
DESCRIPTION 

OPTICAL MODULATOR 

Technical Field 

[0001] The present invention relates to optical 

modulators that are used in optical communication systems or 

optical information processing systems, and in more detail, 

to a Mach-Zehnder type optical modulator that operates in a 

low voltage and is small in a waveguide loss. 

Background Art 

[0002] A Mach-Zehnder type (MZ type) optical modulator 

has the structure that light incident upon an optical 

waveguide is branched into two waveguides by an optical 

branching filter and the branched lights are propagated in 

a constant length, which thereafter, are again multiplexed 

by an optical multiplexer. The two branched optical 

waveguides are respectively provided with phase modulators 

each of which changes a phase of light propagating in each 

of the optical waveguides to change an interference condition 

of the lights to be multiplexed, thus modulating intensity 

of the light or a phase of the light. 

[0003] An example of a material configuring the optical 

waveguide in the Mach-Zehnder type (MZ type) optical 

modulator may include a dielectric body of LiNb03 or the 

like, or a semiconductor of InP, GaAs, Si or the like. When 
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a voltage is applied to the optical waveguide by traveling 

wave electrodes arranged in the vicinity of the optical 

waveguide, the phase of the light is changed. In regard to 

a principle of changing the phase of the light, primarily a 

Pockels effect is used in LiNb03, a Pockels effect and a 

quantum confined stark effect (QCSE) are used in InP and 

GaAs, and a carrier plasma effect is used in Si. 

[0004] For performing optical communications at high 

speeds and in low-consumption power, it requires an optical 

modulator high at modulating speeds and low in a driving 

voltage. For performing optical modulation at high speeds 

of 10 Gbps or more and in an amplitude voltage of several 

volts, it requires traveling wave electrodes of matching and 

propagating a high-speed electrical signal and a speed of 

the light propagating in the phase modulator and performing 

a mutual function thereof. At present, there has been put 

into practice an optical modulator with the traveling wave 

electrode an electrode length of which has several 

millimeters to several ten millimeters (for example, NPL 1). 

The optical modulator using the traveling wave electrode is 

required to have an electrode structure and an optical 

waveguide structure that are low in an optical loss and small 

in reflection in such a manner as to be capable of 

propagating the electrical signal and the light propagating 

in the waveguide without reducing the intensity thereof. 

[0005] An example of the MZ type modulator may include a 

silicon optical modulator an optical waveguide of which is 
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formed of silicon. The silicon optical modulator is produced 

such that a fine line of Si is processed in such a manner 

that light can wave-guide on a silicon-on-insulator (SOI) 

layer from an SIO substrate in which a thin film of Si is 

attached on an oxide film (BOX) layer a surface of an Si 

substrate of which is thermally-oxidized, dopants are 

thereafter injected into the processed fine line to become 

a p-type/n-type semiconductor, and deposit of Si02 to be clad 

layers of light, formation of traveling wave electrodes and 

the like are performed. At this time, the waveguide of the 

light is necessary to be designed and processed to make the 

optical loss small. The doping for p-type and n-type of the 

processed fine line and production of the traveling wave 

electrode are required to be designed and processed to 

control loss generation of the light to be small and 

reflection and a loss of a high-speed electrical signal to 

be small. 

[0006] Fig. 1 is an upper surface transparent diagram 

illustrating the configuration of a conventional MZ type 

optical modulator 100. The MZ type optical modulator 100 is 

a silicon optical modulator, and includes an input optical 

modulator 101, an optical branching filter 102 for branching 

the light incident from the input optical modulator 101 in 

a ratio of 1 : 1, and optical waveguides 103 and 104 upon 

which light is incident from the optical branching filter 

102. The MZ type optical modulator 100 includes a phase 

modulation portion 111 that modulates a phase of light 
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propagating in the optical waveguide 103, a phase modulation 

portion 112 that modulates a phase of light propagating in 

the optical waveguide 104, an optical waveguide 105 for 

propagating the light from the phase modulation portion 111, 

and an optical waveguide 106 for propagating the light from 

the phase modulation portion 112. The MZ type optical 

modulator 100 includes an optical multiplexer 107 that 

multiplexes the lights, each phase of which is modulated, 

from the optical waveguides 105 and 106, and an output 

optical waveguide 108 that outputs the light multiplexed by 

the optical multiplexer 107. 

