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DESCRIPTION

OPTICAL ELEMENT AND MACH-ZEHNDER OPTICAL WAVEGUIDE ELEMENT

TECHNICAL FIELD
[0001]
The present invention relates to an optical element and a Mach-Zehnder optical

waveguide element using the same for use, for example, in optical communications.

BACKGROUND ART
[0002]

Recently, the amount of information in optical communications has been
increasing. In order to cope with the increase in the amount of information, measures
such as the improvement of the signal speed and increase of the number of channels using
wavelength multiplex communication have been taken in various type of optical
communication networks such as backbone network, metro network, and access network.
However, such measures require more complicating systems for optical communications
and causes problems in size, price, and increase of power consumption.

In addition, similar measures against the increase of the amount of information
are required in data centers of which the number has been increasing recently. In the
conventional communications between computers in a data center, electric signals are
transmitted mainly using metal cables. However, for further high speed communication

and reduction of power consumption, optical communications using optical fibers have
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been applied recently. Moreover, for communications inside an instrument, the
introduction of optical communications becomes a challenge at each level, for example, a
board and a CPU.

[0003]

As a technology for solving such problems in optical communication networks
and achieving the application of optical communications to a new field, an optical device
using high refractive index materials such as silicon has attracted attention.

The wavelength of light in a medium is inversely proportional to the refractive
index of the medium. Therefore, with silicon (Si) having a high refractive index of
approximately 3.5, the dimension of the core (width, height, and the like) of an optical
waveguide will be smaller. In addition, when using as its cladding a medium such as
silica (Si0O,) of which the refractive index difference is large with respect to silicon, an
optical waveguide with high confinement will be obtained. Such an optical waveguide
will allow the bending radius to be smaller.  Accordingly, it is possible to obtain a
miniaturized optical device using an optical waveguide, and thus achieve further
miniaturization with maintaining the functions, or accommodation of more functions
(multi-functionalization) and higher density while maintaining the size.

[0004]

Moreover, since high refractive index materials such as silicon are a
semiconductor material, they are generally capable of being electrically controlled.  With
such semiconductor materials, it will be possible to realize characteristic-variable devices
such as an optical modulator. ~Further, since optical devices in which a semiconductor is
used for an optical waveguide core have a lot in common with conventional
semiconductor devices such as CPU and memory in terms of technologies and equipment

of manufacturing processes, it is expected to realize low-cost optical devices through mass
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production.

In addition, by integrating optical waveguides using semiconductor with
conventional semiconductor devices using electrical signals on the same substrate, i.e., by
replacing parts at which metal wirings are used with optical waveguides, it will be
possible to achieve higher speed and lower consumption energy in instruments.

An optical modulator is one of major devices in optical communications for
converting electrical signals into optical signals and has been studied by institutes as an
element for achieving optical integrated devices as with the other devices.

[0005]

The optical characteristics of silicon will be explained first. It is known that the
refractive index of doped silicon in a communication wavelength region depends on the
carrier density in the semiconductor. In accordance with Non-Patent Document 1, in
P-type and N-type silicons, the change in refractive index (n) and the change in extinction
coefficient (o) in silicon with respect to a light wavelength of 1.55 pm is expressed by the
following Equation 1 and Equation 2, where the change in carrier density (numbers per 1
cm3_) of electrons and holes are AN and AN, respectively.

[0006]

[Equation 1]

An=—[8.8x1072 x AN, +8.5x107"% x (AN, )**

[0007]

[Equation 2]
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Aa=8.5x10"x AN, +6.0x107"° x AN,

[0008]

Therefore, the higher the carrier density in the doped silicon becomes, the lower
the refractive index becomes; and the lower the carrier density becomes, the higher the
refractive index becomes.  Also, the higher the carrier density becomes, the higher the
extinction coefficient becomes; and the lower the carrier density becomes, the lower the
extinction coefficient becomes. It is noted that the light wavelength in a medium is
inversely proportional to the refractive index of the medium as described above.
Therefore, when changing the refractive index without changing the length of the optical
waveguide, the phase will be changed after transmission through the optical waveguide.

Accordingly, in a low extinction coefficient region, if doped silicon is used for an
optical waveguide and the carrier density is changed in some way, it will be possible to
change the phase after transmission through the optical waveguide due to the change in
density change. Such an optical waveguide will functions as an optical phase modulator.
[0009]

In view of the above, optical phase modulators have been proposed in which a PN

junction or a PIN junction is formed in a rib waveguide (e.g., refer to Patent Document

1-3).

In Patent Document 1, a PN junction having a vertical boundary is formed in the
rib of the rib waveguide. Around the junction boundary of the PN junction, there is a
region called a depletion layer where few carriers exist.  When applying reverse bias
voltage to the PN junction, the depletion layer will widen, resulting in decrease of carriers

in the rib part.  With taking advantage of the decrease, it will be possible to obtain an



10

15

20

25

optical phase modulator in which the carrier density is controlled by voltage.

Patent Document 2 discloses an optical phase modulator having a PN junction
and FIG. 2 thereof shows an example of its application to a waveguide in which strips
made of polysilicon is loaded (Strip Loaded Waveguide).

Patent Document 3 discloses an optical phase modulator in which a PIN junction

is formed.

PRIOR ART DOCUMENTS
PATENT DOCUMENTS
[0010]
[Patent Document 1] International Publication No. 00/58776
[Patent Document 2] US Patent No. 7085443 specification
[Patent Document 3] US Patent No. 6801702 specification
NON-PATENT DOCUMENTS
[0011]
[Non-Patent Document 1] R. A. Soref and B. R. Bennett, “Electrooptical eﬁ”ecﬁ

in Silicon”, IEEE J. Quantum Electron. QE-23, 1987, p.123-129

DISCLOSURE OF INVENTION
PROBLEMS TO BE SOLVED BY THE INVENTION
[0012]
For silicon or the like, because the loss changes at the same time as refractive
index change when the carrier density is changed (voltage application), the insertion loss
depends on the target phase of light.

In addition, in the configuration shown in FIG. 2 of Patent Document 2, the
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boundary of the material is in the center of the rib waveguide. A boundary of a material
inside an optical waveguide may cause light diffusion in the advancing direction of light

due to ununiformity (roughness) of the boundary face and increase of insertion loss in the

- optical waveguide.

[0013]

The present invention was made in view of the above-described circumstances,
and the object thereof is providing an optical element and a Mach-Zehnder optical
waveguide element using the same which make it possible to reduce the amount of change

in loss due to the change in carrier density and reduce the insertion loss.

MEANS FOR SOLVING THE PROBLEMS
[0014]

An optical element according to an aspect of the present invention includes an
optical waveguide including a core formed from: a rib part; and a first and second slab
parts which are located on both sides of the rib part so as to sandwich the rib part and
thinner than the rib part, in which the rib part and the first and second slab parts of the
core are integrally formed by a semiconductor single crystal, the first slab part includes a
P-type region which is doped to be P type, the second slab part includes an N-type region
which is doped to be N type, the rib part includes a P-type region which is in contact with
the P-type region prdvided in the first slab part, and an N-type region which is in contact
with the N-type region provided in the secoﬁd slab part, the P-type region and the N-type
region of the rib part are in contact with each other to constitute a PN-junction part, the rib
part includes a top portion which is located above the first and second slab parts in a cross
section perpendicular to the longitudinal direction of the optical waveguide, and the top

portion of the rib part includes an undoped region formed from one of an intrinsic region
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and a low-concentration doping region which is doped at a dopant concentration 1/10 or
less of a dopant concentration in the adjacent P-type region or the N-type region.
[0015]

It may be arranged such that a boundary between the P-type region and the
N-type region in fhe rib part is perpendicular to a bottom face of the core in the cross
section perpendicular to the longitudinal direction of the optical waveguide.

It may be arranged such that the P-type region of the rib part is located at the
same height as the first slab part, and the N-type region of the rib part is located at the
same height as the second slab part.

It may be arranged such that the P-type region of the rib part extends to a position
higher than a top face of the first slab part, and the N-type region of the rib part extends to
a position higher than a top face of the second slab part.

It may be arranged such that a dopant concentration of a collective P-type region
which is constituted by the P-type region of the first slab part and the P-type region of the
rib part decreases towards the PN-junction part in the cross section perpendicular to the
longitudinal direction of the optical waveguide, and a dopant concentration of a collective
N-type region which is constituted by the N-type region of the second slab part and the

N-type region of the rib part decreases towards the PN-junction part in the cross section

perpendicular to the longitudinal direction of the optical waveguide.

It may be arranged such that the collective P-type region includes two or more
regions which are different in dopant concentration from each other, and the collective
N-type region includes two or more regions which are different in dopant concentration
from each other.

It may be arranged such that the above-described optical element further includes

a first electrode and a second electrode formed of metal, in which the P-type region of the
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first slab part is connected to the first electrode and includes a P” region which is higher in
doping concentration than the P-type region of the first slab part, and the N-type region of
the second slab part is connected to the second electrode and includes an N* region which
is higher in doping concentration than the N-type region of the second slab part.

It may be arranged such that the first electrode and the second electrode are a
traveling-wave electrode which is continuously formed along the longitudinal direction of
the optical waveguide.

It may be arranged such that the traveling-wave electrode constitutes a coplanar
line electrode or a slot line electrode.

[0016]

Moreover, a Mach-Zehnder optical waveguide element according to an aspect of
the present invention is a Mach-Zehnder optical waveguide element in which two arms are
integrated on the same substrate, in which the optical element according to any one of
claims 1-9 is used in an optical waveguide of at least one of the two arms.

A Mach-Zehnder optical waveguide element according to an aspect of the present
invention is a Mach-Zehnder optical waveguide element in which two arms are integrated
on the same substrate, in which, the above-described optical element is used in an optical
waveguide of the two arms, and the first slab part of each optical element used in each
optical waveguide is arranged between the two arms, or the second slab part of each

optical element is arranged between the two arms.

EFFECTS OF THE INVENTION
[0017]
According to some aspects of the present invention, in cross sections of the

optical waveguide, the proportion of the region where the carrier density can be changed
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by voltage application can be increased in the doped region.  That is, compared to the
case where the entire region of the rib in a rib waveguide is doped, the change of the width
of the depletion layer can be increased with voltage application, and thus it is possible to
increase the proportion of the region, in which the carrier density can be changed, to the
doped region.

Moreover, diffusion of carriers to the undoped region in the upper part of the rib
which is formed integrally to the PN-junction part causes an area where the carrier density
is low. Therefore, it is possible to reduce the amount of the change in loss due to the
change in refractive index, i.e., the amount of the change in loss when the optical element
is in operation.

Since the junction capacity per unit length of the optical waveguide will decrease,
it is expected that the response time in a high frequency range is improved. In addition,
since it is unnecessary to vary the doping concentration from the electrode to the slab part,
it is possible to avoid an increase in the parasitic resistance.

