A further photoresist |ayer 154 nay be deposited over a portion of the
struct ur ewbanmediiza FI G 2D, for exanple the structure iPaEISGdocgoile hard
mask | ayer 152, the dielectric layer 150 and the sem conducting | ayer 124.
As a portion of the hard mask | ayer 152 may not be renoved, a top surface
of the rib portion 136 may be protected frominplantati onwhile one side or
a sidewall of the rib portion 136 and the slab portion 138 between the rib

[ 1 dth . d_ohm t act [ : tact
(ot showty? B8 sskeBg BYIRE RGOS CRRRELR S RRraAb, T R o i °°
di ti .' t h that th -t ion 128 be f d
over ¢ ho. BoRBR hgmiondsging fBHer ooy b ekl et PeFsbarqEe Bped

regions junction 130 may be forned in a direction substantiall¥ parallel to

a surf aceinstudingea shpogian hip and e slap pertiasnkifn) Thinmay bsdeBered by PRAAHon or

second doped regions junction 132 may be formed in a direction

subst ant i #et glegrerhendinddPag furder photeresistdaxsr 354 map be denvsited ongr b atyeature The

rest of the process steps for formng a phase shifting device 104 nay be

di scl osedirctudirgethé hand rdaskgdaym 142, thhdvabecitric Fal€s. 158. anfl GBsémiédnductthgdhgay a f | ow
diagramillustrating a nethod for formng a phase shifting device 104

accordi ngi24 An aapkadingRatatioh 00 &8} pd BepaiBihadbSORribe sutucthad @R MMypd a
starting sem conductor substrate 144, for exanple a SO substrate 144,

i ncl udi ngregicherigCiaRe Ye trbratkdl WL khelfypdirsH0s 996 3RV Bata ﬁkﬂ??ﬁrjhﬁdﬁgnh@ﬁer 146
and the supporting layer 146 further di sposed above a furtheér

S SO0 s el B OANE in'd Hiredtohsubd iy pakalll LR SARUR'Ir A AlppBictn Ay OPANt o
146 and a second pn junction 132 may be formed in a direction substantially
perpendicular to the surface of the supporting layer 146. In 312, n-type ohmic region and
p-type ohmic region contact implantation may be carried out to form the n+ contact 142
and the p+ contact 140. In 314, the n-type and p-type dopants may be activated. The
dopant activation may be carried out using Rapid Thermal Furnace (RTF) at about 950
°C and for about 15 s. Then in 316, an interlayer dielectric deposition (ILD) may be
carried out. The interlayer dielectric may include a thickness in the range of about 0.2
pm to 4 pum and serve to electrically isolate metal interconnects or electrodes
subsequently formed. It may also serve as the waveguide cladding. Finally, in 318, .
contact vias may be formed and this may be followed by deposition of metal to form the
metal interconnects.

[0089] FIG. 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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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 deposiwedommisiize sem conducting |ayer 124. A hard na®kTIS&penr/0dd2s may be
deposited over the dielectric layer 150. Then, in 308, a optical wavegui de
134 patterning and etching may be carried out. This may involve deposition
of a photoresist |ayer on the hard mask | ayer 152. The photoresist |ayer
may be patterned using photolithography techniques to forman opti cal

wavegui de ,1 .t e ng_ the {terned phot oresi s S .a,mask ortions
of the hafX dg eﬁ‘a@%génag% Iggp rr?g Sscsbr{}@%é’ﬁ gge P %%Q%h%{tgl? é’éelttagl?“%aé pureEhn Eoé et ched
away. Then, the.dielectric |ayer 0, and the sem conducti ng. | ayer 124 may
be et chedpPo]uf“th?:) atPdo fhe g&?“&a‘?f@éfﬁ qey189 samily lf&f“i’i%}ﬂg g}’ bt“f%‘gtﬁ‘ﬁn‘of% and
a slab portion 138. This may be followed by PRS and wet clean. Then, in
310, a f ulPPlantationtagfe apnsaling \conditinns. g fon opHapes | oapaihility avity ((GMOSr e
including the hard mask |ayer 152, the dielectric [ayer 150 and the

seni condu#abriagtianayae typicalh Raprd Fhenead Amgsiab (REA) onikefammeal ygpaditiopames beay be
carried out such that the n-type region 128 may be forned over the p-type
regi on 126tisaedh Thatdesiredi doytanp prgfilerandyostill BO aasily behiéved nd tiningatt@i foact i on
substantially parallel to a surface of the supporting |layer 146 and a

