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OPTICAL MODULATOR AND METHOD FOR MANUFACTURING THE

-SAME

TECHNICAL FIELD

.~ [0001]" ** Various embodiments: reldte generally to an optical modulator and a method

' for manufacturing an optical niod__.u:lé,t'qr.

BACKGROUND

7[0002) . - The dEVéIOplT-lel"lt of a }:iigh: ;p.erfonnance optical modulator is essential for

silicon p‘h‘otonics: integréied circuits. A p'os'sib‘le- "app_r;)éch 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.

[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 i'n high
energy consumption and large on-qilip area. A Silicon mic;o-ring resonator m'odu:lator '
may eliminate this issue due to its smaller size, but it mﬁy be ﬁore susceptiblﬁ to

fabrication errors and has a smaller modulation bandwidth.



WO 2011/115574 PCT/5G2011/000097

- SUMMARY

- [0004] 'Accordin'g to one embﬁodir'nent an.0ptical'modula‘tor is provided. The optical
T modulator 1ncludes ‘a first wavegutde a second wavegutde a modulatmg portton
o :connected between the ﬁrst wavegulde and the second wavegulde, the modulatmg portlon '

: bemg conﬁgured to receive an mput 51gnal from the ﬁrst wavegutde to modulate the

o tnput sngnal and to supply a correspondmg modulated 1nput 51gnal as an output 51gnal to

':;'the seeond wavegulde wherem the modulatmg portton mcludes a semtconductor

o .substrate one end thereof bemg coup]ed to the ﬁrst wavegutde and a correspondmg
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. 'opposne end thereof bemg coupled to the second wavegmde a Germanium rib prov1ded

: _'.on the su’b'strate such that the tnput s:gnal propagates ,through- the Germanium nb alo_ng a

longitudinal axis thereof, and a first electrode and a second elecirode 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
modulate the input signal propagating through the Germanium rib.

[0005] According to another endbodiment, 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 sidewoll and a second sidewall.

BRIEF DESCRIPTION OF THE DRAWINGS
[0006] In the drawings, like reference characters generally refer to the same parts

throughout the different views. The dfaWings are not necessarily to scale, emphasis
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instead generally being placed upoﬁ-illustrating the .pﬁnciples of the invention.: --In the

: fo]lowmg descrlptlon, various embodiments of the mventlon are descnbed with reference
: to the fo]lowmg drawmgs, in Wthh

g -[0007] F:gure la shows a schematlc three dlmensmnal view of an optical modulator
g ;;:iaccordmg to-one embod:rﬁent of the present 1nvent10n

: 5_.;|0008] : Figure lb shows.a schematlc-cross—secn;)n.a-l viéW of an opt:'ic.:él-:rni);iju:[:ator
| :accordmg to one embodlment of the i)lreslér;t invention. -

L (0009[ Flgure 2 shows a ﬂowchart of a method for manufacturmg an optlcal

o -;modulator accordmg to one embodlment of the present mvennon
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:.[0010] - Flgure 3a to 3f show a process for manufactunng an optical ‘moduilator

according to one embodiment of the present invention.

10011] 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
modulator according to one embodiment of the present invention.

[0013] Figure 4b shows a trénsmission electron microscopy (TEM) image of an
optical modulator according to one embodiment of the present invention.

10014) Figure 5 shows a simulated electric field profile of an optical modulator
according to one embodiment of the p'resent invention.

[0015] A Figure 6a shows a simulated profile df optical propagation \;Jith“in a
Germaniﬁm rib of an optical modulator according to one embodiment of the présenl

invention.
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[0016] . Flgme 6b shows a graph of optical propagation measurements- -plotted agamst

a length of an optrcal modulator accordmg to one embodrment of the present mvent1on

10017] Frgure 7 shows a graph of measured transmtttance plotted agamst wavelength ‘
?of an opttcal sngnal for drfferent reverse bras voltages accordmg to -one embodrment of
X ;:the present mventlon |
:[0018] ’thure Se shows a graph of extmctton ratl.o Vplotted agalnst wavelength of an
;opttcal srgnal for dtfferent reverse hlas voltages .accordmg to one embodlment of the
.;present mventlon

[0019] F1gure 8b shows a graph of extinction- rano plotted agamst reverse- blas

voltage for a wavelength of - 1600 nm accordmg fo one embodiment of the present
invention.

