1 SILICON-BASED ELECTRO-OPTIC DEVICE Background of the
invention: 1. Field of the Invention: The present invention relates to an
electro-optic device formed on a silicon platform and utilized in the field.
of, for example, optical communication, and in particular, to a
silicon-based electro-optic device fornjred on an SOI (Silicon-On-Insulator)
substrate. 2. Description of the Related Arts: Information communication
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_modulators can operate at high speed.  ~ ] _ .
circuit processes information in an optical communication device. Thus, implementation of the

optical modulator on & silicon platform has been proposed.

A typical proposed optical modulator is of a type that utilizes a carrier plasma effect to
change the refractive index of a silicon material and thus to change propagation characteristics of |
light. For example, A. Liu et al. have proposed a silicon-based optical modulator using a pn
junction and operated with reverse bias [A. Liu, et al., "High-speed optical modulation based on
carrier depletion in a silicon waveguide," OPTICS EXPRESS, vol, 15, no. 2, pp. 660-668
(2007)].  T. Pinguet et al. have proposed a silicon-based optical modulator compatible with
fabricating processes of CMOS devices [T, Pinguet, el al., "A 1550 nm, 10 Gbps optical
modulator with integrated driver in 130 nm CMOS," Proc. of Group Four Photonics, ThA2, pp.
186-189 (2007)]. Both of these optical modulators can operate at high speed.

FIG. 1 shows the sectional structure of the optical modulator proposed by Livet al. FIG.

1 shows a cross section of the optical modulator taken on a surface that is perpendicular to the



FIG. 1 shows the sectional structure of the optical modulator proposed by
Liu et al. FIG. 1 shows a cross section of the optical modulator taken on a
surface that is perpendicular to the 2 direction in which light propagates.
In the optical modulator, oxide layer 25 is formed on the top surface of
silicon substrate 24, and p-doped silicon layer 23 that is an SOI layer is
rovided on oxide layer 25. In this case, p-doped silicon layer.23 is
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If the optical modulation portion has such a structure, the shape of the optical modulation
portion and the external electrode portion connected o the optical modulation portion is different
from the structure of the waveguide connected to the electrodes. Thus, a connection structure
needs to be formed which optically couples the optical moduiation portion and the external
electrode portion to the waveguide structure with a reduced loss and which enables high-speed
electric responses.

Furthermore, in the structure shown in FIG. 1, light is confined in the rib waveguide.
However, if there is only 2 short distance from p* -doped silicon layer 22 connected to the stab
of the rib waveguide to the main body of the rib waveguide, optical absorption by the p~ -doped

silicon may disadvantageously result in a loss.  Specifically, the p™'-doped silicon has a higher



electric responses. Furthermore, in the structure shown in FIG. 1, light is
confined in the rib waveguide. However, if there is only a short distance
from p "-doped silicon layer 22 connected to the slab of the rib waveguide
to the main body of the rib waveguide, optical absorption by the p~-doped
silicon may disadvantageously result in a loss. Specifically, the p -doped
silicon has a higher 3 optical absorbance than p+-doped silicon or pure
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is applied to between the two silicon layers, free carriers are accumulated or removed or the
carrier concentration is reversed, on the respective opposite sides of the dielectric layer. This
changes an effective optical refractive index.

FIG. 2 shows the sectional structure of the optical modulator proposed by Pinguet et al.
FIG. 2 shows a cross section of the optical modulator taken across a surface perpendicular to the
direction in which light propagates. This optical modulator also includes a rib waveguide of an
SOI structure but is different from the one shown in FIG. 1 in that a p-doped silicon layer and an
n-doped silicon layer are arranged so as to form a iateral pn junction along a centerline extending
in the longitudinal direction of the rib waveguide such that the plane of the pn junction is
perpendicular to the silicon substrate.  Each of the doped silicon layers has a low impurity
concentration in the rib waveguide portion.  In the slab portion of the rib waveguide, the

impurity concentration increases with the distance from the rib waveguide. Pinguet et al. fail to



FIG. 2 shows a cross section of the optical modulator taken across a

surface perpendicular to the direction in which light propagates. This

optical modulator also includes a rib waveguide of an SOI structure but is

different from the one shown in FIG. } in that a p-doped silicon layer and

an n-doped silicon layer are arranged so as to form a lateral pn junction
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substrate which achieves an efficient optical connection and which enabies both high-speed

operations and a reduction in optical propagation loss has been demanded.