Since the boundary is not present in the center of the rib waveguide, it is possible

to reduce the insertion loss when used as an optical waveguide.

BRIEF DESCRIPTION OF THE DRAWINGS
[0018]
FIG. 1A is a cross-sectional view showing an optical element according to the
first embodiment of the present invention.
FIG. 1B is a cross-sectional view showing an optical element according to a
modified example of the first embodiment of the present invention.
FIG. 2A is a cross-sectional view showing an example in which electrodes are

provided to the optical element of FIG. TA.
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FIG. 2B is a perspective view showing an optical element of FIG. 2A.

FIG. 2C is a cross-sectional view showing an example in which a ground
electrode is provided to the optical element of FIG. 2A.

FIG. 3 is a perspective view showing an example in which electrodes are
provided to the optical element of FIG. 1A.

FIG. 4A is a cross-sectional view showing an example of a manufacturing step of
the optical element of FIG. 2A.

FIG. 4B is a cross-sectional view showing an example of a manufactﬁring step of
the optical element of FIG. 2A.

FIG. 4C is a cross-sectional view showing an example of a manufacturing step of
the optical element of FIG. 2A.

FIG. 4D is a cross-sectional view showing an example of a manufacturing step of
the optical element of FIG. 2A.

FIG. 4E is a cross-sectional view showing an example of a manufacturing step of
the optical element of FIG. 2A.

FIG. 4F is a cross-sectional view showing an example of a manufacturing step of
the optical element of F1G. 2A.

FIG. 5A is a cross-sectional view showing an optical element according to the
second embodiment of the present invention.

FIG. 5B is a cross-sectional view showing an optical element according to the
second embodiment of the present invention.

FIG. 6 is a cross-sectional view showing an optical element according to the third
embodiment of the present invention.

FIG. 7 is a cross-sectional view showing an optical element acéording to the

fourth embodiment of the present invention.
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FIG. 8A is a cross-sectional view showing an optical element according to the
fifth embodiment of the present invention.

FIG. 8B is a cross-sectional view showing an optical element according to a
modified example of the fifth embodiment of the present invention.

FIG. 9 is a cross-sectional view showing an optical element according to the sixth
embodiment of the present invention.

FIG. 10 is a schematic view showing an example of a Mach-Zehnder optical

waveguide element.

FIG. 11A is a plan view showing a Mach-Zehnder optical waveguide element
according to the seventh embodiment of the present invention.

FIG. 11B is a partially enlarged view showing the T part of a Mach-Zehnder
optical waveguide element according to the seventh embodiment of the present invention.

FIG. 12A is a cross-sectional view showing an example of the phase shifter
shown in FIG. 11A.

FIG. 12B is a cross-sectional view showing an example of the phase shifter
shown in FIG. 11A.

FIG. 13 is a plan view showing an example of an electrode arrangement in a
l\/laclyZehndér optical waveguide element.

FIG. 14 is a plan view showing another example of an electrode configuration in
a Mach-Zehnder optical waveguide element.

FIG. 15A is a cross-sectional view showing another example of the phase shifter
shown in FIG. 11A.

FIG. 15B is a cross-sectional view showing another example of the phase shifter
shown in FIG. 11A.

FIG. 16 is a schematic view showing an example of a Mach-Zehnder optical
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waveguide element including an optical path length adjuster.

FIG. 17 is a graph showing an example of the relationship between the carrier
density and the ratio An/Aq.

FIG. 18 is a cross-sectional view showing a cross-section structure of Example 1.

FIG. 19A is a cross-sectional view showing a cross-section structure of the center
part of the core in Example 1.

FIG. 19B is a cross-sectional view showing a cross-section structure of the center
part of the core in Comparative example 1.

FIG. 20 is a graph showing the change in effective refractive index when varying
the bias from 0 Vto -4 V.

FIG. 21 is a graph showing the change in effective refractive index when varying
the bias from-4 Vto O V.

FIG. 22A is a drawing-substituting photograph showing the results of the
simulation for the carrier density distribution in Example 1.

FIG. 22B is a drawing-substituting photograph showing the results of the
simulation for the carrier density distribution in Example 1.-

FIG. 23A is a schematic view illustrating the results of the simulation of FIG.
22A.

FIG. 23B is a schematic view illustrating the results of the simulation of FIG.
22B.

FIG. 24A is a drawing-substituting photograph showing the results of the
simulation for the carrier density distribution in Comparative example 1.

FIG. 24B is a drawing-substituting photograph showing the results of the
simulation for the carrier density distribution in Comparative example 1.

FIG. 25A is a schematic view illustrating the results of the simulation of FIG.
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24A.

FIG. 25B is a schematic view illustrating the results of the simulation of FIG.

24B.

EMBODIMENTS FOR CARRYING OUT THE INVENTION

[0019]

The present invention will be explained based on preferred embodiments.

First, the insertion loss in the phase shifter of the optical phase modulator will be
discussed.

The main purpose of prm./iding the phase shifter is to shift the phase of an emitted
light through transmission in a waveguide.
When performing phase modulation by changing the refractive index of the phase shifter,
the phase shift at output point A is expressed by Ag =2nLAnw/k.  Here, Angy is the
change in effective refractive index ne of the guided mode in the cross-section structure
of the optical waveguide, L is the length of the phase shifter, X is the wavelength of the
light, and 7 is the circular constant. Accordingly, the phase shift at output point is
expressed as an equation including a product of the change in effective refractive index
Angr and the length of the phase shifter L.
[0020]

On the other hand, the waveguide loss due to carrier absorption also depends on
the length of the phase shifter L. With the effective extinction coefficient a, the power P,
of the emitted light (transmitted light) after transmitting the waveguide is expressed as Py
= Pyxexp (-aL) = Poxet where Py is the initial power. When the insertion loss of the
phase shifter is expressed in decibel, the equation is expressed as 10log;o(Po/Py) =

10log (™) = aL(10loge).
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[0021]

The effective extinction coefficient o changes in response to the change of the
depletion layer when the phase shifter is in operation. When expressing the extinction
coefficient while operating the phase shiﬁe‘r so as to widen the depletion layer as oy and
the extinction coefficient while operating the phase shifier so as to narrow the depletion
layer as aqqtAderr, Oer 15 on the contribution from the region which is not affected by
reverse bias application. In other words, it can be considered that oy 1S on the
contribution from the region in which carriers are distributed but the carrier distribution
does not change. On the other hand, it can be considered that Aoy is on the contribution
from the region in which the carrier distribution is changed by change of reverse bias.
[0022]

The loss goes back and forth between g and oertAogr during operation.
Therefore, in order to reduce the insertion loss in the optical waveguide, it is required to
reduce oer and OeagtAder.  In order to reduce the amount of the change in loss, it is
required to reduce Aagr.  Accordingly, for addressing both issues, it is required to reduce
the two parameters of Qe and Adegr.

[0023]

For reducing the insertion loss of the phase shifter, the extinction coefficient oy
itself is important as well as the contribution of the change in extinction coefficient Adey.
It is considered that the insertion loss of the phase shifter can be reduced by shortening the
length of the phase shifter .. However, the length of the phase shifter L is determined
based on the acceptable range of bias voltage Vyi.s in the optical phase modulator and the
required modulation efficiency, and thus cannot be shortened automatically.

[0024]

When expressing a required phase modulation amount as @.q, and change in
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effective refractive index due to the change in carrier density in the range of the bias
voltage of applicable signals Vyias as Angyy, the required' length of the optical phase
modulator L, is expressed by the following Equation 3. Equation 3 is obtained by
deforming Qreq= 27LreqAnes/A which is obtained from the above-described equation

expressing the phase shift at output point.

[0025]
[Equation 3]
by 4
2w Any,
[0026]

The loss of the optical phase modulator crlreq(10l0gi0€) is expressed by the
following Equation 4 by substituting this into Equation 3.
[0027]

[Equation 4]

A Qy
ae]_‘fLreq (1 0 loglo e) = ¢req 57; Aneﬁ (10 ]0g10 e)

[0028]

From Equation 4, it 1s understood that when the required phase modulation
amount @, and wavelength X are determined, the loss of the optical phase modulator will
be determined by the ration between Aneyy and Oegy.

Therefore, it is understood that in order to reduce the loss of the phase shifter, it is

important, in the cross-section structure of the optical waveguide, to increase the
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proportion of the region, in which the carrier density is changed by voltage application,
with respect to the entire carrier-doped region in the optical waveguide.

In other words, it can be said that, when using F; = Ang/0csr as a figure of merit
of the phase modulation amount, one may form a waveguide structure so as to have high
F\ in order to realize a low loss optical phase modulator.

[0029]

On the other hand, it is sufficient to consider only the amount of the change in
loss Aaggr with regard to the amount of the change in insertion loss and the amount of
change is expressed by the following Equation 5.

[0030]
[Equation 5]

A A,
AaeﬂLreq (1 0 1Oglo e) = ¢req —2——7; T (l 0 lOgIO e)

neﬁ
[0031]

Angr and Aar are derived from the change in carrier density, and therefore the
same region contributes to the changes. Accordingly, it is understood that, in order to
reduce the amount of the change in insertion loss, it is effective to reduce the ratio of the
change in extinction coefficient to the change in effective refractive index Aogr/Angr due
to change in carrier density.

In this case, as with the above-described Fy, when usihg Fy = Aner/Aogr for the
amount of the change in insertion loss, it can be said that maximization of F, contributes
to the reduction of the amount of the change in insertion loss.

[0032]

It should be noted that, in designing an optical element (optical device) based on
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the ratio of the change in effective refractive index to the change in extinction coefficient
(loss) Angr/Aaer and the ratio of the change in effective refractive index to the extinction
coefficient (loss) Ange/ey, it is actually difficult to measure the refractive index and the
effective refractive index of doped materials. In accordance with the above-described Ag
5 = 2nLAn/, the phase shift amount Ag is proportional to the change in effective
refractive index Ang, and thus the following Equation 6 and Equation 7 are obtained. In
accordance with these equations, with the wavelength A and the length of the phase shifter
L being determined, the ratio of the phase shift amount to the loss and the change in loss
(A@/oy and Ag/Ader) can be used as an index instead of the ratios of the change in

10 effective refractive index to the loss and the change in loss (Ang/ocrr and Aneg/ Adery).

[0033]
[Equation 6]
A L 4n,
49 == —
Ay A a,
[0034]
15 [Equation 7]
44 _, L My
Ad A Aa 4
[0035]

In order to solve the above-described issues of the reduction of the insertion loss
and the reduction of the amount of the change in insertion loss, the lower part of a rib

20 structure is doped and an undoped region is provided in the upper part of a rib structure in
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an aspect of the present invention.
According to this structure, it is possible to increase the proportion of the region,

in which the carrier density is changed by voltage application, with respect to the entire

~ carrier-doped region in the optical waveguide. Further, because of diffusion of carriers

to the undoped region in the upper part of the rib, it is possible to reduce change in loss
when changing the refractive index.