second pnimplaghticicobdRioiBylone. ShiRdonsfod Wl Fedrér® Ansdab Sérlividnd o ¥bout
per pendi cular to the surface of the supporting |layer 146. hi 312, n-type

ohni ¢ r eghsICABE aboult MBS afd BbSut 19D @ ot WBLACSs thiPbaBl@shRE. My shfuieanr i ed
out to formthe n+ contact 142 and the p+ contact 140. In 314, the n-type

o . AR T AR e Uopent 2ci vt on ey be oar

Then in 3flﬂ‘é91]an iIH'tP%.l i’}ycﬁgarqi a%li%:t}orni xﬁa}g 1% Sésrkotr}n%g ag zllbLoEl)} 956 flc))re 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 asymmgtn'c Mach-Zehnder Interferometric (MZI) modulator 102 with a 4-mm-
long phase shifting device 104 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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carried out. The interlayer dielectric may include a thickness in the range
of about 0.2 mMmto 4 mmand serve to electrically isolate netal

i nt er conngotzgloarsieiect r odes subsequently forned. It nayParsc2emooe28s t he
wavegui de cl adding. Finally, in 318, . contact vias may be fornmed and this
may be foll owed by deposition of netal to formthe netal interconnects.
[0089] FIG 4 shows a sinulated net dopant profile 156 of a rib wavegui de
phase shifting device 104 after dopant activation according to an

enbodi nent,, Q9 net dopant ofile within the rib.wavegui de

phase. ohi 1o 3217 2 &mi b SRBALLIAGT Ar By b ik ARlBstmee oot bt my

first be si_nyl ated using a Techpgl ogy Conput er Ai ded Desi gn (TCAD) process
si mul atori'sfﬁiéOSBgi"?iﬂEanYﬂ Phase-SHten pimsy dhecpctiony eé’ﬁn("ﬂgthpﬁaif thE@%n) and
the dopant profile may be easily controlled by tuning the ion inplantation
and anneaPhish epnessentigHy rednge thshaledensiiy apdmalicrisey? qairmepponing changeiinat i on,

a typical Rapid Thermal Anneal (RTA) spi ke anneal condition may be
utilized. thgteéfeckens refrdctikgpadex. pFlaf phase oiapge (Ad) miebeaaltulstedobing equitioy t uni ng
the ion inplantation conditions alone. Sinulations for two different anneal
condi ti on$, wheralduis tBE®valelength ahdutndlBSR a chealree! Spddia0 Rahgy ofitheWladhs may be
perfornmed. The sinul ated dopant profiles for both conditions nmay be
simlar. Z&{Ad]interfeldrieterd, dopant activation nay be perforned at about 950C
for about 15s. The sinul ated dopant profile 156 may di scl ose the formation

of two pn junctions 130, 132 with both yantically and horizontally-oriented
portions within the rib portion 136&@#—}:‘?? opti cal wavegui de 1341)

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
correspond 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 mode |
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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[0092] FIG 5A shows a plot 158 of power (a.u.) vs wavelength (nm at OV
and -2.5V bias of an asymmetric Mach-Zehnder Interferonmetric (Ml)

nodul at orw@QB10mi51324a 4- m ong phase shifting devi ce 104Ppagserdiongoe an
enbodi mrent and FIG 5B shows a plot 160 of phase shift (degrees) vs voltage
(V) at 2.5V bias of an asymmetric MZI nodul ator 102 with a 4-mm | ong phase
shifting device 104 according to an enbodi nent. [0093] The out put spectra
of a nodul ator 102 with phase shifting device 104 or phase-shifters of

about 4 by 1 e h be_neasured.to obtgin the, rel ationship between
ohase- shi D) Bi 6 By af "Bt Yigtorhcled, Foehitft "SiBp” ey Hisolond
Ampl i fied Spontaneous Em ssion | i ght soqurce.. Light m e coupl ed
"hF o and BERISHHHE S St E R F U TGiodif b S ACPorGRB &0 i ber s.
The output may then be connected to an optical spectrum anal yzer. The
nmeasur ed |Entf or bias vol tages of 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 phasel089§]i t edhehigh spedrbpgrimmanesoighe medilater W2 may g yevalnated &om thahi ch
may essentially reduce the hole density and nay cause a correspondi ng
change i neyehee dfagmnt 192 meafuramenty eFomthésx medsueenping She aivalobeor( [2) magpe be
cal cul ated using equation 1, where Al is the wavel ength shift and FSR is

the Free &peali sihglBangel Mbdé (valMasd phade il arh i@ ed) e TREBE @ signM nmay 64) Y FSR
The phase-shift at different bias voltages nay be extracted using equation