According to another exempiary aspect of the present invention, an electro-optic device
includes: a silicon body region doped to exhibit a first conductivity type; a silicon gate region
doped to exhibit a second conductivity type, the silicon gate region being disposed at least in part
over the silicon body region to define a contiguous area between the silicon body region and the
silicon gate region; a dielectric layer disposed in the contiguous area between the silicon body
region and the silicon gate region, the combination of the silicon body region and the silicon gate
region with the interposed dielectric layer defining an active region of the electro-optic devices;
a first electrical contact coupied to the silicon gate region; and a second electrical contact

coupled to the silicon body region, wherein upon application of an electrical signal to the first



substrate which achieves an efficient optical connection and which
enables both high-speed operations and a reduction in optical
propagation loss has been demanded. According to another exemplary
aspect of the present invention, an elgctro-optic device includes: a silicon
body region doped to exhibit a first conductivity type; a silicon gate region
doped to exhibit a second conductivity type, the silicon gate region being
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aspect of the present invention, an electro-optic device includes a first
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silicon layer, wherein the first silicon layer, the dielectric layer, and the
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areg oC\l?!r é’lﬁk%drhetal electrode is connected is thicker than a surrounding siab portion, and
wherein the area to which the metal elecirode is connected is located so that a range of a distance
from the rib waveguide to the area to which the metal electrode is connected is such that when
the distance is changed, an effective refractive index of the rib waveguide in a zeroth-order mode
does not change.

The above and other objects, features, and advantages of the present invention will
become apparent from the following description based on the accompanying drawings which

llustrate exemplary embodiments of the present invention.

Brief Description of the Drawings:



removed, or reversed on respective opposite sides of the dielectric layer

to modulate a free- carrier concentration sensed by an electric field of an

optical signal, wherein a stack structure including the first silicon layer

and the second silicon layer has a ribgvaveguide shape so as to form an

optical confinement area, and a slab portion of the rib waveguide includes

an area to which a metal electrode is connected as the first electric
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exemplary embodiments of the present invention. Brief Description of the
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description of exemplary embodiments, a portion of a rib waveguide
where aliepaiye refractive index of a silicon waveguide to be changed using the carrier

plasma effect, an external voltage needs to be applied to a core portion of the waveguide. To
achieve this, an electrode is connected to a portion of the rib waveguide which extends from a
slab. Metal such as atuminum (Al) or copper (Cu) is generally used as the electrode.

The portion extending from the slab and connected to the electrode is configured with a silicon
layer doped with impurities of a high concentration, so as 10 serve as a contact layer. The
portion in which the contact layer and the metal electrode are connected together is configured
with a silicide layer to allow the electrode and the contact layer to be reliably electrically
connected together.

FIG. 3 shows an electro-optic device which is similar to the device shown in FIG. ! but
which includes a contact layer, that is, p* -doped silicon layer 22 with the thickness thereof
reduced in order to decrease an optical propagation loss in the rib waveguide. In this
configuration, since p™ -doped silicon layer 22 is very thin, when an attempt is made to form an
electric contact via the silicide layer for connection to metal electrode 27, the electrical
characteristics of the connection may be unstable. Specifically, even though an atternpt is made

to form silicide layers using the same fabricating process, the thickness may vary among the



is connected to an electrode structure will be described. To allow the

refractive index of a silicon waveguide to be changed using the carrier

plasma effect, an external voltage needs to be applied to a core portion of

the waveguide. To achieve this, an electrode is connected to a portion of

the rib waveguide which extends from a slab. Metal such as aluminum

(Al) or copper (Cu) is generally used as the electrode. The portion
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" have a trapezoidgl. cross section near the connection to electrode 27.
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10"98(‘-1"%}1@%6 t?xgg%%aqg!gr&%gqu:ea.%tg&ag?e On the top surface of p-doped silicon layer 23,
n-doped silicon layer 21 is provided so as to form a pn junction with p-doped silicon layer 23.
In additioln, n""-doped silicon layer 20 is connected o a side portion of n-doped silicon layer 21.
Electrode 28 is connected to n' -doped silicon layer 20. Oxide layer 35 also functioning as a
clad layer of the rib waveguide is provided to cover all over p-doped silicon layer 23, p~ -doped
silicon layer 22, n-doped silicon layer 21 and n' ~doped silicon layer 20.