[0007] The phase modulation portion 111 includes 

traveling wave electrodes 121 and 122 extending in an x axis 

direction, and an optical waveguide 123, and by applying a 

voltage to the traveling wave electrodes 121 and 122, changes 

a phase of light that wave-guides in the optical waveguide 

123. The phase modulation portion 112 includes traveling 

wave electrodes 124 and 125 extending in the x axis direction, 

and an optical waveguide 126, and by applying a voltage to 

the traveling wave electrodes 124 and 125, changes a phase 

of light that wave-guides in the optical waveguide 126. The 

optical waveguides 123 and 126 each have the structure called 

a rib waveguide different in thickness, are formed of Si and 

are provided with Si02 clad layers formed upward and downward. 

[0008] Fig. 2 is a cross section illustrating the phase 

modulation portion 111 of the conventional MZ type optical 

modulator 100 described in Fig. 1, taken in arrows II - II. 
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Fig. 2 is a cross section illustrating the phase modulation 

portion 111 in a direction (y - z plane) vertical to a 

waveguide direction (x axis direction) of light, and the 

phase modulation portion 111 includes an Si substrate 201, 

and the optical waveguide 123 formed on the Si substrate. 

The optical waveguide 123 includes a first Si02 clad layer 

202 on the Si substrate 201, an Si semiconductor layer 203 

on the first Si02 clad layer 202, and a second Si02 clad 

layer 204 on the Si semiconductor layer 203. Third clad 

layers 205, 206 are formed on both sides of the Si 

semiconductor layer 203. It should be noted that the phase 

modulation portion 112 also has the same configuration. 

[0009] The optical waveguide 123 has the structure of 

the rib waveguide, and the Si semiconductor layer 203 in 

which light wave-guides is interposed between the first Si02 

clad layer 202 and the second Si02 clad layer 204. The Si 

semiconductor layer 203 includes a rib portion AO that is 

arranged in an Si semiconductor layer region thick in the 

center as a core of the optical waveguide 123, and a first 

slab portion A1 and a second slab portion A2 that are 

arranged in both sides of the rib portion AO and are Si 

semiconductor layer regions thinner than the rib portion AO. 

The optical waveguide 123 confines the light using a 

difference in a refraction index between the Si semiconductor 

layer 203, and the first Si02 clad layer 202 and the second 

Si02 clad layer 204 in the periphery of the Si semiconductor 

layer 203. 
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[0010] The traveling wave electrode 121 is formed in the 

x axis direction on an upper surface in an end of the Si 

semiconductor layer 203 at the opposite side to the rib 

portion AO of the first slab portion Al, and the traveling 

wave electrode 122 is formed in the x axis direction on an 

upper surface in an end of the Si semiconductor layer 203 at 

the opposite side to the rib portion AO of the second slab 

portion A2. 

[0011] The Si semiconductor layer 203 has conductivity 

by doping of atoms such as boron (B) , phosphorous (P) or 

arsenic (As) to Si with a method of implantation of ions or 

the like. Here, the Si semiconductor layer 203 is formed of 

four regions that are different in a doping concentration. 

An end of the first slab portion Al in the Si semiconductor 

layer 203 at the opposite side to the rib portion AO becomes 

a high-concentration p-type semiconductor region 203-3, and 

an end of the second slab portion A2 in the Si semiconductor 

layer 203 at the opposite side to the rib portion AO becomes 

a high-concentration n-type semiconductor region 203-4. The 

Si semiconductor layers 203 at the rib portion AO-side of 

the first slab portion Al and at the first slab portion Al-

side of the rib portion AO become an intermediate-

concentration p-type semiconductor region 203-1. The Si 

semiconductor layers 203 at the rib portion AO-side of the 

second slab portion A2 and at the second slab portion A2-

side of the rib portion AO become an intermediate-

concentration n-type semiconductor region 203-2. 
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[0012] A boundary of the high-concentration p-type 

semiconductor region 203-3 makes contact with a boundary of 

the intermediate-concentration p-type semiconductor region 

203-1, and a boundary of the high-concentration n-type 

semiconductor region 203-4 makes contact with a boundary of 

the intermediate-concentration n-type semiconductor region 

203-2. The boundaries may overlap to be subjected to doping. 