[0020) Figure 9 shows a graph of transmittance plotied 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.

[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 modnlator according to one embodiment of the present

invention.
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‘ DETMLED-DESCRIPTION ?

.[0023] Embodlments .of an opttcal modulator and a method for manufactunng an

optical rnodulator W111 be descnbed in detail below wnth reference 1o the accompanymg '

.ﬁgnres >I.t W111 be appremated thatthe emhodlments descnbed below can be modtﬂed in
: évanous aspects wzthout changmg the essence of the 1nventlon I

j[0024] thure la shows a schematlc three dtmensmnal vnew of an opncal modulator

100. Flgure lb shows a schemattc c1oss-sect10nal view of an optical modulator 100 along

X- X’ lme The optlcal modulator 100 mcludes a ﬁrst wavegmde 102 and a second

"wavegulde 104. The optlcal modulator 100 also 1nc]udes a modulatmg por’non 106

connected between the first wavegutde 102 and the secon‘d wavegulde 104.

(0025] The modulating portion 1l06 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
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 rnay 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
Germanium rib 114 is provided on the semiconductor substrate 108. The Germanitnrh rib
114 may.have a length of Lg..

[0027] . Germanium is used for ,t_he rib 114 for opttcal modulation, given its process

campatibility with silicon in certain integrated circuits. Previously, electro-absorption of
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ight by the quantum-confined Stark effect (QCSE):in Ge/SiGe quantum well and by
Frank- Keldysh (FK) effect in bulk Ge were observed The abtllty to srgmﬁcantly change :

the opttcal absorptlon in Ge-based materials w1th an electnc ﬁeld may open the

.possﬂ)lhty ofa Group IV-based electro absorption modulator for high speed, low power
;apphcatlons

R ;-‘:[0028] The modnlatmg portlon .106 also mcludes a ﬁrst electrode 116 and da second '

:electrode 118 The ﬁlst electrode 116 and the second electrode 118 are also respecttvely

,fprovnded on the sem1conductor substrate 108 The Germamum rib 114 is prov:ded

: ;between the ﬁrst electrode 116 and the second electrode 1 18 Vanous matenals may be

" used for the first e]ectrode 116 and tjhe second electrode 118. In one embodlment, the first

electrode 116 and the second electrode 118 may include aluminum.

[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.

[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
the first region 122 of the semiconductor substrate 108 and the second electrode 118 is
disposed‘above the second region 124 of the semicondnctor substrate 108.

[0031] The Clermanium rib 114 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
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conductivity type. The first region 130 is formed on or within the first sidewall 126 of the

Germamum rib 114 and the second 1eglon 132 is formed on ot wnthm the second mdewall

-128 of the Germamurn 1ib’ 114 The ﬁrst region 130 of the Germamum rib 114 is
3 j-jdtsposed above the fi rst regton 122 of the semlconductor substrate 108 and the second
“.‘E-é_reglon 132 of the Germamum nb 114 is: dlSpOSBd above the secortd regton 124 of the

:semtconductor substrate 108. .

.;[0032] -In one embodtment lhe ﬁrst conducttvlty type is a p-conductivity type “The

:atoms of the first conduct1v1ty type tnay mclude boron lOl‘lS The second conductlvny .type

-’18 an n- conductlwty type The . atoms of the second conducnwty type may mclude

phosphorous 10n8.

