DESCRI PTI ON
OPTI CAL MODULATOR

Technical Field

[ 0001] The present invention relates to an optical
nodul ator used in an optical comunication system or an
optical information processing system |In particular, the
invention relates to a structure to suppress the chirp
caused in the phase nodul ation of an optical nodul ator and
to provide an optical nodulator that can output nodul ated

I i ght having a high waveform quality.

Background Art

[ 0002] A MZ (Mach-Zehnder)-type optical nodulator is
configured to branch the light having entered from the
i nput -side optical waveguide into two branched lights in
two optical waveguides (arns) with 1:1 intensity. The
branched lights are allowed to propagate over a fixed
| engt h, and subsequently nultiplexed again, t her eby
outputting the resultant |I|ight. Phase nodul ation units
provided in the two branched optical wavegui des can be used
to change the phases of the two lights to thereby change
the light interference conditions when the Ilights are
mul ti pl exed. Thus, the output |ight can have a nodul ated
intensity or phase.

[ 0003] The optical waveguide of the phase nodul ation

unit is made of material such as dielectric substance (e.g.,



Li NoG;) or sem conductor (e.g., InP, @GAs, Si). A
nodul ation electric signal is inputted to an electrode
provided in the vicinity of these optical waveguides to
apply a voltage to the optical wavegui des, thereby causing
a change of the phases of lights propagating along the
opti cal wavegui des.

[ 0004] A principle to cause a change of the |ight phase
is mainly provided by the Pockels effect in the case of
Li NbO; or the Pockels effect or the Quantum Confined Stark
Effect (QCSE) in the case of InP or GAs. Si mainly
provi des the carrier plasm effect.

[ 0005] In order to provide optical communi cat i on
requiring |ow power consunption at a high speed, such an
optical nodulator is required that has a high nodul ation
rate and that has a low driving voltage. In order to
provide |ight nodulation at a high speed of 10Cbps or nore
and with an anplitude voltage of a few volts, a travelling
wave electrode is required. A high-speed nodulation
el ectric signal travelling along a travelling wave
el ectrode is matched in speed with the |light propagating in
the optical waveguide, thus an electric signal is allowed
to interact with light while propagating. An optica

nodul ator with a travelling wave electrode of a few
mllimeters to a few dozens of mllineters | ength has been
put into a practical use (see for exanple NPL 1).

[ 0006] In the case of this travelling wave el ectrode

type optical nodulator, an electrode structure and an



opti cal wavegui de structure having a low |loss and a snal
reflection are required that allow an electric signal or
light propagating in the waveguide to propagate w thout
causing a deteriorated light intensity.

[ 0007] Fur t her nor e, one  of the M-type optica
nodul ator has an Si optical nodulator in which an optical
waveguide is nmde of Si. The Si optical nodulator is
configured on an SO (Silicon on Insulator) substrate. SO
substrate is obtained by allowng an Si thin filmto adhere
on an oxide film (BOX) |ayer obtained by thermally-
oxidizing the surface of an Si substrate. The Si optical
nodul ator is manufactured by nmachining the Si thin film
into a fine wire so that light can be wave-gui ded through
the Si wire. After which dopant is injected into the Si
wWre so as to obtain a p-type/n-type sem conductor junction.
And after, SiO, is deposited to provide a light clad | ayer,
then el ectrode formation are perforned.

[ 0008] This process requires the optical waveguide to
be desi gned and machined so as to achieve a low |light |oss.
Thus, the p-type/n-type sem conductor nust be doped and the
el ectrode nust be prepared so as to mnimze the Iight |oss
and to mnimze the reflection and loss of a high-speed
el ectric signal.

[ 0009] FIG 1 is a cross-sectional viewillustrating an
optical waveguide as a base of a conventional Si optical
nodulator. In FIG 1, it is assumed that |ight propagates

in a direction vertical to the paper. This Si  optical



nodul ator has an optical waveguide configured by an Si

| ayer 2 sandwi ched between upper and lower Si O, clad |ayers
3 and 1. The Si layer 2 has, at the center of the draw ng,
an Si fine wire unit for the purpose of confining light.
The Si fine wire unit has a cross-sectional structure
called as a rib wavegui de having a different thickness from
that of the periphery.

[ 0010] The center of this Si layer 2 is a Si layer 201
having a thick thickness. The Si layer 201 is an optica

wavegui de core having a refractive index different fromthe
SiO, clad layers 1 and 3 at the periphery to confine I|ight
propagating in the direction vertical to the paper, thereby
configuring an optical wavegui de 7.

[ 0011] The optical waveguide 7 is interposed between
sl ab regions 202 at both sides and has a high concentration
p-type sem conductor |ayer 211 and a high concentration n-
type sem conductor |ayer 214. The optical wavegui de 7 has,
at the center of the core, a pn junction structure
consi sti ng of an i nternmedi ate concentration p-type
sem conductor layer 212 and an internediate concentration
n-type sem conductor |ayer 213 formed by dopi ng. From t he
both left and right ends of FIG 1, a nodulation electric
signal and a bias are applied.

[0012] The pn junction structure formed by the
i nternmedi ate concentration p-type sem conductor |ayer 212

and the internediate concentration n-type sen conductor



| ayer 213 also may have a pin structure sandw ching an
undoped i-type (intrinsic) sem conductor not shown.

[ 0013] The opti cal waveguide 7 allows light to
propagate therein so as to nove along this pn junction (the
direction vertical to the paper). Al t hough not shown in
FI G 1, nmet al el ectrodes connected to the  high
concentration sem conductor layers 211 and 214 at both ends
can be provided. These netal electrodes are used to apply,
to a pn junction unit, a nodulation electric signal of an
RF (radio frequency) and a reverse bias electric field (an
electric field fromthe right side to the left side in FIG

1).

[ 0014] By the structure as described above, the carrier
density in the interior of an optical waveguide core 201
can be varied to change the refractive index of the optica

wavegui de (carrier plasma effect), thereby nodulating the
phase of |ight.

[ 0015] The size of the waveguide depends on the
refractive index of material used for a core/clad, and thus
cannot be determ ned uniquely. The rib-type silicon
wavegui de structure as shown in FIG 1 that has the optica

wavegui de core part 201 and the slab regions 202 at both
sides has, as an exanple of the size including a wavegui de
core, a wdth of 400 to 600(nm x a height of 150 to
300(nm) x a slab thickness of 50 to 200(nm x and a l|length
of about a few (nm.



[ 0016] These Mach-Zehnder optical nodul ators using the
opti cal wavegui de as described above include, as
conventional |l y-known, two-types of structures called a
single electrode type and a dual electrode type. They are
classified based on the difference of the electrode
structure.
[ 0017] These el ectrodes are provided along two optical
wavegui des constituting two arns of a Mach-Zehnder opti cal
nodul ator. These el ectrodes consist of two RF el ectrodes
for applying a pair of differential signal voltages for
nodul ati on and at |east one fixed potential electrode for
applying a fixed potential .
[ 0018] In the case of +the single electrode type
structure, one fixed potential electrode is provided
between the two RF el ectrodes to apply a DC bias potenti al
and thus is called a DC el ectrode. In the case of the
dual electrode type structure, fixed potential electrodes
are provided between the two RF electrodes and at the both
outer sides of the two RF electrodes to apply a 0 Volt
ground potential (grounding potential), and thus are called
ground (GND) el ectrodes.
[ 0019] (Conventional single electrode type Mach-Zehnder
nodul at or)

FIG 2 is a plan view illustrating a Si optical
nodul ator of a conventional single electrode type Mach-
Zehnder nodul at or. FIG 3 illustrates a cross-sectional

view taken at Il11-111 of FIG 2(see for exanple NPL 2).



[ 0020] In the plan view of FIG 2, the input light from
the left side is branched by optical waveguides 7a and 7b.
Branched lights are phase-nodulated by the nodulation
el ectric signal (RF signal) applied between upper and | ower
RF el ectrodes 5a, 5b and a center DC el ectrode 6. Phase-
nodul ated |ights are subsequently coupled and the resultant
nodul ated light is outputted through the right end, thereby
constituting a single electrode type Mach-Zehnder nodul ator.
[ 0021] The cross-sectional view of FIG 3 taken at 111-
[1l line in FIG 2 shows a basic structure in which two
optical waveguides having a cross-sectional structure
simlar to that of FIG 1 are arranged symetrically in the
| eft-and-right direction.

[ 0022] On the clad layer 3, at both of the left and
right side ends, two radio frequency lines (RF electrodes
5a and 5b) to input one pair of differential nodulation
electric signals (RF signals) are provided. 1In the center
of the clad layer 3, the DC electrode 6 to apply a common
bi as voltage is provided.

[ 0023] The tw RF electrodes 5a and 5b have
therebetween the Si layer 2 including the two optica
wavegui des 7a and 7b interposing the DC electrode 6. The
optical waveguides 7a and 7b have pn junction structures
formed symmetrically in the left-and-right direction. The
RF el ectrodes 5a and 5b are electrically connected to the
hi gh concentration p-type sem conductor |ayer 211 by way of

a via 4 (penetration electrode), respectively.



[ 0024] The DC electrode 6 is simlarly connected to the
hi gh concentration n-type sem conductor |ayer 214 at the
center. Wien the DC electrode 6 is applied a positive
voltage relative to the RF el ectrodes 5a and 5b, a reverse
bias can be applied to the two left and right pn junction
units. In the followng section, it is assuned that these
el ectrodes and sem conduct or | ayers are simlarly
el ectrically connected by way of one or plurality of via(s)
4,

[ 0025] FIG 4(a) illustrates a doping status of the
sem conductor in the cross section Ill-111 and FIG 4(b)
illustrates a band | evel diagramduring |ight nodul ati on.

[ 0026] The Si optical nodul ator of the single el ectrode
type has the followng nerits. Specifically, because a
reverse biases are applied to the pn junctions, the RF
electrodes and the DC electrode are electrically
i ndependent, thus elimnating the need of actively applying
bias voltages to the RF electrodes. This consequently
advant ageously provides a sinpler configuration not
requiring a bias tee circuit for applying a bias to the RF
el ectrode, or a capacitor for DC block between a driver IC
and a RF el ectrode for exanple.

[ 0027] In the above description, an exanple has been
described in which the RF electrode is abutted to the p-
type sem conductor |ayer while the DC electrode is abutted
to the n-type sem conductor. However, a reverse

configuration also may be used in which the RF electrode is



abutted to the n-type sem conductor layer while the DC
el ectrode is abutted to the p-type sem conductor layer. 1In
this case, a bias voltage applied to the DC el ectrode can
be a negative voltage relative to the RF electrode to
t hereby applying reverse biases to the pn junction units.
[ 0028] (Conventional dual electrode type Mach-Zehnder
nodul at or)

FIG 5 is a plane view illustrating a Si optical

nodul ator of a conventional dual electrode type Mach-

Zehnder nodul at or. FIG 6 illustrates a partial cross-
sectional view taken along VI-VI line in FIG 5.
[ 0029] In the plan view of FIG 5, the input light from

the left side is branched by the optical wavegui des 7a and
7b. Branched |ights are phase-nodul ated by the nodul ation
electric signals (RF signals) applied to the upper and
| oner RF el ectrodes 15a and 15b. Phase-nodul ated |ights are
subsequently coupled to output the resultant nodul ated
light through the right end, thereby constituting a dual
el ectrode type Mach-Zehnder nodul ator.