The rib portion AO has a p-n junction structure in which the 

intermediate-concentration p-type semiconductor region 203-

1 makes contact with the intermediate-concentration n-type 

semiconductor region 203-2. The other example may include 

a p-i-n junction structure in which an i-type (intrinsic) 

semiconductor region is interposed between the intermediate-

concentration p-type semiconductor region 203-1 and the 

intermediate-concentration n-type semiconductor region 203-

2 . 

[0013] The traveling wave electrode 121 is connected to 

the high-concentration p-type semiconductor region 203-3, 

and traveling wave electrode 122 is connected to the high-

concentration n-type semiconductor region 203-4. An 

inversely-biased electrical field is applied to the p-n 

junction portion or the p-i-n junction portion by the 

traveling wave electrodes 121 and 122 to change a carrier 

density in the inside of the rib portion AO of the Si 

semiconductor layer 203 and change a refraction index of the 

Si semiconductor layer 203 (carrier plasma effect), making 

it possible to modulate the phase of the light. 
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[0014] Since a dimension of the Si semiconductor layer 

203 depends on refraction indexes of materials as the core 

and clad, it cannot be determined uniquely. Referring to 

one example thereof, generally in a case of having the rib 

waveguide structure provided with the rib portion AO, and 

the slab portions Al and A2 at both the sides of the rib 

portion AO in the Si semiconductor layer, the dimension has 

approximately a core width 400 to 600 nm (a rib width of the 

Si semiconductor layer 203) x a height 150 to 300 nm x a 

slab thickness 50 to 200 nm x a length of several mm in the 

Si optical waveguide 123. 

[0015] The optical modulator is required to be small in 

an optical loss for transmitting the modulated optical signal 

for a long distance. Since a part of the light propagated 

by carriers such as electrons/holes is absorbed in the p-

type/n-type doped conductive semiconductor layer in the 

optical waveguide, it is necessary to set a condition of the 

doping in such a manner as to control the carrier 

concentration to be a constant value or less to suppress the 

optical loss. In regard to a carrier density in the doped 

region, the carrier density is approximately 1020 [cm-3] in a 

high-concentration p-type semiconductor region 203 - 3 (p-1-1-) , 

the carrier density is approximately 1017-18 [cm-3] in an 

intermediate-concentration p-type semiconductor region 203 

- 1 (p+) , the carrier density is approximately 1017-18 [cm-3] 

in an intermediate-concentration n-type semiconductor region 

203 - 2 (n+) and the carrier density is approximately 1020 
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[cm-3] in a high-concentration n-type semiconductor region 

203 - 4 (n++) . 

[0016] The light is confined in the Si semiconductor 

layer 203 higher in a refraction index than the Si02 clad 

layers 202 and 204 in the periphery of the Si semiconductor 

layer 203, and propagates in the x axis forward direction in 

Fig. 1. The high-concentration p-type semiconductor region 

203 - 3 and the high-concentration n-type semiconductor 

region 203 - 4 each are provided to secure conduction having 

a small contact resistance with the traveling wave electrode 

and to suppress electrical resistances of the semiconductor 

layers themselves configuring the Si semiconductor layer 203 

to be small. On the other hand, a carrier density of the 

intermediate-concentration p-type semiconductor region 203 

- 1 and a carrier density of the intermediate-concentration 

n-type semiconductor region 203 - 2 configuring the rib 

portion AO as the core are set to be lower than that of the 

high-concentration p-type semiconductor region 203 - 3 and 

that of the high-concentration n-type semiconductor region 

203 - 4. This is because since the carrier generated by the 

doping absorbs the light, the doping concentration is 

required to be lowered to reduce the optical loss. By 

lowering the doping concentration, the optical loss in the 

optical waveguide is 3 dB/cm in a passive optical waveguide 

not doped, and on the other hand, can be suppressed to be 

approximately 6 dB/cm. Since a field of the light 

propagating in the rib portion AO of the Si semiconductor 
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layer 203 is distributed to leak also outside of the region 

of the rib portion AO, when the high-concentration p-type 

semiconductor region 203 - 3 and the high-concentration n-

type semiconductor region 203 - 4 are arranged to be close 

to the rib portion AO, the optical loss of the optical 

waveguide 123 increases. Accordingly, for preventing the 

high-concentration p-type semiconductor region 203 - 3 and 

the high-concentration n-type semiconductor region 203 - 4 

from being arranged to be close to the rib portion AO, it is 

preferable that a distance wp_n between the high-

concentration p-type semiconductor region 203 - 3 and the 

high-concentration n-type semiconductor region 203 - 4 is 

1600 nm or more. 

