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An optical modulator and a method for manufacturing an
optical modulator are provided. The optical modulator includes
a first waveguide, a second waveguide, a modulating portion
connected between the first waveguide and the second
waveguide, the modulating portion being configured to receive
an input signal from the first waveguide, to modulate the
input signal and to supply a corresponding modulated input
signal as an output signal to the second waveguide, wherein
the modulating portion includes a semiconductor substrate,
one end thereof being coupled to the first waveguide, and a
corresponding opposite end thereof being coupled to the second
waveguide, a Germanium rib provided on the substrate such
that the input signal propagates through the Germanium rib
along a longitudinal 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 modulate the
input signal propagating through the Germanium rib.
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(57) Abstract: An optical modulator and a method for manufacturing an optical modulator are provided. The optical modulator
includes a first waveguide, a second waveguide, a modulating portion connected between the first waveguide and the second
waveguide, the modulating portion being configured to receive an input signal from the first waveguide, to modulate the input sig-
nal and to supply a corresponding modulated input signal as an output signal to the second waveguide, wherein the modulating
portion includes a semiconductor substrate, one end thereof being coupled to the first waveguide, and a corresponding opposite
end thereof being coupled to the second waveguide, a Germanium rib provided on the substrate such that the input signal propa-
gates through the Germanium rib along a longitudinal axis thereof, and a first electrode and a second electrode respectively pro-
vided 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.
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OPTICAL MODULATOR AND METHOD FOR MANUFACTURING THE

SAME

TECHNICAL FIELD

. [0001] - * Various embodiments relate generally to an optical modulator and‘j a; mc_fh‘od

10

15

20

BACKGROUND -

[0002) - The dev_évlopn'vneht of a high performance optical modulator is essential for

silicon p’h’otonics: integréfed circuits. A"pos’sible' épprbéch 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 in high
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 susceptiblé to

fabrication errors and has a smaller modulation bandwidth.
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- SUMMARY

- [0004] _Accprdinjg to one emﬁodiment, an optical:m_odulator is provided. The optical
' modulat(;_r. includ‘esi a first v;/aveg:ﬁide, a second YEWZaiveguid'e, a rmodulating :, poﬁion
: ‘connec‘:t‘eafjbetween the first waveéuidé aﬁd the secondm Wévegﬁide, the modulating pd'r"tion '
b%:ing cOnﬁgured to receive an ihpht signal from the ﬁvrst Waveguide, té rhod\jlaté the
o mput51gnal gnd to §Upplﬁf a corre:sp"ondiﬁg modulated iﬁput }é"ignal as an output sigﬁél to
. j "the‘ s‘eczo_'.n"d ‘Wavegﬁide, Ewhereir;l' fhé modulating vp(‘)rtvion‘_'includes a .semicdndﬁctor

' 'substfaté:,: one end ihereéf being{ __cbupléd :to the ﬁrs‘t"\vaveguide, and a corfesponding
- opp‘osit'e_:j_vf;in‘d therjeof being coupléd t0 the second wavéguide, a Germanium rib prov:ided

-~ on the §u’b"strate such that the inpﬁt signal propagates fthr(_)ugh the Germanium rib along a

longitudinal 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
modulate the input signal propagating through the Germanium rib.

[0005] According to another erﬁbodiment, 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 sidewall 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 drawings are not necessarily to scale, emphasis
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instead generally being placed uj)oh 1llustrating the principles of the invention. In the

~ following description, various embodiments of the invention are described with reference

to the following drawings, in whiéh:_ ‘

- [0007] - -Figure la shows a schematic three-dimensibnal view of an optical mbdulator

5 :’ acc‘ordi:‘ng}‘t‘o one embodiment of the present invention.
©[0008] " Figure 1b shows a schematic cross-sectional view of an optical modulator
~-according to one ¢mbodirhent of the present invention.

.. [0009] : Figure 2 shows a ﬂchhaﬂj of a meth(')d‘ for manufacturing an op_ﬁcal

" modulator according to one embodiment of the present invention.

10
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20

-.[0010] - Figuré 3a to 3f show a process for m’ahﬁfacti;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
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.