[ 0030] The partial cross-sectional view shown in FIG 6
taken along the VI-VI line in FIG 5. FIG 6 illustrates a
cross section of a part having the optical wavegui de 7a of
a cross-sectional structure simlar to FIG 1. FIG 6 also
illustrates one of radio frequency lines (RF el ectrode 15a)
to input a differential nodulation electric signal (RF
signal), and ground el ectrodes 16a and 16c¢c interposing the

RF el ectrode 15a. The RF electrode 15a and the ground



el ectrode 16a have therebetween the Si layer 2 including
the optical waveguide 7a in which a pn junction structure
is formed. The clad layer 3 has thereon the RF el ectrode
15a and the ground electrode 16a. RF electrode 15a is
el ectrically connected, by way of the via 4, to the high
concentration n-type sem conductor |ayer 214, and ground
el ectrode 16a is electrically connected, by way of the via
4, to the high concentration p-type sem conductor |ayer 211
of the Si |ayer 2.

[ 0031] In the case of this dual el ectrode type
nodul ator, the ground el ectrode 16c provided at the center
of FIG 5 (the right side of FIG 6) is not directly
abutted to the sem conductor |ayer but is used to provide a
ground potential. Thus, the RF electrode 15a and the
ground electrodes 164, 16c form a radio frequency
transmssion line having a GSG (G ound-Signal-G ound)
structure. This structure can be used to adjust the
characteristic inpedance of the transmission line and to
I nprove the transm ssion characteristic. Furthernore, the
RF signal l|ine surrounded by the ground el ectrodes can be
used to form such an optical nodul ator that causes snaller
signal |eakage and that causes reduced crosstalk or
propagati on | oss.

[ 0032] Al t hough not showmn in FIG 6, the optical
wavegui de 7b has an el ectrode and a sem conductor area of
simlar structure. As can be seen from FIG 5, a

sem conductor area corresponding to the optical waveguide



7b is forned separately from a semconductor area
corresponding to the optical waveguide 7a. These regions
are arranged in a symetrical manner interposing the center
line of the center ground electrode 16¢c in the up-and-down
direction of FIG 5 (or in the left-and-right direction of
FIG 6), and also have symetrically arranged doping
st at uses.

[ 0033] The Si optical nodulator as a radio frequency
transm ssion line has a characteristic inpedance that is
significantly influenced by the capacitance of the pn
junction unit of the Si |[|ayer. In the case of the dual
el ectrode Si nodulator, the capacitance between the RF
el ectrode 15a and the ground el ectrode 16¢c can be adjusted
to thereby <change the characteristic inpedance in a
relatively easy manner to achieve about 50 Owm in the
single end and about 100 Ghmin the differential driving.

[ 0034] In the case of the dual electrode type Si
opti cal nodul ator as described above, DC bias voltages are
to be applied in a superposed manner to the RF el ectrodes,
thus requiring, when conpared with the single electrode
type Si nodulator, a bias tee circuit for the connection to
the driver IC. However, as described above, the control of
t he capacitance between the RF el ectrode 15a and the ground
el ectrode 16¢c provides an advantage that the characteristic
I npedance can be changed in a relatively easy manner. The
dual electrode type thereby provide, together wth the

exi stence of the surrounding ground electrode, such an



optical nodul ator that causes a smaller signal |eakage and
reduced crosstal k and propagati on | oss.

[ 0035] In the above description, an exanple has been
described in which the RF electrode is abutted to the n-
type sem conductor layer while the ground electrode is
abutted to the p-type sem conductor |ayer. However, a
reverse configuration also nay be used in which the RF
electrode is abutted to the p-type sem conductor |ayer
while the ground electrode is abutted to the n-type
sem conductor layer. |In this case, a bias voltage applied
together with the RF signal to the RF electrode can be a
reverse bias to the pn junction unit by applying a negative

voltage relative to the ground el ectrode.
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Summary of I nvention

[ 0037] In order to provide a light nodulation signal
that has a high waveform quality and that achieves a |ong
di stance transm ssion, such an optical nmodul ator is
required that can generate a nodul ation signal including
| ess chirp. The chirp of the M-type optical nodul ator
mai nly neans the signal distortion in the nodul ated out put
light. The chirp distortion is caused when there is a
difference between the two signal lights of the optica
wavegui des in a phase nodulation unit in the anount of
phase change or |ight | oss.

[ 0038] FIG 7A shows a Constellation Map when there is
no chirp distortion. FIG 7B shows a Constellation Mp
when there is a chirp distortion. These draw ngs
illustrate the relation of the change in the phase and the
anplitude of lights. Wen the electric nodulation signal is
changed, two |ights having passed the optical wavegui des 7a
and 7b of the M-type optical nodulator, and an output
light from the optical nodul ator obtained by nultiplexing
the lights fromthe optical waveguides 7a and 7b change as
shown, respectively.

[ 0039] As shown in FIG 7A when the phase change
efficiencies in the two optical waveguides 7a and 7b are
equal, then the output light from the optical nodul ator
noves on the Constellation Map in a straight nanner from a

status of phase 0 to phase Tt



[ 0040] Contrary as shown in FIG 7B, when the phase
change efficiencies in the two optical waveguides 7a and 7b
are different, then the output light from the optical
nodul ator noves on the Constellation Map in a trajectory
that is not straight and the phase status after the
nodul ati on al so shows a offset from phase 0 and 1  \Wen
the optical waveguides 7a and 7b have a difference in the
light loss, an offset is simlarly caused between the
anpl i tudes, thus causing the output light fromthe optical
nodul ator noving on the Constellation Myp to draw a
trajectory that is not straight. The offset of the phase
or the anplitude results in chirp distortion.

[ 0041] In the manufacturing step of the Si optical
nodul ator, the 1light nodulation characteristic nay be
deteriorated if an inplantation step for injecting p-
type/ n-type dopant into an Si |ayer causes an offset in the
position of the pn junction due to a mask offset, for
exanpl e.

[ 0042] In the manufacturing step of the Mach-Zehnder
nodul ator, if the offset in the position of the pn junction
is caused due to the mask offset as descri bed above(offset
in the up-and-down direction in FIG 2 or in the |eft-and-
right direction in FIG 3 for exanple), then because the
two optical wavegui des constituting the Mach-Zehnder
nodul ator have a symetric doping structure, thus one
waveguide has a large p-type layer while the other

wavegui de has a small p-type layer for exanple. In this way,



the two wavegui des have different nodul ation efficiencies,
thus causing the nultiplexed nodul ated |ight signal having
chirp distortion.

[ 0043] The wusual mask alignnment precision during the
device mnufacturing step 1is of about 30 nm thus
generally causing the mask offset at such a |evel. An
offset of a few dozens of nmis difficult even to neasure.
Thus, with a general manufacturing nethod, it is difficult
to assure a production accuracy of 50 nmor | ess.

[ 0044] FIG 8A and FIG 8B illustrate how the |ight
signal quality is deteriorated due to the offset of the
i npl antation nask as described above. FIG 8A shows a
Constellation Map of the entirety of deteriorated 64QAM
nodul ation signals. FIG 8B illustrates the definition of
FoD (Figure of Deterioration) used as an index of the
deterioration of the signal quality in such a map.

[ 0045] As shown in FIG 8B, the FoD is defined using
FoD=100xd/ A, where the distortion fromthe linearity of a
synbol on the constellation is 6 and the m ninuminterval
between synbols is A The mask offset during the
i npl antation can be set as offset anmount (nn) and the val ue
of the FoD at the time can be calculated as above to
thereby enabling to conpare the deterioration statuses of
the signal quality.

[ 0046] FIG 9(a) is a graph of the FoD val ues when the
pn junction position is offset by the offset anpbunt (nm

from a designed position. FIG 9(b) shows a Constellation



Map of the entirety of the 64QAM signal when the pn
junction position is offset by 10 nm FIG 9(c) shows a
Constellation Map of the entirety of the 64QAM signal when
the pn junction position is offset by 30 nm As can be
seen from FIGS. 9(a) and 9(c), the 30 nm of fset causes 30
percent or nore of the synbol interval to be consumed by
the S-like distortion in the constellation, showng a
significant deterioration of the signal quality.
[ 0047] In the FoD graph of FIG 9(a), values (wlin.)
shown by the black dots show values obtained by a
conmpensati on processing in a linearizer for another signal
processing. Since the deterioration of the signal quality
i's significant, t he conpensati on processi ng is
substantially ineffective as shown by the conparison wth
bef or e- conpensati on val ues (shown by white dots: wo/lin.).
[ 0048] The present invention has been nmade in view of
the problem as described above. It is an objective of the
invention to provide an optical nodul ator that suppresses
the chirp due to the mask offset for exanple during the
phase nodul ati on and that provides a high waveform quality.
[ 0049] In order to achieve the objective as described
above, the present invention is characterized in including
a configuration as described bel ow.
[ 0050] (Configuration 1 of the invention)

An optical nodulator, conprising. two RF el ectrodes
for applying one pair of differential signal voltages; at

| east one fixed potential electrode for applying a fixed



potential; a first conductive sem conductor |ayer and a
second conductive seniconductor |ayer abutted to the RF
electrode or a fixed potential electrode; and a |Iight
nodul ation unit including two optical waveguides branched
from one optical waveguide that are arranged along a pn
junction unit functioning as a boundary between the first
and second conductive sem conductor |ayers, wherein:

the sem conductor layers and the electrode are
provided so that the integration anmounts of the phase
changes caused by the offsets of the positions of the pn
junction units in the two optical wavegui des from a design
val ue i s equal between the two optical wavegui des.

[ 0051] (Configuration 2 of the invention)

The optical nodulator according to Configuration 1,
wherein: the nodulation unit of the optical nodulator in
the two optical waveguides has a positional relation of a
sem conduct or dopi ng status natching between the respective
opti cal wavegui des.

[ 0052] (Configuration 3 of the invention)

The optical nodul ator according to Configuration 1 of
t he i nvention, wherein:

the nodulation unit of the optical nodulator has a
first region positioned at the input side of a 1ight
propagati on direction and a second region positioned at the

out put si de,



the connection of the first region and the second
region has a structure having a nmulti-Ilevel crossing of the
RF el ectrodes and the optical wavegui des, and

the two optical waveguides both have the positiona
relation of the sem conductor doping status in the first
region and the second region that is provided in a reversed
position viewed in the light propagation direction in the
respective optical wavegui des.

[ 0053] (Configuration 4 of the invention)

The optical nodul ator according to Configuration 3 of
the invention, wherein: the first region has the entire
length in the light propagation direction that is shorter
than the entire length of the second region in the I|ight
propagati on direction.

[ 0054] (Configuration 5 of the invention)

The optical nodul ator according to Configuration 3 of
the invention, wherein: at least one of the first region
and the second region is divided to two or nore regions
provided alternately in the |ight propagation direction.

[ 0055] (Configuration 6 of the invention)

The optical nodul ator according to Configuration 5 of
t he invention, wherein:

the first region is divided to two regions so as to
I nterpose the second region so that a length ratio of 1:2:1
I's provided thereanong in the |ight propagation direction.