[0017] For realizing an optical modulator that is fast 

in a modulation speed, low in an optical loss and low in a 

drive voltage, it is required to realize an optical waveguide 

structure that is low in a loss and low in reflection to be 

capable of propagating the light without reducing intensity 

of the light in the waveguide, to cause an operation 

frequency band to be a high frequency, and to lower an phase 

inversion voltage Viz. 

[0018] Here, in the MZ type optical modulator, a 

modulation efficiency is found by a phase inversion voltage 

Viz x a length L of a traveling wave (phase modulation) 

electrode. Then, when the length L of the traveling wave 

electrode is made short without changing the modulation 

efficiency to make the optical loss small, the phase 
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inversion voltage Viz is made large and the drive voltage 

increases. On the other hand, there is a tradeoff relation 

that when the phase inversion voltage Viz is small, the length 

L of the traveling wave electrode is large to increase the 

optical loss of the phase modulation portion. Therefore, 

for realizing the optical modulator low in an optical loss 

and low in a drive voltage, it is necessary to enable a high­

speed operation even if the length L of the traveling wave 

electrode is long. When the length L of the traveling wave 

electrode can be set long, it is not necessary to increase 

the phase inversion voltage VTZ to be large. 

[0019] For suppressing the optical loss of the optical 

waveguide 123 in the conventional MZ type optical modulator 

100 in Fig. 1, the light is required to be confined in the 

rib portion AO of the Si semiconductor layer 203 as the core 

of the optical waveguide 123. For confining the light in 

the rib portion AO, it is required to have the rib structure 

in which the first slab portion Al and the second slab 

portion A2 in both the sides of the rib portion AO, which 

are sections where the light leaks out of the rib portion 

AO, are thinned. As a result, there occurs a problem that 

a resistance value of the Si semiconductor layer 203 cannot 

be lowered by thickening the intermediate-concentration p-

type semiconductor region 203 - 1 and the intermediate-

concentration n-type semiconductor region 203 - 2, and the 

phase inversion voltage VTZ cannot be made small. 
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[0020] In addition, as described above, since the doping 

concentration in the vicinity of the rib portion AO (core of 

the optical waveguide) in the Si semiconductor layer 203 

cannot be made to a high concentration, an electrical 

resistance value of the p-n junction portion or the p-i-n 

junction portion of the semiconductor configuring the Si 

semiconductor layer 203 cannot be lowered largely. 

Therefore the resistance value of the Si semiconductor layer 

203 causes a loss of the high-frequency electrical signal 

and the voltage to be applied to the p-i-n junction portion 

or the p-n junction portion is attenuated, posing a problem 

that the phase inversion voltage VTZ cannot be made small. 

[0021] The present invention is made in view of this 

problem, and an object of the present invention is to provide 

an MZ type optical modulator that can simultaneously realize 

requirements of being fast in a modulation speed, low in an 

optical loss and low in a drive voltage. 
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Summary of Invention 

[0023] According to a first aspect of the present 

invention, an optical modulator comprises: a substrate; and 

a phase modulation portion on the substrate, the phase 

modulation portion including an optical waveguide comprised 

of a first clad layer, a semiconductor layer that is 

laminated on the first clad layer and has a refraction index 

higher than the first clad layer and a second clad layer 

that is laminated on the semiconductor layer and has a 

refraction index lower than the semiconductor layer, a first 

traveling wave electrode, and a second traveling wave 

electrode, wherein the semiconductor layer includes a rib 

that is formed in the optical waveguide in an optical axis 

direction and is a core of the optical waveguide, a first 

slab that is formed in the optical axis direction in one 

side of the rib, a second slab that is formed in the optical 

axis direction in the other side of the rib, a third slab 

that is formed in the first slab in the optical axis 

direction at the opposite side to the rib and a fourth slab 

that is formed in the second slab in the optical axis 

direction at the opposite side to the rib, and wherein the 

first slab is formed to be thinner than the rib and the third 

slab, and the second slab is formed to be thinner than the 

rib and the fourth slab. 