On each of the opposite sides of the rib waveguide which are formed as projecting
portions of the SOI layer, the SOI layer is formed so as to have a thickness of at most 100 nm
and to function as a slab layer. Provided on the slab layer is p~ -doped silicon layer 23 serving
as a contact layer; p -doped silicon layer 23 is used for connection to electrode 27. Electrode

27 is composed of, for example, aluminum or copper.  In the area in which p* -doped silicon

layer 22 is joined to electrode 27, pﬁ-doped silicon layer 22 is formed to be thicker than the slab



between p° “-doped silicon layer 22 and electrode 27. The results of the
present inventors' experiments show that a stable contact resistance is
obtained when p"-doped silicon layer 22 is thicker than the slab portion of
the rib waveguide by between 50 runand 100 nm. Now, the silicon-based
optical modulator shown in FIG. 4 will'be described in further detail. As
with the silicon-based optical modulator shown in FIG. 1 or FIG. 3, in the
portliesut hasesbaptical modulator shown in FIG 4, oxide layer 25 is
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optical loss. Thus, realization of high-speed operations is in a tradeoff relationship with a
reduction in optical loss. The second exemplary embodiment attempts to find the optimum
condition for the electrode arrangement in connection with the tradeoff relationship.

An electro-ontic device shown in FIG. § is similar to that shown in FIG. 4, but is different
from that shown in FIG. 4 in that thin dielectric layer 29 is formed at the interface between
doped silicon layers 21 and 23, instead of forming the pn junction at which n-doped silicon layer
21 is connected directly to p-doped silicon layer 23 forming the rib waveguide. That is, this
electro-optic device includes an SIS junction.

In this electro-optic device, when an electric signal is applied to between p-doped silicon
fayer 23 and n-doped silicon layer 21 via electrodes 27 and 28.  Then, on the respective
opposite sides of dielectric layer 29, free carriers are accumulated or removed or the carrier

concentration is reversed, Ag a result, the concentration of free carriers, which acts on the



low resistance. Furthermore, the effective refractive index in the
zeroth-order mode of the rib- type optical waveguide structure is designed
S0 as to be independent of the distance from the contact portion of
electrode 27 to the central axis of thegrib waveguide. This arrangement of
electrode 27 and the like allows avoidance of the adverse effect of an
optical absorption loss caused by the electrode and the highly doped
clecifiésiirelfipapaca EaeEonkradechodeanthpeiiesigaadess meddanaintain
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according to a second exemplary embodiment. To enable the electro-optic
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optical signal propagating through the rib waveguide i1s modufated in *
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witidexafireravavaguide is modulated. In this structure, p-doped silicon
lay E§3 forms a silicon hody area, and n-doped silicon layer 21 forms a
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Jomed extends along the longitudinal direction of the rib waveguide to
inchghintprgpaslaerate i Therefore rectangles A and C and one square B, are shown in the
light side of the graph. The Quad:angies A, B and C correspond to the three silicon blocks A, B
and C labeled in FIG. 5, respectively.  Furthermore, a circle in the guadrangle indicates a
propagation mode in which light propagates in the corresponding silicon block (the rib
waveguide or parasitic rib).  Additionally, in the graph, a moede in which a modulation
operation is to be performed is shown by 2 solid line. The other modes are shown by dashed
lines. Obviously, in the mode in which a modulation operation is to be performed, light
propagates through central silicon block B, that is, the rib waveguide.

The following is apparent from the graph in FIG. 6. In the mode shown by a solid line

and which is to be used for modulation operation, that is, the mode in which light propagates

through the rib waveguide, in a portion of the mode in which the effective refractive index varies



the electro-optic device has three silicon blocks A, B and C each
extending along the longitudinal direction. Silicon blocks A and C are the
highly-doped parasitic ribs, and silicon block B is the center rib portion of
the rib waveguide. In FIG. 5, distancg,D indicates the distance from the
contact portion in which electrode 27 is joined to p'-doped silicon layer 22
to the central axis of the rib waveguide. In this exemplary embodiment,
depedd&ﬁgm&ma@smmqpagmmﬂaaﬁ clatpidinaddbetrgoendfation modes
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the quadrangle indicates a propagation mode in which light propagates in
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the’'mode shown by a solid line and which is to be used for modulation
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in which curves each indicating the effective refractive index for the
COFF@%D%@WE)%% g‘@gﬂgﬁl configuration of an SOI substrate used to form an electro-