éeaggog?y%_ﬂ(g%{l&#ﬁ% Esz&qn%i)r/lﬂlglz 4 BC bfgs vbltage (M,:25= Of 5 V3 - withVihe ! A€ RIBASH aLed Df may
(Vrrpp = 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
(Cootal)- \
[0097] Higher speed perfonnance 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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correspond to a normalized phase-shift of about 257mm This may be
different fromthe state of the art depletion node nodul ators which solely
enpl oy eiwbenidiizaal or vertical p-n junctions and typiPpcalSGpo@ehieye about
117mm at the sane bias voltage. The inproved performance nay be attri buted
to the increased overlap between the optical node and the region of carrier
density nodul ation as a result of the phase-shifter 104 structure. The thin
SO rib portion 136, which nay be only about 220 nmin height, may confine
the optic de | Gahl ' relhat € h tical
node may @29?ﬁgcat0eé§{gtnde%? btal lém&g{rotﬁ i {ggﬁotﬁ)ﬁaﬁ#ﬁ%@?glnth%)gﬁ?%g%ﬁl%ggqi %yg’gdi tion,
the horizontal .pn.junctjon.portiqn. 130 y al so, overl ith th tical
node. Hen?f‘ér,agtgd gﬂyﬁg@ 0}l{n?t mﬂ’r‘na?gl-ssrﬂﬂ ggrco‘ﬂﬂ’%@blﬁﬂ @ﬁ%&%ﬁ@&?&@é hange
t he hol e %ﬁgce%:ﬁgeati on%({uear tlhe respective vertical 132 and horizontal 130
pn j unct i BREAT tegymedegRequl®anst 1 y i nprove the modul ati on
effici ence/.£0094 FIG 6 shows an eyeline diagram 162 captured using 27 - 1
bi ts | onglOBL¥doMhilsathe Bvisatign hascheem particpmisyhoxn apdgdendsidled withaefsfenge 5 Gb/ s
according to an enbodi nent. [0095] The hi gh speed perfornmance of the
nmodul at ortolspecifragmbedigeatsy itsbdulf rhemndemstoey dlyithese dkdlgd amtlt6Rt tetsarionsent .
For this neasurenent, the nodul ator 102 may be driven in single-ended node
(only onechphgesandhir taed dataih iay be made Theeir wideous idgpudingTBymbidie @piridiangd by
conmbi ning a DC bias voltage (Fb,as = -1.5 V) with the AC RF drive signal (
RF, P- P = oge 0 tht ientibe asT@élilea b9 thélippeied daifl. ThRisdspelsTqhe ihREnthiiye
signal used may be lower than the state of the art.

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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[0096] FIG 6 shows the neasured eyeline diagram 162 at 2.5 Gb/s. From
series resistance extraction and capacitance neasurenents, it may be
deduced tweat2otoesiizandwi dth nmay be |imted by the high secrss2emgoeRance in
t he | ow doped regi ons between the highly-doped contacts and the pn junction
(BWOO(27TRC) 1) and the total capacitance (Ctotal)- [0097] Hi gher speed
performance may be achi eved by optim zing the doping design to reduce the
parasitic series resistance. There may be two ways to reduce the series
resi stance. One way nay be to reduce 4he contact resistance by N
silicidation at the . region of cont st Bet ween the netal el ectrode and the
ohm c contact regions and the other way nay be to reduce the opti cal

wavegui deWh3diszlaihed 8Si st ance by increasing the doping concentration and
reducing the slab length | slab [0098] Hi gher speed performance may al so be

achi eved by reduci ng,the total capacitance. The total capacitance may be
reduced by rled‘g@?‘ﬁﬁ%ﬁgwéﬁvd?%cﬁ?jg?ﬂgg'phase shifting device, taking

advant age of the higher efficiency.[0099] Using a cut-back nmethod, the
normal i zed loss in the phase-shifter 104 may be extracted to be about 1
dB/ mm Thi‘E“Hi?ﬁSﬁmBéa)@Srrpar able or better than that of other simlar

depl eti on- node nodul ators. [00100] Wi le the invention has been
particularly shown and described with reference to specific enbodinents, it
shoul d bea semtieorsiucting loyertdispoeedsdbiovt thet suppartieg layd¢r, theatémicandustisg klyemges i n
formand detail may be nmade therein w thout departing fromthe spirit and
scope of THW®MH¥Penti on as defined by the appended clains. The scope of the
invention is