Such a structure provides the following effects.

(1) Compared to the structure where the entire region of a rib waveguide is doped, the
change of the width of the depletion layer can be increased with voltage application, and
thus it is possible to increase the proportion of the region, in which the carrier density can
be changed, to the doped region.

(2) Diffusion of carriers to the undoped region in the upper part of the rib causes an area
where the carrier density is low, and thus makes it possible to reduce the amount of the
change in loss when changing the refractive index, i.¢., the amount of the change in loss
when in operation.

(3) Since the junction capacity per unit length of the optical waveguide will decrease, it is
expected that the response time in a high frequency range is improved.  In addition, since
it is unnecessary to vary the doping concentration from the electrode to the slab part, the
parasitic resistance will not increase.

[0036]

An optical element 1 shown in FIG. 1A includes an optical waveguide 6
constituting a rib waveguide. A core 4 of the optical waveguide 6 is formed from a rib
part 10 and slab parts 11 and 12.  The slab parts 11 and 12 are thinner than the rib part 10
and located on both sides of the rib part 10 so as to sandwich it.

The first slab part 11 includes a P-type region 13b doped to be P type, while the
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second slab part 12 inc]udes -an N-type region 14b doped to be N type.

The rib part 10 includes a P-type region 13a which is in contact with the P-type
region 13b provided in the first slab part 11, and an N-type region 14a which is in contact
with the N-type region 14b provided in the second slab part 12.  The P-type region 13a
and the N-type region 14a are in contact with each other to form a PN-junction part 15.
That is, the P-type region 13a and the N-type region 14a are in contact with each other at
the PN-junction part 15.

The rib part 10 includes a top portion 10a which is located above the slab parts 11
and 12 in a cross section perpendicular to the longitudinal direction of the optical
waveguide 6. The rib part 10 includes an undoped region 16 in at least part of the top
portion 10a. It is preferable that the undoped region 16 extend from the top of the P-type
region 13a and the N-type region 14a in the rib part 10 to the top face of the rib part 10
(boundary with respect to an upper cladding 5) as shown in F1G. 1A.

[0037]

The undoped region 16 may be at leaset one of an intrinsic region and a
low-concentration doping region which is doped at a dopant concentration 1/10 or less of
that in the adjacent P-type region 13a and/or the adjacent N-type region 14a. Examples
of the low-concentration doping region includes a low-concentration P doping region
which is doped to be P-type at a dopant concentration 1/10 or less of that in the P-type
region 13a adjacent to the undoped region 16, a low-concentration N doping region which
is doped to be N-type at a dopant concentration 1/10 or less of that in the N-type region
14a adjacent to the undoped region 16, and a region which includes P-type and N-type
dopants at a dopant concentration 1/10 or less of that in the adjacent P-type region 13a and
N-type region 14a.

[0038]
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The rib part 10 and the slab parts 11 and 12 are integrally formed by a
semiconductor single crystal.  The P-type region 13a of the rib part 10 and the P-type
region 13b of the first slab part 11 are integrated with each other to constitute a P-type
region 13 (collective P-type region).  On the other hand, the N-type region 14a of the rib
part 10 and the N-type region 14b of the second slab part 12 are integrated with each other
to constitute an N-type region 14 (collective N-type region).

[0039]

In this way, the PN-junction part is formed in the optical waveguide and
connected with electrodes through which voltage can be applied to change a depletion
layer in the PN-junction part. When applying reverse bias voltage, the depletion layer
will be widened to decrease the carrier density of the PN-junction part and increase the
refractive index in the PN-junction part.  As a result, the effective refractive index of the
guided mode of the rib waveguide will be changed and the phase of the light, at the output
point, transmitted through the waveguide will be shifted.

On the other hand, as shown in Equation 2, the introduction of carriers may not
only change the refractive index but increase the extinction coefficient .  That is, when
the waveguide is doped in order to cause the change in carrier density, the waveguide loss
will increase. The increcase of the phase shift amount and the reduction of the loss are in
a trade-off relationship.

The insertion loss is one of the important characteristics of the phase shifter.
The loss due to the introduction of carriers is one of the main factors of the insertion loss
of the waveguide, and thus it is important reduce the insertion 10ss.
[0040]

Although the optical characteristics of the material itself are expressed by

Equation 1 and Equation 2, it is required to consider the mode profile of the light in order
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to calculate the effective refractive index of the guided light and the transmission loss.  In
the mode profile in the rib waveguide, the power density at the center part (especially the
rib part) in the cross-section structure of the optical waveguide is higher. Therefore,
change at the center part will cause greater change in refractive index than that caused by
change at the periphery.

The carrier distribution in the PN-junction part is determined by an equilibrium
condition between the diffusion current caused by the concentration gradient of the
carriers and the drift current caused by the carriers, dopants, and external electric field.
As a result, a depletion layer with no carriers is created in the PN-junction part.

[0041]

At this time, in the cross-section structure of the waveguide, no space charge
distribution is present and concentration gradient of the carriers is hardly shown in the
structure interior sufficiently apart from the PN-junction part. However, electric fields
are generated at the structure edges (surface parts) such as the top face of the rib. At the
structure edges (surface parts) such as the top face of the rib, even being sufficiently apart

from the PN-junction part, concentration gradient of the carriers is generated as is different

from the structure interior.

When applying reverse bias voltage to the PN-junction part, carriers will decrease
and the depletion layer will widen. Such a carrier decrease will occur at the edges of the
structure as well as the above-described junction part, and thus it is understood that the
carrier density will change when applying reverse bias voltage to the PN-junction part.
[0042]

In the conventional structure shown in Patent Document 1 in which the PN

junction part is provided in the entirety of the rib part, contribution of the change in carrier

density in the PN-junction part at both edges to the change in refractive index is extremely
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small considering its mode profile of light because the PN junction is provided in a region
where the power density of light is low (e.g., refer to the simulation results in FIGS.
24A-25B).

On the other hand, as shown in FIG. 1A, according to embodiments of the present
invention in which the undoped region 16 is provided in the upper part bf the rib, the
boundary region (top end of the PN-junction part 15) is provided in the region where the
power density is high in the mode profile of guided light. In addition, since the thickness
of the region in the top face and bottom face where the carrier density changes is
independent from the thickness of the doped region, when the doped region is made
thinner, the weight of the top end of the PN-junction part 15 to the entirety can be
increased. For this reason, the change in carrier density in not only the PN-junction part
15 but its periphery can be utilized. ~ As a result, it is possible to increase the proportion
of the region in which the carrier density can be changed among with respect to all the
carriers.  Accordingly, as shown in the simulation results in FIGS. 22A-23B for example,
the region from the top end of the PN-junction part 15 to the undoped region 16, in which
the carrier density is changed, dominates a large part.

It is noted that the way of performing the simulations in FIGS. 22A-25B will be
described later.

[0043]

Moreover, in a structure according to embodiments of the present invention, since
the rib part 10 including the PN-junction part 15 and the undoped region 16, and the slab
parts 11 and 12 are integrally formed by a semiconductor single crystal, and none of a
crystal grain boundary and an electrically insulated layer is present between the
PN-junction part 15 and the undoped region 16, the carriers will diffuse to the undoped

region 16 in the upper part of the rib as well.  In the upper part of the rib, since the
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electric field is weaker than that generated at the boundary between the P-type region and
the N-type region, the carriers will diffuse over a wide range.  Accordingly, the carrier
density in that region will be low compared to the P-type region and the N-type region.

In a practical carrier density of 10'%-10"* /em” in view of insertion loss, the
above-described ratio of the change in refractive index to the change in loss (refer to F1G.
17) will be higher in the N-type region than that in the P-type region. In addition, in the
P-type region, the lower the carrier density is (especially, refer to the second embodiment
described below), the ratio of the change in refractive index to the change in loss becomes
higher. Hence, a structure according to the embodiments of the present invention makes
it possible to achieve a phase shift due to voltage application to the low-carrier density
region while reducing the change in loss.

[0044]

Additionally, the junction capacity at the PN junction is one of elements
preventing high-speed performance. However, according to embodiments of the present
invention, since the area of the PN junction per unit length of the waveguide is reduced, it
is pbssiblc to reduce the junction capacity. It is considered to increase the length of the
waveguide in order to improve the modulation efficiency. However, in this case,
because the junction capacity increases and the resistivity of the slab part decreases as the
length of the waveguide increases, the effect of the modulation efficiency improvement
will be canceled. Accordingly, it is understood that the reduction of the junction capacity
per unit length contributes to high-speed performance.

[0045]
<First Embodiment>
FIG. 1A is a cross-sectional view showing an optical element according to the

first embodiment of the present invention. In addition, FIGS. 2A, 2B, and 3 show a
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configuration example in which electrodes are provided to the optical element.

FIG. 1A and FIG. 2A show a cross-sectional view showing a section
perpendicular to the advancing direction of light (longitudinal direction of the optical
waveguide). In the present embodiment, an SOI (Silicon On Insulator) substrate made of
silicon (Si)-silica (SiO;)-silicon (Si) can be used as a substrate for use in manufacturing.

A lower cladding 3 of the optical waveguide 6 is formed from SiO; in the middle of the
SOI substrate and the core 4 is formed from the upper Si layer. The lower Si layer forms
a substrate 2.

[0046]

The core 4 is a rib silicon waveguide and includes the rib part 10 which is thick at
the center.  Light transmitted into the waveguide will be distributed centering on the rib
part 10.

On the other hand, the slab parts 11 and 12 of thin thickness include contact parts
11a and 12a which are separated from the rib part 10 and in contact with an electrode.

As shown in FIG. 1B, the contact parts 11a and 12a may be formed over the entire
thickness of the slab parts 11 and 12.  The contact parts 11a and 12a are doped with
dopants at high concentration so as to form an ohmic contact with metal electrodes 7 and 8
(P" region, N* region). The material of the electrodes 7 and 8 are not particularly limited
as far as it is capable of forming an ohmic contact with silicon materials, such as
aluminum, and may be a single element or an alloy. 1t should be noted that the
electrodes 7 and 8 are omitted in FIGS. 1A and 1B.

The upper cladding 5 of the optical waveguide 6 may be forméd by laminating an
additional low refractive index material such as SiO; and a resin material, or may be an air
cladding without laminating a low refractive index material.

The claddings 3 and 5 are formed of a material which 1s lower in refractive index than the
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core 4 s0 as to have an appropriate refractive index difference with respect to the core 4.
[0047]

Part of the core 4 is doped to be P type or N type.  In the present embodiment,
the first slab part 11 is doped to be P type, while the second slab part 12 is doped to be N
type. The dopants (impurities) for allowing a semiconductor to have conductivity may
be suitably selected in accordance with the base medium of the semiconductor.

