WD 2011/ 115574PCT/ S&2011/ 000097 1 OPTI CAL MODULATOR AND METHOD FOR
MANUFACTURI NG THE SAME TECHNI CAL FI ELD [ 0001] Vari ous enbodi nents rel ate
gener al | ywoaeoamissti cal nodul at or and a nethod for nmanufratiseréngoeo7 opti cal
nmodul at or. BACKGROUND [ 0002] The devel opnent of a hi gh performance opti cal
nmodul ator is essential for 10 silicon photonics integrated circuits. A
possi bl e approach is the hybrid integriation of conventional 111-V

sem conductor or lithium niobate nodulators onto a silicon platform

However, thi-s,. r0Qc te I St ntary

met al - oxi de?@rﬁ%ﬁ'ﬂ&ﬁ%gi%\@ﬁ%ﬁmigﬁlggﬁgﬁdﬁibf%%wIlri'w?cost s and
hi gh vol unme manufacturability of electronic-photonic integrated circuits.
15[ 0003] A si li con-based nodul at or nai;"%@ nore attractive as it nmay allow
the nonolithic integration of photonic conponents with silicon CMOS on a
single chip. Silicon-based nodul ators which use the free carrier plasm

di spersion effect for nodul ati on-have been denonstrated. The silicon

Mach- Zehnder interferoneter (MVABCHNUWARKELDs one such exanple. However,
its long phase shifter length may result in high 20 energy consunption and
| ar ge 5o0n-[0001) ar Fariowd g@nbadanentstretdto genenglyr osmnaptiosl modlldtet ard areetleldi mi nat e
this issue due to its smaller size, but it nmay be nore susceptible to

f abri cat i fopmenufedioriansh sARalamédm@dibier nmodul ati on bandwi dth.  SUMVARY

BACKGROUND
| [0002] Q:'. The dévélopmeht of a high _performancé optical modulator is essential for

10 "sili‘con’p.hbtonics: iﬁtegré;ed circ;u‘tg.‘ Azj‘)os’sible. épﬁfbéch :is the hybrid integration of
conventional III-V semiconductor or lithium niobate modulators onto a silicon platform.
However, this approach does not leverage on the existing complementary metal-oxide-
semiconductor (CMOS) process technology to enable low costs and high volume
manufacturability of electronic-photonic integrated circuits.

15 [0003] A silicon-based modulator may be more attractive as it may allow the
monolithic integration of photonic components with silicon CMOS on a single chip.
Silicon-based modulators which use the free carrier plasma dispersion effect for
modulation have been demonstrated. The silicon Mach-Zehnder interferometer (MZI)
modulator is one such example. However, its long phase shifter length may result in high

20 energy consumption and large on-chip area. A silicon micro-ring resonator mOduiator
may eliminate this issue due to its smaller size, but it may be more susceptibie to

fabrication errors and has a smaller modulation bandwidth.



100041According to one enbodi nent, an optical nodulator is provided. The
optical nodulator includes a first wavegui de, a second wavegui de, a

modul at i ngoportriissv4connect ed bet ween the first wavegui decasd20hmo@ezond
wavegui de, the nodul ating portion being configured to receive an input
signal fromthe first waveguide, to mpdul ate the input signal and to supply
a correspondi ng nodul ated i nput signal“ as an output signal to the second
wavegui de, wherein the nodul ating portion includes a sem conduct or
substrate, one end thereof being %ﬁgﬁ%ﬁgR the first waveguide, . and a
correspondi ng opposite end thereof Dbeing coupled to the second wavegui de, a
Germaniumrih provided 10 on the . substrate such that the t signal

pr opagat'e@w‘ﬁ'r ouéﬁc,otrﬁlégé%%‘éﬁ'? MIPER: a7 gRifFa “Pg for %Prﬁﬁﬂdeg% W, ?“eof , and

a first el ectrode and a second el ectrode respectively provided on the

subst r at enodieeiineludes cdirptamiatieauidep 4 seqondyyensguidet werrdylpeng jppgion

el ectrode and the second el ectrode, and wherein the first el ectrode and the
second elwonectadibetweendnfitshweeguide anp pieysecomd evayeguide e rodilatingpoitiva
Germaniumrib in order to 15nodul ate the input signal propagating through

t he Gér meringeanifigurell 00 G8deMxcar dipng signoal dinoh hisr fiesrivadegnidd, to anadatadro chef or

manuf acturing ‘an optical nodul ator is provided. The nethod includes ‘
deposi t'i ngpd sg@alEd tupply arcofbpondiag HRiiuResAdHSE AignaLsdn Aftfit saindl ©t chi ng

t he deposited: germanium | ayer to forma Germaniumrib having a first

si deval 1 ‘@gadegyReaanehisddenrdrbin 4R BRUERIRESCRIATINIE al HEmRBANRNGES

100061I.n the drawi ngs, |ike reference characters generally refer to the

same par t's%‘g&ﬂ?]éj‘&@%g thgl%ot‘ji){iﬁ%rch rl%ﬁ’ }o)e/W%- ﬁrlh%agé@ﬁéﬁéf‘gﬁd %%ﬁ%g%onﬁﬁlgessa” 'y

to scal e, ‘enphasi s I nstead ge ei ng pl upon | stratiing the

R Y S T R R

enbodineﬁ§?°% 1 nvent-on are desc _ ref_renc 0 f:Sllovm'ng
il ERE R R T ERE R R R RS B o]
'nvent| Cmlbngitudinal axis thereof, and a first electrode and a second electrode respectively
provided on the substrate, wherein the Germanium rib is provided between the first
electrode and the second electrode, and wherein the first electrode and the second
electrode are configured to apply an electrical field to the Germanium rib in order to
15  modulate the input signal propagating through the Germanium rib.
[0005] According to another embodiment, a method for manufacturing an optical
modulator is provided. The method includes depositing a germanium layer above a
semiconductor substrate; and etching the deposited germanium layer to form a
Germanium rib having a first sidéwall and a second sidewall.
20
BRIEF DESCRIPTION OF THE DRAWINGS

[0006] In the drawings, like reference characters generally refer to the same parts

throughout the different views. The drawings are not necessarily to scale, emphasis



100081Fi gure I b shows a schematic cross-sectional view of an optical
nodul at or according to one enbodi nent of the present invention.

[ 0009] Fi ghipeo/ghvws a fl owchart of a nethod for manuf a®CuSGAY1AA00Pt | cal
nodul at or according to one enbodi nent of the present invention.
10100101Fi gure 3a to 3f show a pr ocess, for manufacturing an optical

nodul at or accordi ng to one enbodi nent of the present invention.

[ 0011] Figure 3g shows a sinplified process flow for manufacturing an

optical )AL QerAGMYl PlcddCupnancaRagds MR briRipltder ESSRALoA. NI ON.
[0012] Figure 4a shows a 'scanning el ectron mcroscopy (SEM i nmage. of an

optical - | . ac i 0o en i ITent o, . d.nvention.
[0013; Fi e s U R0, o e P e W B e o "o
opti cal 'rmdgl éﬁlor : ac({:ordi %tgxgne enbodi ment of the present invention.
100141Fi gOre® RUERYRLTAVOEMIT XEG el ectric field profile of an optical

nodul at or _according to one enbodi nent of the present jnvention.,

20[ 0015] F%UTle - sisoleshevsianishapais Brsrdimensymabpier i ansPtpd gaeduiion thin a
5. ﬁ_agcrordi‘h:g;to ohe em;bodir:ne‘nt of t”:he,pfesént inventioﬁ.
- "[(v).()08] : ;’Fig:ure: lb sholwis:élj séﬁéfﬁati&: CrosS-sectifbnéﬂ Viéw of an opfiéél fn:bdll:iator
:accbrdix.lg to one cnibodixfnent of (hei;;res¢nt invention.
ﬁ [0069]‘ Figﬁré 2 sho@s a ﬂowchart of a meth(i)d‘ for manufacturing én‘ op_ﬁcal
B .mo_dula"t(;r'g ac,cord‘iné to one embd?ii?nent of the present invention. ”
10 ~.[0()‘10]j. - Figuré 3a to j3f ShO\;/ ‘e‘i: pf&)(’:ess- for m’a;uifacti;ring an optical modulator
according to one embodiment of the present invention.
[0011] Figure 3g shows a simplified process flow for manufacturing an optical
modulator according to one embodiment of the present invention.
[0012] Figure 4a shows a scanning electron microscopy (SEM) image of an optical
15  modulator according to one embodiment of the present invention.
[0013] Figure 4b shows a transmission electron microscopy (TEM) image of an
optical modulator according to one embodiment of the present invention.
[0014) Figure 5 shows a simulated electric field profile of an optical modulator
according to one emibodiment of the present invention.
20 [0015] Figure 6a shows a simulated profile of optical propagation Within a
Germanium rib of an optical modulator according to one embodiment of the présent

invention.



Germaniumrib of an optical nodul ator according to one enbodi nent of the
present invention. WD 2011/115574PCT/ S&011/000097 100161Fi gure 6b shows a
graph of Wpt20talisyropagati on neasurenents pl otted agai n®CTRGRENFIVIDF an
optical nodul ator according to one enbodi nent of the present invention.
[0017] Figure 7 shows a graph of neasured transnittance plotted agai nst

wavel engt h of ‘an optical signal for di¥ferent reverse bias vol t ages
according to one enbodi nent of the present i nventi on. 100181Fi gure 8a shows

a graph °|I00 (%it' ”?l A o\l 04 i §rR9A Od?gﬁaﬁ\l‘@’%%gle%ng s pitotecdld 'al?l?tj si gnal

for diffe rev |as v ages acc 0 one e ment ~o
present inve 91Fi ure 8b,.s xtlnctlon rati o

of
bl ot t ed aagttpt'll;toﬁ’?*é%teémsf‘%l b rsringd op P QR Ver B He R e R
accordi ng to one_enbodi nent of the present |nventuﬁn. 100201Fi gure 9 shows
a graph o017l ansﬁtanf'ahélwﬁwogr@@uogaa%SHseé HRaYRIIeRRFtHO G gAY EAnEY gnal
for different lengths of a Germaniumrib of an optical nodul ator according
to one enfoui onsisel Bignal er giffersantevensg biss iveHages Be@nding (% goe embediskavelf a gr aph
of transmittance plotted against wavel ength of an optical signal for
di f f erfentthepdsérg irofengorGer mani um ri b of an opti cal nDduIator according to
one enbodlnent of the present invention. Co ‘
. '[0018] - Flgure 8a shows a graph of extmctlon ratio plotted against wavelength of an
optlcal .slgnal for dlfferent reverse ‘blas voltages acchdmg‘to one embodlment of the
: _present mvent10n
[0019] Flgure 8b shows a graph of extinction. ratlo plotted against reverse- bias
10 "voltage for a Wavelength of 1600 nm accordmg to one embodiment of the present
invention.
[0020}) Figure 9 shows a graph of transmittance plotted against wavelength of an
optical signal for different lengths of a Germanium rib of an optical modulator according
to one embodiment of the present invention.
15 [0021] Figure 10 shows a graph of transmittance plotted against wavelength of an
optical signal for different widths of a Germanium rib of an optical modulator according
to one embodiment of the present invention.
[0022] Figure 11 shows a table listing information of two conventional optical

modulators and an optical modulator according to one embodiment of the present

20  invention.