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 is disposed over the first doped region such that a first
doped regions junction is formed in a direction 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.
2. The phase shifting device of claim 1,
wherein the first doped region and the second doped region form an optical waveguide.
3. The phase shifting device of claim 2,

wherein the optical waveguide comprises a rib portion and a slab portion.

4. The phase shifting device of any one of claims 1 to 3,
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thus indicated by the appended clains and all changes which cone within the
meani ng and range of equivalency of the clains are therefore intended to be
enbr aced.vwbanmelsvizat is claimed is: 1. A phase shifti ngPd@siGeens/ooenpri si ng:
a supporting layer; a sem conducting |ayer disposed above the supporting

| ayer, the sem conducting |ayer conprising : 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 conduct i yi t bei ng different fromthe first. conductjvity type;
wherein tHi efsg‘c%ﬁﬁ}lsaéﬁ&g‘ rF%‘QPgﬂm?gse&ia_ d%"éﬂo‘g%f@’regf”ﬁ d?)PWg_tat‘H%sp‘éj hg egi on
such that fiat f:drfd&&ti\d@ﬂ?ﬁe SIR0A QRS portibs Hopa with didPHohofthelifERCt | ON
substantially parallel to a surlf)ace of the supporting | ayer and a second

doped r egfOWECHiYdYPon is formed in a direction substantially perpendicul ar
to the surface of the supporting layer. 2. The phase shifting device of
claim1, wherein the first doped region and the second doped region forman
opti cal wavéguTltephase shifimgplevise ofimyf driervd chdéus teo 4f clai m 2, wherein the
optical wavegui de conprises a rib portion and a slab portion. 4. The phase
shifting device of any one of clains 1 to 3,wherein the first doped region

conpri seswhereinth@cbhddopddRedontdtipkeP h fi® patuitdopéd Wi doping atoms of the

second conductivity type and a slab portion doped with doping atoms of the second
conductivity type.

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

7. The phase shifting device of claims 4 and 5,
wherein the slab portion doped with doping atoms of the first conductivity type and the
slab portion doped with doping atoms of the second conductivity type form the slab
portion of the optical waveguide.

8. The phase shifting device of any one of claims 1 to 7,
wherein the semiconducting layer further comprises a first ohmic contact region of the
first conductivity type positioned adjacent and in electrical contact with the first doped

region.

9. The phase shifting device of any one of claims 1 to 8,
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first conductivity type and a slab portion doped with doping atons of the
first conductivity type. 5. The phase shifting device of any one of clains
1 to 4, wiereiomsiize second doped regi on conprises a ri bPposGeny/odepged Wt h
dopi ng atons of the second conductivity type and a-slab portion doped with
dopi ng atons of the second conductivity type. 6. The phase shifting device
of clains 4 and 5, wherein the rib portion doped with doping atons of the
first conductivity type and the rib portion doped with doping atons of the
second conguctiyity 1 ormth iLb portion of e optical wavegui de. 7.
The phase JIHer i bomistRuctih RybEfberboiisec seiond i RmEart G topea
wi t h dopi Bgoad cemluctivity®pé pésitioned adidednit Whd th dlachecabbshtddh &ithlthdsepsiid | on doped
W th dopigg(&éons of the second conductivity type formthe slab portion of
t he opti c4PPSRAV&EE™i de. 8. The phase shifting device of any one of clains 1
to 7, wherein the sem conducting |layer further conprises a first ohmc
contact region of the first conductivity type positioned adjacent and in

el ectrical cdé&nThephas shiftingalevice of anjoprecpfickgmeh to 9, The phase shifting
device of any one of clains 1 to 8,wherein the sem conducting |ayer further
conprises a second ohm c contact region of the second conductivity type
posi t i onedha@jnathe nippartihg layee ieai inkulaingdeydract with the second

11. The phase shifting device of any one of claims 1 to 10,

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

silicon carbide.
12. The phase shifting device of any one of claims 1 to 11,

wherein the semiconducting layer comprises silicon, polysilicon, gallium arsenide,

germanium, silicon-germanium.
13. The phase shifting device of any one of claims 1to 12,

further comprising a further semiconducting layer, wherein the supporting layer is

disposed over the further semiconducting layer.
14. The phase shifting device of claim 13,

wherein the further semiconducting layer comprises silicon, polysilicon, gallium

arsenide, germanium, silicon-germanium.