optic device. The SOI substrate is configured such that buried oxide layer 25 is provided on
silicon substrate 24, with a silicon layer of thickness about 300 nm stacked on oxide layer 25.
To reduce an optical loss, the buried oxide layer preferably has a thickness of at least 1,000 nm.
A silicon layer on buried oxide layer 25 is what is called an SOI layer and needs to be p-doped
silicon layer 23. Here, assuming that the first and second conductivity types are defined as a p-
type and an n-type, respectively, the silicon layer on oxide layer 25 may be doped so as to
exhibit the first conductivity type.  Alternatively, the following process 1s possible.  After
formation of a silicon layer on buried oxide layer 25, phosphorous {P) or boron (B) is doped into
the surface layer of the silicon layer by ion implantation or the like. Thereafter, the resultant
substrate is subjected to thermal treatment so as to diffuse p-type impurities throughout the

silicon layer, thus forming the silicon layer into p-doped silicon layer 23,



mode depending on distance D cross each other, it is desirable to avoid
using some of the regions for which determining whether or not the
curves cross each other is difficult. In the present example, provided that
distance D is at least about 0.6 m or more and the vicinity corresponding
to distance D = 0.7 m is excluded, then it is possible to predict that
cougg;cg to other modes which may result in a loss is prevented, allowing
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N a process of ricating the electro-optic device shown in FIG, 5,.

o RCAETE ke obh A bl B dbaE PR PR Syde v
35 mhowssdiy Sédtional bonfiuiratisphofcapr SOk sutmthatbiuded sgifonasigpattemn to

forr? ILGHQnAUBHE HENIER: HRIRLEHRSHAEAS %@Egﬁiﬁ%ﬂéﬂ@%& BUieHer.  Then,

oxide layer 25 is provided on silicon substrate 24, with a silicon layer of
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layer, by ion implantation or the like. Thereafter, the resultant .substrate is
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on the surface of p-doped silicon
that all the layers including n" " -doped silicon layer 20 and n-doped silicon layer 21 are covered

with the oxide clad layer. Then, the surface of oxide layer 35 is fiattened by CMP and contact
holes are formed such that electrodes 27 and 28 can be taken out through the contact holes, As
aresult, n” -doped silicon layer 20 and p™ -doped silicon layer 22 are exposed from the bottom
surfaces of the contact holes, Thus, nickel (Ni) is deposited on the exposed portions of n™ -
doped silicon layer 20 and p™ -doped silicon layer 22 to form a silicide layer. Moreover, an
electrode layer composed of TaN/Al (Cu) or the like is formed in each of the contact holes to
complete electrodes 27 and 28. Electrodes 27 and 28 are used for connection to a driving
circuit.

The whole or part of the exemplary embodiments disclosed above can be described as,

but not limited to, the following supplementary notes.



layer 23. A reactive etching process is applied to the resist pattern to
process p-doped silicon layer 23 into a rib waveguide shape.
Furthermore, an area with p-type dopant of a high concentration doped
therein is formed into p -doped silicon, layer 22, which is a silicon block
portion located adjacent to the rib waveguide structure. Then, as shown in
FIG. 7C, oxide layer 35 used as a clad layer is formed by depositing an
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driving circuit. The whole or part of the exemplary embodiments disclosed
the FFYoEUdHETE @8 cfilseidgvadndex value of the rib waveguide in a zeroth-order mode 1s

constant when the distance between rib waveguide and the electrode contact region varies.

(Supplementary note 2)  The silicon-based electro-optic device as defined in
Supplementary note 1, wherein a thickness of the electrode contact region of the rib part is the
same as a thickness of the rib waveguide.

(Supplementary note 3) The silicon-based electro-optic device as defined in
Supplementary note 1, wherein a thickness of the electrode contact region of said rib part is the
same as a thickness at least in part of a SOI region of the rib waveguide

(Supplementary note 4)  The silicon-based electro-optic device as defined in
Supplementary note 1, wherein a width of electro contact region of the rib part is wider than a
width of the rib waveguide.