100221Fi gure 11 shows a table listing information of two conventi onal

opti cal nodul at ors and an optical nodul ator according to one

enbodi merWwoab1ynes7pr esent 20i nventi on. DETAI LED DESCRI PTIISN2011/000097

[ 0023] Enbodi nents of an optical nodul ator and a nethod for nmanufacturing an
optical nodulator will be described in detail below with reference to the
acconpanying figures. It will be appresci ated that the enbodi nents descri bed
bel ow can be nodified in various aspects w thout changing the essence of

the invention. [0024]Fi gur .eDiﬁ‘Aﬁpg‘fﬁ%ESéﬁﬁﬁ Nc t hree- di nensi onal vi ew of
an optical nodul ator 100. Figure shows a schematic cross-sectional view

of an optj ﬁ modul, at or éOO al ong X- X Ei ne. .The gpt.ical nodul ator 100
"het udes W6R, 07 EXndbGlenteh 6 SRl aredulaidgng el euET reAmTathE B ca
modul at or 100 al-so includes a nodul ating portion 106 10connected. bet ween
the firstoRiadenesaon gl bndescredsivdstall YA gtithdeferase 19 BASTOMPRRYEdUl at i ng
portion 106 includes a sem conductor substrate 108. One end 110 of the
sem conduleguses. Sl reaappreEdged batcthe pmbedimentsitiesdribed belppeag hedreodified inand a
correspondi ng -opposite end 112 -of the sem conductor substrate 108 is
coupl éd  taribheaspeaowithnecbangingethd Ossenderof dreeinegnionli ment, the first wavegui de
102, the second 15wavegui de 104 and the sem conductor substrate 108 may be
formed noj0o24)t hi Baduley1d shOMs a schematic three-dimensional view of an optical modulator
100. Figure 1b shbWs a schematic cross-sectional view of an optical modulator 100 along
X-X’ ﬁlinﬁe; The opfical modulatbrzlﬁOOZincludes a first waveguide 102 and a se_éond
Waﬂzegu}idé 104. ﬁThe optical mq'dq_létor 100 also inClUdeS a modulating portion} 106
10 - connected between the first waveguide 102 and the seCoﬁd wévéguide 104.
[0025]) The modulating portion 106 includes a semiconductor substrate 108. One end
110 of the semiconductor substrate 108 is coupled to the first waveguide 102, and a
corresponding opposite end 112 of the semiconductor substrate 108 is coupled to the
second waveguide 104. In one embodiment, the first waveguide 102, the second
15  waveguide 104 and the semiconductor substrate 108 may be formed monolithically from
a same substrate 109. Various materials may be used for the substrate 109. In one
embodiment, the substrate 109 may include silicon. Thus, the first waveguide 102, the
second waveguide 104 and the semiconductor substrate 108 may include silicon.
[0026] The modulating portion 106 also includes a Germanium rib 114.: The
20  Germanium rib 114 is provided on the semiconductor substrate 108. The Germanium rib
114 may have a length of L.

[0027] Germanium is used for the rib 114 for optical modulation, given its process

compatibility with silicon in certain integrated circuits. Previously, electro-absorption of



a sanme substrate 109. Various materials may be used for the substrate 109.
I n one enbodi nent, the substrate 109 may include silicon. Thus, the first
wavegui dewdQa11/tib4second wavegui de 104 and the sem conggeiseroquwbsoy ate 108
may include silicon. [0026] The nodul ati ng portion 106 al so includes a
Germaniumrib 114. The 20Germaniumrib 114 is provided on the sem conduct or
substrate 108. The Germaniumrib 114 ﬁhy have a | ength of LGCe. ,
[0027] Germaniumis used for the rib 114 for optical nodulation, given its
process oLl i 4 &€ | R\ [ i.ts.
Previousﬁ&ﬁpg&ég%ﬁg%ﬁgﬁg%g§§%nggﬂpe%&?ggﬁ?gk§l§%gggégﬁ?ﬁﬁﬁb%%,fh§§y8tark
effect ( i J uant ym.wel | and. by .Erank- Kel dys EK) ,effect in
bul - Go. AT KEeTV R e RIS Sty SREnA TP Bt et ebftdecs |
absorption in Ge-based materials with ap electric field may open: the ‘
possi bi | ithg apfical ahsgmyion\inpSsdases artsriglsalisr pit iefitirodisldary R Hicgh
speed, | ow power applications.;100281The.n0dulatiqg ortion 106 al so

i ncl udes nressibilist ofed Geaupddebapsd clgpiso-absortion nedulstarrforpigh sBeedTioav PoWwart

el ectrode 116-and the second el ectrode 118 are al so respectively provided
on thé seppbamidoct or substrate 108. The Germaniumrib 114 is provided

bet ween .the first electrode 116 and the second el ectrode 118. Various

mat er i al §00x8] -beTHOmodaldiifiportibe 106 aBb indleds aofiter dddrodad 16 had asecond

el ectrode 118. 'In one enbodinent, the first electrode 116 and the second
el ect r ode;)detiBd&pys.iThe! fltstel@bidad Niind B0 2&bhd eleb@de 11@fLE hlsdgespectivkigur e | b,
the substrate 109 is disposed above a buried oxide |layer 120. |n other

words, tf o&‘ih&%g\ﬂme&ﬁﬁ&ﬁd&&&-s;mg@atéemn@rhwmm% 14 8% LhKided

sem conduct or substrate 108 are di sposed above the buried oxide |ayer 120.

15 [ OOSO]bejt;xge%:hﬁﬁ lx?sg![gggt?(t)d) M l%ug?ﬁit{}g%es:gé@ glﬁ%tp(?de"jlq%S Xgmgdsrrﬁ;telru?ghﬂg b%22 doped

w th atons ‘a. .conducti vi a seco reglon oped with

t f nd. conducti vity type. The first ion 122.is f bel
or ackacaied 6 B prrSrtErnlind dBR-ard ruriB bRt prpmint Bodrene.
second region 124 is fornmed below Qr adjac?nt Eo,a second sidewal | 128 of
the Ger meictiRels 1 19 and4he sgqang ¢lptfodg |l 1§ may dpelude@lynaingins hosed above

[0029] Further, referring to Figure 1b, the substrate 109 is disposed above a buried
oxide layer 120. In other words, the first waveguide 102, the second waveguide 104 and
the semiconductor substrate 108 are disposed above the buried oxide layer 120.

15  [0030] The semiconductor substrate 108 includes a first region 122 doped with atoms
of a first conductivity type and a second region 124 doped with atoms of a second
conductivity type. The first region 122 is formed below or adjacent to a first sidewall 126
of the Germanium rib 114, and the second region 124 is formed below or adjacent to a
second sidewall 128 of the Germanium rib 114. The first electrode 116 is disposed above

20  the first region 122 of the semiconductor substrate 108 and the second electrode 118 is
disposed‘above the second region 124 of the semicondl:lctor substrate 108.

[0031] The Germanium rib 1’14 includes a first region 130 doped with atoms o.f the

first conductivity type and a second region 132 doped with atoms of the second



20the first region 122 of the sem conductor substrate 108 and the second

el ectrode 118 is di sposed above the second region 124 of the sem conductor
substr at ewdQ811/18031] The Germaniumri b 114 includes a fipcsiscregioonei30
doped with atonms of the first conductivity type and a second regi on 132
doped wi-'th atons of the second WO 2011/ 115574PCT/ SG2011/ 000097 conductivity
type. The first region 130 is formed dn or within the first sidewall 126 of
the Germaniumrib 114 and the second region 132 is formed on or within the

second si C%ﬁp\@“k/ﬂfi O'i"het Pr%t irom@b h'hpq‘ c;n]‘éli' wJﬁlﬁ t}Ie' fﬁrgttzséc[e%&%'llq'}6 Jo?ﬁ*ne()f the

Ger mani umr di spose above |rst regi on

sem condugt or substr and, t he S| |on 1 f the mani um ri b
T4 i s diGpBentas il ?'Hil IS sEBAToREg: 5 T DAmeT of Hrwgéfh? A Bllbs 1 at o
108. 100321l n_qgne _enbodi nent, the first conductivity type .

p- conduct §4%i ¢k theyFermantgn nib d1bnkheofirs region 1P %fotha&ﬁtwvwl flgpbl“nﬁy

i ncl ude boronions. The second-conductivity type is an n- conductivity type.

The at onsdigfosecheboye dbmfirst avsierc 123/ pt thetsypicopductorrubsivne 1@oprsk fraceenns i ons.
100331l-n anot her enbodi ment;, the conductivity type of the first region 122
of thé sengionrddaifahe QabadmmhmleBl andisposel dbhavstthe egpond réggdéh 024 phéhe
Germani umrib 114 can be inter-changed with the conductivity type of the
second r egmond@edoifubsifege BB conduct or substrate 108 and the second region
132 of the Germaniumrib 114. That is, the first 15 region 122 of the

seni condygbsy) SubsbhatBbidBenNthettie JdnalsanvngegjamsL%QC&fdu&tmtyG@pmeum rib
114 may be doped wth atons of the second con ctivity type (e.g

n- conductiyht ¥r dhY BRk comgu&,gﬂyﬁ@ﬁgpqlcru%%%nl&é Phe §e@@n§&>‘%§&ﬂz‘ﬁy%y be

substrate 108 and the second fegion 132 of the Germaniumrib 11%

doped h
ooR 0041 TRt P EBpeleylE s s AR b ke R B B PRBP MG Il 2P

first i.on 130 of the Germaniumrib 114 are continuously doped with atomns
of 'thd  HHSEodR s

[6033] In another embodiment, the conductivity type of the first region 122 of the
semiconductor substrate 108 and the first region 130 of the Germanium rib 114 can be
inter-changed with the conductivity type of the second region 124 of the semiconductor
substrate 108 and the second region 132 of the Germanium rib 114, That is, the first

15  region 122 of the semiconductor substravte 108 and the first region 130 of the Germanium
rib 114 may be doped with atoms of the second conductivity type (e.g. n-conductivity
type), and the second region 124 of the semiconductor substrate 108 and the second
region 132 of the Germanium rib 114 may be doped with atoms of the first conductivity
type (e.g. p-conductivity type).