For example, when the base medium is a group- IV semiconductor such as silicon (S1) and
germanium (Ge) as in the present embodiment, the dopant for giving a P-type polarity
may be a group-11I element such as boron (B) and aluminum (Al), and the dopant for
giving N-type polarity may be a group-V element such as phosphorus (P) and arsenic
(As).

[0048]

Regarding the arrangement of the doping regions, in the present embodiment, the
P-type region 13 is arranged in the first slab part 11 and the adjacent lower part of the rib,
while the N-type region 14 is arranged in the second slab part 12 and the adjacent lower
part of the rib.  The P-type rcgion 13 and the N-type region 14 are in contact with each
other in the rib part 10, and the depletion layer is created at the boundary.

[0049]

In addition, the upper part of the rib is provided with the undoped region 16 to
which doping is not intentionally performed. It may be possible that a small amount of
dopants diffuses to the undoped region 16 unintentionally.  Further, due to the
manufacturing method of the material of a substrate such as an SOI substrate, it may be
doped to be P type or N type depending on the material used for the substrate. ~ For this
reason, the undoped region 16 may include a small amount of dopants due to the material

used for a substrate. However, in any case, the undoped region 16 is formed such that
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the dopant concentration therein is 1/10 or less, i.e., 10 times or less than the dopant
concentration in the P-type region 13 or the N-type region 14 (average dopant
concentration in the regions 13, 14). It is noted that, the dopant concentration in the
undoped region 16 may be 10 times or less, or 10~ times or less than the dopant
concentration in the P-type region 13 or the N-type region 14.

Part of the slab parts 11 and 12 including the top surface, which is apart from the
rib part 10, has higher doping concentration compared to the remaining part.  This allows
forming an ohmic contact with the electrodes 7 and 8.

[0050]

FIG. 3 is a perspective view showing an optical element 1 according to the
present embodiment. The phase shifter is configured such that the cross-section structure
shown in FIG. 1A and FIG. 2A continues in the longitudinal direction of the optical
waveguide. The length in the longitudinal direction is determined based on conditions
such as required phase shift amount and applicable voltage range. For example, when
the assumed operating voltage is 4 Vpp (peak to peak voltage) and the phase shift amount
per unit length (1 mm) in the operating voltage is n/4 radian and if the required phase shift
amount in the phase shifter is n/2 radian, the length of the device (the length of the phase
shifter) may be set to be 2 mm.  Alternatively, if the required phase shift amount is T
radian, the length of the device may be set 1o be 4 mm.

[0051]

The electrodes 7 and 8 may be a traveling-wave electrode. In this case, as
shown i FIG. 3, the traveling-wave electrodes are arranged in the longitudinal direction
s0 as to be parallel with the rib optical waveguide 6, and voltage is transmitted in the
traveling-wave electrodes in the same direction as the light guided direction. In FIG. 3,

for example, when guided light in the optical waveguide 6 transmits from the front side to
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the back side of the figure as shown with arrow A, a signal source is connected to the front
ends 7a énd 8a of the electrodes 7 and 8, a terminal is connected to the back ends 7b and
8b, and then voltage is applied to the electrode 7. To the contrary, when light transmits
from the back side to the front side as shown with arrow B, a signal source is connected to
the back ends 7b and 8b, a terminal is connected to the front ends 7a and 8a, and then
voltage is applied to the electrode 7.

FIG. 2B shows a perspective view of the optical element 1 having the
cross-section structure of FIG. 2A.  In FIG. 2B, for example, when guided light in the
optical waveguide 6 transmits from the front side to the back side of the figure as shown
with arrow A, a signal source is connected to the front ends 7a and 8a of the ¢lectrodes 7
and 8, a terminal is connected to the back ends 7b and 8b, and voltage is applied to the
electrode 7. When light transmits from the back side tb the front side as shown with
arrow B, a signal source is connected to the back ends 7b and 8b, a terminal is connected

to the front ends 7a and 8a, and then voltage is applied to the electrode 7. In the example

.shown in FIG. 2B, electrodes 7 and 8 are continuously formed along the longitudinal

direction of the optical waveguide 6. The electrodes 7 and 8 may be a traveling-wave
electrode. In this case, for example, the electrodes 7 and 8 may constitute a slot line
electrode in which a ground (GND) and signal electrodes are continuously formed along
the longitudinal direction of the optical waveguide 6 with a predetermined gap
therebetween. In the slot line electrode, it is possible to adjust the characteristic
impedance of the line by adjusting the thickness of the electrodes and the gap between the
electrodes.

In the example of FIG. 2C, a ground (GND) is provided lateral to the electrode 8
in the cross section perpendicular to the longitudinal direction of the optical waveguide 6.

In this case, the electrodes 7 and 8 with the ground (GND) may constitute a coplanar line
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electrode.

[0052]

<Manufacturing method of optical element >

Next, a manufacturing method of optical element 1 according to the
above-described embodiment will be illustrated.

FIGS. 4A-4F show an example of the manufacturing method in sequence.

(1) As shown in FIG. 4A, a multi-layer substrate 20 including the substrate 2, the lower
cladding 3, and a single-crystal semiconductor layer 21 is prepared. Examples of the
multi-layer substrate 20 include an SOI substrate made of Si-Si0,-Si.  In this case, the
lower Si layer corresponds the substrate 2, the middle SiO;, layer corresponds the lower
cladding 3, and the upper Si layer corresponds the single-crystal semiconductor layer 21.
The top face 21a of the single-crystal semiconductor layer 21 may be polished by
Chemical Mechanical Polishing (CMP) or the like to a thickness with which the desired
height of the rib will be obtained. The thickness of the single-crystal semiconductor
layer 21 is not particularly limited, but is, for example, several tens nm to several hundred
nm. A specific example thereof is 220 nm.

It should be noted that, the thickness ratio between the substrate 2, the lower
cladding 3, and the single-crystal semiconductor layer 21 in the multi-layer substrate 20 of
FI1G. 4A does not show the actual thickness ratio.

[0053]

(2) As shown in FIG. 4B, using a mask 22, the P-type region 13 is formed by P-type
dopant implantation. At this time, the energy of implanted ions 23 is adjusted such that
the implantation depth of the P-type dopant will be substantially the same as the thickness
of the first slab part 11 formed in the following (4). A specific example thereof is

implantation of boron (B) with the dosage of 5x10'? /cm® and the implantation energy of
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40 eV. The mask 22 is arranged so as to cover a region where the P-type region 13 will
not be formed.

[0054]

(3) As shown in FIG. 4C, using a mask 24, the N-type region 14 is formed by N-type
dopant implantation. At this time, the energy of implanted ions 25 is adjusted such that
the implantation depth of the N-type dopant will be substantially the same as the thickness
of the second slab part 12 formed in the following (4). A specific example thereof is
implantation of phosphorus (P) with the dosage of 3x 10" /cm”® and the implantation
energy of 110 eV. The mask 24 is arranged so as to cover a region where the N-type
region 14 will not be formed.

[0055]

(4) As shown in FIG. 4D, the core 4 is formed by etching so as to have a rib in the cross
section. In addition, high-concentration doping regions (P* region, N” region) are
formed by additional doping, the regions being contact parts 11a and 12a with metal
electrodes. The upper part of the rib part 10 to which doping is not intentionally
performed will be the uﬁdopcd region 16.

As shown in the figure, when the P-type region 13 is at the same height position

as the first slab part 11 and the N-type region 14 is at the same height position as the

second slab part 12, the height bosition of the doping region in the rib part 10 will be the
same as the height position of the doping region in the slab parts 11 and 12, and thereby it
is possible to easily perform the ion implantation step.

When the boundary between the P-type region 13 and the N-type region 14 is
perpendicular to the bottom face of the core 4 (top face of the lower cladding 3) in the
cross section perpendicular to the longitudinal direction of the optical waveguide, it is

possible to inhibit the P-type dopant and the N-type dopant from being mixed at the
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boundary by performing the ion implantation in a direction perpendicular to the surface of
the substrate 2. It should be noted that, in the above-described manufacturing method,
the ion implantation may be performed in a direction oblique to the substrate 2, and the
boundary between the P-type region 13 and the N-type region 14 may be oblique to the
bottom face of the core 4.

[0056]

(5) As shown in FIG. 4E, SiO; or the like is deposited on the core 4 (deposition) to form
the upper cladding 5.  When an air cladding is employed, the formation of the upper
cladding 5 by deposition of SiO; or the like may be omitted.  Alternatively, the lipper
cladding 5 may be formed by applying resin or other methods.

(6) As shown in FIG. 4F, after forming contact holes in the upper cladding 5 for
connecting the electrodes 7 and 8 with the contact parts 11a and 12a of the slab parts 11
and 12, the formed contact holes are filled with metal by sputtering or the like to form the
electrodes 7 and 8. Examples of the material of the electrodes include aluminum (Al)
and silicon alloys.

[0057]

Through the above-described steps, it is possible to manufacture the optical
element 1 for use as a rib phase shifter, in which the undoped region 16 formed from one
of an intrinsic region and a low-concentration doping region remains in the upper part of
the rib part 10 and the PN-junction part 15 is formed in the lower part of the rib part 10.

It should be noted that, although FIGS. 4A-4F show an example in which the
J-’?type region 13 is at the same height position as the first slab part 11 and the N-type
region 14 is at the same height position as the second slab part 12, the present invention is
not limited to this. When the thickness of the doping region (P-type region 13 and

N-type region 14) is thicker than the thickness of the slab parts 1 1 and 12 (refer to the
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sixth embodiment described later), it will be possible to obtain a structure in which the
doping region extends to a position higher than the slab parts 11 and 12.  In addition, by
adjusting the configuration of the mask, the implantation depth, or the like, it will be
possible to form dope regions with different height between the rib part 10 and the slab
parts 11 and 12; for example, the height of the doping region in the rib part 10 is lower
than the height of the doping region in the slab parts 11 and 12.
[0058]
<Second Embodiment>

By calculating An/Aa based on the above-described Equation 1 and Equation 2
with neglecting the change in electron density AN, it is found that An/Aa is
approximateliinversely proportional to the hole density AN, to the power of 0.2 [i.e.,

An/Ao o< 1/(ANy)*?] in the P-type region.  On the other hand, in the N-type region, with

neglecting the change in hole density ANy, An/Aa stays approximately constant regardless
of the electron density AN,

These relationships are shown in a graph in FIG. 17. It is noted that the
horizontal axis in FIG. 17 represents the carrier density, in which AN, is used for electrons
and ANy, is used for holes. In addition, the numbers in FIG. 17 are expressed in a manner

+m

that 1x10™ is 1E+m (+m is an integer).