{Supplementary note 5)  An eleciro-optic device comprising:



but not limited to, the following supplementary notes. 12 (Supplementary
note 1) A silicon-based electro-optic device comprising: a silicon body
region doped to exhibit a first conductivity type; a silicon gate region
doped to exhibit a second conductivity type, the silicon gate region being
disposed at least in part over the silicon body region to define a
contiguous area between the silicon body region and the silicon gate
regfos; ﬁlﬁiﬁi&@tﬁtﬁahyﬁ&di&pﬁs&ﬁ;iatlwacontiguous area between the
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electrical contact coupled to the silicon body region, wherein upon
silicogpiglieation of an electrical signal to the first electrical contact and the
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constant when the distance between rib waveguide and the electrode
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mode does not change.

(Supplementary note 6) The electro-optic device as defined in Supplementary note 5,
further comprising a silicon substrate and a buried oxide layer formed on the silicon substrate,

wherein the first silicon layer is provided on the buﬁed oxide layer so as to serve as an
SOI layer.

{Supplementary note 7}  The electro-optic device as defined in Supplementary note 5 or
6, wherein a slab thickness in the area to which the metal electrode is connected is the same as
one of heights of the first silicon layer in the rib waveguide.

(Supplementary note 8) The electro-optic device as defined in Supplementary note 5 or
6, wherein a slab width in the area to which the metal electrode is connected is larger than the
width of the first silicon laver in the rib waveguide.

(Suppiementary note 9)  The electro-optic device as defined in Supplementary note 5,
wherein the slab thickness in the area to which the metal electrode is connected is at least 70 nm.

(Supplementary note 10}  The electro-optic device as defined in Supplementary note 3,



(Supplementary note 4) The silicon-based electro-optic device as defined
in Supplementary note 1, wherein a width of electro contact region of the
rib part is wider than a width of the rib waveguide. (Supplementary note
5) An electro-optic device comprising_;_}rli% a first silicon layer of a first
conductivity type; a second silicon layer of a second conductivity type
: different from the first conductivity type, the second silicon layer being at
whenga shodrinstackedeb ththefficstsiticfenn tay éndexdieds etrichayes fosmedtamarthird
interface. between the first.silicen layer and the second silicon layer; a first
Ofa'g%g{ﬁ%g%c}bn g\é? %‘8&?1‘3”&25%‘%@?3}?éa§§8% 1 layer; and a second electric
- cottant bommectedhet thhesseoritbaiicuhnageicaines aiastie Mestestidsrpbove

desciRl IR AIRle R Hed YN ARd NG AR eRNgsilieRn By §5FRIM Ao Rheir advantages.

" junction, and an electric signal from each of the first and second electric
It is & AIRYSCA RSB RE IFlRsEC PP PBY A R UBEHO R RO VRREIGF R 8REP B
withf€ SReetiyeppRpasitecpidestef thedielectric layer to modulate a free-carrier

concentration sensed by an electric field of an optical signal, wherein a
stack structure including the first silicon layer and the second silicon layer
has a rib waveguide shape so as to form an optical confinement area,
and a slab portion of the rib waveguide includes an area to which a metal
electrode is connected as the first electric contact, wherein the slab
portion in the area to which the metal electrode is connected is thicker
than a surrounding slab portion, and wherein the area to which the metal
electrode is connected is located so that a range of a distance from the
rib waveguide to the area to which the metal electrode is connected is
such that when the distance is changed, an effective refractive index of
the rib waveguide in a zeroth-order mode does not change.
(Supplementary note 6) The electro-optic device as defined in
Supplementary note 5, further comprising a silicon substrate and a buried
oxide layer formed on the silicon substrate, wherein the first silicon layer
is provided on the buried oxide layer so as to serve as an SOI layer.
(Supplementary note 7) The electro-optic device as defined in
Supplementary note 5 or 6, wherein a slab thickness in the area to which
the metal electrode is connected is the same as