[0033] 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
region 122 of the sexlnicondu.ctor substrate 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). |

[0034] N The ﬁrst region 122 of the semiconductor substrate 108 and the ﬁrst region
130 of the Gemlamum rib 114 are contmuously doped w1th atoms of the ﬁrst/second
conductmty type, and the seconcl region 124 of the senuconductor substrate 108 and the

second region 132 of the Germanium rib 114 are continuously doped with atoms of the
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second/first condnct'ivity type to IS'rd'v'idé a conductioﬁ nath f‘or biasing a v'oltag'e latefany -

- across the Germamum nb 114. A reverse blaS across the Germarnum rib'114 can create
o _an electrtc ﬁeld and can enhance opttcal absorptton through the Frank—Keldysh effect
[0035] Detalls of the functton of the optical modulator 100 are descnbed i the :

5 :fonowmg

o 3[0036] An 1nput 0pt1Cal 51gnal 134 enters frt)m the ﬁrst wavegmde 102. ’I'he optlcal
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.451gnal 134 may be coupled from eg an. Optlcal source (not shown) into the ﬁrst
o jwavegulde 102 The modulatmg portlon 106 recelves the opttcal mgnal 134 from the first
' -wavegulde 102 The first wavegutde 102 may tnclude a tapered pomon (not shown)

being coupled to the one end 110 of the semtconduetor substrate 108 to couple the opttcal

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).

[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 thEe semiconductor substrate 108, the optical Signal_ 134

(light) from the first waveguide 134 gets eoup]ed 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
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signal 134 may be evanescently—coupled (eg transmttted from the senuconductor '

substrate 108 by means of an evanescent exponentrally decaytng electromagnetlc ﬂeld) |

up 1nto the Germamum nb 114 because of a refracttve tndex difference between eg.
,r-gbetween the semtconductor substrate 108 and the Gerrnamum Tib 114. : V

'[0039] The srgna] 134 propagates through the Getmamum nb 114 along a
jlongttudmal axis (e g z-axts) of the optlcal modulator 100 The modulatmg portton 106
;modulates the srgnal 134, More spectﬁcally, the ﬁrst electrode 116 and the second
j: electrode 118 of the modulatmg portton 106 apply an. electrtcal field to the Germamum

Enb 1 14 1n order to modulate the mput srgnal 134 propagatmg through the Germamum rib

114. A reverse biasis applied at the ﬁrst electrode 1 16 and the second electrode 1 18 An
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 second region 124 of the semiconductor eubhtrate
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 shovtm) being c'oupled.to the other end 112 o?f the
semiconductor substrate 108 to couple the modula.ted optical signal 136 frorrt the
modulating portion 106 into the seconcl waveguidej 104. The tapered portion of the

second waveguide 104 may provide efficient coupling between the second waveguide
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104 andz' the modulating portion 106 (é.g. the senticonductor substrate 108 of the

I ‘modu]ating portion :1 06). .
‘ :[00411 In one embodlment the second wavegmde 104I may mclude a: further tapered
‘portlon (not shown) The further tapered pomon of the second wavegu:de 104 may be :

:f ﬁjcoupled to e. g a photodetector The further tapered portlon of the second wavegmde 104

- ;'may prowde efﬁc1ent coup]mg between the second wavegmde 104 and eg the
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Iphotodetector
‘ f3-3[0042] The modulated 0pt1ca] sngnal ]36 gets coupled out at the other end 112 of the
' semtconductor substrate 108 to the second wavegmde 104 In more detatl the. modulated

. optical ‘signal 136 -is coupled from the Germamum- rib 1_14 into the semlconductor

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 leyer is deposited above a semiconductor substrate. The
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 'a\“nd a
corresponding opposite end coupled to the second waveguide. The substrate may include
silicon. | ‘ | |

[0045] A first region doped with atoms of a ﬁrst conductivity type and a second

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



10

15

20

WO 2011/115574 PCT/SG2011/000097

11

first and- second sndewalls of the Germamum rib, rcSpectlve]u A first reg:on doped with -
atoms of the first ccnducuwty type and a second regton dOped with atoms of the second
Tconductwny tyne on the semlconductor substrate may be formed before formmg the
_ ,Germanlum rib. The formatton cf the Germamum rib and the: formatlon of the ﬁrst regton :

: :"g'and the second 1eg|cn of the semlconductor substrate tnay be carried out such that the
:ﬁrst 51dewall of the Germanlum nb xs dlsposed above or adJacent to the first regmn of the
‘;semtconductor substrate and that thc second 51dewall is: dlsposed above or adjacent to the
jsecond reglon of the semlconductor.substmte

[0046] Z The ﬁrst conductive type may be ap- conductmty type. The atoms. of the first

conducnvny type may 1nclude boron ions. The second conductmty type may be'a n-
conductivity type. The atoms of the second conductivity type may include phosphorous
ions,

[0047] Silicon dioxide may be deposited above the semiconductor substrate and the
Germanium rib. The deposited silicon dioxitle may ce etched to expose a portion of the
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 depbsited silicon dioxide to form electrodes. The conductive material may include
aluminum.