As is clear from FIG. 17, since An/Aa. is high in the P-type low-concentration
region, it is possible to increase An/Aa and reduce the amount of the change in loss by
increasing the proportion of the P-type low-concentration doping region in the carrier
density-variable region.

[0059]

When there is a difference in dopant concentration at the junction between the

P-type region and the N-type region, the depletion layer in the PN-junction part widens
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towards an area where the dopant concentration is lower.  Therefore, when the dopant
concentration of the N-type region 14a in the lower part of the rib part 10 is higher than
the dopant concentration of the P-type region 13a as shown in FIG. 5A, it is possible tb
achieve low loss and improve the modulation efficiency. It is noted that the P region
provided in the lower part of the rib part 10 may be provided not only in the lower part of
the rib part 10 but in a region adjacent to the rib part 10 of the slab part 11.

It is noted that, with regard to the relationship in dopant concentration between
the P region, the P region, and the N region, the dopant concentrations may not
necessarily be the same between the P region and the N region.  In the present
embodiment, the P™ region in contact with the N region has lower dopant concentration
than the P region and the dopant concentration of the P” region is lower than the dopant
concentration of the N region.

[0060]

Moreover, in the rib waveguide, with taking it into consideration that the power
density of guided light is large in the center of the waveguide (rib part 10 and its vicinity),
it may be possible to shift (displace) the center position of the PN-junction part 15 from
the center of the rib part 10 in the width direction towards the second slab part 12 having
the N-type region 14 as shown in FIG. 5B. In this case, since the P region of
comparatively low dopant concentration expands, it is possible to reduce loss caused in
the N region of comparatively high dopant concentration. Moreover, since the power
density will change in a region in which the power density of guided light is high, it is
possible to increase An/o and further reduce the loss.

[0061]
<Third Embodiment>

In the first and second embodiments, the high-concentration doping region for
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making contact with the metal electrodes 7 and 8 is formed in the upper part of the slab
parts 11 and 12, Since absorption of light in the metal material used for the electrodes 7
and 8 is large, it is required to separate the electrodes 7 and 8 sufficiently from the region
in which guided light will be distributed, in order to reduce the absorption. However, as
separating the electrodes 7 and 8 from the region in which guided light will be distributed,
the distance between the electrodes 7 and 8 and the PN-junction part 15 becomes larger.
This will increase the resistance value in the semiconductor between the electrodes 7 and
8 and the PN-junction part 15 and cause reduction of the response speed of the
semiconductor constituting the core, or the like, resulting in deterioration of the high
frequency characteristic.

[0062]

In view of the above, as shown in FIG. 6, it may be possible to arrange contact
parts 17 and 18 at a position further separated from the rib part 10, the contact parts 17 and
18 extending to a position higher than the top face of the slab parts 11 and 12. In FIG. 6,
the contact parts extending to a position higher than the top face of the slab parts are
denoted by reference numerals 17 and 18 for the purpose of distinguishing them from the
contact part formed in the upper part the slab parts.

It is preferable that the height of the contact parts 17 and 18 be the same as or
higher than the height of the top portion 10a of the rib part 10. In this case, since the
metal material constituting the electrodes 7 and 8 is arranged at a higher position than the
top face of the core 4, it is possible to arrange the contact parts 17 and 18 so as to be closer
to the electrodes 7 and 8 compared to the case where the contact parts 11a and 12a is
arranged in the upper part of the slab parts 11 and 12.  This makes it possible to reduce
the resistance value due to the slab parts 11 and 12, improve the response speed of the

semiconductor constituting the core, and achicve high-speed performance.
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[0063]

In view of the arrangement of the P* region and the N region which are a
high-concentration doping region, it is preferable that the contact face between the P-type
region 13 and the N-type region 14 in the slab parts 11 and 12 be perpendicular to the
bottom face of the core 4 (boundary with respect to the lower cladding 3). In this case,
since the distance between the PN-junction part 15 and the high-concentration doping
region in which the resistance value is reduced by increasing the doping concentration will
be reduced as a whole, it is possible to reduce the resistance value due to the slab parts 11
and 12, improve the response speed of the semiconductor constituting the core, and
achieve high-speed performance.

[0064]

When manufacturing an optical element according to the present embodiment by
the method shown in FIGS. 4A-4F, it will be possible to perform etching such that the
contact parts 17 and 18 extend to a position higher than the top face of the slab parts 11
and 12 by changing the etching depth in the single-crystal semiconductor layer 21. Ina
case where the height of the c;,ontact parts 17 and 18 are made to be greater than the
thickness of the rib part 10, the thickness of the single-crystal semiconductor layer 21
prepared in FIG. 4A is equal to or greater than the target thickness of the contact parts 17
and 18. In a case where the height of the contact parts 17 and 18 is made to be equal to
the height of the rib part 10, it may be arranged such that the etching is performed without
etching the top face of the contact parts 17 and 18 and the top face of the rib part 10 to
form the slab parts 11 and 12.

[0065]
<Fourth Embodiment>

In the rib waveguide, the region in which the electric field will be most
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concentrated is the center part of the waveguide in the horizontal direction in the cross
section thereof (rib part 10 and its vicinity). Therefore, the change in carrier density in
the center part causes greater change in refractive index An, compared to change in carrier
density at the periphery, which allows An/a to increase.

In a structure according the first embodiment shown in FIGS. 1A and 2A, the
depletion layer is in the center of the waveguide.  Since the depletion layer has a certain
width when bias is zero (zero bias point), no carriers exists in the center even at the zero
bias point (or the carrier density is extremely low). The carrier density will be changed
at a distance from the center of the waveguide.

[0066]

In view of the above, as shown in FIG. 7, it may be possible to form the
PN-junction part 15 such that the center position of the PN-junction part 15 is laterally
shifted from the center in the width direction of the rib part 10.  This makes it possible to
allow the carriers in the center position of the waveguide at the zero bias point and
maximize the change in carrier density in the center part within the target range of bias
voltage. This will cause greater change in refractive index An, allow An/a to increase,
and further reduce the loss.  For obtaining the same effects as described above, it may be
possible to shift the center position of the PN-junction part 15 towards the first slab part
11 including the P-type region 13, contrary to FIG. 7.

Further, as explained in the second embodiment, for reducing the amount of the
change in loss during a phase modulation, it is effective to cause a modulation in an area
in which the dopant concentration of the P-type region is low.  Therefore, when the
center position of the PN-junction peirt 15 is shifted towards the second slab part 12
including the N-type region 14, it will be possible to further reduce the amount of the

change in loss during modulation.
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[0067]
<Fifth Embodiment>

In the cross-section structure of the waveguide, it is not necessary that the P-type
region and the N-type region be uniform, and the dopant concentration may be distributed
(varied) in the horizontal direction of the cross section.

For example, it may be possible to employ a configuration in which the dopant
concentration of the P-type region 13 provided from the first slab part 11 to the rib part 10
decreases towards the N-type region 14 (PN-junction part 15) in the cross section
perpendicular to the longitudinal direction of the optical waveguide 6. In this case, the
P-type dopant concentration in the P-type region 13 may continuously change.
Alternatively, the P-type dopant concentration may change stepwise such that the P-type
region 13 includes two or more regions which have different P-type dopant
concentrations.

Moreover, it may be possible to employ a configuration in which the dopant
concentration of the N-type region 14 provided from the second slab part 12 to the rib part
10 decreases towards the P-type region 13 (PN-junction part 15) in the cross section
perpendicular to the fongitudinal direction of the optical waveguide 6. In this case, the
N-type dopant concentration in the N-type region 14 may continuously change.
Alternatively, the N-type dopant concentration may change stepwise such that the N-type
region 14 includes tWo or more regions which have different N-type dopant
concentrations.

[0068]

FI1G. 8A shows an example in which the dopant concentration is changed into two

steps. Each of the P-type region 13 and the N-type region 14 is divided into two

concentration regions (P1 region and P2 region; and N1 region and N2 region).  For
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high-speed performance, it is effective to reduce the resistance value from the electrodes 7
and 8 to the PN-junction part 15.  The resistance value can be reduced by increasing the
doping concentration.

Increase of the doping concentration will increase the extinction coefficient (loss),
but increase the change in refractive index An as well due to increase of the carrier density.
Since the depletion layer will hardly reach a region distant from the PN-junction part 15,
the carrier density will not change in that region. On the other hand, since part of guided
light will generally reach the slab parts 11 and 12, the modulation efficiency due to the
change in refractive index will not increase but only the loss will increase when increasing
the doping concentration in that region. In view of the above, when putting the P1 region
and the N1 region of high doping concentration as close as possible to the center part of
the optical waveguide as long as not causing adverse effects on the loss, and arranging the
P2 region and the N2 region of low doping concentration in the rib part 10 and its vicinity
which are a light distribution region, it is possibie to achieve both high-speed performance
and réduction of loss.

[0069]

It is noted that, with regard to the relationship in dopant concentration between
the regions, the dopant concentrations may not necessarily be the same between the P1
region and the N1 region, and the dopant concentrations may not necessarily be the same
between the P2 region and the N2 region. In the present embodiment, the P1 region has
a dopant concentration higher than the P2 region and the N1 region has a dopant
concentration higher than the N2 region.

The dopant concentration of the P1 region may be lower than or substantially
equal to the dopant concentration of the P* region in the contact part 11a. In addition! the

dopant concentration of the N1 region may be lower than or substantially equal to the
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dopant concentration of the N* region in the contact part 12a.

It is noted that, as shown in FIG. 8B, it may also be possible to employ a structure
in which the contact parts 11a and 12a are formed over the entire thickness of the slab
parts I1 and 12. In the example of FIG. 8A, separately from the P1 (N1) region, the
contact part 11a (12a) i.e., the P* (N*) region is formed for making an ohmic contact with
the metal electrode 7 (8). On the other hand, in the example of FIG. 8B, tl/we PT (N
region for making an ohmic contact with the metal electrode 7 (8) is formed over the
entire thickness of the slab part 11 (12). That is, the example shown in FIG. 8B has a
structure obtained by replacing the P1 region and the P* in FIG 8A with a single P".

In the structure shown in FIG. 8B, each of the P-fype region and the N-type
region includes two regions which have different dopant concentrations (P* region, P2
region; and N* region and N2 region). It is noted that the dopant concentrations of the P*
region, the P2 region, the N” region, and the N2 region in the example of FIG. 8B may be
determined in the same way as the dopant concentration of the P1 region, the P2 region,
the N1 region, and the N2 region in the above-described example of F1G. 8A.
Accordingly, with the structure shown in FIG. 8B as well, it is possible to reduce the
resistance value in the semiconductor between the electrodes 7 and 8 and the PN-junction
part 15 while suppressing loss in the center part of the optical waveguide.

In addition, according to the structure show in FIG. 8B, it is possible to form the
P" (N") region and the P1 (N1) in the structure of FIG. 8A atonce. In particular, when
the thickness of the slab parts 12 and 13 are thin, the P' (N*) region can be formed over
the entire thickness of the slab part 11 (12) with a single implantation, which makes it
possible to reduce the number of implantation.