20 [0034] = The first region 122 of ihe semiconductor substrate 108 and the first région
130 of the Germanium rib 114 are continuously doped with atoms of the first/second
conductif{/ity type, and the second region 124 of the sver‘ru'conductor substrate 108 and the

second region 132 of the Germanium rib 114 are continuously doped with atoms of the



conductivity type, and the second region 124 of the sem conductor substrate
108 and the second region 132 of the Germaniumrib 114 are conti nuously
doped wi tWwoavomasofi the  second/first conductivity typecrescpsawoeer a
conduction path for biasing a voltage laterally across the Germaniumrib
114. A reverse bias across the Germaniumrib 114 can create an electric
field and can enhance opti cal absorptﬁ%n t hrough the Frank-Kel dysh effect.
100351Det ai | s of the function of the optical nodulator 100 are described in
t he foll ow NG 10 -' t. optj ecal  si | 134 rg f i st
wavegui-d es\énf[%gy.ﬁ%]h%%g%@gg Iqﬁtél ta ﬁ’g(fdlc?te%w?r]ggagoél p(j:aghu%F g g&flg § n‘{og%% ﬁ%rrfh%t i cal
source (not sho into the. first wavequi de 102, The.nodul ating portion 106
over ves ToHS B bl HAT 145h Ty Foscr 8¢ GApRiTAE01aR SATRE 1 ot
wavegui de 102 -may incl.ude t apered portijon (‘naot shown) eing coupled to
the one -ecFlectier gld ppde @&ﬁ@aeeagﬁbsga%@ﬁ%fpéglms Ffa@kc’%%%rsg e opt i cal
signal 134 fromthe first waveguide 102 into the nodul ati ng portion 106.
The t aperl@833or t Pgnilpfof tthe fenctin ofthe guiierd modulater, 190 ata descabed i1 st

coupl i-ng between the first wavegui de 102 and the nodul ating portion 106
(e.g. St hefoHewingonduct or substrate 108 of the nmodul ating portion 106).
15100371I'n one enbodi ment, the first wavegui-de 102 may include a further

t aper ed pO036]on - ARGhpa epvicyl shbNBicaintt €dnt tetflia Oplepeidt 16DUTReoH R
shown) .- The further tapered portion may provide efficient coupling between
the opti cginapauaCRapé ERIddl frof ¥RY @8 WptieallQircel H38&hMNnY o ane fad 110 of
t he semi.conductor substrate 108; the optical signal 134 20 (light) fromthe

first Wa'vv@%gﬁiﬁe :l'g?l, ﬁ%&&o@m{@g%ﬁieﬂt]@a tr;&%iv@efhgn%?hwmgm 54 %rorh theTREE

detail, the ptic si'gha Is coupled fromthe firtst waveguide 102 into

e e SRR 5LEL 1 MR R oD £ By B |
Ger rmﬂ)l urBeErilgbcbjﬁ%lAéd t(-)r t}?'x% O(I?lg ter'uf ?JOFOf tﬁe semiconductdr substrate 108 to couple the optical
signal 134 from the first waveguide 102 into the modulating portion 106. The tapered
portion of the first waveguide 102 may provide efficient coupling between the first
waveguide 102 and the modulating portion 106 (e.g. the semiconductor substrate 108 of
the modulating portion 106).

15 [0037] In one embodiment, the first waveguide 102 may include a further tapered
portion (not shown) being coupled to the optical source (not shown). The further tapered
portion may provide efficient coupling between the optical source and the first waveguide
102.

[0038] At the one end 110 of the semiconductor substrate 108, the optical signal 134

20 (light) from the first waveguide 134 gets coupled into the Germanium rib 114. In more
detail, the optical signal 134 is coupled from the first waveguide 102 into the

semiconductor substrate 108 of the modulating portion 106. The optical signal 134 is then

coupled from the semiconductor substrate 108 into the Germanium rib 114. The optical



signal 134 may be evanescently-coupled (e.g. transmtted fromthe

sem conduct or substrate 108 by neans of an evanescent, exponentially
decayi ng wbeotwasagnetic field) up into the Gernmani um ripbThtAohmoeuse of a
refractive index difference between e.g. between the sem conductor
substrate 108 and the Germaniumrib 114. 100391The signal 134 propagates

t hrough the Germaniumrib 114 al ong a}%ongitudinal axis (e .g. z-axis) of
the optical nodul ator 100. The nodul ating portion 106 nodul ates the signal
134. More.s ishically, the finpst - electrode 116 th econd el ectrode
118 of t RS AIa kg sy Pati o UEF I & Tl o g Ao dS:
Germaniumyrib 114 in order.to nodul ate the | t signal 134 propagating
Chr ough tMesas T Pumerroon s aRestatt eyapawel] St uboauebiic o | o

el ectrode 116 and the second electrode 118, An electric field is thus
created a8y B4 thengermangtm dibg bldabecayseeoian defrastive adeh didsrenafarwasPge &f t he
Ger mani um.ri b 114 through the e.g. p-doped conduction path (the first
regi on 12gtwéentthesesspindoeidusibstrats L andthe Geaganaum ribHé4f i r st region 130 of
the Germaniumrib 114) and the e.g. n-doped conduction path (the second
regi ors 12/4034] t h&he edigradntBic tppopagatbs t theugh 1the GOBnadnt ik $btarchy egi on 132
of the Germaniumrib 114). The electric field can enhance optical

absor pt i ogn@fdifadBxis el AbAs)t dTahO©BpticaRnodilgnall 00. HHARIILingRdricht 1069
portion 106 then supplies-a corresponding nodul ated input signal 136 as an
out put si gn@liackO thehSigagcrd Ma¥egulidgalkOthe The 484006 MB8VAAUILESedff May
include a tapered portion (not shown) being coupled to the other. end 112 of
the 20 sepi. aS ' - t s tihe . e dcal signal
136 1rom THgoBe 484 8F nRdREANALE Pl PC R, B LG R e SR g
tapered partjpn-of the sef wavegui 04 may. provi de. efficient coupling
borween (el LER SR QRRGRe YN CTH T 11885 nmRr BSYE 66 boE5 o 04" and

%Surﬁfhgt4;)8?rp‘?%¥ . iggss?é%gliédeétQBé-grQF elgceirrgd%q rI]g la{r(lz(i 81% sgéjotljl teEe%%rgdelp%. %fn the
electric field is thus created across the first sidewall 126 and the second sidewall 128 of
the Germanium rib 114 through the e.g. p-doped conduction path (the first region 122 of
the semiconductor substrate 108 and the first region 130 of the Germanium rib 114) and
the e.g. n-doped conduction path (the secyond region 124 of the semiconductor subétrate

15 108 and the second region 132 of the Germanium rib 114). The electric field can enhance
optical absorption and can modulate the optical signal. |
[0040] The modulating portion 106 then supplies a corresponding modulated input
signal 136 as an output signal to the second waveguide 104. The second waveguide 104
may include a tapered portion (not shoWn) being coupled to the other end 112 of the
20  semiconductor substrate 108 to couple the modulated optical signal 136 from the
modulating portioﬁ 106 into the second waveguide: 104. The tapered portion of the

second waveguide 104 may provide efficient coupling between the second waveguide



[0041] I n one enbodi nent, the second wavegui de 104 may include a further
tapered portion (not shown). The further tapered portion of the second
wavegui dewdQd1mmays7e coupled to e.g. a photodetector. TireTiserohmoomwaper ed
portion of the second waveguicle 104 may provide efficient coupling between
t he second wavegui de 104 and e.g. the 8hotodetector. [ 0042] The nodul at ed
optical signal 136 gets coupl ed out at%the other end 112 of the

sem conductor substrate 108 to the second waveguide 104. In nore detai

the nmodul gied,y jﬂQOC ddist m% S;?)'Ptgt% e%?@ée%{iﬁé’@&ﬁfép nduRib: tih%stﬁ‘%{ TR yyd b 114

into the sem conductor su optical signa 136 is
t hen Couplegpfrontthe- conductor substrate 108 into t he second wavegui de
104. [0048f PO ‘a flowchart 200 of a method for manufacturing an

opti cal nodulator _ a germanium | ayer is dep05|ted above a

seni condu@Pdt] suBs?‘?’eaftr’ébOd’FH‘@“’l@e geroRARlrAdey KK ey insldga fedher depetdove t he
seni conduct or “substrate by :a selective. epi t axy process. At 204, the -

deposi t ecpagéonénet shawrly &he iﬁSﬂb@t tdperedtnoriasy of the Geqomd nvayesyifle l%maudoea first
si dewal I and a-second sidewal | .. [0044] The substrate nay be etched to forma
first 5wav®gpledeo eq. esplmcamtbtmeljlnn fiether tapamet] porsempLibnderondwasegysder Hide havi ng
one end coupled to the first wavegui de and a 20correspondi ng opposite end
coupl ed ‘tifaf Hroves aicivmy egiplidg . betheens s kédhé WRyeghide! Lite asd | ¢.gothe [ 0045] A
first region doped with atons of a first conductivity type and a second
regi on dqﬂﬁgka%@ratons of a second conduct|V|ty type may be forned on or
within the .