15. The phase shifting device of claim 13 or 14,
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doped region. 10. The phase shifting device of any one of clainms 1 to 9,
wherein the supporting layer is an insulating layer. 11. The phase shifting
devi ce ofwearnyioone2ef clains 1to 10, wherein the support POE/SGA§RO00@28Pr i Ses
silicon oxide, a buried oxide, silicon nitride or silicon carbide. 12. The
phase shifting device of any one of clains 1to 11, wherein the

sem conducting | ayer conprises silicon, polysilicon, gallium arsenide,
germani um silicon-germanium 13. The phase shifting device of any one of

clainms 1t I [ n furt.her sem er, wherein
the supposirtein i tHEORSRIRL LSLahebubbilinl foy PR AL BN i ey or - 1a.
The phasel@hrémnmgedemixc@ oi-ishiatanldydr stwleaarel n t he further sem conducti ng

| ayer conprises silicon, polysilicon, gallium arsenide, germnmani um
silicon-germanium 15. The phase shifting device of claim 13 or 14, wherein

the sem condltsctrhaghdsammngtdaelcéBprertgcla%@R ténsl the further
sem conducting | ayer conprises a silicon-on-insulator |ayer structure. 16.

The phase shifting device of any one of clains 8 to 15 wherein the flrst

on o B S0P Ayl KBS GBS P L

concentrati pIng COI’]CEI’]t ra
regi on. concentration higher than the doping concentration of the first doped region.

17. The phase shifting device of any one of claims 9 to 15,

wherein the second ohmic region of the second conductivity type comprises a doping

concentration higher than the doping concentration of the second doped region.
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 10" cm?t0 5 x

10" cm™.
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" cm.

20. The phase shifting device of any one of claims 1 to 19,
wherein the first conductivity type is a p-type.

21. The phase shifting device of any one of claims 1 to 20,

wherein the second conductivity type is an n-type.
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17. The phase shifting device of any one of clains 9 to 15, wherein the
second ohm c region of the second conductivity type conprises a doping
concent r avpaniohisgizer t han t he dopi ng concentrati on of treTSsecardoeaped
region. 18. The phase shifting device of any one of clains 1 to 17, wherein
the first doped region has a doping concentration of about 5 x 1016 cm 3 to
5 x 1018 Cm 3 . 19. The phase shifting device of any one of clains 1lto 18,
wherein the second doped region has a dopi ng concentration of about 5 x 10

16 cm3 to .. 20, The phas hi fting,device of any one of
claims 1 to%ﬁ%@?sgﬂﬁ%f%&fvfcreso a%cr)\%eu%eftcl%}w ®obe is a p-type. 21. The
phase shifting device of any one of clains 1 to 20, wherein the second
conductivity type is an p-type,22. The phase shifting device of any one of
clains 1 tdiesn R\‘RﬁJ’é?téilOHe‘{]ngpﬂ"é‘P“%‘ﬁ’é%Prﬁéb?Bﬁ&mjcﬁ?fbti on conprises a pn
junction. 23. The phase shifting device of any one of clains 1 to 22,

wherein the second doped regions junction conprises a pn junction. 24. A
met hod of f&%Thgpbasphbiﬁélgsdgtwfmioﬁgmd@mQfe:,laimhé to@2,hod conprising : formng
a sem conducting | ayer above a supporting layer; formng a first doped
region on the supporting | ayer by doping the sem conducting |ayer with
dopi ng at eulwre tha sédond dopsan@giohs juinttjont dopeprises a pn junction.