[0014) Figure 5 shows a simulated electric field profile of an optical modulator
according to one embodiment of the present invention.

[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.
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[0016] Figure 6b shows a gra,ph‘(‘)f optical propagation measurements plotted against
a length of an opticél modulator a‘,ccijo'rding to one embodiment of the present inye‘nti(ﬂ.n.

[0017] - Figure 7‘{show_s a graph bf measured trénsmittance plotted against waizelgngth |

of an opifi'cal signal{ for different 't'r'e'vérse bias voltagés according to one embodiment ‘of
: :tlie pres.ie‘rjt invention. |
'[0‘0”18] j- Fi’g’ure 8a shoWé é grépﬁj of extinction rat;ioﬁloned: agaiﬁst wavelength of an
optical ;éi:gnal for differént revefse -Bias voltages ac'cofding‘to one embodimeﬂt of the
: _présent i;}l\:/entionf

[(‘)019]“: Figuré: éb shbws a graph df_ extinctiong fafio plotted against reverse- bias

"voltage“. for a wavelength of 1600 nm accordihg 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.

[0021] Figure 10 shows a graph of transmittance plotted against wavelength éf an
optical signal for different widths of a Germanium rib of an optical modulator according
to one embodiment of the present in?ention.

[0022] Figure 11 shows a table listing information of two conventional optical
modulators and an optical modulafor according to one embodiment of the présent

invention.
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DETAILED DESCRIPTION
[0023] - ’Embodinjents of an optical modulator and a method for manufacmrin‘g an
optical mddulator Will be described in detail below with reference to the. accompanying

figures. It 'will be appreciated that the embodiments described below can be modified in

: ‘vjaﬁousffa‘spec'ts without changing the essence of the invérition'j.i ]

[0024] - Figure la shows a sch'eniatic three-dimenéi'o_nal view of an optical modﬁlator
100. Figure 1b shows a schematic cross-sectional view of an optical modulator 100 along
X-X’ line. The optical modulator 100 includes a first waveguide 102 and a second

WaVeguidé 104. ﬁThe optical mQﬁcihjizlz:ator 100 also inClUdeS a modulating portion} 106

~ 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
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 rﬁay include silicon. Thus, the first waveguide 102, the
second waveguide 104 and the semi;onductor substrate 108 may include silicon.

[0026] The modulating porfion 106 also includes a Germanium rib 114.: The
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 optiical modulation, given its process

compatibility with silicon in certain integrated circuits. Previously, electro-absorption of
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light by the quantum-confined St'ar'k effect (QCSE) m ‘Ge/SiGe quantum well and by

Fra’nk-Keld‘ysh (FK) effect in bulk Ge were ebserved; The ability to significantly chenge

the optical absorption in Ge-besedf materials with an eléctric field mayjopeﬁ' the

stsibil_:ity of a Group IV-based electro-absorption m'odulatof for high speed, low power
- applicatieﬁs.

o ‘[0028] '_?‘The modulating portion 106 also includes a first electrode 116 and a eeeond

eleetrode.,"l 18. The first electrode 116 and. the second eiectrode 118 are also respect.i.vely

,]provide‘dj.'()n theﬁsemiconductor'subjstrate 108. The ﬁGerm‘vanium rib 114 is provided
_ ‘betweer‘:lf‘the first ‘eleetrod:e 116 aiidf;the second electrode 118. Various materials may be

- used for fhe first eleetrode 116 and the second electrode 118. In one embodiment, 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 semicondector substrate 108.

[0031] = The Germanium rib 114 includes a first region 130 doped with atoms e?f the

first conductivity type and a second region 132 doped with atoms of the second
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conductivity type. Tihe first region,1}30 is’formed on or within the first sidewall 126 of the
Germamum rib 114 and the second reglon 1321is formed on or w1th1n the second sndewall

128 of the Germamum rib 114 The first region 130 of the Germanium rib 114 is

B dtsposed above the ﬁrst regton 122 of the semtconductor substrate 108 and the second
vreglon 132 of the Germanium nb‘ 114 is disposed above the second reglon 124 o.f the
semlconductor substrate 108.
‘[0032] : “In one embodtment, the first conductivity type is a p-conductivity type.‘f The
:ator:nsofitbe first Sco:nductiivit.y tyne tnay-i_nclude boron ions. Tbe second conduetivityiétype
18" an n-ic:onducti'vit:yvvtyne. The atoms ;of' the second :conductivity type may include