[ 0056] (Configuration 7 of the invention)



The optical nmodul ator according to any one of
Configurations 1 to 6 of the invention, wherein:

the optical nodulator is of a single electrode
structure, and the fixed potential electrode conprises a DC
el ectrode provi ded between two RF el ectrodes.
[ 0057] (Configuration 8 of the invention)

The optical nodulator according to any one of
Configurations 1 to 6 of the invention, wherein:

the optical nodul ator is of a dual el ectrode
structure, and the fixed potential electrode conprises at
| east one ground electrode provided between tw RF
el ectrodes and two ground el ectrodes provided at the outer
side of two RF el ectrodes.
[ 0058] The optical nodulator of the present invention
Is configured so that the offset of the pn junction
position (offset amount) due to the mask offset during the
inplantation is provided so as to provide a uniform
influence on the nodulation efficiencies of the two
wavegui des constituting a Mach-Zehnder nodul ator. Thus, an
optical nodulator having a good signal quality can be
realized.
[ 0059] Furthernore, the division to the first region
the second region can provide the cancellation between
positive and negative portions, thus allowng the two
wavegui des to have a reduced difference between the

nodul ati on effi ci enci es.



[ 0060] The attenuation due to the propagation |oss of a
radi o frequency el ectric signal causes different nodul ation
efficiencies between the input side and the output side of
an RF el ectrode. To solve this problem the RF el ectrode
of the first region and the second region are allowed to
have appropriately-set different lengths, thus realizing an
opti cal nodul ator having symetric nodul ation efficiencies.
This can consequently provide an optical nodulator that
suppresses the chirp distortion during the light nodul ation

and that has a high waveform quality.

Brief Description of Draw ngs
[ 0061]

[FIG 1] FI G 1 S a cross-sectional Vi ew
illustrating an optical waveguide of a conventional Si
opti cal nodul at or;

[FIG 2] FIG 2 is a plan view illustrating a Si
opti cal nmodul ator constituting a conventional single
el ectrode-type Mach-Zehnder nodul ator;

[FIG 3] FIG 3 is cross-sectional view taken at
[11-111 of the Si optical nodulator in FIG 2;

[FI G 4] FIG 4 illustrates the doping status of
the sem conductor in the cross section of the Si optical
nodulator in FIG 2 and a band diagram during the |ight

nmodul ati on;



[ FI G 5] FIG 5 is a plan view illustrating the Si
opti cal nodul at or constituting a conventional dual
el ectrode type Mach-Zehnder nodul at or;

[FI G 6] FIG 6 is a cross-sectional view taken at
VI-VI of the Si optical nodulator in FIG 5;

[FIG 7A] FIG 7A illustrates a Constellation Mp
when there is no chirp distortion in the M-type optical
nmodul at or ;

[FIG 7B] FIG 7B illustrates a Constellation Mp
when there is chirp distortion in the M-type optical
nmodul at or;

[FIG 8A] FIG 8A illustrates a Constellation Map of
the entirety of deteriorated 64QAM nodul ati on signals;

[ FI G 8B] FIG 8B is a diagram to explain the
definition of a signal quality deterioration index FoD;

[FIG 9] FIG 9(a) illustrates a graph of the FoD
val ues when the pn junction is offset. FIGS. 9(b) and 9(c)
are Constellation Maps in the case of two of fset val ues;

[FIG 10] FIG 10 is a plan view illustrating the
configuration of the Mach-Zehnder optical nodul ator having
a single electrode structure according to the first
enbodi nent of the present invention;

[FIG 11A] FIG 11A shows the sem conductor doping
status in the XIA-XIA cross section of FIG 10 and a band

di agram during the |ight nodul ation;



[FIG 11B] FIG 11B shows the sem conductor doping
status in the XIB-XIB cross section of FIG 10 and the band
di agram during the |ight nodul ation;

[FIG 12] FIG 12 S a ref erence dr awi ng
illustrating the optical nodulator when there is no
intersection of RF electrodes as in a conventional
t echni que;

[FIG 13A] FIG 13A shows the sem conductor doping
status in the XIIIA-XIIIA cross section of the reference
drawving of FIG 12 and the band diagram during the I|ight
nmodul at i on;

[FIG 13B] FIG 13B shows the sem conductor doping
status in the X IIB-XIIIB cross section of the reference
drawving of FIG 12 and the band diagram during the I|ight
nmodul at i on;

[FIG 14] FIG 14 is a plan view illustrating the
configuration of a Mach-Zehnder optical nodul ator having a
single electrode structure according to the second
enbodi nent of the present invention,

[FIG 15A] FIG 15A shows the sem conductor doping
status in the XVA-XVA cross section of FIG 14 and a band
di agram during the |ight nodul ation;

[FIG 15B] FIG 15B shows the sem conductor doping
status in the XVB-XVB cross section of FIG 14 and a band

di agram during the |ight nodul ation;



[FIG 15C] FIG 15C shows the sem conductor doping
status in the XVC XVC cross section of FIG 14 and a band
di agram during the |ight nodul ation;

[FIG 16] FIG 16 is a plan view illustrating the
configuration of a Mch-Zehnder optical nodul ator having a
single electrode structure according to the third
enbodi nent of the present invention;

[FIG 17A] FIG 17A shows the sem conductor doping
status in the XVIIA-XVIIA cross section of FIG 16 and a
band di agram during the Iight nodul ation;

[FIG 17B] FIG 17B shows the sem conductor doping
status in the XVIIB-XVIIB cross section of FIG 16 and a
band di agram during the Iight nodul ation;

[FIG 18] FIG 18 is a plan view illustrating the
configuration of a Mach-Zehnder optical nodul ator having a
single electrode structure according to the fourth
enbodi nent of the present invention;

[FIG 19] FIG 19 illustrates how the deterioration
(FoD) of the light signal quality of the optical nodul ator
is inmproved according to the first enbodinent of the
present invention,;

[FIG 20] FIG 20 illustrates the transm ssion
characteristic and the reflection characteristic of the RF
signal by S paraneters of the optical nodul ator according
to the first enbodi nent of the present invention;

[FIG 21] FIG 21 is a plan view illustrating the

configuration of the Mach-Zehnder optical nodul ator having



the dual electrode structure according to the fifth
enbodi nent of the present invention;

[FIG 22A] FIG 22A is a partial cross-sectional view
of XXITA-XXITA in FIG 21;

[FIG 22B] FIG 22B is a partial cross-sectional view
of XXIB-XXIIB in FIG 21;

[FIG 23] FIG 23 is a plan view illustrating the
configuration of the Mach-Zehnder optical nodul ator having
the dual electrode structure according to the sixth
enbodi nent of the present invention;

[FIG 24] FIG 24 is a plan view illustrating the
configuration of the Mach-Zehnder optical nodul ator having
the dual electrode structure according to the seventh
enbodi nent of the present invention,

[FIG 25] FIG 25 illustrates how the deterioration
(FoD) of the light signal quality of the optical nodul ator
is inproved according to the fifth enbodinent of the
present invention,;

[FIG 26] FIG 26 illustrates the transm ssion
characteristic and the reflection characteristic of the RF
signal by S paranmeters of the optical nodul ator according
to the fifth enbodi nent of the present invention;

[FIG 27] FIG 27 is a plan view illustrating the
configuration of the optical nodulator having the dua
el ectrode structure according to the eighth enbodi nent of

the present invention; and



[FIG 28] FIG 28 is a plan view illustrating the
configuration of the optical nodulator having the dua
el ectrode structure as a nodification exanple of the fifth

enbodi nent of the present invention.

Descri ption of Enbodi nents

[ 0062] The fol |l ow ng section Wil | descri be an
enbodi nent of an Si optical nodul at or obtai ned by applying
the present invention to Mich-Zehnder nodul ators having a
single el ectrode and a dual el ectrode structure.

[ 0063] (Enmbodi nent of a Mach-Zehnder nodul at or having a
single el ectrode structure)

First, the following section will describe in detai
an enbodi nent of a Mach-Zehnder nodul ator having a single
el ectrode structure using sone preferred exanpl es.

[ 0064] (Exampl e 1)

FIG 10 is a plan view illustrating the configuration
of a Mach-Zehnder optical nodulator having a single
el ectrode structure according to the first enbodi nent of
the present invention.

[ 0065] As shown in FIG 10, the optical nodul ator
according to Exanple 1 of the present invention 1is
configured so that the nodulation unit thereof is divided
to a first region positioned at the input side of a |ight
propagation direction of an optical waveguide (a part
having a cross section XIA-XIA surrounded by the |ong

dashed short dashed line) and a second regi on positioned at



the output side (a part having a cross section X B-XB
surrounded by the | ong dashed short dashed |ine).

[ 0066] The two regions have sem conductor doping
statuses (the conductivity or the polarity of the
sem conduct or such as p-type/n-type) that are doped by the
sane pattern layout in a reversed type (e.g., so that a p-
type part in the first region corresponds to an n-type part

in the second region, and the n-type part corresponds to
the p-type part).

[ 0067] The two upper and |ower RF el ectrodes 5a and 5b
for applying one pair of differential signal voltages are
connected so as to have a multi-level crossing(or three-

di mensi onal intersection) to each other at the internedi ate
part of the first region and the second region at the |eft

and right sides without contacting each other. For exanple,
as shown by the X-like wiring shown at the center of FIG

10, the RF electrode 5a is directly connected from the
upper-left side to the lower-right side. On the other hand,

the RF electrode 5b is firstly connected to a |ower |ayer
than the RF electrode 5a by way of a via (penetration
el ectrode), and is subsequently connected from the | ower-

| eft side to the upper-right side in the |ower |ayer, and
IS subsequently connected to the original upper |ayer by
way of the via again.

[ 0068] The connection of the first region and the
second region has RF electrodes and optical waveguides

i ntersecting each other. The optical wavegui des and the RF



el ectrodes are originally configured in different |ayers.

Thus, no influence is caused by this intersection on the
manuf acture of the optical wavegui des.

[ 0069] The DC electrodes 6a and 6b for applying bias
vol tages | ocated between the two RF el ectrodes are provided
in the two regions of reversed doping statuses, and thus
require being applied different bias voltages of different
polarities. Thus, the first region and the second region
are electrically separated and are independent.

[ 0070] The optical waveguides in the two regions have
cross-sectional structures as schematically shown in the
upper sides of FIG 11A and FIG 11B. The optica

wavegui des basically have the sanme structure as that of FIG
3 except for that the doping statuses (type of
conductivities or polarities) are reversed. Specifically,

the first region has the two RF electrodes 5a and 5b both
abutted to t he first conducti ve (e.qg., p-type)
sem conductor layer. The DC electrode 6a is abutted to the
second conductive sem conductor |ayer having a reverse
conductivity to the first conductivity (e.g., n-type to p-
type).

[ 0071] The second region has the two RF el ectrodes 5b
and 5a after the intersection that are both abutted to the
second conductive (n-type) sem conductor |ayer. The DC
el ectrode 6b is abutted to the first conductive (p-type)

sem conduct or | ayer.



[ 0072] The two pn junction wunits functioning as a
boundary between the first and second conductive
sem conductor |ayers include an Si optical waveguide to
allow light to propagate therein, thereby providing an Si
optical nodul ator having a single electrode structure.