24. A method of forming a phase shifting device, the method comprising :
forming a semiconducting layer above a supporting layer;

forming a first doped region on the supporting layer by doping the semiconducting layer

with doping atoms of a first conductivity type;

forming a second doped region by doping the 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 is formed in a direction 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 claim 25,
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form ng a second doped regi on by doping the sem conducting |layer with
dopi ng atons of a second conductivity type being different fromthe first
conduct i WoOyotwsez24and form ng the second doped regi on ®CESGeimw/ohiest doped
region such that a first doped regions junction is formed in a direction
substantially parallel to a surface of the supporting |layer and a second
doped regions junction is forned in a direction substantially perpendicul ar
to the surface of the supporting layer. 25. The nethod of claim 24, wherein

formng the fi.rst doped region and the second doped regi on conprises
orm ng anisii RRRBEahRaL Yol Ao PRRHh SF R R, o i ng
t he opti cabrtisayegui de conprises formng a rib portion and a slab portion.

27. The nmethod of any one of clains 24 to 26, wherein formng the first
doped region conprises formng a rib portion doped with doping atons of the

first conducii Yt etbbBorandose St dmR24tih 06 doped wi th doping atons of the
first conductivity type. 28. The method of any one of clains 24 to 27,

wherein form ng the second doped region conprises formng a rib portion

doped with | A9t h econd conducti.vity,type and | ab portion
doped wit r‘f’%%%? ng a 3ﬁr§ﬁgs$ d{)%eg rgélﬁ%ﬁ%fn Ot E%rfnll V& ?}ébf’%lg.n%%?@‘ﬁ“rsﬁlé met hod of
cl ai n8 27 dapidlg 2Bdms of the first conductivity type and a slab portion doped with doping atoms of

the first conductivity type.

28. The method of any one of claims 24 to 27,
wherein forming the second doped region comprises 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.

29. The method of claims 27 and 28,
wherein forming the rib portion doped with doping atoms of the first conductivity type
and the rib portion doped with doping 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 the first conductivity type
and the slab portion doped with doping atoms of the second conductivity type comprises

forming the slab portion of the optical waveguide.

31. The method of any one of claims 24 to 30,
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wherein formng the rib portion doped with doping atons of the first
conductivity type and the rib portion doped with doping atons of the second
conduct i WoOyotise2sonpri ses formng the rib portion of Phe/Sopedsmad2s
wavegui de. 30. The nethod of clains 27 and 28, wherein formng the slab
portion doped with doping atons of the first conductivity type and the sl ab
portion doped with doping atons of the second conductivity type conprises
form ng the sl ab portion of the optical maveguide 31. The nethod of any
one of cl L &4 19,30 n ohpi c cont act

Fogi on or iEr fotmafin g e P et st St e Rt it PBisin Cont act
with the 'ﬁ(l_]ﬁ&ht siania@leca{paDdonkact dﬁnltmﬁf@mpsemge@fw«fdmmhb ayer wi th doping
atons of the first conductivity type. 32. The nmethod of any one of clains
24 to 31, SWF?“H{@FU ?ﬁ@?%@opﬂléﬁ%?ﬁgoé%é'ﬁﬂr?ﬂn@’r?w&y%Frt act region of the
second conductivity type adjacent and in electrical contact with the second
doped regi on by doping the sem conducting |ayer wth doping atons of the
second condd@tTh&MWﬂmgpéanxnnedfhbhneﬂﬁbﬁBbf any one of claims 24 to 32,
wherein the supporting layer is an insulating |layer. 34. The nethod of any
one of clainms 24 to 33, wherein the supporting |ayer conprises silicon

oxi de, a hiutheecbntptisitgy, fofhing @GBcdnt tohinikecaitacs dgichast thaseddbrtecondictivithe net hod

of an one of .clains, 24 to. 34,
y type adjacent and 1% electrlcal contact with the second doped region by doping the

semiconducting layer with doping atoms of the second conductivity type.
33. The method of any one of claims 24 to 32,

wherein the supportihg layer is an insulating layer.
34. The method of any one of claims 24 to 33,

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

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

wherein the semiconducting layer comprises silicon, polysilicon, gallium arsenide,

germanium, silicon-germanium.
36. The method of any one of claims 24 to 35,

- further comprising forming the supporting layer over a further semiconducting layer.