one of heights of the first silicon layer in the rib waveguide.
(Supplementary note 8) The electro-optic device as defined in
Supplementary note 5 or 6, wherein a slab width in the area to which the
metal electrode is connected is larger than the width of the first silicon
layer in the rib waveguide. (Supplementary note 9) The electro-optic
device as defined in Supplementary note 5, wherein the slab thickness in
the area to which the metal eIectr@é@I@%onnected is at least 70 nm.
(Supplementary note 10) The electro-optic device as defined in
Supplgmaptany:natei&ddopnbatgintbendistanee at which the effective
refractive index doe notdcha s at least one third_of a wavelength and
TSP RA S A B R WA EILRGE E AT BE B Bardit that other

vatigitions mrdaviodifioations:xhiy besradetodhei altoecdesciibed gate region
beinSPRRAIMENL3 ANA IINGHIgRAlity; With Jae atainmentel some Aal QLG een

dvantages. Itis an object of the appended claims to cover all such

the SYHGAROAE BAWMIGEITEHHS §3'e61E within the true spirit and scope of

the investionsthdGlMMS deAcsilic@nbaset@lRclianoRliGSemies region and the

... comprising: a silicon body regjon doped to exhibit a first conductivity type:.
e GG BRI O B s SE G CoH U B e O i

the iﬁiﬁg@ﬁe@&tﬂlt@‘gﬁomym@agxﬁ@mm least imfpwgic_eveo{kmist&i@cit_fﬁbody
regip o, dsfine a poniguans area batean e, slicgn body region and

the silicon gate region: a dielectric layer disposed in the contiguous area
betwemndlesHico By fagish Bifandicelliess gatregion. the
combination.ehtheasiicenhady-regionand thersiicongatereainmwithd the
interposed dielectric layer, defining an active region of the electro-opti '
secOpRHEBRICA AR Ble ST EOMERT EO U ed 0 He SRS S Ui hEo s
regiseanmchelsicitcabeoniaet covpled tostheisilidordddiayegiorhawhessimuporh that
an oaggelﬂcc%tzp% 13@@ %I&%t{}l Ct?‘c! ?QE@&@J&%&@%‘? l&%trrl%(?y%l\g 5""1%35‘;‘3&5&? area of free
econd electrica conta%t, ree carriers accumulate, deplete or invert within
carritreceificonabodyn Fegionvanekibe Sikeopigite Yegicl v#rboth sides of the

dielegtric.laysliat he-Same ag.suchdbat Anopticaliglegtricifield 0fthesion and
optical signal substantially overlaps with a modulation area of free carrier
the diSHEEHtALSN in the active region of the electro-optic device.

a first electrical contact is coupled to a slab part of the b waveguide,

the rib part has a region coupled to an electrode comntact region where thickness of the
electro contact region of rib part is thicker than around rib part. and

a position of the electrode contact region of the rib part is located at a position of center of
the waveguide where an effective index value of the rib waveguide in a zeroth-order mode is

constant when the distance between rib waveguide and the electrode contact region varies.

2. The silicon-based electro-optic device as defined in claim 1. wherein a thickness of

the electrode contact region of the rib part is the same as a thickness of the rib waveguide.

~

3. The silicon-based electre-optic device as defined in claim I, wherein a thickness of
the electrode contact region of said rib part is the same as a thickness at Jeast in part of a SOI

region of the rib waveguide

4, The silicon-based electro-optic device as defined in any one of the preceding claims,



a rib waveguide is formed by means of the silicon body region. the silicon
gate region and the dielectric haver. a first electrical contact is coupled to
a slab part of the rib waveguide. the rib part has a region coupled to an
electrode contact region where thickmess of the electro contact region of
rib part is thicker than around rib part. and a position of the electrode
contact region of the rib part is located at a position of center of. the,

whergiza gt olere SAPERBEER Ndax VRSP HHEFEN RV gty e

wavedgl@th-order mode is constant when the distance between rib waveguide
and the electrode contact region varies. 2. The silicon-based electro-optic
device as defined in claim 1. wherein a thickness of the electrode contact

" region of the rib part is the same as a thickness of the rib waveguide. 3.

The siiicon-based electro-optic device as defined in claim 1. wherein a
thickness of the electrode contact region of said rib part is the same as a
thickness at least in part of a SOI region of the rib waveguide 4. The
silicon-based electro-optic device as defined in any one of the preceding
claims, 16 wherein a width of electro contact region of the rib part is wider
than a width of the rib waveguide.