[ 0073] As descri bed above, the respective RF el ectrode
of the two is electrically connected between the first
region and the second region. The DC electrode is
electrically separated between the first region and the
second region as 6a and 6b, they are independent from each
ot her. The two RF electrodes are configured to have a
multi-level crossing to each other w thout being abutted
each other between the first region and the second region.

[ 0074] The first and second regions are set to have
lengths in the |light propagation direction having a ratio
of about 1/2 to the entire | engths thereof.

[ 0075] FIG 11A and FIG 11B illustrate the doping
status of the sem conductor and the band di agram during the
l'ight nodulation in the cross sections XIA-XIA and Xl B-XI B
of FIG 10.

[ 0076] FIG 11A shows the cross section XIA-XIA of the
first regionin FIG 10, that is configured so that the two
RF el ectrodes are both abutted to the p-type sem conductor
| ayer, and are applied with a differential signal. The DC
el ectrode is abutted to the n-type sem conductor |ayer. By

appl ying a positive voltage to the DC el ectrode conpared to



the voltage applied to the RF el ectrodes, a reverse bhias is
applied to the pn junction unit.

[ 0077] FIG 11B shows the cross section XIB-XIB of the
second region in FIG 10, that is configured so that the
two RF electrodes are both abutted to the n-type
sem conductor |ayer, and are applied with a differenti al
si gnal . The DC electrode is abutted to the p-type
sem conductor layer. By applying a negative voltage to the
DC electrode conpared to the voltage applied to the RF
el ectrodes, a reverse bias is applied to the pn junction
unit.

[ 0078] Each of the two RF electrodes has a continuous
structure in which the RF electrode is electrically
connected between the first region and the second region

respectively. Since the RF electrodes have a nulti-|evel
crossing between the first region and the second region
wi t hout being abutted to each other, in the cross sections
XIA-XIA and XIB-XIB, directions of applied voltages are
reversed left and right. Thus, even when positive and
negative reverse voltages are applied to the first region
and the second region in the DC el ectrode, the pn junction
unit provided in the optical waveguide is configured so
that the second region receives a high voltage when the
first region receives a high voltage, while the second
region receives a low voltage when the first region

receives a | ow vol tage.



[ 0079] The Mach-Zehnder optical nodulator is configured
so that the carrier densities in the two optical wavegui des
are changed to change the refractive indexes of the
respective wavegui des to thereby nodulate the |ight phase
for light interference. This requires the phases to be
changed in the sanme direction in all regions of an optical

wavegui de.

[ 0080] For exanple, in the case of an optical nodul ator
for reference shown in FIG 12, the tw regions have
reverse doping statues and the RF electrodes do not

i ntersect each other and the straight RF electrodes as in
the conventional technique are used. This configuration
di sadvant ageously causes the magnitude of the potentia

difference applied to the pn junction unit between the
first region and the second region is reversed, thus
cancelling the phase change difference between the two
optical waveguides in all regions of the optical nodul ator
(see FIG 13A and FIG 13B).

[ 0081] In order to avoid this, the structure as shown
in FIG 10 is required in which the RF electrodes are
allowed to intersect each other with multi-Ilevel crossing,

and the sane potential difference is applied to the pn
junction unit in the entire region of the optical wavegui de.
[ 0082] (Effect of Exanple 1 in preventing the
characteristic deterioration caused by the offset of the

i mpl ant ati on nmask)



The following section wll describe the effect of
preventing the characteristic deterioration caused by the
offset of the inplantation mask during the inplantation
process of the device mnufacturing in the present
I nventi on.

[ 0083] According to the structure of Exanple 1, the
of fset of the pn junction position (offset anount) due to
the nmask offset during the inplantation process can be
cancell ed by the positive and negative anount in the first
and second region. Specifically, when the first region
undesirably has an inplantation mask offset so as to
i ncrease the p-type layer, then the second region has the
same mask offset so as to reduce the p-type layer. Thus,
the two wavegui des constituting the Mach-Zehnder nodul ator
have a reduced nodulation efficiency difference, thus
realizing an optical nodul ator having a good signal quality.
[ 0084] In Exanple 1, the first and second regions are
each set to have lengths of about 1/2 of the entire | engths
in the Iight propagation direction. |In order to cancel the
change of the nodulation characteristic due to the pn
junction position offset in the first region and the second
region, the first region and the second region nust have
the nodul ati on characteristic changes in reverse directions
of an equal absolute value. This requires the first region
and the second region to have a substantially-equal |ength.
Thus, the respective regions are set to have |engths that

are at a ratio of about 1/2 of the entire | engths thereof.



[ 0085] On the other hand, the radio frequency signal is
attenuated while propagating in the RF electrode. Thus,
when the reduction of the nodul ation efficiency due to the
attenuation cannot be ignored, the first region positioned
at the input side of the RF signal nust have a length
shorter than that of the second region positioned at the
output side, in the light propagation direction. This can
consequently  cancel the change of the nodul ation
characteristic due to the offset of the pn junction
position by the first region and the second region. An
appropriate ratio between the Iengths depends on the
attenuation amount of the RF electrode or a difference in
the contact resistance between the electrode and the
sem conductor layer of the first region and the second
region. The ratio is generally about 1:3 to about 1:1. A
cancelling effect in the change of the nodulation
characteristic caused by the pn junction position offset
al so can be confirnmed by the length ratio within a range
from1:5 to 5:1.

[ 0086] In the description of Exanple 1, the first
region includes the RF electrode abutted to the p-type
sem conductor |ayer and includes the DC el ectrode abutted
to the n-type sem conductor |ayer. However, the sane
effect also can be obtained by allowing the first region to
i nclude the RF el ectrode abutted to the n-type
sem conductor |ayer and the DC el ectrode abutted to the p-

type sem conductor | ayer.



[ 0087] The RF electrode is preferably fornmed by a
wiring using netal having a low resistivity in order to
prevent the attenuation of the radio frequency signal.
However, the DC electrode is not limted to netal and al so
may be fornmed by a wiring using the conductivity of the
sem conductor layer. In this case, the DC el ectrode does
not extend over the entire region of the first region or
the second region and al so may be abutted to a part thereof.
[ 0088] (Exanpl e 2)

FIG 14 is a plan view illustrating the configuration
of a Mach-Zehnder optical nodulator having a single
el ectrode structure according to the second enbodi nent of
the present invention.

[ 0089] As shown in FIG 14, the optical nodul ator
according to Exanple 2 of the present invention has a
nodul ation unit divided to three regions of a first region
positioned at the input side of a Ilight propagation
direction of the optical waveguide (a part of the cross
section XVA-XVA surrounded by the |ong dashed short dashed
line), the other first region positioned at the output side
(a part of the cross section XVC XVC surrounded by the |ong
dashed short dashed line), and a second region interposed
by the two first regions (a part of the cross section XVB-
XVB surrounded by the |ong dashed short dashed line). The
first and second regi ons have reversed sem conductor doping
statuses (sem conductor conductivities such as p-type/n-

type). The two RF electrodes for applying one pair of



differential signal voltages are nulti-level crossing-
connected in tw places between the first region at the
i nput side and the second region, and between the first
region at the output side and the second region. DC
el ectrodes for applying a bias voltage between the two RF
el ectrodes are separately provided in the first region and
the second region, respectively. The first region has the
two RF electrodes both abutted to the first conductive
(e.g., p-type) sem conductor |ayer and has the DC el ectrode
abutted to t he second conducti ve (e.qg., n-type)
sem conductor layer different from the first conductive
sem conductor | ayer. The second region has the tw RF
el ectrodes both abutted to the second conductive
sem conduct or | ayer and has the DC el ectrode abutted to the
first conductive sem conductor | ayer.

[ 0090] The two pn junction wunits functioning as a
boundary between the first and second conductive
sem conductor layers include an Si optical waveguide in
which 1ight propagates, thus providing an Si  optical
nodul at or having a single el ectrode structure.

[ 0091] Each of the two RF electrodes has a continuous
structure in which the RF electrode is electrically
connected between the first region and the second region

respectively. The DC electrodes are electrically separated
in the first region and the second region, and are
i ndependent from each other. The two RF electrodes are

configured to have two nulti-Ilevel crossings wthout being



abutted each other between two of the first regions and the
second region. The first and second regions are set to
have lengths of a ratio therebetween in the [|ight
propagation direction of about 1:2:1 for exanple.

[ 0092] FIG 15A, FIG 15B, and FIG 15C illustrate the
doping status of the sem conductor and the band diagram
during the light nodul ation at the cross sections XVA- XVA,
XVB- XVB, and XVC-XVC in FIG 14, respectively.

[ 0093] FI G 15A shows the cross section XVA-XVA of the
first region in FIG 14 in which the two RF el ectrodes are
both abutted to the p-type sem conductor |ayer and are
applied with a differential signal. The DC electrode is
abutted to the n-type sem conductor layer. By applying a
positive voltage to the DC electrode conpared to the
voltage applied to the RF electrodes, a reverse bias is
applied to the pn junction unit.

[ 0094] FIG 15B shows the cross section XVB-XVB of the
second region in FIG 14 in which the two RF el ectrodes are
both abutted to the n-type sem conductor |ayer and are
applied with a differential signal. The DC electrode is
abutted to the p-type sem conductor layer. By applying a
negative voltage to the DC electrode conpared to the
voltage applied to the RF electrodes, a reverse bias is
applied to the pn junction unit.

[ 0095] FIG 15C illustrates the cross section XVC XVC
of the first region at the output side in FIG 14 that is
simlar to the cross section XVA-XVA of FIG 15A in that



the two RF electrodes are both abutted to the p-type
sem conductor |ayer and are applied with a differential
si gnal . The DC electrode is abutted to the n-type
sem conductor layer. By applying a positive voltage to the
DC electrode conpared to the voltage applied to the RF
el ectrode, a reverse bias is applied to the pn junction
unit.

[ 0096] Each of the two RF electrodes has a continuous
structure in which the RF electrode is electrically
connected between the first region and the second region

respectively. Since the RF electrodes have a multi-|evel
crossing between the first region and the second region
wi t hout being abutted to each other, in the cross section
XVA-XVA and the <cross section XVB-XVB, directions of
applied voltages are reversed right and |eft. In the
cross sections XVB-XVB and XVC-XVC, directions of applied
voltages are simlarly reversed right and left. The pn
junction unit provided in the optical waveguide shown in
FIG 14 is configured so that the second region receives a
hi gh voltage when the first region receives a high voltage
while the second region receives a |ow voltage when the
first region receives a | ow vol t age.

[ 0097] In the case of the Mach-Zehnder opti cal
nodul ator, the <carrier density in the tw optical
wavegui des i s changed to vary the refractive indexes of the
respecti ve waveguides to thereby phase-nodulate light to

cause light interference. This requires the phase change



in the same direction in all regions of an optical
wavegui de.

[ 0098] If there is no intersection of the RF el ectrodes,
the first region and the second region have reverse
magni tudes of the potential difference applied to the pn
junction unit. Thus, in all regions of the optica
wavegui de of the optical nodulator, the phase change
difference 1is undesirably cancell ed. Thus, such a
structure is required that allows the RF electrodes to
intersect each other to provide the sanme potential
di fference applied to the pn junction unit in all regions
of the optical wavegui de.