' phosphotous ions. -

[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 regjon 132 of the Germanium rib 114, That is, the first
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). |

[0034] = The first region 122 of the semiconductor substrate 108 and the first region
130 of the Germanium rib 114 are continuously doped with atoms of the first/second
conductivity type, and the second region 124 of the sennconductor 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 conductivity iype to 15"r6‘v'idé a conduction path for biasing a voltage léte’rally

. across thé.':Germa'nium rib 114. Agré‘Verse'bias across the Germanium rib 114 can create
- an electric field and can enhance 6ptiéal absorption through the Frank-Keldysh effect.
[0035] - Details of thé function of the optical modulator 100 are describ_ed in the

following: -

L _ “[0036] y ‘,‘ﬂ-An input optiéal signgl- 134 enters from the first waveguide 102. The bptical

10

15

20

~ signal 134 may ‘be coupled from e.g. an optical sburce (not shown) into the first

' :anegujd§: 102, Thé modulating portion 106 rjeceives;th‘e' optical signal 134 from the:; first

wavegdi(:ié 102. The first Waveguidé 102 niay include a tapered portion (not: shown)

| being coupled to the one end 1 10 of the semiconductor 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).

[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
(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
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signal 134 may be evanescently-coupled (e.g. transmitted from the semiconductor

substrate; 108 by ‘meansof an evaneSCent, exponentially decaying electromagnetic fleld)

up lnto:-the Germanium 'rib 114~because of a refractive index difference betweenf,e.g.
. 3between the semlconductor substrate 108 and the Germamum Tib 114,
[0039] - The srgnal 134 propagates ‘through the Getmamum r1b 114 along a

‘longltudmal axis (e g z- axrs) of the opttcal modu]ator 100. The modulatmg portlon 106

modulates the srgnal 134. More.spemﬁcally, the ﬁrst electrode 116 and the second

:electrode 118 of the modulatmg portlon 106 apply an. electncal field to the Germamum

‘nb 1 14 m order to modulate the 1nput s1gnal 134 propagatmg through the Germamum rib

114. A reverse bias is applted at the ﬁrst electrode 116 and the second electrode 118 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 substrate
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
semiconductor substrate 108 to couple the modulated optical signal 136 frorn the
modulating portion 106 into the second waveguidei 104. The tapered portion of the

second waveguide 104 may provide efficient coupling between the second waveguide
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104 andj" the modﬁlating portion :106 (e.g. the se‘m‘i.cvondilctor substrate 108 of the

. modulating portion 106).
j :[0041] - In one embodiment, the second waveguide 104 may include a further tapcred
g lpo‘rtion"‘(:n/f‘ot shown)l The fﬁrtherﬁ,:tafp'ered 'p'or"tion: of the second waveguide 104 méy be

o ‘coupled: :to‘ e.g. a phbtodetector. fhe’funhér tapered portion of the second wa‘vegt;idé 104

‘ nia_y pfovide efficient c;oupling‘ between the secOﬁd waveguide 104 and ‘e.g.i the

10

15

20

: ‘photodét‘e'c::tor.
f -‘[0‘042] " The modulated opticai'signal v1536 gets coupléd out at the other end 112 Q-f the
~ semiconductor substrate 108 to the s‘e:cond waveguide 104. In more detail, the modulated

- optical ‘s"ignal 136 is coupled ffofn' the Germanium. rib 114 into the semicenductor

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 léyer 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 and a
corresponding opposite end coupled to the second waveguide. The substrate may include
silicon. |

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

region doped with atoms of a second conductivity type may be formed on or within the
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first and second sidewalls of the Germanium rib, respectively.,A first region doped with -

atoms fothe first conductivity typ’e:and a second region doped with atoms of the second

coﬁduct‘iv‘_ity type on the semiconductor substrate may be formed before forming the

| G'énnaﬁiiim rib. Thé forrr%atidn of t.}:lje’Ge:rmanium rib :ar:ldvthe :fbnnation of the ﬁrstjrégion
N a’n‘d‘ the: Sécond regiﬁon of the ‘sem'igbnductor substrat‘e::may be carried 01“1t‘ suchthaé; the
‘ﬁ\rs_,; sidéjw’ﬂall of the Gemianium nb i_s_ disposed ab'ove‘v or adjacent to the first region off the
'sgmiéoﬁdﬁctor Subsfrate, Tam.d that;the‘ second sidewéll_ ig(;iisposed above or adjaéeht to the

second region of the semiconductor 7substréte.