[0048]) - Figures 3a to 3f show an exemplary process for manufacturing an optical
modulatcr 100. Figures 3a to 3f show schematic cross-sectional views of an opﬂcal
modulator 100 along X-X’ line ot‘ Figure la. |

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

a first conductivity type and a second region 124 doped with atoms of a second
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conductit'fity type.' In one embodi:'nent' the first conductivity tjép‘e is a p-conductivity type.

: _The atoms of the ﬁlst conductlwty type may include boron ions. The second conductmty
_E,type is an n-conductmty ty'pe The atoms of the second conductmty type may mclude o
'.-"phosphorous 1ons The substrate 109 may mclude snhcon The substrate 109 is etched to -

- V:form a ﬁrst wavegulde 102; a second wavegulde 104 and a sermconductor substrate 108

havmg one end 1 IO coupled to the ﬁrst wavegulde 102 and a correspondlng opposue end

:‘1 12 coupled to the second wavegulde 104 (as shown in F 1gure Ia) In one embodlment

the substrate 109 may have a helght of ‘about 220 nm The first wavegmde 102 the

second wavegmde 104 and the sem1conductor substrate 108 may have the same helght of

about 220 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 coup’led 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 Ewaveguide IQ4 xnay be coupled to e.;g. a
photodetector.- | '

[0052] | The first waveguide leE.and the second wa:veguide 104 may have a Width of

about 500 nm respectively. The}width of the tapered portions and the further tapered
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13,

'portions of the first waveguide 102 and the-secontl waveguide 104 may be about 200 nm -

;respectlvely

5[0053] Frgure 3b shows that a ger.rnamum Iayer 302 18 dep031ted above the ..

_ .semrconductor substrate 108 The germamum layer 302 rnay be deposued above the

' semrconductor substrate 108 bya selectrve eprtaxy process The selective eprtaxy process

-may 1nclude a Iow temperature germamum seed at about 400°C and a higher temperatule

Ecychc growth at about 550°C Srhcon droxrde 304 may be deposued above porttons 306
of the semrconduCtor substrate 108 uncovered by the germamurn layer 302. =

_ .[0054] - Figure 3c shotvs that the deposrted germamum layer 302 is etched- to form a

: Germamum rib 114 having a ﬁrst srdewall 126 and -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
etching process.

[0055)  Figure 3d shows that a first region 130 doped with atoms of a first
conductivity type is.formed on or wrthin the first sidewall 126 of the Germanium rib 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
conducti\:fity type is a p-conducti;v_ity’type. The atoms of the first conductivity type“,may
include horon ions. The second conductivrty type is an .n-conductivity type. The atoms of

the second conductivity type may"lihclude phosphorous ions. The width (wg) of the
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German‘ihm rib 114 may also be. determined by the selective epitaxy process and the -

‘etchmg process .

5[0056] thure 3e shows that s;ltcon dmxnde 308 is deposned above the semtconductor
-i'substrate 108 and the Germamum nb 114 and is etched to expose a portion 310 of the
: first regton 122 of the semlconductor substrate 108 and a pomon 312 of the second
?regton 124 of the semlconductor substrate 108 |

1[0057] thure 3f shows that a conductwe ntatenal-314 is deposned in the etched
‘reglons of the. depos:ted s111con dtox1de 308 to form electrodes 116, 118. The eonductlve '
-matertal 3 14 may mclude alummum 'The.etched regtons of the deposated 5111con d10x1de

308 may be formed about 1 p.m frorn the Germanjum 1ib 114. Thus, the electrodes;1]6,