[ 0099] (Effect of Exanple 2 in preventing the
characteristic deterioration caused by the offset of the
I npl ant ati on mask)

The following section wll describe the effect of
preventing the characteristic deterioration caused by the
offset of the inplantation mask during the inplantation
process of the device mnufacturing in the present
I nventi on.

[ 0100] According to the structure of Exanple 2, the
of fset of the pn junction position (offset anount) due to
the mask offset during the inplantation process can be
simlarly cancelled by the positive and negative anount
in the first and second region. Specifically, when the
first region undesirably has an inplantati on mask of fset so

as to increase the p-type layer, then the tw second



regions is fornmed by the sane mask offset so as to reduce
the p-type |ayer. Thus, the two wavegui des constituting
the Mach-Zehnder nodulator have a reduced nodul ation
efficiency difference, thus realizing an optical nodul ator

havi ng a good signal quality.

[0101] In Exanple 2, the first and second regions are
set to have lengths in the Iight propagation direction at a
ratio of about 1:2:1. In order to cancel the change of the
nodul ati on characteristic due to the pn junction position
offset in the first regions and the second region, the
first regions and the second region nust have the
nodul ati on characteristic changes in reverse directions of

an equal absolute value. Since the radio frequency signal

Is attenuated while propagating in the RF electrode, the
length ratio of 1:2:1 also can cancel the reduction of the
nodul ation efficiency due to the attenuation. This can
easily provide, wthout requiring the measurenment of the
attenuation amount of RF electrode or a difference in the
cont act resistance between the electrode and the
sem conductor |ayer for exanple between the first region
and the second region, the cancellation of the change of

the nodul ation characteristic due to the offset of the pn
junction position by the first region and the second region.
[0102] In the description of Exanple 2, the first

region has the RF electrode abutted to the p-type
sem conductor |ayer and has the DC el ectrode abutted to the

n-type semnm conductor |ayer. However, the sane effect also



can be obtained by allowing the first region to include the
RF el ectrode abutted to the n-type sem conductor |ayer and
the DC el ectrode abutted to the p-type sen conductor |ayer.

[ 0103] The sanme effect al so can be obtained by dividing
not only the first region but also the second region and
the first and second regions are alternately provided in
the |light propagation direction at a plurality of positions.
[ 0104] (Exampl e 3)

FIG 16 is a plan view illustrating the configuration
of a Mach-Zehnder optical nodulator having a single
el ectrode structure according to the third enbodi nent of
the present invention. Exanple 3 is characterized in that
the RF electrodes have an intersection structure as in
Exanple 1 and the two regions have the same sem conductor
dopi ng structure and instead have optical wavegui des havi ng
an intersection structure.

[ 0105] As shown in FIG 16, the optical nodul ator
according to Exanple 3 of the present invention 1is
configured so that the nodulation unit is divided to a
first region positioned at the input side of a I|ight
propagati on direction of the optical waveguide (a part of
the cross section XVIIA-XVI1 A surrounded by the | ong dashed
short dashed line) and a second region positioned at the
output side (a part of the cross section XVIIB-XVIIB
surrounded by the |ong dashed short dashed line). The two
regions have the sane sem conductor doping status (the

sem conductor conductivity such as p-type/n-type). The two



RF el ectrodes for applying one pair of differential signa

voltages are multi-level crossing-connected between the
first region and the second region. The two RF el ectrodes
have therebetween a DC electrode for applying a bias
voltage. The first region has the two RF el ectrodes both
abutted to the p-type sem conductor |ayer and has the DC
el ectrode abutted to the n-type sem conductor |ayer doped
to have the n-type polarity different fromthat of the RF
el ectrode.

[ 0106] The second region also has the two RF el ectrodes
both abutted to the p-type sem conductor |ayer and has the
DC electrode abutted to the n-type sem conductor |ayer
doped to have the n-type polarity different from that of
the RF el ectrode.

[0107] The two pn junction wunits functioning as a
boundary between the p-type seniconductor |ayer and the n-
type sem conductor |ayer include an Si optical waveguide in
which 1light propagates, thus providing an Si optical

nodul at or having a single el ectrode structure.

[ 0108] Each of the two RF electrodes has a continuous
structure in which the RF electrode is electrically
connected between the first region and the second region

respectively. The DC electrode has the first region and
the second region that are electrically connected to have a
continuous relation or that are electrically separated and
i ndependent from each other. The two RF electrodes are

configured to have a nulti-level crossing to each other



wi t hout being abutted each other between the first region
and the second region. The two Si optical wavegui des are
configured to intersect each other between the first region
and the second region. The first and second regions are
set to have lengths having a ratio to the entire |ength
thereof in the |light propagation direction of about 1/2 for
exanpl e.

[ 0109] FIG 17A and FIG 17B illustrate the doping
status of the sem conductor and the band di agram during the
light nodulation at the cross sections XVIIA-XVIIA and
XVIIB-XVIIB of FIG 16, respectively.

[0110] FIG 17A shows the cross section XVIIA-XVIIA of
the first region FIG 16 in which the two RF el ectrodes are
both abutted to the p-type sem conductor |ayer and are
applied with a differential signal. The DC electrode is
abutted to the n-type sem conductor layer. By applying a
positive voltage to the DC electrode conpared to the
voltage applied to the RF electrodes, a reverse bhias is
applied to the pn junction unit.

[0111] FIG 17B shows the cross section XVIIB-XVIIB of
the second region FIG 16 in which the two RF el ectrodes
are simlarly both abutted to the p-type sem conductor
| ayer and are applied with a differential signal. The DC
el ectrode is abutted to the n-type sem conductor |ayer. By
applying a positive voltage to the DC el ectrode conpared to
the voltage applied to the RF el ectrodes, a reverse bias is

applied to the pn junction unit.



[0112] Each of the two RF electrodes has a continuous
structure in which the RF electrode is electrically
connected between the first region and the second region

respectively. Since the RF electrodes have a nulti-|evel
crossing to each other between the first region and the
second region wthout being abutted to each other, RF
voltages are applied with reverse left and right direction
in the cross sections XVIIA-XVIIA and XVIIB-XVIIB,
respectively.

[0113] However, since the Si optical wavegui des also
i ntersect each other between the first region and the
second region, no change is caused in the RF voltage
applied to the light propagating in the Si optical
wavegui des in the cross sections XVIIA-XVIIA and XVIIB-
XVII1B. Thus, the pn junction unit provided in the optical
wavegui de is configured so that the second region receives
a high voltage when the first region receives a high
vol tage while the second region receives a | ow vol t age when
the first region receives a | ow vol tage.

[0114] In the Mach-Zehnder optical nodulator, the
carrier densities in the two optical wavegui des are changed
to change the refractive indexes of the respective
wavegui des to thereby nodul ate the phase of |ights to cause
light interference. This requires the phase of light in
one optical wavegui de changes to the sane direction in all

regi ons of the optical wavegui de.



[ 0115] In the case of the optical nodul ator of Exanple
1, the DC electrode require positive and negative two
voltages relative to the RF electrodes to be applied in the
first region and the second region. However, in the case
of the optical nodulator of Exanple 3, the Si optical

wavegui des are allowed to intersect each other to thereby
provi de the same doping structure in the two regions, thus
providing a single voltage applied to the DC el ectrode.

Alternatively, by allowing the DC electrode to have an
I ndependent structure electrically separated by the first
region and the second region, the bias voltages applied to
the first region the second region can be mnutely
controlled while having the sane polarity.

[0116] (Effect of Exanple 3 in preventing the
characteristic deterioration caused by the offset of the
i mpl ant ati on mask)

The following section wll describe the effect of
preventing the characteristic deterioration caused by the
offset of the inplantation mask during the inplantation
process of the device manufacturing.

[0117] According to the structure of Exanple 3, the
of fset of the pn junction position (offset anount) due to
the mask offset during the inplantation process can be
simlarly cancelled, as in Exanples 1 and 2, by the first
region and the second region in the positive and negative
di recti ons. Specifically, the two regions have the sane

dopi ng structure and the two RF electrodes intersect each



other and the two optical waveguides intersect each other.
Thus, when one optical waveguide (e.g., the upper side of
FI G 16) in the first region undesirably has an
I npl antation mask that is offset so as to increase the p-
type layer, then the Iight having propagated in the optical
waveguide is allowed to propagate, in the second region
formed by the same nmask, in the other optical waveguide
(e.g., the lower side of FIG 16) that is offset so as to
reduce the p-type layer by the intersection of the optical
wavegui des. Thus, the two waveguides constituting the
Mach- Zehnder nodul at or have a reduced nodul ati on efficiency
difference, thus realizing an optical nodulator having a
good signal quality.

[0118] In this exanple 3, the first and second regions
are set to have lengths in the light propagation direction
at a ratio of about 1/2 relative to the entire |engths
t her eof . In order to cancel the change of the nodul ation
characteristic due to the offset of the pn junction
position by the first regions and the second region, the
first regions and the second region nust have the
nodul ati on characteristic changes in reverse directions
that have an equal absolute value. This requires the first
region and the second region to have a substantially-equal
| ength, thus allowing the respective regions having |ength
at a ratio of about 1/2 to the entire | engths thereof.
[0119] On the other hand, the radio frequency signal is
attenuated while propagating in the RF electrode. Thus,



when the reduction of the nodulation efficiency due to the
attenuation cannot be ignored, the first region |ocated at
the input side of the RF signal nust have a |ength shorter
than that of the second region |ocated at the output side,
in the light propagation direction. This can consequently
cancel the change of the nodul ation characteristic due to
the offset of the pn junction position by the first region
and the second region. An appropriate ratio between the
| engths depends on the attenuation anmount of the RF
el ectrode or a difference in the contact resistance between
the electrode and the sem conductor |ayer of the first
region and the second region. The ratio is generally about
1:3 to about 1:1. A cancelling effect in the change of the
nodul ation characteristic caused by the pn junction
position offset also can be confirmed by the length ratio
within a range from1:5 to 5:1.

[ 0120] In the description of this exanple 3, the first
region includes the RF electrode abutted to the p-type
sem conductor |ayer and includes the DC el ectrode abutted
to the n-type sem conductor |ayer. However, the sane
effect also can be obtained by allowing the first region to
i nclude the RF electrode abutted to the n-type
sem conductor |ayer and the DC el ectrode abutted to the p-
type sem conductor | ayer.

[0121] The RF electrode is preferably fornmed by a
wiring using netal having a low resistivity in order to

prevent the attenuation of the radio frequency signal.



However, the DC electrode is not [imted to netal and al so
may be formed by a wiring using the conductivity of the
sem conductor layer. In this case, the DC el ectrode does
not extend over the entire region of the first region or
the second region and al so nay be abutted to a part thereof.
[0122] (Exanmpl e 4)

FIG 18 is a plan view illustrating a Mach-Zehnder
optical nodulator having a single electrode structure as
the fourth enbodi nent of the present invention. Exanple 4
of FIG 18 has the sane basic structure as that of Exanple
1 of FIG 10 except for that the first region and the
second region have wirings for applying a voltage to the DC
el ectrodes 6a and 6b have a multi-level crossing with the
RF el ectrodes 5a and 5b.

[0123] The DC electrodes 6a and 6b of FIG 18 are
configured, at the wiring through which the DC el ectrodes
6a and 6b are drawn, so as to have a nmulti-|level crossing
to each other w thout being abutted to the RF el ectrodes 5a
and 5b. Thus, the DC electrodes 6a and 6b are not
el ectrically connected to each other. The DC el ectrodes
and RF el ectrodes having a nulti-Ilevel crossing can prevent
the bypassing of an electric wiring, thus realizing a
conpact optical nodul ator.