37. The method of claim 36,
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wherein the sem conducting |ayer conprises silicon, polysilicon, gallium
arseni de, germanium silicon-germanium 36. The nethod of any one of clains
24 to 35,wbuntonsi22aonpri sing form ng the supporting | ay@CT®6009406208t her
sem conducting layer. 37. The nethod of claim 36,wherein the further

sem conducting | ayer conprises silicon, polysilicon, gallium arsenide,
germani um silicon-germanium 38. The nethod of claim 36 or 37, wherein
form ng the sem conducting | ayer, the supporting |ayer and the further

sem conductin ayer, conprises.formng a silicon-on-insulator |ayer
structur e?vth%rg.gl tli’ﬁélrh’t?f Fft c?ﬂd% Wolﬂ?ﬁg CgF‘pE‘FeéiSHtDOS"lp‘{}%“lﬁ%’,‘" %ﬂi YRin form ng
the firsta@éiis; ge@iinamih, sﬂﬁghcg@nﬁ;ni&{ﬁe first conductivity type conprises
formng the first ohmc contact region with a dopi ng concentration higher

t han the doping concentration of the first doped region. 40. The met hod of

any one of akatiBmafod 8f 38im ¥ f N form ng the second ohmic region of the
second conductivity type conprises fornming the second ohmic contact region

with a doping concentration higher than the doping concentration of the
second doped region. [41. The .nethqd of . any one of clajns ZA}g:t 0 40, wherein
Che 111 st BUBBIOPRGE i Raucadubinblerrohe ipPaRedecrdBe diis 10" 16 om 3
to 5 X 1O0sehBcondudting layer comprises forming a silicon-on-insulator layer structure.
39. The method of any one of claims 31 to 38,
wherein forming the first ohmic contact region of the first conductivity type comprises
forming the first ohmic contact region with a doping concentration higher than the doping
concentration of the first doped region.
40. The method of any one of claims 32 to 38,
wherein forming the second ohmic region of the second conductivity type comprises
forming the second ohmic contact region with a doping concentration higher than the
doping concentration of the second doped region.

41. The method of any one of claims 24 to 40,

wherein the first doped region has a doping concentration of about 5 x 10" cm?to 5 x

10 cm™..
42. The method of any one of claims 24 to 41,

wherein the second doped region has a doping concentration of about 5 x 10'® cm™to 5 x

10" em>.

43. The method of any one of claims 24 to 42,
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42. The nethod of any one of clainms 24 to 41, wherein the second doped
regi on has a doping concentration of about 5 x 1016 cm3 to 5 x 10 18 cm 3
43. Thewoeotwodi12zt any one of clainms 24 to 42, wherei n PR&/SG2091000228
conductivity type is a p-type. 44. The nethod of any one of clainms 24 to
43, wherein the second conductivity type is an n-type. 45. The net hod of
any one of clains 24 to 44, wherein the first doped regions junction
conprises a pn junction. 46. The method of any one of clains 24 to 45,
wherein the second doped regions junction conprises a pn junction. 47. An
el ectro-optic device conprising: an optical source for providing an optical

signal ; awhBleld the firdt @6nduRtility fypeis e eypRt i cal signal into a first optical
signal and a second optical signal; a phase shifting device of any one of
claims 1 to 23 for receiving the first optical signal and providing a first

phase nDduIq&@ghggkgﬁg%{%bgﬂ%ufcﬁﬁ y&£§§£3phase shifting device for

recei ving the secon si gnal and provi ding a second phase nodul at ed
optical signal; and a conbiner for conbining the first phase nodul at ed
optical signal and tgiasecond hase nodul ated optical signal to produce a

resultantwgﬁFFU£?5§? nARALYIE) BPE KEnM¥Pher phase shifting device

conprises a length | onger than the phase

45. The method of any one of claims 24 to 44,

wherein the first doped regions junction comprises a pn junction.
46. The method qf any one of claims 24 to 45,

wherein the second doped regions junction comprises a pn junction.
47. An electro-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;

a phase shifting device of any one of claims 1 to 23 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 phase modulated optical signal and the second phase

modulated optical signal to produce a resultant optical signal;
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shifting device. 48. The el ectro-optic device of claim47, wherein the
further phase shifting device conprises a configuration the sane as the
phase shiwoizng/dexzice of any one of clains 1 to 23. PCT/SG2009/000228

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

shifting device.
48. The electro-optic device of claim 47,

wherein the further phase shifting device comprises a configuration the same as the phase

shifting device of any one of claims 1 to 23.
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