[0070]

<Sixth Embodiment>
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In the embodiments shown in FIG. 9, the doping region in the rib part 10 extends to a
position higher than the top face of the slab parts 11 and 12.

In the manufacturing method show in FIGS. 4A-4F, when adjusting the ion
implantation conditions to obtain a greater doping depth and adjusting the etching conditions
of the slab parts 11 and 12 such that the upper part of the doping region in the slab parts 11
and 12 is removed, it will be possible to achieve the cross-section structure as shown in FIG. 9.
That is, it is possible to achieve a cross-section structure in which the P-type region 13a of the
rib part 10 extends to a position higher than the top face of the adjacent first slab part 11 and
the N-type region 14a of the rib part 10 extends to a position higher than the top face of the
adjacent second slab part 12.

[0071]

According to the present embodiment, regardless of the thickness of the slab parts 11
and 12, it is possible to adjust the height of the doping region of the rib part 10 in conformity
with the light distribution profile and achieve a modulation with low loss. For example,
when the thickness of the rib part 10 (i.e., the thickness from the bottom face of the core; refer
to T; of FIG. 18) is thick, the distribution center of guided light may be at a higher position
than the top face of the slab parts 11 and 12. In this case, it is preferable to arrange the
boundary between the doping region and the undoped region in the vicinity of the distribution
center of guided light.

[0072]
<Ring resonator>

The optical element according to the above-described embodiments can be used as a
waveguide in a ring resonator. For example, the document (Optics Express Vol. 18,
18235-18242) discloses a u ring resonator using a silicon waveguide. The optical element

according to the above-described embodiments is applicable as the ring modulator in the p
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ring resonator. It should be noted that the shape of the ring is not necessarily a circle but
may be anything as long as the starting point and the end point are connected to each
other.

[0073]

<Mach—Zelmder optical waveguide element>

An optical phase modulator may be used by itself in an optical transmission line.
Particularly, in long-haul transmissions, it may be used as a Mach-Zehnder optical
modulator in which an optical phase modulator is arranged in the arm of the
Mach-Zehnder interferometer. FIG. 10 shows a schematic configuration of a
Mach-Zehnder optical waveguide element 30.  Light entering the Mach-Zehnder optical
waveguide element 30 through an incident part 31 is demultiplexed into two lights by a
demultiplexer 32, and the lights are guided through the respective arms 33 and 34.  Each
of the arms 33 and 34 is provided with a phase shifter so as to perform phase modulation
in each of the arms 33 and 34. The lights passing through the arms 33 and 34 are
multiplexed by a multiplexer 35 and output from an emission part 36. Therefore, it is
possible to perform intensity modulation and phase modulation in accordance with the
phase difference between the lights passing through the arms 33 and 34.

[0074]

When reversing the phase shift direction between the arms 33 and 34, e,
advancing the phase in one of the arm and delaying the phase in the other, it will be
possible to perform a modulation while reducing frequency chirping of the output signal
from Mach-Zehnder optical waveguide element'?aO to the emission part 36.  Particularly,
in long-haul optical communications where the influence of the wavelength dispersion
(frequency dispersion) of the optical waveguide is concerned, such a Mach-Zehnder

optical modulation system capable of reducing the frequency chirping is used.
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The optical element exemplified in the above-described first to sixth
embodiments can be operated as an optical phase modulator with a single phase shifter.
The seventh to ninth embodiments shown below are an example in which an optical
element as exemplified in the first to sixth embodiments is applied to a Mach-Zehnder
optical modulator.

[0075]
<Seventh Embodiment>

As shown in a plan view in FIGS. 11A and 11B, it is at least required to provide a
rib part 37 and slab parts 38 and 38 on both side thereof in the phase shifter of each of the
arms 33-and 34. Part of the waveguide other than the phase shifter may be a rib
waveguide including a rib part and a slab part or a rectangular waveguide without a slab
part. In FIGS. 11A and 11B, the structure of the core is shown in which a rectangular
waveguide is used for the part other than the phase shifter. A semiconductor such as
silicon may be used as the material of the core which is constituted by the rib part, the slab
part, and the rectangular part.  An insulator such as SiO; may be used as a cladding (not
shown in the figures). The upper cladding may be an air cladding.

It should be noted that, in FIGS. 11A and 11B, the same reference numerals are
given to the correspondent components as those shown in FIG. 10 and overlapping
description will be omitted. It may be possible to integrate the incident part 31, the
demultiplexer 32, the arms 33 and 34, the multiplexer 35, and the emission part 36 on the
same substrate to constitute a substrate-type optical waveguide.

[0076]

‘When performing phase modulation by the phase shifters 33a and 34a of the arms

33 and 34 and multiplexing by the nndtiplexer 35, the state of the output light from the

emission part 36 will be changed in accordance with the phase difference between lights
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passing through the arms 33 and 34, which will achieve intensity modulation and phase
modulation.

For example, given that the relative phase difference is m radian, the light waves
passing through the arms 33 and 34 will be canceled with each other, which allow part of
the power of the guided light to diffuse to the periphery of the core in the multiplexer 35,
and thus reduce the power of light coupled to the emission part 36.  On the other hand,
when the phases of lights passing through the arms 33 and 34 are coincident to each other
in the multiplexer 35, the light waves will be multiplexed without being canceled and
coupled to the emission part 36.  Such a modulation is called intensity modulation.

In particular, when activating the phase shifters 33a and 34a of the arms 33 and
34 at the same time and modulating guided lights in the arms 33 and 34 so as to reverse
the phases therebetween, i.c., performing a push-pull operation in which one of the phases
is advanced while the other is delayed, it is possible to output optical signals suitable for
long-haul transmissions while reducing frequency chirping.

[0077]

Next, each component of the Mach-Zehnder optical waveguide element 30 will
be explained.

As for the incident part 31, an appropriate configuration may be employed in
accordance with the type of the optical transmission path which is to be connected to the
incident part 31. For example, in a case where the optical element 30 is directly
connected to an optical fiber, a mode field converter may be used in order to reduce the
connection loss due to the difference in mode field shape. Examples thereof include a
mode field converter in which the core forms an inverse tapered shape toward the
advancing direction of light.  Alternatively, it may be possible to connect the optical

element 30 with additional optical element which is formed on the same substrate. In
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this case, the core of the incident part 31 may be extended to be connected with the
additional optical element.  Of course, it may be possible to change the width, height, and
the like of the waveguide in accordance with a waveguide to be connected.

[0078]

The demultiplexer 32 allocates incident light to the two arms 33 and 34.  As the
demultiplexer 32, a Y-branched optical waveguide, an MMI (multimode interference)
coupler, a directional coupler, or the like may be employed.

The multiplexer 35 multiplexes lights from the two arms 33 and 34 to the
emission part 36.  As the multiplexer 35, as with the demultiplexer 32, a Y-branched
optical waveguide, an MMI coupler, a directional coupler, or the like may be employed.
When reversing the direction of incident light and emitted light in the branched part of the
demultiplexer, it can be used as the multiplexer 35.  In the optical element 30, the
demultiplexer 32 and the multiplexer 35 may have the same configuration or different
configurations.

[0079]

In the example shown in FIGS. 11A and 11B, the incident part 31 and the
emission part 36 are a rectangular waveguide, and a rectangular waveguide 1s employed
for the demultiplexer 32 and multiplexer 35 as well.  In view of a waveguide on its own,
it is generally known that a rib waveguide is lower in waveguide loss than a rectangular
waveguide. The demultiplexer 32 and the multiplexer 35 may be a rib waveguide.
Specifically, a Y-branched optical waveguide, an MMI coupler, a directional coupler, or
the like may be foﬁned from a rib waveguide.

In this case, a rib waveguide may be used for the incident part 31 and the emission part 36,
or a rectangular rib converter may be formed between the incident part 31 and the

demultiplexer 32 or between the multiplexer 35 and the emission part 36.  The
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rectangular rib converter will be explained below.
[0080]

For the phase shifters 33a and 34a arranged in the bifurcated arms 33 and 34, an
optical phase modulator using an optical element according to the above-described
embodiments of the present invention may be employed, for example.

In the examples shown in FIGS. [1A and 11B, the phase shifters 33a and 34a are
arranged in the respective arms 33 and 34.  For this reason, it is possible to perform an
operation for chirp reduction. For a simple intensity modulation, it may be possible to
provide a phase shifter in 6ne of the arms.  In this case, it is possible to achieve cost
reduction because of reduction of manufacturing cost and the number of terminals for
voltage application and simplification of control.

[0081]

When applying an optical element according to the embodiments of the present
invention to the Mach-Zehnder optical waveguide element 30, it is used for the phase
shifters 33a and 34a at least in a form of a rib waveguide. Then, as shown in the first to
sixth embodiments, the rib part 37 and the slab parts 38 and 38 located on both sides
thereof are provided with the P-type region, the N-type region, the undoped region, and
the electrodes for applying reverse bias.

Doping may suitably or may not be performed to the optical waveguide other
than the phase shifters 33a and 34a. An optical element according té the embodiments of
the present invention may be used in one of the arms 33 and 34 or both of the arms 33 and
34,

[0082]
In the present embodiment, as shown in FIG. 11A, in each of the arms 33 and 34,

a rectangular rib converter 39 is provided in the demultiplexer 32, between the phase
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shifters 33a and 34a, and between the phase shifters 33a and 34a and multiplexer 35.

In the rectangular rib converter 39, as shown in FIG. 11B, the slab parts 38
continuously extends from both side of the rectangular waveguide such that the width of
the slab part 38 continuously becomes wider (or narrower) along the light guided direction.
It is preferable that the length of the rectangular rib converter 39 in the light guided
direction be sufficient for adiabatically> performing the conversion of the guided mode
from the rectangular waveguide to the rib waveguide. In practice, since the region at the
right hand of FIG. 11B where the slab part 38 is wider is smaller in mode shape change
than the region where the slab part 38 is narrower, the width of the slab part 38 can be
widened more rapidly. In this case, it is possible to reduce the length of the rectangular
rib converter 39.

[0083]

The phase shifters 33a and 34a may be configured, for example, as shown in FIG.
12A, FIG. 12B, FIG. 15A, or FIG. 15B.

Each component of the phase shifters 33a and 34a may be formed of the materials
exemplificd in the first embodiment.  Specifically, silicon (Si) may be used for the
substrate 2 and the core of the arms 33 and 34, and silica (SiO,) may be used for the lower
cladding 3 and the upper cladding 5.

[0084]

In the preéent e@bodi111ent, a phase shifter is arranged in both of the two arms 33
and 34. The positional relationship between the P-type region and the N-type region in
the two phase shifter is reversed between FIG. 12A and FIG. 12B.