[6046] ‘ Thc‘ﬁrst;cond'uctive t}%pe:fnay be a p-cqnduét.ivityﬂ' type. The atoms. of the first
conducti\:/ity type rhay iﬂclude l)::'c)rbn ions. The secor.ldv conductivity 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 sil:icon dioxide may be 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 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
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 atorﬁs of

a first conductivity type and a second region 124 doped with atoms of a second
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conductiVity type. In one embodiment, the first conduct'ivvity type is a p-conductivity fype.

ﬁ The atoms of the ﬁrst conductivify type may include boron ions. The second conductivity
;,type is an n- conductlvnty type The atoms of the second conductrvnty type may mclude
- phosphorous ions. The substrate 109 may mclude srhcon The substrate 109 is etched to -

- form a ﬁrst waveguide 102, a second wavegulde 104 aﬁnd a semiconductor substrate 108

having one end 110 COupIed to the first waveguide: 1025and a corresponding opposite end

112 coupled to the second waveéu‘i:de 104 (as shOWn::ih :Fighre la). In one embodirhent,

the subst"_rate‘ 109 naay have a height of ‘about 220jn;r:n.. Th‘e first waveguide 102; the
second \x‘/.aveguide 1504 and the sehriconductor substra:te 108 may have the same height 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 secohd 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 102Eand the second was/eguide 104 may have a widfh of

about 500 nm respectively. The width of the tapered portiOns and the further tapered
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portions of the first waveguide 102 and the second Wéveguide 104 may be about 200 nm -
respectiyé_l;y.
‘[(:)053] ) Flgure 35 shows thfét’ a gémanium léyef 302 is deposited zbib.ove;ﬁi the
, sérﬁicoﬁdUctOr substrate :{108. Thjé fgemanium layef 302 rﬁay be deposited abové the
‘ sémicof;ﬁil;lctor subsfrate 108 by aiseilective epitaxy pr;)ééss. The selective epitaxy prc:;cess
may mclude a low témpefature gévm.ianium seed at‘ab‘ougt 400°C and a higher temperéture
;cglcilic growth ‘a‘t ébdut 550°C. Siliicérl dibxidé 304.1’m'a)5/ be deposited above portiionst 306
of the sjeirrllgi:conductoirv substrate 108 1§1vn:c0\v/ered'.by the éérrhaniﬁm layer 302. | ’

~ [0054] - Figure 3¢ shows that the deposited gerinaniuin layer 302 is etched to fofm a

Germanium rib 114 having a ﬁfst :svide'w_all 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 (hge) 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 isiformed on or‘ witﬁin 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
cond.ucti\./ity type is a p-conductivity typé. The atoms of the first conductivity type may
include boron ions. The second conductivity type is an.n-conductivity type. The atoms of

the second conductivity type may include phosphorous ions. The width (wge) of the
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Germanium rib 114 may also be determined by the selective epitaxy process and the

etching process.

:[0056‘] .Figﬁre 3¢ ShO\:JVS} that s‘i‘libtj:.o"n didiide 308 is deposifed above the sevmivc.oridhctor
.,Substra‘t‘;e‘ 108 énd the Gérmanium ﬁb 114, and is etcﬁéd to éxpose a portion 310 of the
- first reglllc;n 122 ‘of; the semicondu@:tor substrate 108 Eaﬁd a portion 312 of the se:jcond
region 1 24 of the semiconductor substrate 108.