t [0042] - The modulated optlcal sngnal 136 gets coupled out at the other end 112 of the
' semiconductor substrate 108 to the second wavegmde 104. In more detail, the modulated
10 optical ‘s'ignal 136 ‘is coupled from the Germarltium. rtb 114 into the semiconductor
substrate 108. The modulated optical signal 136 is then coupled from the semiconductor
substrate 108 into the second waveguide 104.
[0043] Figure 2 shows a flowchart 200 of a method for manufacturing an optical
modulator. At 202, a germanium layer is deposited above a semiconductor substrate. The
15 germanium layer may be deposited above the semiconductor substrate by a selective
epitaxy process. At 204, the deposited germanium layer is etched to form a Germanium
rib having a first sidewall and a second sidewall.
[0044] The substrate may be etched to form a first waveguide, a second waveguide
and a semiconductor substrate having one end coupled to the first waveguide and a
20  corresponding opposite end coupled to the second waveguide. The substrate may include
silicon. |
[0045] A first region doped with atoms of a ﬁtst conductivity type and a second

region doped with atoms of a second conductivity type may be formed on or within the



first and second sidewalls of the Germaniumrib, respectively. A first
regi on doped with atons of the first conductivity type and a second region
doped wi tWwoavommswfs t he second conductivity type on thepsgsceonduapor
substrate may be formed before formng the Germaniumrib. The fornmation of
the Germaniumrib and the formation of the first region and the second
regi on of the sem conduct or substratelhay be carried out such that the
first sidewall of the Germaniumrib is di sposed above or adjacent to the
first regi f j tor. substrate a a . Se Sirdewal
is di spogﬂgg %n(gos\?%&%rﬁ‘g%%aglgggyﬁ tiegéqrﬁglggle%%r{ SPre gtglg %‘moFrSE E%m}e(?no%ggr\lﬁﬁlct or
substrate. [004 e first. conductive type may be .a .n-conductivity type.
The: at ongigs PRI dseh & BREahy g Sel goed Sy EOBE A5 e Sshane The
second condyctjvity type may be a n-conductivity {ype, The atons of the
second coRAEAUMLY ttyPg ybéh%avnicmqa%@é Saﬁ%@%&awg foaﬁgd bpiopu Fqrayng disn

di oxi de may be deposit-ed above the sem conductor substrate and the

Ger mani urfermgniumhib. didisdeimasian of thedermaniywi rdandghe frematigrhefdhe rsexggivse a
portion of the 15 first region of thé sem conductor substrate and a portion
of thé semdrbe saghdmegén bhehesemimodduat mbstsasd stay dteecarredcan duch thae theat er i al
may be deposited in the etched:regions of the deposited silicon dioxide to
f or m el ecfisodidsvall0fehecOatiaatuny fb tedigiosal aboRy of aifdcemiero aheUfifsniggion of the

[ 0048] Figures 3a to 3f show an exenplary process for manufacturing an
optical ZQpRebatadier subffhte, Bh@iHabhe 3ecoh® siabwaDRWiHe AW Corcddpiesntse e onal
views of .an optical nodul ator 100 along X-X Iine of Figure |a.

[ 0049] Fi QUE&d38si5R 0o esitBaducil SurkBQichavi ng a first region 122 doped with
atons of a first conductivity type and a second region 124 doped with atons

o 5509112 SROBAELINLLN 1R e B RS SHRESITRA, TAOR LT b

condugctivity type . may i ncluyde boron ions. The,secon onductivity type is
o e Doncael VR el ok, B Gony BB stoBd SORSRAUEY RRETDRY b

i ncl ude phosphorous igns. The substrate 109 nay include silicon. The
subst r at CORYFUVEY Exiendbe 9&9%8&%?%59@?@?0%{%\@&;4 fyRe m,m%{uéfe@wa&lwegui de
104 and a sem conductor substrate 108 having one end 110 coupled to the
first wave®ui de 102 and a correspondi ng opposite end 112 coupled to the
second wavegui de 104 (as shown in Figure la) In one enbodi nent, the

subst r at 0048 ma§ilikew dicaideehaphbe dépoaitesliuabo2@ thensemidindudtpr sibstwie enditlge 102,
t he second wavegui de 104 and the sem conductor substrate 108 may have the
sane hei ghérmafiium rib. The deposited silicon dioxide may be etched to expose a portion of the

15 first region of the semiconductor substrate and a portion of the second region of the
semiconductor substrate. A conductive material may be deposited in the etched regions of
the deposited silicon dioxide to form electrodes. The conductive material may include
aluminum.

[0048] Figures 3a to 3f show an exemplary process for manufacturing an optical

20  modulator 100. Figures 3a to 3f show schematic cross-sectional views of an optical
modulatdr 100 along X-X’ line of Figure la.

[0049] Figure 3a shows a substrate 109 having a first region 122 doped with atofns of

a first conductivity type and a second region 124 doped with atoms of a second



10 about 220 nm [0050]1n one enbodi nent,
and the second wavegui de 104 may include a tapered portion (not shown).

each of the first wavegui de 102

The

t apered pwotwomisdrat he first wavegui de 102 may be coupl edtisconmoeod 110 of

t he sem conduct.or substrate 108, ‘and the tapered portion of the second
wavegui de 104 may be coupled to the otggr end 112 15o0f the sem conduct or
substrate 108. [0051] I n another enbodﬂ

and the second wavegui.de 104 may i ncl ude a further tapered portion (not

gddc&llv th?rrpet Fxpo%r %glbgd}lrrdelnp [the d‘sttdr;?l?ldl;ct&/ﬁ#{| e}&@\{seg l?fiu%g%tt% ‘of the

shown) .

coupl ed t0

cal source,

each of the first wavegui de 102

d de 104 Led . et 0052] Th
e S g R A R S R e,

500 nntrespectlvely The wi dth_of the tapered portlons and the further
tm gcppll} gq@egpmﬁqutwgg@ﬁle second conductivity type may inc, ude

phosphorous ions. The substrate 109 may mclude silicon. The substrate 109 is etched to -

tapered

10

15

20

o ‘fo‘rm a ﬁrst waveguide 102, a sec_‘ond wavegunde 104 and a semiconductor substrate 108
having one end 1 10 COupIed to the first waveguide: 1025and a corresponding opposite end

112 codp:led to the eecond Waveguii:de 104 (as sden::ih fFigpre la). In one embodirpent,

tlte substtete‘ 109 rrtay heve a height of -about 220:n;1:n.. Th‘e first Waveguide 102; the
second \x‘/.aveguide 1204 and the setniconductor substra:te 108 may have the same height of
about 22t) nm.>

[0050]) In one embodiment, each of the first waveguide 102 and the second
waveguide 104 may include a tapered portion (not shown). The tapered portion of the
first waveguide 102 may be coupled to one end 110 of the semiconductor substrate 108,
and the tapered portion of the second waveguide 104 may be coupled to the other end 112
of the semiconductor substrate 108.

[0051] In another embodiment, each of the first waveguide 102 and the second
waveguide 104 may include a further tapered portion (not shown). The further tapered
portion of the first waveguide 102 may be coupled to e.g. an optical source, and the
further tapered portion of the second ;waveguide 104 may be coupled to e.g. a
photodetector |

[0052] : The first waveguide 102 and the second wavegulde 104 may have a w1dth of

about 500 nm respectlvely The width of the tapered portions and the further tapered



13 portions of the first wavegui de 102 and the second wavegui de 104 nmay be
about 200 nmrespectively. [0053] Figure 3b shows that a germani um | ayer 302
i s deposiWOROHWAY¥W4t he sem conduct or substrate 108. ThePg&SGamili@nedayer 302
may be deposited above the semi conductor substrate 108 by a sel ective

epi taxy process. The sel ective epitax% process may include a | ow

t enperature germani um seed at about 4 6C and a higher tenperature cyclic
growt h at about 550C. Silicon dioxide 304 may be deposited above portions

306 of the S&NiFAOIHGE QhvepHRSN080Ad HGARAVRESHIDY04 A8y BEHNRA LT hInAY er
302. [0054] Figure 3c shows that the deposited germanium | ayer 302 is etched

to forn1q_%%g%%%§niunlrib 114 having a first sidewall 126 and a second
si dewal | 'T e first sidewall 126 of the Germaniumrib 114 is di sposed

200 o, BHASC TR ool b Pl S02E, SO o

second region 124 of the seniconductor substrate‘log. The height (hG ) of
the Ger messmugangpgior ubstigls 198 dBE SEFMANEM Jyver HO2 Bk Of iCl?eOSétﬁg tag?YF ocess
and t he -15et chi.ng process. 40055]FLQUro 3d shows that a first region 130
doped 5wi t ssmagondectorf substfate 08 xosisRlestivg Ppijaxy persesss Thosalesd Vo APIKY WIGCh$sn t he
first sidewall 126 of the Germaniumrib 114, and a second regi on 132 doped
wi t h at onmayinchids e don tenyenatuctgeunaniurt pexe dt sbduyAAe'€ anl olighvrttémperathe second
si dewal | 1128 of the Germaniumrib. 114. In one enbodinent, the first 20
conduct i vdykhc gionah asatbup s SEadBiticoly dioxide)30e.mahhte: ddposired abotdygorfionssi06
conductivity type may .include boron ions. The second conductivity type is
an n- condyGhé entiYorldu@6r subbigatél W@nc@fter&d‘@g BRGeARhERN tHyef 302, Ly -type may

i ncl ude phosphorous |ons.:The width (wG) of the

- [0054] -~ Figure 3¢ shows that ithefdepo'sited germanium layer 302 is etched to form a
10 Gennaoiom rib 114 having a ﬂfst :svide'wall 126 andl:a second sidewall 128. The first
sidewall 126 of the Germanium rib 114 is disposed above or adjacent to the first region
122 of the semiconductor substrate 108, and the second sidewall 128 is disposed above or
adjacent to the second region 124 of the semiconductor substrate 108. The height (hg.) of
the Germanium rib 114 may be determined by the selective epitaxy process and the

15  etching process.
[0055] Figure 3d shows that a first region 130 doped with atoms of a first
conductivity type is formed on or witﬁin the first sidewall 126 of the Germanium b 114,
and a second region 132 doped with atoms of a second conductivity type is formed on or
within the second sidewall 128 of the Germanium rib 114. In one embodiment, the. first
20 condvucti\v/ity type is a p-conductivjty typo. The atoms of the first conductivity type may
include boron ions. The second conductivity type is ayn‘n-conductivity type. The atoms of

the second conductivity type may'i‘nclude phosphorous ions. The width (wg.) of the