[ 0124] The optical nodul ator having the structure shown
in Exanple 2 (FIG 14) in which the center DC el ectrode
surrounded by the RF electrodes also can be conbined wth

the above wiring. This wiring can consequently provide an



easy power supply to the DC electrode, thus providing an
optical nodulator for which the wring |ayout can be

determined without linmtation.

[ 0125] (Description of the effect of Exanple 1)
FI G 19 illustrates, using FoD for the 64QAM
nodul at i on signal s def i ned in FI G 8B, how the

deterioration of the light signal quality of the optical
nodul at or having the single electrode structure of Exanple
1 (FIG 10) of the present invention is inproved when the
position of the pn junction is offset.

[0126] In this exanple 1, an optical nodul ator having a
good signal quality can be realized because the change of
the nodulation characteristic caused by the position
of fset of the pn junction in the single electrode structure
Is cancelled by the first region and the second region. As
shown in FIG 19, even when the nmask offset of 30 nm
(of fset anount) occurs during the inplantation, the FoD is
5 percent or less. A significant inprovenent is obtained
conpared with the conventional technique (shown in FIG
9(a)) in which 30 percent or nore of the synbol interval is
consuned by the S-like distortion on the constellation.
[0127] FI G 20 illustrates the transm ssion and
reflection frequency characteristic in the S paraneters of
the RF signal with regard to the optical nodul ator of the
Exanple 1 of the present invention. In the case of the
optical nodulator according to this exanple 1, the RF

el ectrodes have a nulti-level <crossing or intersection



wi thout being abutted to each other between the first
region and the second region. Such a structure has a risk
where an increase of the reflection of the RF signal causes
the reduction of transmtted signals, thus deteriorating
the nodulation efficiency. However, by designing the
Intersection having an appropriate shape, a favorable
characteristic can be nmaintained in which the increase of
the reflection is 1.5dB or Iless and substantially no
reduction is seen in the transm ssion signals.

[0128] The intersection structure of the RF el ectrodes
can be introduced by using a general step in preparing an
Si optical nodulator, and is realized by subjecting neta
between Si O, |ayers such as a nmulti-layer wiring technique.
Instead of this manufacturing process, the manufacturing of
the Si optical nodulator also may be followed by the wiring
process such as the w re bondi ng.

[0129] (Enmbodi nent of a Mach- Zehnder nodul at or having a
dual el ectrode structure)

Exanples 1 to 4 of the Mach-Zehnder nodul ator of the
single electrode structure described above have, as has
been described in relation to the conventional technique,
an advantage of providing an external circuit such as a
bias tee can be sinplified. However, as is clear fromFIG
3 and the plan views of the respective enbodinents 1 to 4,
two RF electrodes corresponding to two arns of the Mach-
Zehnder nodul ator are originally configured on the sane

| ayer, and nust have a multi-level crossing to each other



in order to cancel the mask offset. |In the enbodi nent 3
(FIG 16), the two optical waveguides also require a multi-
| evel crossing.

[ 0130] The manufacturing of such a multi-Ilevel crossing
structure requires one of the two RF electrodes or one of
the two optical waveguides originally provided on one |ayer
to be connected once to another upper or |lower layer in
order to provide the multi-level crossing, which tends to
cause a conplicated manufacture step of the optical
nmodul at or .

[0131] In the enbodi ment of the Mch-Zehnder nodul ator
havi ng the dual el ectrode structure described bel ow, ground
el ectrodes existing at the outer side and the center of the
RF el ectrode can be used to thereby elimnate the need for
such a multi-level crossing structure.

[0132] (Exanpl e 5)

FIG 21 is a plan view illustrating the configuration
of the Mach-Zehnder optical nodulator having the dua
el ectrode structure according to the fifth enbodi nent of
the present invention.

[0133] As shown in FIG 21, the optical nodulator
according to Exanple 5 of the present invention has a
nmodul ation unit having a dual electrode structure. Thi s
nodul ation unit is divided to a first region positioned at
the input side of a light propagation direction of the
optical waveguide (a part of the cross section XXI1 A-XXI|A

surrounded by the | ong dashed short dashed |ine, see also a



partial cross-sectional view of FIG 22A) and a second
region positioned at the output side (a part of the cross
section XXIIB-XXIIB surrounded by the |ong dashed short

dashed | ine, see also a partial cross-sectional view of FIG
22B) .

[ 0134] In the case of the Mach-Zehnder opti cal

nodul at or according to the fifth enbodi nent of the present

invention, the wupper arm of the Mach-Zehnder optica

nodul at or corresponding to the optical wavegui de 7a of FIG

21 is configured to have a first region and a second region.
The first region at the left side (including the cross
section XXITA-XXI1TA in FIG 22A) has the optical wavegui de
7a and the corresponding sem conductor area that are
provi ded between the RF el ectrode 15a and the outer ground
el ectrode 16a. The second region at the right side
(including the cross section XXIIB-XXIIB in FIG 22B) has
t he opti cal wavegui de 7a and t he correspondi ng
sem conductor area that are provided between RF el ectrode
15a and the center ground el ectrode 16c.

[ 0135] As shown in FIG 21, the RF electrode 15a has a
straight structure. However, the optical waveguide 7a
extending therewith is configured, in the connection area
between the first region and the second region, so as to
extend in the light propagation direction to turn right to
extend under the RF electrode 15a to form an intersection
to subsequently turn left, thereby formng a so-called

crank shape. Simlarly, the RF electrode 15b has a



straight structure. The optical waveguide 7b extending
therewith is configured, in the connection area between the
first region and the second region, so as to extend in the
light propagation direction to turn left to extend under
the RF electrode 15b to form an intersection to
subsequently turn right, thereby formng a crank shape.

[ 0136] By the arrangenent formng the shape as
descri bed above, the connection area between the first
region and the second region has the RF el ectrodes and the
opti cal wavegui des intersecting each other. However, the
RF electrodes and the optical waveguides are forned in
different layers and thus cause no difficulty in the
manuf act uri ng process.

[0137] In FIG 21 of Exanple 5, in the first region and
the second region, the positional relationships between the
RF electrode and the optical waveguide and the doping
status of the sem conductor area (the polarity or
conductivity of the sem conductor such as p-type/n-type)
are both in symetry of rotation of 180 degrees around the
Intersection point of the RF electrodes and the optical
wavegui des. At the same tine, the first region and the
second region including the two RF electrodes and the
optical waveguides are entirely structured so as to form
the symmetry of reflection at the upper and | ower sides of
FIG 21 with regard to the center ground el ectrode 16¢c.

[ 0138] Each of the two optical waveguides 7a and 7b

constituting the arm of the Mach-Zehnder optical nodul ator



Is continuous in the mddl e area between the first region
and the second region, continuously extending to form a
crank shape from one side of the straight RF electrode to
the other side. At the one side of the arnms, the RF
electrode and the optical waveguide are nulti-Ileve

crossing to each other. But, between the both side of the
arms, the optical waveguides are not nulti-level crossing
to each other, and the RF el ectrodes al so are not.

[0139] As shown in the partial cross-sectional views of
FIG 22A and FIG 22B, the electrical connection between
the RF el ectrode and the sem conductor |ayer is provided by
one or plurality of via(s) 4 (penetration electrode(s)).
However, in the connection area between the first region
and the second region in FIG 21 (where an intersection
with the optical waveguide exists), the via 4 (penetration
el ectrode) providing the connection from the RF el ectrode
15a to the sem conductor |ayer 214 is not provided. Thus,
the optical waveguide 7a(7b) is allowed to extend under the
RF el ectrode 15a in the intersection area. In FIG 21, the
opti cal wavegui de 7a(7b) extend fromthe upper-left side to
the lower-right side (or from the lower-left side to the
upper-right side). In the second region, as shown in
FI G 22B, the RF electrode 15a and the sem conductor | ayer
214 are electrically connected by way of the via 4, again.
Such a structure prevents the via nmade of netal positioned
close to the optical waveguide from absorbing |ight, thus

prevents from causing a | oss of light.



[ 0140] The first and second regions are set to have
lengths in the |ight propagation direction that are about
1/2 of the entire | engths thereof.

[0141] | ncl udi ng Exanples 6 and 7 shown bel ow, the dual
el ectrode structure has the center ground electrode 16¢
that is represented as one electrode. However, in order to
avoid the interference or crosstalk of the RF signa
bet ween the upper and | ower armnms, the ground el ectrode 16c¢c
also can be <configured as separated two el ectrodes
structures (see Exanple 8 described bel ow and the reference
nuneral s 16¢cl and 16¢c2 of FIG 27) that are conposed of two
el ectrode parts interposing the center I|ine.

[0142] In the above exanple of FIG 21, an exanple was
shown in which the first region and the second region were
arranged at the upper side and the |ower side of FIG 21 to
form the symretry of reflection with regard to the center
ground el ectrode 16¢c. However, in the first region and the
second region, the positional relationships between the
optical waveguide and one RF electrode and the doping
status of the semconductor area (the ©polarity or
conductivity of the sem conductor such as p-type/n-type)
are needed to be in symetry of rotation of 180 degrees
around the intersection point of the RF el ectrodes and the
opti cal wavegui des. Thus, the first region and the second
region including the two RF electrodes and the optical
wavegui des are not always required to be entirely

structured so as to formthe symetry of reflection at the



upper and lower sides with regard to the center ground
el ectrode 16c. Therefore, a nodification exanple of the
fifth enbodi nent also may be obtained as a |ayout as shown
in FIG 28 in which +the doping statuses of the
sem conductor are simlarly arranged in the sem conductor
areas in the upper and lower two arns of the respective
regions so that the entire structure allows one armto be
noved in parallel to the other.

[ 0143] (Effect of Exanple 5 in preventing the
characteristic deterioration caused by the offset of the
i npl ant ati on nmask)

The following section wll describe the effect of
preventing the characteristic deterioration caused by the
mask offset during the inplantation process of a device
manufacturing in the present invention.

[ 0144] In the structure of Exanple 5, the offset of the
pn junction position (offset amount) due to the mask of fset
during the inplantation can be cancelled by the first
region and the second region in the positive and negative
di rections. Speci fically, when the first regi on
undesirably has an inplantation mask that is offset so as
to increase the p-type layer, then the second region has
the sanme mask that is offset so as to reduce the p-type
| ayer. Thus, the two wavegui des constituting the Mach-
Zehnder nodul ator have a reduced nodulation efficiency
di fference, thus realizing an optical nodulator having a

good signal quality.



[ 0145] In Exanple 5, the first and second regions are
set to have lengths in the |ight propagation direction that
are about 1/2 of the entire lengths thereof. In order to
cancel the change of the nodul ation characteristic due to
the offset of the pn junction position by the first region
and the second region, the first region and the second
region nust have the nodul ation characteristic changes in
reverse directions that have an equal absolute value. This
requires the first region and the second region to have a
substanti al |l y-equal | ength. Thus, the respective regions
are set to have lengths that are about 1/2 of the entire
| engt hs t hereof .