10057) o Figure 3f shows that, at‘conductive matei‘ialj 314; is deposited in the etched

regions.l(f)_f the deposited éilicon dibé{ide 308 to form ?lectrodés' 116, 118. The cohdu‘ptive
material 314 may iﬁcludé alumin;tlrr;i:.iThe etched r;:gions of the deposited silicoﬁ diéxide
308 may be formed. about 1 ‘pm from the Germaniurh rib 114. Thus, the electrodes"_ 116,
118 may also be formed about 1 pm 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
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
dopants into Germanium ‘rib sidewalls is carried out. At 330, contact holes are formed. At
332, metal patterning is carried out.

[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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germanium p-i-n photodetector, which can provide a feasible integration scheme for these

two active photonig devices. The ‘process can enhance the potential for. realizing

monolithically - integrated high-speed and low power Germanium-based ~electro-

absorption (EA) modulator with Germanium-based pho}todete‘ctor.

- [0060] - Figure 4# shows a scahn_ing electron microscope (SEM) image of an olétical
‘modulator 100. Figure 4b shows a transmission electron microscope (TEM) image of the

‘optical fﬁbddlator 100 along the Y-Y’ axis. In one émbodiment, the optical m'odu::lator

100 may_be a20 pm long electroiabsbrption (EA) gei’ma'niurﬁ (Ge) modulator. As shown
in Figu;é 4a, a 20 Qm lohg silicoiri fai)er 402 is included at the end 404 of the modulator
100 before the outpflt waveguide (eg the second waveguide 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 coupled
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 différence between the two mediums (e.g. between the
semiconductor substrate 108 and the Germanium rib 1 14). The optical output from 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 modulator 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

"calcu1at_:e:c_i"by the PL;DA is obtainé'd through subtractiqn of the normalization loss.
:[0062] Fufther, an elécftric ﬁ?eldi ;proﬁle within fhe’ optical modulator 100 may be
‘sirﬁulatéd using eg a MEDICI 'de:vi‘ce Esimulatoxn The simulation may be done with a
. ‘dyof):ing cb;lcentration of ébout 5 >< i_O'B cm? for p dbp&ams in the first region 122 of the

‘:_sémvicoijdtictor’ substrate 108 and ihe: first region 130 bf the Germanium rib 114, and with

a doping concentration of about 5 x 10" cm™ for n dopants in the second region 124 of

the semi(}onductof substrate 108 andithe second region 132 of the Germanium rib 114. A

- doping concentration of about 1 x 10 cm™ may be used below the electrodes 116, 118

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 désired 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
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 simulated electric field profile SOO.may be obtained at a reverse bias
of about 3 V and an electric ﬁe}d_*r‘nagn‘itude of abojut 50-60 kV/cm. An applied; bias
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
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propagatlon measurements [arbmary units (a.u.)] plotted against the length of the optical

modulator 100. Graph 602 shows a plot 604 of the propagatlon measurements (a u) in

‘the semlconductor substrate 108 Graph 604 shows a plot 606 of the propagatlon
| :measur‘ements (a.u ) in the Germamum nb 114.

g .‘[0065] Dlrect bandgap absorptlon for bulk Germamum occurs for wavelengths less
than 1550 nm, and the absorptlon coefﬁment drops 51gmﬁcantly for wavelengths hlgher
‘than 1550 nm. ‘However tensﬂe straln present in the Germamum on-Silicon grown
layers results in bandgapjshrinkage,: and_shifts the absorption edge by about 50 nm. The

- bandgap energy of intrinsic Germanium can further be decreased via the Frank-Keldysh

effect by applying an electric ﬁeldjtd enhance'absorptidnvfor 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 (Lge) of 20 um and a width (wge)

of 1 pm.

[0067] Figure 7 shows a graph 700 of the measured transmittance plotted against
wavelength of an optical signal fer 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 (net shown in graph 700). At areverse bias of up to 2
V (see plot 704), the change in transmittance of the optrcal signal was very small. In ether
words, the difference 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
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semiconductor substrate 108 due ﬁto;"series resistance. - Hence, the electric ﬁeld'acros:s the

optical Emodulator 100 may not l‘i)'e"large enough to induce a significant Frank-Keldysh

effect. - When the reverse bias is increased to 3 V ,(see plot 706), there is an evident

dec‘rease in transmittance’ This indicates that the modu'lation‘ threshold voltage was about

I _2 V and any voltage beyond 2 V contnbuted dtrectly to the lateral electric ﬁeld m the

optlcal modulator 100 From graph 700 it can be observed that a reverse blas voltage of

5V (See plot 708) is sufﬁcwnt to reduee the transm1ttance to zero. Thus the optical
‘modulator may not operate (e.g. m OFF mode) at 5 V.