WO 2011/ 115574PCT/ SG2011/ 000097 14 Cermaniumrib 114 may al so be determ ned
by the selective epitaxy process and the etching process. [0056] Figure 3e
shows t hawo2011/106574di oxi de 308 i s deposited above the s@firSGReMIODEO7
substrate 108 and the Germaniumrib 114, and is etched to expose a portion
310 of the first region 122 of the sem conductor substrate 108 and a
portion 312 of the second region 124 5? the sem conductor substrate 108.
100571Fi gure 3f shows that a conductive material 314 is deposited in the

et ched reglaNfiugf ribhA 49GROS|sh s éétéﬁq@aczﬁhg?eéi %fec?&ffﬁ%&xsfﬂ;éaae@é ﬁﬁ& gpdes 116,

118. The conductive material 314 may 1n um n et ched regi ons
of the dﬁgqﬁitqg silicon dioxide 10 308 may be formed about 1 mfromthe
CGer mani u ,‘l%gﬂjﬁszhus, the el ectrodes 116, 118 may al so be forned about 1

mfromthe Germaniumyib 114 ta, redyuce: agati on. 1 oss when: an optical
el oS ol Ae o that Sbct Aol BO0R I0q-Rsattne gmemisandfig o

sinplified process f]low 320 of the process expl ained above with reference
to Fi gur esibsieate §0Bpnd the Grmanipgnrih rkg‘},a?ﬁfia% Pishedoto sxppsepereian g1¢ phéhedopant s
15 into a silicon substrate (e.g. substrate 109) is carried out. Silicon
wavegui deffrsf) regfanr $22 ahthessemaanduetoe gulistiete 10§2and19pprimnd 191 efbthgesegond

sem conduct or substrate 108) may be forned after the ion inplantation. At
324, ger magion 4 ef the séneomdictoasybsga@ViOB. i s carried out. The gernani um | ayer
may have a heiight (hGe) of 400 nm At 326, germaniumetching for rib

for mat i onoesy|t heFiutd 80BhdWsathal § coAducti@é] nQitdrial All4 328epdsped inMHeaatiadd on of
n-type and p-type 20dopants into Germaniumrib sidewalls is carried out. At

330, cont@gindIof @8 dapitbPEiNESh dibkidS388 1Mk lclR@bARNME N0 8i Thé 8drdubheout .
[ 0059] The Structure of the optical nodul ator 100 may be simlar to a
lateral pﬁliltéxri'al 314 may includé alumin"um‘.;The etched regions of the deposited silicoﬁ dioxide
10 | 308 may be formed. about 1 um from the Germaniurh rib 114. Thus, the electrodes"_ 116,
118 may also be formed about 1 um from the Germanium rib 114 to reduce propagation
loss when an optical signal propagates along the Germanium rib 114.
[0058] Figure 3g shows a simplified process flow 320 of the process explained above
with reference to Figures 3a to 3f. At 322, ion implantation of n-type and p-type dopants
15 into a silicon substrate (e.g. substrate 109) is carried out. Silicon waveguide(s) (first and
second waveguides 102, 104) and slab (e.g. semiconductor substrate 108) may be formed
after the ion implantation. At 324, germanium selective epitaxy growth is carried out. The
germanium layer may have a height (hge) of 400 nm. At 326, germanium etching fc;r rib
formation on the silicon slab is carried out. At 328, ion implantation of n-type and p-type
20  dopants into Germanium 'rib sidewalls is carried out. At 330, contact holes are formed. At
332, metal pattemirjg is carried om.
[0059] The structure of the optical modulator 100 may be similar to a lateral p-i-n

diode. The above described process is similar to that for a high performance waveguided



di ode. The above described process is simlar to that for a high
performance wavegui ded WO 2011/115574PCT/ SG2011/ 000097 15 germani um p-i-n
phot odet 8¥0a@P11/MBi7d¢h can provi de a feasi bl e integrati onPSEISEAE11f06009T7 hese
two active photonic devices. The process can enhance the potential for
realizing nmonolithically integrated hi gh-speed and | ow power

Ger mani um based el ectroabsorption (EA; nodul at or wi th Ger mani um based

phot odet ect or . [0060] Fi gure 4a shows a scanning el ectron mcroscope (SEM

i mage of &%H-?Q{?\}\? al, glméqe@écﬁ% wﬂ'lgﬂ)car{: ﬂrQHHSEF%ASI%E%{%gQuBH e 35 RLce! ectron

m crosco optica at 1007along the Y-Y axis. In
one enbodi ent.. no. Iator 100 20.m |
el ectro-a go?cﬁ% e 3 ﬁélrcrersan?%mp(?ﬁe > rcr%ndlf %nce t%ﬁspm (t)lﬁ/ﬁqlgrn r?’—ahzmtge 4a, a

20 mlong silicon ta er 4Q2.isincjuded at the en(g 404, of thg rmdulator
10100 befBmelittieallyyipgera v&g%. %?se{ f@ I9¥e PRV eCTRRBELPHET 1 Bl551T0-

[ 0061] Experiments are conducted to test the-optical nodulator . 100. An
optical rAbsaRemEA) medulgiorwith Cemanitm-hesed RBoEdgIesteent s may use a Phot oni ¢
Di spersion and Loss Anal yzer (PDLA) with a Tunable Laser Source (TLS)

nodul é - of[0860)av eFigngt4p shange shnmih electtaroBianescope ¥R\ imaga ®f ram apticaln

optical input. Light may be coupled 15 fromthe PDLA into and out of the
optical rmetulasor00lBigutsdtnghoeisg. tra&smgknen eiedieor] mitsoskcoiEe(TEM )Amaghef dpt i cal
signal is coupled fromthe first waveguide 102 into the seni conductor

subst r at epli0f, mbdulatsr BMZ&ﬁll@ﬁgﬁfbtY}’Y’CébuwIﬂd)nBQmH@Hmdnhah&pmmInwﬂmraltd} 114
because oTP a refractive index difference between the two nmedi uns (e.g.

bet ween tfop SEMCONTEOE QURRLIRLSHSDE ANGrhbe Rlotilatot M lskbln The
optical out put from l%(lhe ZgO nmodul at%r1 gEO {1% thelrllﬁggg?back too t he PBLA to

reasure tREihDSSEl ANbGSS: Blicd GhE ANt LEKALSS Bt 338304 BB oduiforact ual

devi ce (I ptl ca 1S rreasure a nornma ati1on
fi brel lfOIOt%eﬁ)re %%ld[pemaveéulde?ggqggge%gn Ratd 1dlé|:r164)t.he loss of the

[0061] Experiments are conducted to test the optical modulator 100. An optical
measurement setup for conducting the experiments may use a Photonic Dispersion and
Loss Analyzer (PDLA) with a Tunable Laser Source (TLS) module of a wavelength
range of about 1495 nm to about 1640 nm as an optical input. Light may Be coupled
15  from the PDLA into and out of the optical modulator 100 using e.g. single-mode lens
fibers. As the optical signal is coupled from the first waveguide 102 into the
semiconductor substrate 108, it is evanescently-coupled up into the Germanium rib 114
because of a refractive index difference between the two mediums (e.g. between the
semiconductor substrate 108 and the Germanium rib 114). The optical output from the
20 modulator 100 is then fed back to the PDLA to measure the insertion loss at different
reverse biases. Before the actual device (i.e. optical modulator 100) is measured, a

normalization fibre-to-fibre measurement is conducted to capture the loss of the



WO 2011/ 115574PCT/ SG2011/ 000097 16 neasurenent system and test path. The
insertion |oss of the optical nodul ator 100 cal cul ated by the PLDA is

obt ai ned wbnoughssubtracti on of the nornmalization | oss. pC®B362)Fwodooer, an
electric field profile within the optical nodul ator 100 may be sinul at ed
using e.g. a MEDICI device sinulator. g’he simul ati on may be done with a
dopi ng concentration of about 5‘kj101é cmfor p dopants in the first region
122 of the sem conductor substrate 108 and the first region 130 of the

cermani Lottt Rt thd Reck ngpggﬂig%@gﬁat 1o bPHObp@BP Hodilaltr LBKE CM 3

for 11 dopants 1n e secon e sem conductor substrate 108
and the second-reqjop, 432 .0f the Germanjum.rib.114. A. doping concentration
of Cabout e brehePrA s Sl Rl ARbeR ah 8E (e St B B850 T or Tow
contact resistance with the sem condyctor substrate 108, The dopi
concent r d0PPAs nkyrthse Hobelrte “’flgd’ﬁ‘? e gvithin T%J%@Fﬁ?@&@é‘g ]sqonﬁllaéﬂ’%r based
on the actual ‘inplant conditions: The desired dopant profiles nay be

achi eved sipuleigdinsipethe 4 HMERI | deritcatsiratan dlhensiaglating maynks densnyith or
process -optim- zation. [0063]Figure 5 shows a sinulated electric field

prof i I5e SBPingfconbmtrapsn ofiibawndH ¥0'dem?IFod popateinsthenfirsitregloell22bf ite fi el d
profile 500 shows the electric:field confinenent within the Germaniumrib

114 when dhgeof@idiB bt 108TanditRélBrs( Rebn 10PLF aR! GaradRal @ 11490hd kethr ever se
bi ased. I'n one-enbodi ment, the Germaniumrib 114 nmay have a width (wGe) of

about 0 & dugidd doncdiifaSh BHLERES LIECLRDGofl b BhehnRl 3fihd CecBlPriY, P gbt al ned

at a revers . t and an electric i d magni t of about
2000 KV BB B0 e DA S o SRR R0,
region. [0064] Figure 6a shows a simul ated profile 600 of optical
pr opagat i doRingicorFemtiatien chtterhi ol &) em1 meydie yspé belgwi tharlepsess ad &l 1£00.
Fi gure 6b shows a graph 602 of opti cal
10 for low contact resistance with the semiconductor substrate 108. The doping
concentrations may be obtained from e.g. a TSUPREM process simulator based on the
actual implant conditions. The desired dopant profiles may be achieved by tuning the ion
implantation and annealing conditions for process optimization.
[0063] Figure 5 shows a simulated electric field profile 500 of the optical modulator
15 100. The simulated electric field profile 500 shows the electric field confinement within
the Germanium rib 114 when the Germanium p-i-n diode (e.g. optical modulator 100) is
reverse biased. In one embodimént, the Germanium rib 114 may have a width (wg.) of
about 0.6 um. The simul‘ated electric field profile SOO‘may be obtained at a reverse bias
of about 3 V and én electric ﬂeld;'maghitude of abojut 50-60 kV/cm. An applied; bias
20  giving an electric field of about 100 kV/cm or higher should be avoided to prévent
breakdown of the Germanium intrinsic region.