[ 0146] On the other hand, the radio frequency signal is
attenuated while propagating in the RF electrode. Thus,
when the reduction of the nodulation efficiency due to the
attenuation cannot be ignored, the first region |ocated at
the input side of the RF signal nust have a |ength shorter
than that of the second region |ocated at the output side,
in the light propagation direction. This can consequently
cancel the change of the nodul ation characteristic due to
the offset of the pn junction position by the first region
and the second region. An appropriate ratio between the
| engths depends on the attenuation anmount of the RF
el ectrode or a difference in the contact resistance between
the electrode and the sem conductor |ayer of the first
region and the second region. The ratio is generally about

1:3 to about 1:1. A cancelling effect in the change of the



nodul ati on characteristic caused by the pn junction
position offset also can be confirnmed by the length ratio
within a range from1:5 to 5:1.

[0147] In the description of Exanple 5, the first
region includes the RF electrode abutted to the n-type
sem conductor layer and includes the ground electrode
abutted to the p-type sem conductor |ayer. However, the
same effect also can be obtained by allowing the first
region to include the RF electrode abutted to the p-type
sem conduct or | ayer and the ground el ectrode abutted to the
n-type sem conductor |ayer.

[ 0148] (Exanpl e 6)

FIG 23 is a plan view illustrating the configuration
of the Mach-Zehnder optical nodulator having the dua
el ectrode structure according to the sixth enbodi nent of
the present invention.

[ 0149] As shown in FIG 23, the optical nodulator
according to Exanple 6 of the present invention has a
nodul ation unit having a dual electrode structure divided
to three regions. Afirst region is positioned at the input
side of a light propagation direction of the optica

waveguide (a part of the «cross section XXIITAXXIA
surrounded by the |ong dashed short dashed |line as shown in
the partial cross-sectional view of FIG 22A). The other
first region is positioned at the output side (a part of
the cross section XXIIA-XXI'l A surrounded by the | ong dashed

short dashed line as shown in the partial cross-sectional



view of FIG 22A). And a second region is interposed
between the two first regions (a part of the cross section
XXI'I B-XXI'I B surrounded by the | ong dashed short dashed |ine
as shown in the partial cross-sectional view of FIG 22B)

[ 0150] In the case of the Mach-Zehnder opti cal
nodul at or according to the sixth enbodi nent of the present
invention, the wupper arm of the Mach-Zehnder optica
nodul at or corresponding to the optical wavegui de 7a of FIG
23 is configured to have three regions. The first region at
the left side has the optical waveguide 7a and the
correspondi ng sem conductor area that are provided between
the RF electrode 15a and the outer ground electrode 16a
The second region at the center has the optical wavegui de
7a and the corresponding sem conductor area that are
provi ded between the RF el ectrode 15a and the center ground
el ectrode 16¢c. The first region at the right side has the
optical waveguide 7a and the correspondi ng sem conduct or
area that are again provided between the RF el ectrode 15a
and the outer ground el ectrode 16a.

[ 0151] The RF electrode 15a has a straight structure.
However, the optical waveguide 7a has a so-called double
crank shape. By the arrangenent as described above, the
two connection areas |ocated between the two first region
at the left and right sides and one second region at the
center have the RF electrodes and the optical wavegui des

i ntersecting each other. However, the RF electrodes and



the optical waveguides are fornmed in different |ayers and
thus cause no difficulty in the manufacturing process.

[ 0152] In FIG 23 of Exanple 6, in the first region and
the second region, the positional relationships between the
opti cal wavegui de to one RF el ectrode and the dopi ng status
of the sem conductor areas (the polarity or conductivity of

the sem conductor such as p-type/n-type) are both in
symmetry of rotation of 180 degrees around the two
Intersection points of the RF electrodes and the optical

wavegui des. At the sanme tine, the first region and the
second region including the two RF electrodes and the
optical waveguides are entirely structured so as to form
the symmetry of reflection at the upper and | ower sides of

FIG 23 with regard to the center ground el ectrode 16¢c.

[ 0153] Each of the two optical waveguides 7a and 7b
constituting the arm of the Mach-Zehnder optical nodul ator

is continuous in the two mddle areas between the two first

region at the left and right sides and the one second
region at the center, continuously extending to form doubl e
crank shape from one side of the straight RF electrode to
the other side, and then back to the original side. At the
one side of the arms, the RF electrode and the optical

waveguide are nulti-level crossing to each other. But,

between the both side of the arns, the optical wavegui des
are not nulti-level crossing to each other, and the RF

el ectrodes al so are not.



[ 0154] In the two connection areas anong the two first
regions at the left and right sides and the one second
region at the center of FIG 23, the via 4 (penetration
el ectrode) providing the connection from the RF el ectrode
15a to the sem conductor layer 214 is not provided. Thus,
the optical waveguide 7a(7b) is allowed to extend under the
RF el ectrode 15a(15b) in the intersection areas. In FIG 23,
inthe first(left) intersection area, the optical waveguide
7a(7b) extend from the upper-left side to the |ower-right
side (or fromthe lower-left side to the upper-right side),
and conversely in the second(right) intersection area. In
the second region, as shown in FIG 22B, the RF electrode
15a and the sem conductor layer 214 are electrically
connected by way of the via 4, again. Such a structure
prevents the via made of netal positioned close to the
opti cal wavegui de from absorbing light, thus prevents from
causing a loss of |ight.
[ 0155] The first and second regions are set to have
lengths in the light propagation direction that are at a
rati o of about 1:2:1.
[ 0156] (Effect of Exanple 6 in preventing the
characteristic deterioration caused by the offset of the
I npl ant ati on mask)

The following section wll describe the effect of
preventing the characteristic deterioration caused by the
mask offset during the inplantation process of a device

manufacturing in the present invention.



[ 0157] In the structure of Exanple 6, the offset of the
pn junction position (offset amount) due to the mask of fset
during the inplantation also can be cancelled by the two
first regions provided at the left and right sides and the
second region at the center in the positive and negative
di recti ons. Speci fically, when the first regi on
undesirably has an inplantation mask that is offset so as
to increase the p-type layer, then the second region has
the sanme mask that is offset so as to reduce the p-type
| ayer. Thus, the two wavegui des constituting the Mach-
Zehnder nodul ator have a reduced nodulation efficiency
difference, thus realizing an optical nodulator having a
good signal quality.

[ 0158] In Exanple 6, the two first regions at the left
and right sides and the second region at the center are set
to have lengths in the light propagation direction at a
ratio of about 1:2:1. In order to cancel the change of the
nodul ati on characteristic due to the offset of the pn
junction position by the first regions and the second
region, the first regions and the second region nust have
t he nodul ati on characteristic changes in reverse directions
that have an equal absolute val ue. The radio frequency
signal is attenuated while propagating in the RF el ectrode.
Thus, the length ratio of 1:2:1 also can cancel the
reduction of the nodulation efficiency due to the

attenuati on



[ 0159] In this way, w thout neasuring the attenuation
amount of RF electrode or a difference in the contact
resi stance between the electrode and the sem conductor
| ayer for exanple, the cancellation of the change of the
nodul ati on characteristic due to the offset of the pn
junction position can be acconplished by providing the
first regions and the second region.

[ 0160] In the description of Exanple 6, the first
region has the RF electrode abutted to the p-type
sem conductor layer and has the DC(ground) el ectrode
abutted to the n-type sem conductor |ayer. However, the
same effect also can be obtained by allowing the first
region to include the RF electrode abutted to the n-type
sem conduct or | ayer and the DC(ground) electrode abutted to
the p-type sem conductor | ayer.

[0161] The sane effect al so can be obtained by dividing
not only the first region but also the second region, and
the first and second regions can be alternately provided in
the |light propagation direction at a plurality of positions.
[0162] (Exanmpl e 7)

FIG 24 is a plan view illustrating the configuration
of the Mach-Zehnder optical nodulator having the dua
el ectrode structure according to the seventh enbodi nent of
the present invention.

[0163] As shown in FIG 24, the optical nodul ator
according to Exanple 7 of the present invention has a

nodul ation unit having a dual electrode structure divided



to a first region positioned at the input side of a |ight
propagati on direction of the optical waveguide (a part of
the cross section XXIIA-XXI'l A surrounded by the | ong dashed
short dashed line as shown in the partial cross-sectional
view as shown in FIG 22A) and a second region positioned
at the output side (a part of the cross section XXIIB-XXIIB
surrounded by the | ong dashed short dashed |ine as shown in
the partial cross-sectional view as shown in FIG 22B)

[ 0164] The Mach-Zehnder optical nodul ator according to
the seventh enbodinent of the present invention 1is
configured, as shown in FIG 24, so that the optical
wavegui des 7a and 7b and the respective two correspondi ng
sem conductor areas are arranged in a straight nanner
wi t hout shifting fromthe first region to the second regi on
On the other hand, the two RF electrodes 15a and 15b and
the outer ground el ectrodes 16a and 16b are connected while
shifting fromthe first region to the second region and are
positioned with an increased interval therebetween.

[ 0165] In proportion to this, the ~center ground
el ectrode 16¢c is formed at the second region at the right
side to be wider than the first region at the left side

This consequently allows the optical waveguide 7a and the
correspondi ng sem conductor area to be provided, in the
first region at the left side between the RF el ectrode 15a
and the outer ground electrode 16a, and in the second

region at the right side between the RF electrode 15a and



the center ground electrode 16¢c, while arranged from the
first region to the second region in a straight manner.
[0166] In Exanple 7, the optical waveguide 7a has a
straight structure. However, the RF electrode and the
outer ground electrode are fornmed to have a so-call ed crank
shape. By the |ayout as describe above, the connection
area between the first region and the second region have
intersections between the RF electrodes and the optica
wavegui des. However, the RF electrodes and the optica
wavegui des are fornmed in different |ayers and thus cause no
difficulty in the manufacturing process.

[0167] In FIG 24 of Exanple 7, in the first region and
the second region, the positional relationship between the
optical waveguide and one RF electrode and the doping
status of the sem conductor area (the ©polarity or
conductivity of the sem conductor such as p-type/n-type)
are both in synretry of rotation of 180 degrees around the
intersection points of the RF electrodes and the optical
wavegui des. At the sanme tine, the first region and the
second region including the tw RF electrodes and the
optical waveguides are entirely structured so as to form
the symetry of reflection at the upper and |ower sides
with regard to the center ground el ectrode 16c.

[0168] Each of the two RF electrodes 15a and 15b
conprised in the Mach-Zehnder optical nmodul ator is
continuous in the mddle area between the first region and

the second region at the left and right si des,



conti nuously shifting fromone side of the straight optical
wavegui de to the other side. At the one side of the arnms,
the RF el ectrode and the optical waveguide are multi-Ievel
crossing to each other, but both of the optical wavegui des
or both of the RF electrodes are not nmulti-level crossing
to each ot her

[0169] The electric connection between the RF el ectrode
and the sem conductor layer is provided by the via 4
(penetration electrode). In the connection area between
the first region and the second region in FIG 24 however,
the via 4 (penetration electrode) providing the connection
from the RF electrode 15a to the sem conductor |ayer 214
does not exist. The RF electrode 15a(15b) is allowed to
extend over the optical waveguide 7a(7b) in the connection
area. In FIG 24, in the connection area, the RF el ectrode
15a(15b) extend from the lower-left side to the upper-
right side (or fromthe upper-left side to the |ower-right
side). Subsequently in the second region, the RF el ectrode
15a and the sem conductor |layer 214 are electrically
connected by way of the via 4, again. Such a structure
prevents the via made of netal positioned close to the
opti cal wavegui de from absorbing light, thus prevents from
causing a loss of |ight.