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 ddpants
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 (hg.) of 400 nm. At 326, germanium etching for rib
formatioh on the silicon slab is cat'ried out. At 328, ion implantation of n-type and p.:-type
dopants into Germaniumlrib sidetvalls is carried out. At 330, contact holes are fot'me_d. At
332, metal patterrtirtg is carried Otlt. | |
[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
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germaniu'm p-i-n j)h'otodetector, whiéh can provide a feasible 'integration scheme for these

two actlve photomc dev:ccs The p:ocess can enhance the potentia] for reahzmg

monohthxcal]y mtegrated hlgh-speed and low power Germamum based e]ectro- -

absorptlon (EA) modulator thh Germamum based photodetector

‘[0060] Flgure 4a shows a scannmg electron mlcroseope (SEM) image of an ooncal
'modulator 100 Flgure 4b shows a. transmxss:on eleclron mlcroscope (TEM) i 1mage of the
:_0pt1cal modulator 100 along the Y Y’ axis. In one embodlment the optical modulator
i1()0 may ‘be a 20 pm long electro absorptlon (EA) germamum (Ge) modu]ator'As shown

: in Flgure 4a, a 20 ;.tm long sﬂlcon taper 402 is mcluded at the end 404 of the modulator

100 before the output waveguide (e g. the second wavegulde 104)

[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 coopled
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 wavegnide 102 into the
semiconductor substrate 108, it is evanescently-coupled up into the Germanium rio 114
because of a refractive index difference between the two mediums (e.g. between the
semiconductor sobstrate 108 and the Germanium rib :l 14), The optical output fron_s the

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 modolator 100} is measured, a

normalization fibre-to-fibre measurement is conducted to capture the loss of the
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measurement system and test path The insertion 'loss of the optical modulator 100

" calculated by the PLDA is obtamed through subtractton of the normalization Ioss
:|0062] Further an electnc ﬁeld proﬁle within the optlcal modulator 100 maly be
'Es1mulated usmg e g a MEDICI dev1ce snmulator The mmulatton may be done w1th a
‘ .do‘p'mg concentrauon of about 5 x 10'8 cm 3 for P. depants in the first region 122 of the
.:semlcouductor substrate 108 and the ﬁrst reglon 130 of the Germanium rib 114, and. w1th
.':a dopmgrcbnce.ntratlon of about 5 X- 10]3 cm” for n dopants'm the second reglon 124 of
‘the semlconductor substrate 108 ancl the sécond reglon 132 of the Germanium r1b 114, A

- doping concentratio_n of about 1 x 102 em’ may be u.sed below the electrodes 116; 118

for lt:t\t»r contact resistance with the semiconductor substrate 108. The doping
cbncentraticms may be obtained from e.g. a TSUPREM rprocess simulator based -on the
actual implant conditions. The desire'd dobant 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
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 embodiment, the Germanium rib 114 may have a width (wg.) of
about 0 6 pm. The surnulated electric ﬁeld proﬁle 500 ‘may be obtained at a reverse bias
of about 3 V and an electric ﬁeld magmtude of about 50- 60 kV/ecm. An applled bias
giving ‘a'n electric field of about 100 kV/em or hjgher should be avoided to prevent
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
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propagatlon measurements [arbmary units (a.u.)] plotted against the length of the 0pt1ca1

;modulator 100 Graph 602 shows a plot 604 of the propagatlon measurements (a u) in .
jjthe semtconductor substrate 108 Graph 604 shows a plot 606 of the propagatton .
_ ;measurements (a u ) in the Germamum r1b 114
. ::|0065] Dlrecr bandgap absorptton for bulk Germamum -occurs for wavelengths less
';than 1550 nm, and the absorptlon coefﬁment drops slgmﬁcantly for wavelengths hlgher
jthan 1550 nm. However tenslle stram present in' the Gennamum -on- Sthcon glown
jlayers results in bandgap shnnkage and shifts the absorptlon edge by about 50 nm. The

_ -bandgap energy of i mtnnsm Germamum can further be decreased via the Frank-Keldysh

effect byjapplymg an electric ﬁeld to enhance’ absorptton- for 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 pm and a width (WGB)
of 1 pm,