[0064] Figure 6a shows a simulated profile 600 of optical propagation within the

Germanium rib 114 of the optical modulator 100. Figure 6b shows a graph 602 of optical



17 propagation neasurenents [arbitrary units (a.u.)] plotted against the
| ength of the optical nodulator 100. G aph 602 shows a plot 604 of the

pr opagat iwo 20p2aas87@nents (a u) in the sem conductor subgtrace®Booot> aph
604 shows a plot 606 of the propagation neasurenents (a. .) in the
Germaniumrib 114. 100651Di rect bandgap absorption for bul k Germani um
occurs for wavel engths | ess than 155012m and the absorption coefficient
drops significantly for wavel engths higher than 1550 nm However, tensile

strain pre N the LN - S} . sylts 1n_bandgap
ahr  nkage oG PSR Ra R LGB U Rak R Sl D
energy of intrinsi r ium can further be decreased via the, - . -
orant ko1 moiae O <epn B0, S hglol L BE e B G M e WhiBor pt i on
for larger wavel engths. 100661The transmittance spectra_of the optical

modul at orthg cemigaBdpsiers svbstiate ol08a. Graply S04t shpakse? iRyt #1X &f thy Prenageion ever se
bi as vol tages. .The transnittance may be nmeasured with the Germaniumrib 114
havi ng a mhessytemepis@a).) of the@amaniamaibnildt h (wGe) of 1 m 15[ 0067] Figure 7
shows a graph 700 of the neasured transmittance plotted agai nst wavel ength
of an 50pt(i0665] -si Piatt Yandgap dfserpent foremdk SErbamsmvektades wardlergthseless se bi as
of 0 V (see plot 702), it can be observed that the transmttance slowy

i ncr easesthandsHphn] aidede absongitsl e ffidmt dapg eignifitam!yl i@ Qvavelendthehigher
transmttance is al nost zero for wavel engths ranging from 1495 nmto 1520

nm (Not QYN 550 ngll. AHLWEIL), - terfhle BthBYSrescit Bh aBe Cferiiitif-o3-Klcoh Lo pl ot
704), the change in transmttance of the optical signal was very small. In

ot her Worlg%ar% k ﬁltt infﬁaﬁa%ggsgg ; MEEN dhitR tH@‘@&umﬁénkagm%&ﬁ@@g@tm reverse

bias of O e neasut ansm ttance at ‘a reverse bias 2 Vis very
smal |l . This.may be cau d.gy . of Iﬁ ,Iigr‘ |t I-NQ. ACr 0SS
t he el ec{]'%aggéafy ?fgg,y (ﬁa.fli@%élﬁl qer%g&ﬂ% cfb Tﬁgg'fﬁ &;‘{5 % %é%@f%%%ggé)gy&
10  effect by applying an electric field to enhance'absorpt’ionvfor larger wavelengths. | '
[0066] The transmittance spectra of the optical modulator 100 are measured for a

range of wavelengths at different reverse bias voltages. The transmittance may be

measured with the Germanium rib 114 having a length (Lg.) of 20 um and a width (wg.)

of 1 pm.

15  [0067] Figure 7 shows a graph 700 of the measured transmittance plotted against
wavelength of an optical signal er different reverse bias voltages. At a reverse bias of 0
V (see plot 702), it can be observed that the transmittance slowly increases and saturates
at wavelengths larger than 1600 nm. The transmittance is almost zero for wavelengths
ranging from 1495 nm to 1520 nm (not sHown in grapﬁ 700). At areverse bias of up to 2

20V (see plot 704), the change in trénSmittance of the optical signal was very small. In 6ther
words, the differenqe between the ‘measured transmittance at a reverse bias of 0 V and the
measured transmittance at a reverse bias of 2 V is very small. This may be caused by

most of the applied voltage dropping across the electrodes 116, 118 and the



18 sem conductor substrate 108 due to series resistance. Hence, the
electric field across the optical nodulator 100 may not be | arge enough to
i nduce a WDgAIi1gxnt Fr ank- Kel dysh ef fect. Wien the rev@CITSGRIEH097
increased to 3 V (see plot 706), there is an evident decrease in
transmttance. This indicates that th? nodul ati on threshold vol tage was
about 2 V, and any voltage beyond 2 éontributed directly to the |ateral
electric field in the optical nodulator 100. From graph 700, it can be

obser ved stenl%onauétgy §1rb§l?atp I1 @83 deeO ts@gﬁsurgglsé%\é q—?é?ﬁe R#Qéleégﬁ )ﬁe]dsac%sg ftﬁec lent to

reduce the transmttance to zero tica ator nmay not
operate (e, 0068 a h 700 .al i tg 710,
725, “7ia, S, hqgagr T ")aefeé)é%ree 2 aéﬁ il %ﬁcaemé?*ﬁﬁ“?&‘f’%%al?ﬁ@ﬁ

wavel eng tical s nal at 1 and 4,

respect i v‘g R’g‘%‘g‘?‘m e\é%{ﬁ i I'So‘r’n‘c'ieéi‘?doto(%ﬁ) (SF% pfoé\éé’ﬁ é?f‘éa igan r?@j‘dFH‘e

fol | owi ng equatlon ER = 1| fh@ where I1L(0) and IL(V) are the
i nsert i ondacesase infragamitigage. ( md{catzéthat tE spdulatiomthresheldseltpgearasiabgpt v/
respectively.. [[0070] The extinction ratio for the range of mavelengths from
1520 t5o | 1530 andnanmoltagedeyoralc? ddcantriblitéd direstly to dheclateeal teleatriovfld ayde usi ng
t he above" equation. 100711Fi gure 8a shows a.graph 800 of extinction ratio

pl otted agaicalshodaatet H0gtFrofagraph T00eiteat bbbeserwed tiaagesverertagpshvoBage sthows
pl ots 802, 804, 806, 808, 812, 814, 816 of 20 extinction ratio plotted

agai nst V\@\X'ets‘ée(ﬁl(h 7086 isl sifficiéntVio @di¥e the \randmidtaice - Zerd/, TiusSthé @idald V
respectively. For a reverse bias of 4.5 Vor nore (see pIots 812, 814,

S10) DRI % S0 e, & vl ength of 1600 nm vo
-[0068] Graph 700 also shows plots 710, 712 714 716, 718 of the measured
10  transmittance plotted against the 'wav‘elength of the optlcal signal at 1 V, 4V, 4.2 V, 4.5
V and 4.8 V respectively.
[0069] An extinction ratio (E}?) is calculated using the following equation:
ER =1IL(0)-IL(V),
where IL(0) and IL(V) are the insertion loss in decibel (dB) at zero bias and a reverse bias
15  of V, respectively.
[0070] The extinction ratio for the range of wavelengths from 1520 to 1640 nm can
be extracted at different reverse bias voltages using the above equation.
[0071) Figure 8a shows a graph 800 of extinction ratio plotted against wavelength for
different‘ bias voltages. Graph 800 ‘show’s plots 802, -804, 806, 808, 812, 814, 816 of
2-0 extinction ratio plotted against wavelength for 1 V,2V,3V,4V,42V,45V,48V and

5 V respectively. For a reverse bias of 4.5 V or more (see plots 812, 814, 816), the

extinction ratio is about 15 dB at a wavelength of 1600 nm.



19 100721Fi gure 8b shows a graph 802 of extinction ratio plotted against
reverse bias voltage for a wavel ength of 1600 nm It can be observed that a
dynam ¢ WePbt2ayeél1s\weng of |ess than 3 Vis required to aPRreG20EMO@RT i nction
rati o of about 15 dB. 10073] Figure 9 shows a graph 900 of transmttance

pl otted agai nst wavelength for different lengths (LGe) of the Germaniumrib
114 of the optical nodul ator 100. Gragﬁ 900 shows plots 902, 904, 906 of of
transmttance plotted against wavelength for LGe of 20 rn, 40 mand 60 gm

respecti vghysat 1r$¥re M%‘%JST? @b o@\é’;ﬁactlg rh{tEp! gﬁé%&?}rwege]& may be

1 m A decredse transm nce can serve ength LCe)
i ncreases, fro m t in ths I arg than 00 nm
t he propad: étfl?e (%asve P%tg g]lermanl f#nc%l l%eo?bps rlvte)% l}agge al|mrﬁ%1tve £6 D %ﬁout 6 -

7 dB per 20 rease, i 0075] G a 00 shows a pI ot 908 of
transm. ttﬁﬁég;"pf 1§ Uy ﬁori‘§ I%V\%IQ}L}%WQT rat‘g?%? OEEE‘EE? 20 mat 5V, a plot
910 of transm ttance plotted agai nst wavel ength for LGe of 40 m at 4V, and
a plot 91807} ¢ Bigsr 5 shaveea grapht98 Agenseitadia @ipdeearinbivardenst g0 15m at
3.5 V. [0076] Figure 10 shows ‘a .plot 1002 of transmittance plotted agai nst
wavel éngtdifferent langﬁesr (rap)i o minerGt:mmdmhn‘Q Wt thé opricl mpdidaidr H0GCaaphi T4 of
transmittance plotted against wavel ength for -a Germaniumrib width (wG) of
1 gm Thahbe@@ldns 00040906 bicofGeansmitiarioe pllobedmghmmywabde@h for LL¢. afd be
observed that the transmittance is |lower for 20 ‘an optical nmodulator wth

a small erpmnmmn(am@eapnﬁemsﬁwdwaoeason may be additional scattering due
to inefficient coupling of light into and out of the Germaniumrib 114 from

the waveggpigs 198, wi@f QL) 8 WMedEhn{anfer) ri8f11Q. &a?‘be"prﬂlﬁ? A QRVIER in

di rensi ons may -be adj uste to optimze the optical nodul ator structure.

transmittance can be observed as the length (Lg.) 1r1_c;reases from 20 pm.to 60 pm.
10 Looking: at w‘aveleljagths larger fha:nj 1600 nm, the gperC).pagation loss from: Germanium
absorption is estimated to be about 6 — 7 dB per 20 um increase in length.
[0075] Graph 900 also shows a plot 908 of transmittance plotted against wavelength
for Lge of 20 um at 5 V, a plot 910 of transmittance plotted against wavelength for Lge of
40 um at 4 V, and a plot 912 of transmittance plotted against wavelength for Lg. of 60
15 umat3.5V.
[0076] Figure 10 shows a plot 1002 of transmittance plotted against wavelength for a
Germanium rib width (wg.) of 0.6 um, and a plot 1004 of transmittance plotted against
wavelength for a Germanium rib width (wge) of 1 pm. The length (Lge) of the
Germani:um rb 1 14 may be 20 pin. It can be observed that the transmittance is lowér for
20  an optical modulator with a smaller width (wge). A possible reason may be additional
scattering due to inefficient coupling of light into and out of the Germanium rib 114 from
the waveguides 102, 104 for a width (wg,) of 0.6 pm. Hence, device dimensions may be

adjusted to optimize the optical modulator structure.