[0170] The first and second regions are set to have
lengths in the light propagation direction that are about

1/2 of the entire | engths thereof.



[0171] (Effect of Exanple 7 in preventing the
characteristic deterioration caused by the offset of the
i mpl ant ati on mask)

In Exanple 7, it is clear that an effect simlar to
Exanple 5 to prevent the characteristic deterioration

caused by the mask offset during the inplantation process

is obtai ned. Thus, the details wll not be described
further.
[0172] As shown in Exanple 7, not only the form of

Exanple 5 in which the |ight waveguide is bent but also a
structure in which the RF transmission line is bent also
can cancel the offset of the pn junction position due to
the nmask offset during the inplantation. Thus, the two
wavegui des constituting the Mch-Zehnder nodul ator have a
reduced nodul ation efficiency difference, thus realizing an
opti cal nodul ator having a good signal quality.

[0173] (Description of the effect of Exanple 5)

FIG 25 illustrates, in the optical nodul ator having
the dual electrode structure in Exanple 5 (FIG 21) of the
present invention, how the deterioration of the |ight
signal quality caused by the pn junction position offset is
i nproved by FoD using 64QAM nodul ation signals defined in
FI G 8B.

[0174] In Exanple 5, an optical nodul ator having a good
signal quality can be realized because the change of the
nodul ati on characteristic due to the pn junction position

offset in the dual electrode structure is cancelled by



providing the first region and the second region. Thus,
even when the mask offset of 30 nm (offset ampunt) occurs
during the inplantation as shown in FIG 25, the FoD is 5
percent or |ess. Thus, a significant inprovenent is
obtained, as in the single electrode structure of Exanple 1
shown in FIG 19, when conpared wth the conventional
technique (FIG 9(a)) in which 30 percent or nore of the
synbol interval is consunmed by the S-like distortion on the
constel [ ati on.
[0175] FI G 26 illustrates the transmssion and
reflection frequency characteristics in the S paraneters of
the RF signal with regard to the optical nodulator of
Exanple 5 of the present invention. In the case of the
optical nodulator according to Exanple 5, the use of the
dual electrode structure allows the RF electrode to have a
multi-level crossing with the optical wavegui de between the
first region and the second region. However, by designing
the intersection having an appropriate shape for not
bl ocking the propagation of the RF signal, a favorable
characteristic can be maintained in which substantially no
i ncrease of the reflection or no increase of attenuation of
the transm ssion signal is seen when conpared with the
conventional technique.
[0176] (Basi c concept of the present invention)

As described above, the exanples of the present
i nventi on have been described for the cases of the single

el ectrodes (Exanples 1 to 4) and the dual electrodes



(Examples 5 to 7). The basic concept commobn to these
exanples is that optical waveguides having two arns
constituting a Mach- Zehnder opti cal nodul at or are
configured so that the sem conductor |ayer and the
wavegui des are arranged according to the following criteria.
That is, integration anounts of phase changes due to the
position offset of the pn junction in the sem conductor
area in the optical waveguides from a design value are
equal between the two optical wavegui des nodul ated by the
two RF el ectrodes. This consequently prevents the
deteriorated signal quality due to the mask offset for
exanpl e.
[0177] Specifically, in the follow ng description, the
upper and |lower two arns of the basic configuration Mch-
Zehnder optical nodul ator are identified by the subscripts
a and b. It is assuned that the position on the |ight
transm ssion path nmeasured fromthe input side of the phase
nodul ation unit of the respective arns has a distance x,
and that the phase changes fa(x) and fb(x) are caused due
to the offset of the pn junction position from the design
value in the sem conductor area of the optical wavegui de,
and that the mnute interval dx of the position x. Then
the followwing fornmula (1) is established.

rfa(x)dx = sfb(x)dx (1)
This is a basic condition to prevent the deterioration of
the signal quality due to the nask offset in the optical

nodul at or output after rmultiplexing.



[0178] In this condition, cancelling the phase change
in the respective arnms is not always required. So |long as

the integration amunts of the phase changes in the

nodul ation output lights from both arns are equal, the
di stortion in t he nmodul ation out put l'i ght after
multiplexing is cancelled. Thus, the present invention

does not always require that both arns have the doping
status of the sem conductor area in the symetry of
reflection or rotation, or that is divided to a plurality
of regions.

[0179] Having said that, in order to prevent the signa
deterioration nore accurately, the light nodulation unit
basically having two arns is desirably configured so that
the positional relationship of the optical waveguide to the
RF el ectrode and the doping status of the sem conductor
area are uniformand fixed.

[ 0180] Thus, another exanple of the Mach-Zehnder
opti cal nodul ator having the dual electrode structure also
can be provided as descri bed bel ow.

[0181] (Exanpl e 8)

FIG 27 is a plan view illustrating the configuration
of the Mach-Zehnder optical nodulator having the dua
el ectrode structure according to the eighth enbodi nent of
the present invention.

[0182] Exanple 8 shown in FIG 27 is characterized in
that each of the RF electrodes 15a and 15b have, at the

upper and |ower sides thereof, the ground electrodes (1l6a



and 16cl for 15a, 16b and 16¢c2 for 15b). Opt i cal
wavegui des are provided between the respective RF
el ectrodes and the upper ground electrodes (1l6a or 16c¢c2).
The sem conductor areas are arranged to have doping
statuses provided in the sane order in the two optical
wavegui des at the upper and | ower sides, respectively.

[ 0183] However, the p/n also may be reversed in the two
opti cal wavegui des so |l ong as the sane order is maintained.
[ 0184] Simlarly, the optical waveguide also my be
provi ded between the RF electrode and the |ower ground
el ectrode (16¢cl or 16b).

[ 0185] FIG 27 shows two center ground el ectrodes (16cl
and 16c2) interposed between the two RF el ectrodes 15a and
15b. The lower side ground electrodes 16¢c2 is abutted to
the first conductive (e.g., p-type) sem conductor |ayer and
the wupper side ground electrodes 16¢cl is close to the
second conductive (e.g., n-type) sem conductor | ayer. | f
the center ground electrode is a single ground el ectrode,
it is electrically influenced by the upper and |ower RF
el ectrodes. Thus, the two center ground electrodes are
required.

[ 0186] By the | ayout as descri bed above, even when the
mask offset is caused during the inplantation, the two
wavegui des have nodul ation efficiencies deteriorated to a
simlar level, thus preventing chirp occurrence.

[0187] These nean that the following fornmula (2) is

est abl i shed.



rfa(x)dx = sfb(x)dx = constant (2)
[ 0188] Furthernore, the nodulation unit of the optica
nodul ator can be configured, as has been described above
for Exanples 1 to 7, to have a first region positioned at
the input side of a light propagation direction and a
second region positioned at the output side. An
intersection of the RF electrodes and/or the optica
wavegui des can be provided in the connection area between
the first region and the second region, thus cancelling the
phase change due to the nask offset for each arm
[ 0189] This means that the following formula (3) is
est abl i shed.

[fa(x)dx = sfb(x)dx =0 (3)
[ 0190] As described above, the optical nmodul at or
according to the present invention can be applied to both
of the single electrode structure and the dual electrode
structure to cancel the phase change due to the pn junction
position offset (offset anount) caused by the mask offset
during the inplantation. Two waveguides constituting the
Mach- Zehnder nodul ator in the present invention can have a
reduced difference in the nodulation efficiency, thus
realizing an optical nodul ator having a good signal quality.
[0191] Fur t her nor e, the attenuation due to the
propagation |loss of the radio frequency electric signal on
the RF el ectrode causes the input side and the output side
of the RF electrode to have different nmodul ati on

efficiencies and resulting in a different cancelling



efficiencies. This difference in the efficiency can be
cancelled by allowng the first region and the second
region to have appropriately-set |engths. Such an optical
nodul ator has a nodulation efficiency having a good
symetry.

[0192] Thus, such an optical nodul ator can be provided
that suppresses the chirp during the |ight nodul ation and

that has a good waveform quality.

Ref erence Signs List

[ 0193]

1 and 3 SiO, clad | ayer

2 Si | ayer

201 Optical wavegui de core part

202 Sl ab region

211 Hi gh concentration p-type sem conductor | ayer

212 Internediate concentration p-type sem conductor |ayer
213 Internediate concentration n-type sem conductor |ayer
214 High concentration n-type sem conductor |ayer

4 Via (penetration el ectrode)

5a, 5b, 15a, and 15b RF el ectrode

6, 6a, and 6b DC el ectrode

7, 7a, and 7b Opti cal wavegui de

16a, 16b, 16c¢, 16c¢l, and 16c¢c2 G ound el ectrode



CLAI M5

1. An optical nodulator, conprising: two RF el ectrodes
for applying one pair of differential signal voltages; at
| east one fixed potential electrodes for applying a fixed
potential; a first conductive sem conductor |ayer and a
second conductive seniconductor |ayer abutted to the RF
electrode or a fixed potential electrode; and a |I|ight
nodul ation unit including two optical waveguides branched
from one optical waveguide that are arranged along a pn
junction unit functioning as a boundary between the first
and second conductive sem conductor |ayers, wherein:

the sem conductor layers and the electrode are
provided so that the integration anmounts of the phase
changes caused by the offsets of the positions of the pn
junction units in the two optical wavegui des from a design

val ue is equal between the two optical wavegui des.

2. The optical nodul ator according to claim1l1, wherein:

the nodulation unit of the optical nodulator in the two
opti cal wavegui des has a positional relation of a
sem conduct or dopi ng status nmatching between the respective

opti cal wavegui des.

3. The optical nodul ator according to claim1, wherein:
the nodulation unit of the optical nodulator has a

first region positioned at the input side of a Ilight



propagati on direction and a second region positioned at the
out put si de,

the connection of the first region and the second
region has a structure having a multi-level crossing of the
RF el ectrodes and the optical wavegui des, and

the two optical waveguides both have the positiona
relation of the sem conductor doping status in the first
region and the second region that is provided in a reversed
position viewed in the light propagation direction in the

respective optical wavegui des.

4. The optical nodul ator according to claim3, wherein
the first region has the entire length in the I|ight

propagation direction that is shorter than the entire

length of the second region in the |light propagation
di rection.
5. The optical nodul ator according to claim3, wherein:

at least one of the first region and the second
region is divided to two or nore regions provided

alternately in the light propagation direction.

6. The optical nodul ator according to claimb5, wherein:
the first region is divided to two regions so as to
I nterpose the second region so that a length ratio of 1:2:1

is provided thereanong in the |ight propagation direction.



7. The optical nodulator according to any one of clains
1 to 6, wherein:

the optical nodulator is of a single electrode
structure, and the fixed potential electrode conprises a

DC el ectrode provided between two RF el ectrodes.

8. The optical nodul ator according to any one of clains
1 to 6, wherein:

the optical nodul ator is of a dual el ectrode
structure, and the fixed potential electrode conprises at
| east one ground electrode provided between tw RF
el ectrodes and two ground el ectrodes provided at the outer

side of two RF el ectrodes.