[0067] Figure 7 shows a graph 700 of the measured transmittance plotted against
wavelength of an optical signal for dlfferent 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 t"rom 1495 nm to 1520 nm (net shown in graph 700). At a reverse bias of up to2
V (see plet 704), the change in transminance of the opttcal signal was very small. In ether
words, the differenee between the :m_easured 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
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semiconductor substrate 108 due to-series resistance. Hence, the electric field ‘across the

optical ‘medulator 100 may hot 53';1él‘g¢ enough to induce a significant Frank-Keldysh

effect ‘-ﬁ When the reverse bias isﬁ inereased o3V (eee plot 706), there is an ev'ident

decrease in transrtnttance This mdtcates that the modulauon threshold voltage was about

' 2 V and any voltage beyond 2 V contnbuted dtrectly to the Iateral electric ﬁeld m the
:ioptlcal modulator 100 From graph 700. it can be observed that a reverse blas voltage of
5 V (see plot 708) is sufﬁelent to reduce the transm1ttance to zero. Thus, the optzcal
jmodulator may not Operate (e.g. m OFF mode) ats V | |

.-|0068] Graph 700 also shows plots 710, 712 714 716, 718 of the measured

transmittance plotte'd against the 'wa,v‘elength of the opttcal signal at 1 V, 4V, 4.2 V, 4.5
V and 4.8 V respectively.
[0069] An extinction ratio (El?) is calculated using the following equation:

ER =IL(0)-IL(V),
where IL{0) and JL(V) are the insertion loss in decibel (dB) at zero bias and a reverse bias
of ¥, 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.
10071] Figure 8a shows a graph 800 of extinction ratio plotted against wavelength for
different bias voltages. Graph 800-shows plots 802',;864, 806, 808, 812, 814, 816 of
extinction ratio plotted against wavelength forl V,2V,3 V,‘4 V,42V, 45V, 48V and
5 V respectively. For a reverse-bias of 4.5 V or more (sce plots 812, 814, 816), the

extinction ratio is about 15 dB at a wavelength of 1600 nm.
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. 1[0072] - F]gure 8b shows a graph 802 of extmctlon ratlo plotted agamst reverse bias

_ Evoltage for a wavelength of 1600 nm Tt can be observed that’ a- dynamtc voltage swmg of

. tless than 3 V is requtred t0 achleve an exttnctlon ratio of about 15 dB.

10 .
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20

:[0073] Flgure 9 shows a‘ graph 900 of transmtttance plotted against wave]ength for
5 : dlfferent lengths (LGe) of the Germamum nb 114 of the opttcal modulator 100. Graph 200
'f‘ishows plots 902 904 906 of of transmtttance plotted agamst wavelength for LGc of 20
~ :pm 40 ptm and 60 pm respectlvely at0v.

: f 7[0074]; The Wtdth (wGe) of the Germantum rib 114 may be 1 um. A decrease in

Ttt‘ansmittance can be observed as _the length (LGe) m_ereases from 20 pm-.to 60 pm.

Looking::at w.avelen'gths larger than: 1600 nm, the :p:ro:pagation loss from- Ger'marlium _
absorption is estimated to be about 6 — 7 dB per 20 pm increase in length.

[0075] Graph 900 also shows a plot 908 of transmittance plotted against wavelength
for Lg, of 20 um at 5 V, a plot 910 of transmittance plotted against wavelength for Lo, of
40 pm at 4 V, and a piot 912 of transmittance plotted against wavelength for Lg. of 60
pmat 3.5V,

[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
Germanil.trn rib llél may be 20 ptm. It can be Vobserved-‘ that the transmittance is lower for
an optical modulator with a smaller width (wg.). 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.
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. -[0077] Flgure 10 a]so shows an’ 1nset graph 1006. The 1nset graph 1006 shows a -plot

o :1008 of extmctton ratto plotted agalnst wavelength ata reverse bias voltage of 4 V and a

- 'plot 1010 of extmctton ratto plorted agamst wavelength at a reverse ‘bias voltage of 5 V.