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

transmittance plotted against the "wa,v‘elength of the optical signal at 1 V, 4V, 4.2 V, 4.5
V and 4.8 V respectively.
[0069] An extinction ratio (Eli) 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
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 8002"show’s plots 802, -804, 806, 808, 812, 814, 816 of
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.
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- [0072] - Figure 8b shows a graph 802 of ext1nct1on ratlo plotted against reverse bias

, ‘voltage for a wavelength of 1600- nm It can be observed that a dynamlc voltage swmg of

. less than 3.V is requjxred to achleve an extmctlon ratio of about 15 dB.

10

15

20

[0073] : Fxgure 9 shows a graph 900 of transmittance plotted against wavelength for
' “dlfferent lengths (LGe) of the Germamum rib 114 of the optlcal modulator 100. Graph 900
‘ shows plots 902, 904 906 of of transmittance plotted agamst wavelength for LGe of 20
: pum, 40 p.m and 60 nm respectlvely atQ V.

- [0074] | The width (Wge) of the:_:Germ_anium rib 114 may be 1| um. A decrease in
transmittance can be observed as :'the length (LGe)’inc‘reases from 20 pm.to 60 pm.

- Looking at wavelengths larger than: 1600 nm, the propagation 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 Lg. of
40 um at 4 V, and a plot 912 of transmittance plotted against wavelength for Lg. of 60
umat 3.5 V.

[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
Germanlum rb 1 14 may be 20 um. It can be observed that the transmittance is lower for
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.
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. [0077] - Figure 10 alsob shows en‘lnset graph 1006. The inset graph 1006 shoWs é» plot
- .-1008 of extinction 1at1o plotted agamst wavelength at a reverse bias voltage of 4 V and a
-' plot 1010 of extmctxon ratio plotted agamst wavelength at a reverse bias voltage of 5 V.
: .The w1dth (wGe) of the Gennamum nb 114 i is 0 6 pm It can be observed from the inset
' ;,:graph 1006 that modulatlon is alse achleved for the optlcal modulator with a Germamum

rib w1dth (wge) 0of 0.6 pm:. |

- [0078]) - In one e_mbodiment, the insertion loss :fOr; the. optical modulator IQO 1s

_ approxilnately -20 (lB at 1600 nm fer a length (Lg.) of 20 pm By subtracting the loss

due to ‘ﬁber-to-wa\-j/eguide coupling:v (about 2.5 dB/facet) and Germanium- absori)tion

- (about 6'de), theﬁceupling loss bj:e_twjeen 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.
[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 informétion of a second cenventional optical modulatoh [2].
Line 1106 shows the information of the optical modulator 100.

[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
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‘ ‘extinctibn ratio of abdut iS,dB zlatilllt?OO nm can be achieved tor a 3 V or less (e.g. 2.5 V)

\ dynamig:yoltage Swing for the op:tic:éil: mddulator 100.;

- [0081] ; The abo?e desﬁcribed optic:al modulator 100 "(e.g. modulator electro-absorption

I (EA) r‘riididéulator) ‘héve advarjtageis" éﬁzer the known silibqn Mach-Zehnder interferometer

':‘(M-‘ZI) ﬂf{{aulatbr‘b)% ‘havihg l‘owe; :eﬁérgif Conéumptidn; a sm:.alIer footprint oh-chip, énd a

- pofential‘ly higher module%tion spe;ed, These factors are irriportant forl efficient encodiﬁg of
: ‘optical ;_gignals in silicon photoﬁics ‘circuits. Furihe@ore, using Group I\'/-based:.'(i.e.
silicon- or gelmanfum-based) m thé optical modulator 100 allows compati.l)iiitijith

: standal‘dj'complemehtary metal-0Xid§é-’semiconduct0r (CMOS) processing.