20 [0077] Figure 10 al so shows an inset graph 1006. The inset graph 1006
shows a plot 1008 of extinction ratio plotted agai nst wavel ength at a
reverse wea0uplissEge of 4 V and a plot 1010 of extincti @ATS&R2013/0p0097t ed
agai nst wavel ength at a reverse bias voltage of 5 V. The width (wG ) of the
Germaniumrib 114 is 0.6 mlIt can be ?ﬁserved fromthe inset graph 1006
that nodul ation is al so achi eved for e optical nodulator with a Gernmani um
rib wdth (wG) of 0.61 m [0078]In one enbodi nent, the insertion |oss for
the opti du ' g r:0X.i I , dar | engt h
-C@{gﬂ,ﬂ’ FRLAY 10188 glﬁaégﬁégﬁ bR 1os. A HRePhrapP POIUHREArpIG | ©f

(LGe) of By subtractin due to fiber-to-waveguide coupling
(about .2. Bifacet:) and ( nium absorption 10 0 d t coupling
| oss betjvvegg Og e “\l/(\:/alé%gr;aglio eOtEegl}gal.n@s%%S%é]g&V\é\?/ééé\feﬁs(gab?ﬁ%)ltg%ed&%\e/ ?E&gtai cal
modul ator 100 is estinated.tq be about 9 dB. .The insertion |oss_.can be

o oved Rt UG GREITRN ia MPSS FBReL R Rt rieng ot biperaliagE of favy mout
and output ends of the Germaniumrib 114, and_elininating the taper 402 for
bet t er -coH WdHetitcebe! tha &eapanivm) ribblfeisi Qi Heapbsafsiue Hop thamsct o t he
CGermani um rib 114 and vice versa. 15#50079]ijgure 11 shows a table 1100

| i stidg tdveph Hi06rthattmastulagipn isdscatierad fasbd opsisel medulatodvithe Gresmamumt he
above described optical nodul ator 100. Line.1102-of the table 1100 shows

t he i nf orriawidoin(vad.) of G.6 pst conventi onal optical nodulator [1]. Line 1104 of
the table 1104 shows t-he information of a second conventional optical
nmodul at or[opA]. - Limend kdbodhams thaeinsdfion medsi fon e dptiealopbtelalor mduisat or
100. 20[0080]In conparison with the two conventional optical. nodul ators,

the opti C@Frmw@tgo dBOQ 1306 ALk, 1&@twmge§aﬁz@mgdpdispr@ﬁﬁtfacﬁ@gmerns@s a

smal l er .active aréa (smaller footprint on-chip). so, the opti cal

rocul 2 0/gA% 10-B6L4RK: PREABLTAASA SYla O e GO, iy ca

10 | (about 6"de), ;(heﬁcdupling loss b:etv:\feen the waveguide (e.g. second waveguide 104) and |
the optical modulator 100 is estimated to be about 9 dB. The insertion loss can be
improved through design optimization such as forming tapers at the input and output ends
of the Germanium rib 114, and eliminating the taper 402 for better confinement of the
optical mode from the waveguide 102, 104 to the Germanium rib 114 and vice versa.

15 [0079] Figure 11 shows a table 1100 listing the information of two conventional
optical modulators and the above described optical modulator 100. Line 1102 of the table
1100 shows the information of a first conventional optical modulator [1]. Line 1104 of
the tabie_ 1104 shows the information of a second cqnventional optical modulator [2].
Line 1106 shows the information of the optical modulator 100.

20  [0080] In comparison with the two convent‘ional optical modulators, the optical
modulator 100 according to various embodiments requires a smaller active area (smaller

footprint on-chip). Also, the optical modulator 100 has a better performance over the two

conventional optical modulators in terms of modulation (i.e. extinction ratio). A peak



WO 2011/ 115574PCT/ SG2011/ 000097 21 extinction ratio of about 15 dB at 1600
nm can be achieved for a .3 Vor less (e .g. 2.5 V) dynam c voltage sw ng
for the opbi2ealiissydul at or 100. 100811The above descri besdcopiczealoosmwdul at or
100 (e .g. nodul ator el ectro-absorption (EA) nodul ator) have advant ages
over the known silicon Mach-Zehnder inﬁerferoneter (Mzl') nodul at or by
havi ng | ower energy consunption, a s | er footprint on-chip, and a
potentially higher nodul ati on speed. These factors are inportant for

1 erio SR A6 0 1690 USRS MRS LSRR P INERSLICULS |

the optical nmpdulator (100 a]l ows conpatibjlity with standard conpl enentary
met al - oxi 9@5%?%%%%3@?5%“CEN@E??%P%@@?@? © 10100821A lateral electric
field is enployed in the Germaniumrib 114 of the optical nodul ator 100 to
enhance aIBrQTngt i dhe ghoyedrteribed Apticrbmagulpop §kicre. mpdpiatansiecupriapsorptins
absorption . edge with an applied bias for wavel engths beyond 1600 nm

Fur t her , ‘(&Ajoneslulatéen) @a?m@tggntagq'rsoweoﬁhwmwmﬂd@d Meaghn@etinden ipteskstbragserul at or
and photodetector can -be sinplified with the structure of the optical

nmodul &t or(MZI) moslagu by hating lopdrieaadzy tonsomgtibatacmall@Ofongyinperevhipleind al ow
power -and hi gh speed Germani umbased EA nodul-ator viable for future silicon
phot oni- ¢ spoaaplhail ¢ Bighensodul AR 3pML TRese Fvosts aRAPodnt fhrefiidiv@rRhicdind@tve been
particularly shown and described with reference to specific enbodinments, it

shoul d beoéiﬁe@legigﬁa@@% BYicbiPR6tofte el FukhmRKd, sl GYapi PuBaselianges in

form and etai'l may be nade therein w thout

silicon- or germanium-based) in: the optical modulator 100 allows compatibiiitijith
: standal'dj:complemehtary metal-oxid‘é-semiconductor (CMOS) processing.

10. [0082] | A late’rai electric field is emplyoye'd in the Geménium rib 114 of the optical
modulator 100 to enhance absorption via the Frank-Keldysh effect. This may shift the
absorption edge with an applied bias for wavelengths beyond 1600 nm. Further, a
monolithic integration of waveguided Germanium-based modulator and photodetector
can be simplified with the structure of the optical modulator 100. As such, the optical

15 modulator 100 may provide a low power and high speed Germanium-based EA
modulator viable for future silicon photonics applications.

[0083] While embodiments of the invention have been particularly shown and
described with reference to spéciﬁc embodiments, it should be understood by those
skilled in the art that various changes in form and detail may be made therein without

20 departing from the spirit and scope of the invention aé 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.



20 departing fromthe spirit and scope of the invention as defined by the
appended cl ai ns. The scope of the invention is thus indicated by the
appended wbabnmiissyd al | changes which cone within the meamiscgo@mdomwange of
equi val ency of the clains are therefore intended to be enbraced. 22 In
this docunent, the follow ng docunentgzare cited: [1] US Patent Publication
No 2007/0116398 [2] US Patent No 7,5997593 23 CLAIMS What is claimed is:
An optical nodul ator, conprising: a first wavegui de, a second wavegui de,

a nodul ating portion connected between the first wavegui de and the second
maveguide the nodul ating portion bei ng configured to receive an input

si gnal @gﬂ" ecu]fr(l)J I?e fowg udoaume&tgarg%q%ate the input signal and to
supply a‘corr pon |ng nmodu

[1] US Patent Publlcatlon No. 2007/01 16398

[2] US Patent No. 7, 599 593



i nput signal as an output signal to the second wavegui de, wherein the

nodul ating portion conpri ses: a sem conductor substrate, one
end t her ewb 2oaimgs7aoupl ed to the first wavegui de, and apcerscespmoeiong
opposite end thereof being coupled to the second 15wavegui de,

a Germaniumrib provided on the substéfte such that the input signal
propagates through the Germaniumrib ong a longitudinal axis thereof, and
a first electrode and a second el ectrode respectively provided on the
substr at ,LKQQSEIH the Germaniumrib i's provided between the first

el ectrode and the 20 second el ectrode, and wherein the first el ectrode and
the second el ectrode are configured to apply an electrical field to the
GErnaniun1rib in order to nodul ate the input signal propagating through the
Ger mani um 24 2. The optical nodulator of claim1, wherein the
first wav ‘ﬂ@awﬁﬂﬁ?lses a tapered portion being coupled to the one end of
the sem conductor substrate to couple the optical signal fromthe first
wavegui de into the nodul ati ng portion. The optical nodulator of clains 1 or
2, wherein the second wavegui de conprises a tapered portion being coupled
to thé other ¢Xropoicak hedwdaod, compiiingr  substrate to coupl e the nodul at ed
optical signal fromthe nodul ating portion into the second wavegui de. 10 4.
The opti cal nudhkﬁW@kgmﬂqany one of clains 1 to 3, wherein the

sem conduct or ‘substrate further conprises a first region doped with atons
of a first condyedrdwidvegiiipe and a second region doped with atoms of a
second conductivity type, the first regi on being forned bel ow or adjacent

to a first si qe%hlllaf?lflg portion connegted between the first waveguide and the second
waveguiid‘é, the modulating portic;n :Béing configured té _recei:\/e an input signal frorfl the
10 ‘ﬁrst anéguidé, fo modulate the mput .sbigr‘lal and tovéﬁpply_:a corresponding moduiated :
iniput signal as an output signal to the second waveguide,
wherein the modulating portion comprises:
- a semiconductor substrate, one end thereof being coupled to the first
waveguide, and a corresponding opposite end thereof being coupled to the second
15  waveguide,
- a Germanium ribvprovided on the substrate such that the input signal
propagates through the Gennaniu?n rib along a longitudinal axis thereof, and
- a first electrode and ‘a second electrode respectively provided on the
substrate, wherein the Germaniuim rib is provided between the first electrode and the
20  second electrode, and wherein thé first electrode ahd the second electrode are configured
to apply an electrical field to the Germanium rib in order to modulate the input signal

propagating through the Germanium rib.