- :The w1dth (wGe) of the Germamum nb 114 is 0 6 pm It can be observed from the msetr

" :.Egraph 1006 that modulauon is also achleved for the opt1ca1 modulator with a Germamum

-rib w1dth (wGe) of 0. 6 pm

10
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ﬁ [0078] ‘ : In one embodlment the msemon loss - for the optlcal modulator 100 is
j _approxnmately -20 dB at 1600 nrn for a length (Lge) of 20 pm By subtractmg the loss

due to ﬁber-to wavegulde couplmg (about 2.5 dB/facet) and Germamum absorptton

(about 6 dB) the couplmg loss between the wavegmde (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,

[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 table_ 1104 shows the information of a second conventional optical modulator [2].
Line 1106 shows the information of the optical modulator 100. .

[0680] . 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
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. extinction ratio of about 15 dB at'1600 nm can be achieved for a3 V or less (e.g. 2.5 V)

E;d}__m‘amic voltage ewing for the optical- modulator 100.

s .[0081] The above descnbed optlca] modulator 100 (e g modulator electro- absorptron

10. .

15

20

I -;(EA) modulator) have advantages over the known s:l1con Mach Zehnder mterferometer
) _:'-.:(MZI) modulator by havmg Iower energ.)-/ eolrsumptlon a smaller footpnnt on-chnp, and a
- potentlally hlgher modulatlon speed These factors are rmportant for efficient encodmg of -
: ‘optlcal srgnals in s1hcon photomcs c1rcu1ts Funhermore using Group IV-basedl (i.e.

| silicon- or germamum based) m the optical modulator 100 allows compatlblllty Wlth

standard complementary metal- ox1de semrconduetor (CMOS) processing.

[0082]) 3 A lateral electric ﬁeld is employed in the Germanlum 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
modulator 100 may provide a low power and high speed Germanium-based EA
modulator viable for future silicon photonies applications.

[0083] While embodiments :of the invention have been particularly shown and
described with reference to speeiﬁc embodiments, it should be understood by lhose
skilled m the art that various changes in form and detail may be made therein without
departing from tlle spirit and scope of the invention ae defined by the appended claims.
The scope of the invention is thus indicated by the appended claims and all changes
which come within the meaning and range of equivalency‘of the claims are therefore

intended to be embraced.
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;:‘In-jthisfd'c'c'u‘rﬁent, the following dcfc‘gments afer;c_i_téd: )
{11 US Patent Publication No. 2007/0116398 -

[2JUS Patent No, 7,599,593
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‘What iz claimed is;

L. An optical modulstor, comprising:

a first wavegnide,

a second waveguide,

a rodulating portion connected between the first waveguide and the second
waveguide, the modulating portion being configured to receive an input signal from the
first wavegnide, 1o modulate the input .ignh and 1o supply a corresponding modulated
input signal as an output signal to the sccond waveguide,

wherein the modulating pmtion comprises:

- . a semiconductor substrate, one end thereof being ooupled to the first
waveguide, and a corresponding oppositc end thereof being coupled to the second
waveguide, '

- & Germanium rib provided on the semiconductor substrate such that the
in;;ut signal propagates through the Germanium rib along a longitudinal axis thereof, and

- a first clectrode and a sccond electrode respectively provided on the
semiconductor substrate, wherein the Germanium tib is provided between the first

electrodc and the second electrode, and wherein the first electrode and the second

. electrode are configured 1o apply an electrical ficld to the Germanium rib in order to

modulate the fsput signal propagating through the Germanium rib;

wherein the semiconductor substratc comprises silicon.

AMENDED SHEET
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2. The optical modulator of elaim 1,

wherein the first waveguide comprises a tapered portion being coupled to the one
end of the semiconductor substrate to couple the optical signal from the first waveguide
into the modulating portion.