Specifically, in the case of FIG. 12A, both of the doping regions arranged
between the arms 33 and 34 are an N-type region. For example, in a case where the

optical element 1 in FIG. 1A is used for the phase shifters 33a and 34a, both second slab
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parts 12 of the phase shifters 33a and 34a are arranged between the arms 33 and 34.
Both of the doping regions arranged outside the arms 33 and 34 are a P-type region.

On the other hand, in the case of FIG. 12B, both of the doping regions arranged
between the arms 33 and 34 are a P-type region.  For example, in a case where the
optical element 1 in FIG. 1A is used for the phase shifters 33a and 34a, both first slab parts
11 of the phase shifters 33a and 34a are arranged between the arms 33 and 34.  Both of
the doping regions arranged outside the arms 33 and 34 are an N-type region.

As described above, when the two slab parts arranged between the arms 33 and
34 have the same type of doping region (any of P-type region or N-type region), the two
slab parts between the arms 33 and 34 can be connected to an electrode common thereto.
[0085]

In the case of FIG. 12A, a common GND can be arranged between the arms 33
and 34 (inside), and signal electrodes can be arranged outside thereof for driving the
respective phase shifters 33a and 34a. In this case, since the electrode connected to the
inside N-type regions is GND, negative voltage is applied to the signal electrodes
connected to the outside P-type regions to apply reverse bias voltage. Contrary to the
case of FIG. 12A, in a case where the signal electrodes are arranged in the inside and
GND is arranged in the outside, positive voltage is applied to the signal electrodes to
apply reverse bias voltage.

[0086]

In the case of FIG. 12B, since the electrode connected to the inside P-type regions
is GND, positive voltage is applied to the signal electrodes connected to the outside
N-type regions to apply reverse bias voltage. Contrary to the example of FIG. 12B, in a
case where the signal electrodes are arranged in the inside and GND is arranged in the

outside, negative voltage is applied to the signal electrodes to apply reverse bias voltage.
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[0087]

For improving high frequency characteristic, it may be possible to use a
traveling-wave electrode structure as explained with referring to FIG. 3. For example, as
shown in FIG. 13, when arranging electrodes along the longitudinal direction of the
waveguide, arranging other GNDs outside the signal electrodes, and suitably adjusting the
width of the electrodes and the gap between the electrodes, a coplanar line will be
configured. In this case, further high-speed transmission can be obtained.

When configuring a device with consideration of packaging, each electrode may
be arranged such that each end thereot is extended to the periphery as shown in FIG. 14.
On this occasion, if the cross-section structure of each electrode is uniformly extended, it
will be possible to maintain the impedance constant, and thus transmit drive signals while
preventing unnecessary reflection.

[0088]

Although FIGS. 12A-14 show a structure in which a common electrode is
arranged between the arms 33 and 34, it may be possible to employ another structure in
which two electrodes are arranged between the arms 33 and 34 so as to be able to drive the

two phase shifters 33a and 34a separately. In this case, it is possible to reduce the

coupling of voltage applied to the two phase.shifters 33a and 34a.

[0089]

It may also be possible to employ another structure in which the arrangement
order of the polarity of the doping regions in the core is PNPN or NPNP from the left to
the right as shown in FIGS. 15A and 15B.

In FIG. 15A and FIG. 15B, since the electrode connected to the N-type region is
GND, negative voltage is applied to the signal electrodes connected to the P-type regions

to apply reverse bias voltage. Contrary to the examples of the figures, in a case where
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the electrode connected to the P-type region is GND, positive voltage is applied to the
signal electrodes connected to the N-type region to apply reverse bias voltage.

[0090]

~ <Optical path length adjuster of Mach-Zehnder optical modulator >

In manufacturing a Mach-Zehnder optical modulator, a slight difference in optical
path length between the two arms will occur due to the manufacturing error.  In addition,
the optical path-length difference will be changed depending on temperature, and thus it is
preferable to adjust the optical path-length difference in accordance with the ambient
temperature.  For adjusting the optical path length of the arms, it may be possible to
adjust DC (direct current) component in each of the phaée shifters shown in the first to
sixth embodiments in which reverse bias voltage is applicable.

[0091]

However, since AC (alternate current) component will also be subject to
influence at the same time as changing DC component, the above-described way may not
be applicable for push-pull operations in which it is preferable that both arms have the
same characteristics.  For this reason, it may be possible to provide optical path length
adjusters 33b and 34b in the arms 33 and 34 separately from the phase shifters 33a and
34a as shown in FIG. 16.

In FIG. 16, the dptical path length adjusters 33b and 34b are provided in the
bifurcated arms 33 and 34, respectively. It is not required for the optical path length
adjusters 33b and 34b to have high fr;-:qucncy characteristic and high-speed performance
as long as they are capable of adjusting the optical path length of the arms in accordance
with the ambient conditions such as temperature change.  For this reason, it is not
necessary to configure the optical path length adjusters 33b and 34b so as to be controlled

by application of reverse bias voltage, and it may be possible to configure them from a
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phase modulation device exhibiting thermo-optical effect.
[0092]

A specific example of a phase modulation device exhibiting thermo-optical effect
is configured by providing around an optical waveguide a conductor, such as deposited
nichrome serving as an electrically-heated wire and silicon doped with impurities, so as to
be capable of controlling the temperature of the optical waveguide. The conductor may
be provided outside the cladding (e.g., on the upper cladding), or may be provided in the
slab part if it is apart from the region where the guided light will be distributed. In
addition, it is preferable that the conductor be provided along the longitudinal direction of
the optical waveguide and have a predetermined length.

The optical path length adjusters 33b and 34b exhibiting thermo-optical effect is
unsuitable for high-speed performance but can be a low-loss optical path length adjuster
because of no loss due to the carrier absorption.

Although the optical path length adjusters 33b and 34b are provided in the arms
33 and 34 in FIG. 16, it may be possible to provide the optical path length adjuster in only
one of the arms.

[0093]

The above has described the present invention based on the preferred
embodiments but the present invention is not limited to the embodiments described above
and various design modifications may be made without departing from the scope of the
present invention.

The above-described embodiments have a cross-section structure in which the rib
protrudes upwardly, but it may be possible to employ a cross-section structure in which
the rib protrudes downwardly or protrude upwardly and downwardly. In these

cross-section structures, when providing a PN-junction part and an undoped region inside
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the rib in the same way, the carriers will diffuse to the undoped region, the proportion of
the region in which the carrier density is changed by voltage application will be increased,
and thus the same effects will be obtained as in the cross-section structure in which the rib
protrudes upwardly.
[Examples]
[0094]

An example of the present invention will be explained below.
[0095]
<Comparison by simulation>

FIG. 18 shows a cross-section structure of an optical waveguide used in a

simulation (Example 1). The width of the rib part 10 is W, = 600 nm, the rib thickness is

T, =220 nm, the slab thickness is Ts = 90 nm, and the height of the rib protruded from the

slab is T.-Ts = 130 nm.

The core 4 was formed of silicon (Si), and it was configured such that the upper
cladding 5 and the lower cladding 3, made of silica (SiO,), cover the top and the bottom of
the core 4, respectively.

In addition, doping was performed to the core 4 in a range from the bottom face
of the core 4 to 90 nm height which is equal to the slab thickness T, in which the doping
concentration in the P-type region 13 was made to be 5x1 0'” /om® while the doping
concentration in the N-type region 14 was made to be 2x10'7 /cm”.

The contact parts 11a and 12a for making contact with the electrodes 7 and 8
were formed in a high-concentration doping region of 1x1 0% /em® together with the P*
region and the N region, and arranged apart from the rib end by a distance of Ws = 600
nm towards the electrodes 7 and 8 so as to be sufficiently separated from the region where

guided light will be distributed.  In this case, the distance between the contact parts 11a
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and 12a and the PN-junction part 15 is WeH(W,/2) =900 nm.  The width of the contact
parts 11a and 12a was made to be W, = 4000 nm while the width of the electrodes 7 and §
was made to be W, = 1000 nm.

In Example 1, as with the first embodiment, doping was performed to the lower
part of the rib part 10 from the bottom face thereof to the height which is the same as the
slab thickness Ts, while the undoped region 16 made of intrinsic silicon was arranged in
the upper part thereof as shown in FIG. 19A.

In Comparative example 1, as with Patent Document 1, P-type and N-type doping
regions were arranged from the bottom face to the top face of the rib so as to have an
uniform concentration as shown in FIG. 19B. The doping concentration was the same as
in Example 1 (P-type: 5x10'7 /em®, N-type: 2x10"7 fem®).

[0096]
(Simulation Method)

Simulations were performed as follows.
1. Change of the carrier density distribution was calculated in each predetermined bias
voltage. A simulator ATLAS produced by Silvaco was used for the calculation.
2. From the carrier density distribution obtained in 1., the carrier densities were converted
into the complex refractive indices using the above-described Equation 1 and Equation 2.
3. From the complex refractive index distribution obtained in 2., the effective refractive
index and the effective extinction coefficient of the optical waveguide were calculated.
A simulator BeamProp produced by Rsoft was used for the calculation.
[0097]
(Simulation of sertion loss)

In accordance with the above-described steps 1.-3. of the simulation method,

simulations with regard to the loss of the phase shifters were performed under the
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following conditions.
[0098]

Target phase shift amount: 0.5n

Operating voltage (Bias): 0 to -4 V
[0099]

In this case, as explained above with referring to Equation 6 and Equation 7,
when the wavelength and the length of the waveguide are determined, the ratio of the
phase shift amount to the waveguide loss can be used as an index instead of the ratio of
the change in effective refractive index to the waveguide loss.  Therefore, in the present
simulation, the wavelength is set to be 1550 nm while the length of the waveguide is set to
be a length with which a phase shift amount of 0.5% is obtained.

Each phase shift amount per unit length, waveguide loss (with bias voltage of -4
V), and change in waveguide loss (insertion loss variation with operating voltage from 0

to -4 V) were calculated and are shown in Table 1.

[0100]
[Table 1]
per unit fength Comparative Example 1 | Example 1
Phase shift amount 0.30 rad/mm 0.18 rad/mm
Waveguide loss (with -4 V bias) 0.58dB/mm 0.21dB/mm
Change in waveguide loss -0.26dB/mm -0.14dB/mm
[0101]

It should be noted that, with regard to the waveguide loss shown in Table 1, only
the loss due to the carrier absorption was taken into consideration, but other losses caused
in actual devices such as losses due to absorption by materials and diffusion caused by

microscopic unevenness in the core-cladding boundary of the waveguide were not taken
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into consideration.
Therefore, in view of actually measured values in actual devices, “waveguide loss
considering all factors” was calculated by adding a loss amount of 0.06dB to the

above-described results.  The results are shown in Table 2 as waveguide loss (total).