15the Germaniumrib, and the second regi on being fornmed bel ow or adjacent
to a second sidewall of the Germaniumrib. 5. The optical nodul ator of
claim4, wo2o11155herein the first electrode is di sposedraicayacbée7first
regi on of the sem conductor 20substrate and the second electrode is

di sposed above the second region of t sem conductor substrate. WO
2011/ 115574PCT/ SG011/ 000097 25 The og ical nodulator of claim4 or 5,
wherein the Germaniumrib conprises a first region doped with atons of a

first conductiwmj.ty.. cond region doped with atons of a second
conducticgty ty5é¥n%ﬁ§ﬁyﬁg§¥%£§@ﬁ§ébond: regions being formed on or within

the first and secon s}demarlsdoflthe-GErnaniun1tib .respe tiv%%¥. 7. The
opti cal nodul AR NS} W veeuide complisega dghsred waion being CqRplsd g Tagfonen
Germani um ri b :i-s di sposed above the first region of the sem conductor
subst r at endrid thehsmieRnIHelOF BPSEHE &t cquple e R gengl fom shejfishyaeguidSabove
the second region of the sem conductor substrate. 8. The optical nodul ator
of any -origtoghe modulagngparory, wherein the first conductivity type is a
p-conductivity type. 159. The optical nodul ator of any one of clainms 4 to 8,
' ‘3.' The optical modulator ofélaims 1or2,
wherein the second waveguide comprises a tapered p.ortion being coupléd to the
other end of the semiconductor substrate to couple the modulated optical signal from the
- modulatiihg portion into the secon‘td Wavegﬁide’.
10
4: The optical modulator of any one of claims 1 to 3,
wherein the semiconductor substrate further comprises a first region doped with
atoms of a first conductivity type and a second region doped with atoms of a second
conductivity type, the first region being formed below or adjacent to a first sidewall of

15  the Germanium rib, and the second region being formed below or adjacent to a second

sidewall of the Germanium rib.

5. The optical modulator of claim 4,
wherein the first electrode is disposed above the first region of the semiconductor
20  substrate and the second electrdde is disposed above the second region of the

semiconductor substrate.



wherein the atons of the first conductivity type conprise boron ions. 10.
The optical nodul ator of any one of clains 4 to 9, wherein the second
conduct i wwbyotlynss7iss a n-conductivity type. 20 11. The epftiscabiiwoehet at or of
any one of clains 4 to 10, wherein the atons of the second conductivity
type conprise phosphorous ions. WO rZTgS’Lll 115574PCT/ SG011/ 000097 26 12. The
optical nodul ator of any one of clai 7 to 11, wherein the el ectrode and
the further electrode conprise alum num 13.. The optical nodul ator of any

one of claims 4 tao. [ mani umrib conprises germani um 14.
The opti cbgl rmT SPQP%E‘?*%’ %E"g"g%‘én’g?gﬁ?’ai me 1 to 13, wherein the first

wavegui de, the ,second vequi de, and t.he senm conductor substrate - for med
monol i t hi cal |y RFdmiE GEeLiTh, P Samerish s st FRe daped odih Aivltiele dbor "l ai m
14, wherein the substrate conprises, si|icon. 16. The optical nodul ator of
any one SPNYcHVity typeragd psecansifsgionidepe é“tgiaf‘_’s"t‘s %@%ﬁﬂ?‘gé?ndl“ﬁ‘éw%%ﬁd
wavegui de and-the sem-conductor - - -~ .. :
the first and second regions being formed on or within the first and second sidewalls of

5  the Germ;anium rib, fespectively. '

. The optical modulator of claim 6,
wherein the ﬁrst region of the Germanium rib is disposed above the first regibn of
- the semiconductor substrate and the second region of the Germanium rib is disposed

10 above the second region of the semiconductor substrate:

8. The optical modulator of any one of claims 4 to 7,

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

15 9. The optical modulator of any one of claims 4 to §,

wherein the atoms of the first conductivity type comprise boron ions.

10.  The optical modulator of any one of claims 4 to 9,
wherein the second conductivity type is a n-conductivity type.
20
11.  The optical modulator of any one of claims 4 to 10,

wherein the atoms of the second conductivity type comprise phosphorous ions.



substrate are di sposed above a buried oxide layer. 17. A nethod for
manuf acturing an optical nodul ator according to any one of clains 1 to 16,
t he nmet hostoconprssung: 20depositing a gernmani um | ayer alporscaogsmoonduct or

substrate; and etching the deposited germanium|ayer to forma
Cermaniumrib having a first sidewall ﬁnd a second sidewall. 27 18.The
nmet hod according to claim 17, c'orrpriis? g: ' formng a first region

doped with atons of a first conductivity type and a second regi on doped

with atong of ﬁe%ggm%oggﬂ%%mwg%Otfxpégnpmtot{1@ sem conductor substrate
before form ng the Germaniumri-b, wherein the formation of the Germani um

rib and the fqrmati , i Jo] : region are carried
out such that %lﬁgelé &Ese?&tsrwe?/\’/%iltﬁéo h?ﬁéelg%é)rg?rg%% n%efdﬁﬁ&?gmdi sposed above or
adj acent ‘to the first region of the sem conductor substrate, and that the
second sidewal |l is disposed above or adjacent to the second region of the
sem conductor .substrate. 1019. The nethod of clains 17 or 18, further
conpri si ng: et ciegtieah aodylatar pheny a5 A slamsl 19 tst wavegui de, a second
wavegui de and a semi conduct or substrate having one end coupled to the first
wavegdi de and vehecadn Fhespomdning rdpewasirises gav@aesmpl ed to the second wavegui de,
1520. The net hod of claim 19, wherein the substrate conprises silicon. 21.
The met hod of any one of clainms 17 to 20, wherei n the gernmani um
| ayer is deposited above the sem conductor substrate by a 20sel ective

epi t axy -p4ocesthe ogidcal Mvdulawirddanyodneaifylaimel ef 131 ai ns 17 to 21,

wherein the;-ﬁrst waveguide, the second waveguide and the semiconductor

_ substrate.are formed monolithically from-a same substrate.

10
15.  The optical modulator of claim 14,
wherein the substrate comprises silicon.
16.  The optical modulator of any one of claims 1 to 15,
15 wherein the first waveguide, the second waveguide and the semiconductor
substrate are disposed above a buried oxide layer.
17. A method for manufacturing an optical modulator according to any one of claims
1 to 16, the method comprising:
20 depositing a germanium layer above a semiconductor substrate; and

etching the deposited germanium layer to form a Germanium rib having a first

sidewall and a second sidewall.



28 further conprising formng a first region doped with atons of a
first conductivity type and a second regi on doped with atons of a second
conduct i wwoyotypss7an or within the first and second si desalsiczofiosdor
Germaniumrib, respectively. 523. The method of any one of clains 17 to 22,
wherein the first conductive type is 27p-conductivity type. 24.The net hod
of any one of clainms 17 to 23, whereifi"the atoms of the first conductivity
type conprise boron ions. 10 25. The nethod of any one of clains 17 to 24,

wherein t S bV ' . n-conductivity type. 26. The
met hod ofngnyegﬁgﬂﬁﬁﬁgggﬁﬁg&ké¥kgxg%fbﬁgaﬁéﬁéin the atons of the second
conductivity type comprise osphorous ions...27. The hod of any .one of
craime 17 1o dSeiing At Sgeh AP R Mmoot R e asthel e e
sem conduct.or suqitrﬁte and the‘ggrqﬁpiun1rﬁb; Zoﬁtchhnggkhe‘dqfosited

si i con - dF8RP daPehWal sirees of pErerdsoRfuciny wPFon the §impigoRsuctop gubstrate

senm conductor ‘substrate and a portion of the second region of the

sen condef@e feriiag phgt(éqrmanium rib, wherein the formation of the Germanium rib and the

5 formation of the first region and the second region are carried out such that the first
~ sidewall of the Germanium rib is disposed above or a'djace‘nt' to the first region of the
- semiconductor substrate, and that the second sidewall is disposed above or adjacent to the

. ‘second region of the semiconductor substrate.

10 19.  The method of claims 17 or 18,
further comprising etching the substrate to form a first waveguide, a second
waveguide and a semiconductor substrate having one end coupled to the first waveguide

and a corresponding opposite end coupled to the second waveguide.

15 20. The method of claim 19,

wherein the substrate comprises silicon.
21. The method of any one of claims 17 to 20,
wherein the germanium layer is deposited above the semiconductor substrate by a

20  selective epitaxy process.

22.  The method of any one of claims 17 to 21,



WO 2011/ 115574PCT/ S&011/ 000097 29 depositing a conductive materi al
In the etched regions of the deposited silicon dioxide to form el ectrodes.
28. The neWhadlgfisykai m 27, wherein the conductive mat er PEIT/SGRMIN006ET

al um num :

28
further comprising forming a first region doped with atoms of a first conductivity
type and a second region doped with atoms of a second conductivity type on or within the

first and ﬁSecond sidewalls of the (E}effhanium rib, respectively.

‘5 . 23.  The method of any one of claims 17 to 22,

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

- 24, The method fof any one of claims 17 to 23,

wherein the atoms of the first conductivity type comprise boron ions.

10
25. The method of any one of claims 17 to 24,
wherein the second conductivity type is a n-conductivity type.
26. The method of any one of claims 17 to 25,
15 wherein the atoms of the second conductivity type comprise phosphorous ions.
27. The method of any one of claims 17 to 26, further comprising:
depositing silicon dioxide above the semiconductor substrate and the Germanium
rib;
20 etching the deposited silicon dioxide to expose a portion of the first region of the

semiconductor substrate and a portion of the second region of the semiconductor

substrate;



WO 2011/115574 PCT/SG2011/000097
29
depositing a: conductive material in the etched regions of the deposited silicon

dioxide tp(.;formveliectrodes'.

28 The mgthdd of claim 27,

wherein the conductive material comprises aluminum.