3. The optical modulator of claims 1 or 2,
wherein the second waveguide compriscs a tapered portion being coupled to the
other end of the semiconductor substrate to couple the modulated optical signal from the

modulating portion into the second waveguide,

4, The optical modulator of anj'r one of claims 1 to 3,

wherein the semiconductor substrate further comprises a first region doped with
stoms of a first conductivity type and a second region doped with atoms of & second
conductivity type, the first region being formed below or adjacent to a first sidewall of
the Germanium riby, and the second region being formed below or adjacent to a second
sidewall of the Germamum rib.

s, The optical modulator of claim 4,
wherein the first electrode is disposed above the first region of the semiconductor
substrate and the second electrode is disposed above the second region of the

semiconductor substrate,

AMENDED SHEET
IPEA/AU
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The optical modulator of cleim 4 or 5,
wherein the Germanium rib comprises a first region doped with atoms of a first

" conductivity type and & second region doped with atoms of a second conductivity type,

mﬁmtandswondmgimsb&néfomedonorﬁthhﬁeﬁrﬁmdmd sidewalls of

the Germanium rib, respectively.

7.

The optical modulator of claim 6,
wherein the first region of the Germanivm rib is disposed above the first region of

the scmiconductor substrate and the second region of the Germanium rib is disposed

above the second region of the semiconductor substrate,

10.

11.

The optical modulater of any one of claims 4 to 7,
wherein the first conductivity type is a p-conductivity type.

The optical modulator of any one of claims 4 to 8,
wherein the atoms of the first conductivity type comprise boron ions.

The optical modulator of any one of claims 4 10 9,

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

The optical modulator of any one of claims 4 to 10,

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

AMENDED SHEET
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12. The ¢ptical modulator of any one of claims 7 to 11,
wherein the electrode and the further electrode comprise aluminum.

13.  The optical modulator of any one of claims 1 to 12,
wherein the Germanium rib comprises germanium.

14,  The optical modulator of any one of claims 1 to 13,
wherein the first waveguide, the second waveguide =nd the semiconductar

substrate are formed monolithically from a same substrate.

15, The optical modulator of any one of claims 1 to 14,
wherein the first waveguide, the second waveguide and the semiconductor
substrate are disposed sbove a buried oxide layer.

16. A method for manufacturing an optical modulator according to any one of claims
1 to 15, the method mﬁ:prlshg:

depositing 2 germanium luyer above a semiconductor substrate; and

etching the deposited germanium layer to form a Germanium rib having a first
sidewall and a sccond sidewall; '

wherein the semiconductor substrate comprises silicon,

17.  The method according to claim 16, comprising:

AMENDED SHEET
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forming a first region doped with atoras of a first conductivity type and 4 second
region doped with atoms of a second conductivity type on the semiconductor substrate
before fom:ﬁng the Germanium rib, wherein the formation of the Germanium rib and the
formation of the first region and the sccond region are carried out such that the first
sidewall of the Germanium rib is dispos=d above or adjacent to the first region of the
semiconductor substrate, and that the sccond sidewall is disposed ahove or adjacent to the

sccond region of the semicondudtor substrate.

18,  The method of claims 16 or 17,
further comprising eiching & substratc to form a first waveguide, a second
waveguide and the semiconductor substrate having one end coupled to the first

waveguide and a corresponding opposite end coupled to the second waveguide.

19.  The method of any one of claims 16 to 18,
wherein the germanium Jayer is deposited above the semiconductor substrate by a

selective epitaxy process,

20.  The method of any onc of claims 16 to 19,
further comprising forming a first region doped with atoms of a first conductivity
type and a2 second region doped with atoms of & second conductivity type on or within the

first and sccond sidewalls of the Germanium rib, respectively.

21.  The method of any one of claims 16 to 20,

AMENDED SHEET
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wherein the first conductive type is a p-conductivity typo.

22, The method of any one of claims 16 to 21,
whercin the atoms of the first conductivity type comprise boron jons.

23.  Themethod of any one of claims 16 to 22,
wherein the second conduz_:ﬁvity type is a n-conductivity type.

24,  Themethod of any one of claims 16 to 23,
wherein the atoms of the second conductivity type comprise phosphorous ions.

25.  The method of any one of claims 16 to 24, further comprising:

depositing silicon dioxide ebove the semiconductor substrate and the Germanium
rib;

etching the deposited silicon dioxide to exposc a portion of the first region of the
semiconductor substrate and a portion of the second repion of the semiconductor
substrate; |

depositing a conductive material in the etched regions of the deposited silicon

dioxide to form electrodes,

26, The method of claim 25,

whexrein the conductive material comprises 2luminum.
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