[0082] | A lateral electric ﬁeldj is emplvoye'd in the Germahium 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 photonics applications.

[0083] While embodiments :(‘)f -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
departing from the spirit and scope of the invention ag 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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CLAIMS

- What is claimed is: -

L An optical modulator, COmpﬁsing:

a first waveguide,
a second waveguide,

a modulating portion connected between the first waveguide and the second

waveguidé, the modulating portion being configured to receive an input signal frorfl the

- first anéguidé, fo modulate the;‘in';v)\vlt .sbignal and to,s':upply_'a corresponding modulated

iniput signal as an output signal to the second waveguide,

wherein the modulating pdl’tion comprises:

- a semiconductor substrate, one end thereof being coupled to the first
waveguide, and a corresponding opposite end thereof being coupled to the second
waveguide,

- a Germanium rib'provided on the substrate such that the input signal
propagates through the Germaniu:rh rjb along a longitudinal axis thereof, and

- a first electrode énd ‘a second electrode respectively provided on the
substrate, wherein the Germaniujm‘rib is provided between the first electrode and the
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.
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2. The optical quulétor of @laim 1,

wherein the first waveguide 3ﬁ¢0mpris'es' a tapered portion being coupled to the one

~ end of the semiconductor substrate _io couple the optical signal from the first waveguide

. into the modulating portion.

3. The optical modulator of élaims 1 or2,

wherein the second waveguide comprises 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 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 béing formed below or adjacent to a first sidewall of
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
substrate and the second electrode is disposed above the second region of the

semiconductor substrate.
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6. The optical modulétor 6f claim 4 or 5,

‘ w_h_erein the Germanium rib 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 and second: regions being formed on or with‘iﬁ the ﬂvrs‘t and second sidewalls of

- the Germanium rib, respectively. -

. 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_"thg: second region of the Germanium rib is disposed

- above the second region of thejseﬁiiﬁonduétor substrate. -

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

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

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

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.

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

wherein the atoms of the second conductivity type comprise phosphorous ions.
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12.  The optical modulator of any one of claims 7 to 11,

“wherein the electrode and the further electrode comprise aluminum.

‘ZT1‘3". o 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 Waveguidé, the second waveguide and the semiconductor

~ substrate.are formed monolithica]iy fr_om-a' same substrate.

15.  The optical modulator of claim 14,

wherein the substrate comprises silicon.

16.  The optical modulator of any one of claims 1 to 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:

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.
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18.  The method according to élaim 17, comprising:

-férming a ﬁrSt region doped with atoms of a ﬂrst conductivity type and a second

I fjrégi‘on df()}é)ed With a_tomsg of a seg:b;jd conductivity type on the semiconductof sub?trate
: .‘b‘é‘fciare formmgthe Germénium nb,wherem the fonﬁafidn of the Germaniurﬁ rib: an:ci the
. formatipn of the ﬁfst 1~egion and the second regioﬁ are carried out such fhét ;tﬁe; first
: sidewal:l"‘of the Geﬁnaniﬁm rib is diSposed above or a'djace.‘nt' to tﬁe first regioh o’f the
- semiconductor substrate, and thatvthve; second sidewall is dispdsed above or adjacent tb the

. ‘second region of the semiconductor substrate.

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.

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

selective epitaxy process.

22.  The method of any one of claims 17 to 21,
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further comprising forming a first region dopéd with atoms ot a first conductivity

type and a second region doped with atoms of a second conductivity type on or within the

23,

- 24,

25.

26.

27.

rib;

first and f$econd sidewalls of the Geﬁhanium rib, respectively.

The method of any one of claims 17 to 22,

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

The method fof any one of claims 17 to 23,

wherein the atoms of the ﬁrs-t_ conductivity type comprise boron ions.

The method of any one of claims 17 to 24,

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

The method of any one of claims 17 to 25,

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

The method of any one of claims 17 to 26, further comprising:

depositing silicon dioxide above the semiconductor substrate and the Germanium

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

‘dioxide t.p'.;form_el:ebctbrodes‘.

28 The methdd of cla_im 27,

wherein the conductive material comprises aluminum.
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