[0102]
[Table 2]
per unit Iengthi Comparative Example 1 Example 1
Waveguide loss (total) 0.64dB/mm 0.27dB/mm
[0103]

From the phase shift amount per unit length shown in Table 1, the length of the
waveguide for obtaining the target shift amount of 0.57 can be calculated. Accordingly,
phase shifters having a suitable waveguide length for 0.5z shift wére designed, and each
length of the waveguide, waveguide loss, and change in waveguide loss were calculated.

The results are shown in Table 3.

[0104]
[Table 3]

0.57 shift Comparative Example 1 | Example |
Waveguide length 5.7 mm 8.8 mm
Waveguide loss (with -4 V bias) 3.36dB 2.36dB
Change in waveguide loss 1.40dB 1.26dB

[0105]

From the results shown in Table 3, the insertion loss and the change in loss
during operation in the Example 1 are reduced compared to Comparative example 1 for

the same phase shift amount.
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[0106]
(Simulation of response speed)

Next, simulations with regard to response speed were performed.

The response speed can be calculated as a time required for obtaining a change in
refractive index in accordance with bias voltage after abrupt change of voltage is given.

As with the above-described simulation method, based on a carrier density
distribution calculated using the simulator ATLAS produced by Silvaco, the effective
refractive index and the effective extinction coefficient of guided mode were calculated
using a simulator BeamProp produced by Rsoft.

[0107]

FIG. 20 shows the change in effective refractive index ney when the bias voltage
is changed from 0 V to -4 V (Ramp on), and FIG. 21 shows the change in effective
refractive index ner when the bias voltage is changed from -4 V to 0 V (Ramp off). In
FIGS. 20-21, the horizontal axis represents elapsed time with 0 (ps) being the time the
abrupt change of voltage was given. On the other hand, the vertical axis represents the
effective refraétive index ner normalized such that the effective refractive index with 0 V
application, at which the refractive index is low, is 0 and the effective refractive index
with -4 V application, at which the refractive index is high, is 1.

For the purpose of estimating each response time, the time required for the
normalized effective refractive index changing between 10% and 90% (from 0.1 to 0.9, or
from 0.9 to 0.1) were compared as shown in Table 4.

[0108]

[Table 4]

]

OVto-4V 4Vto0V

Example 1 1.65 ps ].73 ps
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Comparative Example 1 2.30 ps 2.16 ps

[0109]

From the results shown in FIGS. 20-21 and Table 3, it is found that Example 1 is
shorter in response time than Comparative example 1 and thus makes it possible to
achieve further high speed communication and provide a device capable of being operated
at high speed.

[0110]
(Simulation of carrier distribution)

The calculation results of the carrier distribution performed in the
above-described simulation method 1. are shown in FIGS. 22A-23B for Example 1, and in
FIGS. 24A-25B for Comparative example 1. It should be noted that the rib width is 600
nm, the rib thickness is 220 nm, and the slab thickness is 90 nm as described above. In
FIGS. 22A-25B, the scale size of the height and that of the width differ from each other.

In Example 1, as shown in FIGS. 22A-23B, it is found that the change in carrier
density occurs even in the undoped region in the upper part of the rib and great change in
carrier density occurs over the entire rib.  In the case of Comparative example 1, as
shown in FIGS. 24A-25B, the carrier density with reverse bias application is relatively
large at the top end and the bottom end of the rib and is small in the center of the rib.
[0111]
<Comparison in actual measurement for fabricated device >

A device according to the first embodiment (Example 2) was fabricated so as to
have the cross-section structure shown in FIG. 2A.  The rib width is 600 nm, the rib
thickness is 220 nm, and the slab thickness is 95 nm.

In the fabrication method, the following steps (1)-(6) are performed which are
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shown in FIGS. 4A-4F.

(1) Preparing an SOI substrate and polishing the substrate by CMP so as to make the
upper Si layer thereof be 220 nm.

(2) Covering with a mask the region in which an N-type region is to be formed, and
performing implantation of boron (B) as a P-type dopant with dosage of 5x10'? /cm® and
implantation energy of 40 €V to form a P-type region such that only the height range
corresponding to the slab thickness is doped.

(3) Covering with a mask the region in which the P-type region is formed, and performing
implantation of phosphorus (P) as an N-type dopant with dosage of 3x10'* /cm? and
implantation energy of 110 ¢V to form a N-type region such that only thé height range
corresponding to the slab thickness is doped.

(4) Forming by etching a corc having a rib in the cross section thereof, and then forming a
high-concentration doping region in the upper part of the slab part by doping.

(5) Depositing S10, on the core to form an upper cladding.

(6) Forming contact holes in the upper cladding, and then filling the formed contact holes
with aluminum (Al) by sputtering to form ¢lectrodes.

[0112]} |

In Example 2, the implantation energy in (2) and (3) was adjusted such that an
undoped region is provided in the upper part of the rib as shown in FIG. 19A by etching of
4).

In Comparative example 2, the implantation energy in (2) and (3) was adjusted
such that the doping is performed up to the top end of the rib as shown in FIG. 19B.
[0113]

For each fabricated device, DC bias was applied to measure the phase shift

amount and the waveguide loss of the device.  As shown in the above-described Equation
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6 and Equation 7, it is possible to examine the phase modulation efficiency by measuring
the phase shift amount per unit length instead of investigating the change in effective
refractive index.
The measurement conditions are that the bias voltage is 0 to -4 V and the
5  wavelength is 1550 nm. The phase shift amount per unit length and the waveguide loss
were each obtained by dividing the measured value by the length of the waveguide. The

results are shown in Table 5.

[0114]
[Table 5]
per unit length Comparative Example 2 Example 2
Phase shift amount 1.02 rad/mm 0.53 rad/mm
Waveguide loss 0.72dB/mm 0.27dB/mm
10
[0115]
In addition, the length of the waveguide and the waveguide loss required for
obtaining a phase shift amount of n radian were each calculated and are in Table 6.
[0116]
15 [Table 6]
7t shift Comparative Example 2 Example 2
Waveguide length 3.1 mm 6.0 mm
Waveguide loss 2.2dB 1.6dB
[0117]

From the results shown in Table 6, it is found that Example 2 is lower in
waveguide loss than Comparative example 2 for the same phase shift amount, and thus

20  makes it possible to achieve low loss.
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INDUSTRIAL APPLICABILITY
[0118]
According to the aspects of the present invention, it is possible to provide an
optical element and a Mach-Zehnder optical waveguide element using the same which
make it possible to reduce the amount of the change in loss due to the change in carrier

density and reduce the insertion loss.

DESCRIPTION OF THE REFERENCE SYMBOLS

[0119]
i optical element (optical phase modulator and the like)
2 substrate
3 lower cladding
4 core
5 upper cladding
6 optical waveguide

7,8 electrode

10 rib part
11 first slab part
12 second slab part

13, 13a, 13b P-type region
14, 14a, 14b N-type region
15 PN-junction part

16 undoped region

20 multi-layer substrate



5

10

like)

21
22,24
23,25

30

38

39
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single-crystal semiconductor layer
mask
implanted ions

Mach-Zehnder optical waveguide element (optical modulator and the

‘incident part

demultiplexer
arm
multiplexer
emission part
rib part

slab part

rectangular rib converter
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CLAIMS

1. An optical element comprising an optical waveguide comprising a core formed from:
a rib part; and a first and second slab parts which are located on both sides of the rib part
so as to sandwich the rib part and thinner than the rib part, wherein

the rib part and the first and second slab parts of the core are integrally formed by
a semiconductor single crystal,

the first slab part comprises a P-type region which is doped to be P type,

the second slab part comprises an N-type region which is doped to be N type,

the rib part comprises a P-type region which is in contact with the P-type region
provided in the first slab part, and an N—type region which is in contact with the N-type
region provided in the second slab part,

the P-type region and the N-type region of the rib part are in contact with each
other to constitute a PN-junction part,

the rib part comprises a top portion which is located above the first and second
slab parts in a cross section perpendicular to the longitudinal direction of the optical
waveguide, and

the top portion of the rib part comprises an undoped region formed from at least
one of an intrinsic region and a low-concentration doping region which is doped at a
dopant concentration 1/10 or less of a dopant concentration in at least one of the adjacent

P-type region and the adjacent N-type region.

2. The optical element according to claim 1, wherein a boundary between the P-type
region and the N-type region in the rib part is perpendicular to a bottom face of the core in

the cross section perpendicular to the longitudinal direction of the optical waveguide.
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3. The optical element according to claim 1 or 2, wherein the P-type region of the rib
part is located at the same height as the first slab part, and
the N-type region of the rib part is located at the same height as the second slab

part.

4. The optical element according to claim 1 or 2, wherein

the P-type region of the rib part extends to a position higher than a top face of the
first slab part, and

the N-type region of the rib part extends to a position higher than a top face of the

second slab part.

5. The optical element according to any one of claims 1 to 4, wherein

a dopant concentration of a collective P-type region which is constituted by the
P-type region of the first slab part and the P-type region of the rib part decreases towards
the PN-junction part in the cross section perpendicular to the longitudinal direction of the
optical waveguide, and

a dopant concentration of a collective N-type region which is constituted by the
N-type region of the second slab part and the N-type region of the rib part decreases
towards the PN-junction part in the cross section perpendicular to the longitudinal

direction of the optical waveguide.

6. The optical element according to claim 5, wherein
the collective P-type region comprises two or more regions which are different in

dopant concentration from each other, and
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the collective N-type region comprises two or more regions which are ditferent in

dopant concentration from each other.

7. The optical element according to any one of claims 1 to 6, further comprising a first
electrode and a second electrode formed of metal, wherein

the P-type region of the first slab part is connected to the first electrode and
comprises a P* region which is higher in doping concentration than the P-type region of
the first slab bart, and

the N-type region of the second slab part is connected to the second electrode and
comprises an N* region which is higher in doping concentration than the N-type region of

the second slab part.

8. The optical element according to claim 7, wherein the first electrode and the second
electrode are a traveling-wave electrode which is continuously formed along the

longitudinal direction of the optical waveguide.

9. The optical element according to claim 8, wherein the traveling-wave electrode

constitutes a coplanar line electrode or a slot line electrode.

10. A Mach-Zehnder optical waveguide element in which two arms are integrated on the
same substrate, wherein the optical element according to any one of claims 1-9 is used in

an optical waveguide of at least one of the two arms.

11. A Mach-Zehnder optical waveguide element in which two arms are integrated on the

same substrate, wherein,
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the optical element according to any one of claims 1-9 is used in an optical
waveguide of the two arms, and

the first slab part of each optical element used in each optical waveguide is
arranged between the two arms, or the second slab part of each optical element is arranged

between the two arms.

12.  The optical element according to any one of claims 1 to 6, wherein the optical
waveguide forms a ring shape in which a starting point and an end point thereof are

connected to each other in the longitudinal direction thereof.