[0024] In the optical modulator according to the present 

invention, since it is possible to lower the electrical 

resistance value of the semiconductor section largely, the 
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loss of the high-frequency electrical signal is small and 

the high-speed operation is made possible. In addition, 

since leakage of the light from the Si semiconductor layer 

as the optical waveguide core is small, it is possible to 

suppress absorption of the light by the carrier in the doping 

region and a highly-efficient optical modulation is made 

possible. Therefore, it is possible to provide an optical 

modulator that can simultaneously realize requirements of 

being fast in a modulation speed, low in an optical loss and 

low in a drive voltage. 

Brief Description of Drawings 

[0025] 

[Fig. 1] Fig. 1 is an upper view illustrating the 

configuration of a conventional MZ type optical modulator; 

[Fig. 2] Fig. 2 is a cross section illustrating a phase 

modulation portion of the conventional MZ type optical 

modulator, taken in arrows II - II thereof; 

[Fig. 3] Fig. 3 is an upper view illustrating the 

configuration of an MZ type optical modulator according to 

a first embodiment of the present invention; 

[Fig. 4] Fig. 4 is a cross section illustrating a phase 

modulation portion of the MZ type optical modulator, taken 

in arrows IV - IV in Fig. 3; 

[Fig. 5] Fig. 5 is a diagram illustrating parameters of 

each of a rib portion and first to fourth slab portions in 
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a cross-section surface of the optical waveguide described 

in Fig. 4; 

[Fig. 6] Fig. 6 is a diagram illustrating an equivalent 

circuit upon viewing the MZ type optical modulator in Fig. 

4 as a distributed constant line; 

[Fig. 7] Fig. 7 is a graph illustrating a relation of 

quenching characteristics of the conventional MZ type 

optical modulator, quenching characteristics of an MZ type 

optical modulator produced by a dimension according to an 

embodiment, and quenching characteristics of an MZ type 

optical modulator produced as tl = t2 = t3 = t4 = 150 nm; 

[Fig. 8A] Fig. 8A is a graph illustrating a comparison in a 

calculation value of electrical frequency characteristics of 

a modulator between the conventional MZ type optical 

modulator and the MZ type optical modulator produced 

according to an embodiment, and illustrates frequency 

characteristics of a reflected signal; 

[Fig. 8B] Fig. 8B is a graph illustrating a comparison in a 

calculation value of electrical frequency characteristics of 

a modulator between the conventional MZ type optical 

modulator and the MZ type optical modulator produced 

according to an embodiment, and illustrates frequency 

characteristics of a transmission signal; 

[Fig. 9A] Fig. 9A is a diagram illustrating a comparison of 

an electrical field intensity distribution in a p-n junction 

portion of the conventional MZ type optical modulator and 

illustrates an electrical field intensity distribution in a 
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p-n junction portion of the conventional MZ type optical 

modulator 100; 

[Fig. 9B] Fig. 9B is a diagram illustrating a comparison of 

an electrical field intensity distribution in a p-n junction 

portion of an MZ type optical modulator and illustrates an 

electrical field intensity distribution in a p-n junction 

portion of an MZ type optical modulator 200 in the present 

embodiment; and 

[Fig. 10] Fig. 10 is an upper surface transparent view 

illustrating the configuration of an MZ type optical 

modulator according to a second embodiment of the present 

invention, and particularly is a diagram illustrating a 

connecting section between an input optical waveguide and an 

optical waveguide of a phase modulation portion. (a) is a 

cross section of the input optical waveguide in a direction 

vertical to a waveguide direction of light, (b) is an upper 

surface view of the connecting section between the input 

optical waveguide and the optical waveguide of the phase 

modulation portion, and (c) is a cross section of the optical 

waveguide of the phase modulation portion in the direction 

vertical to the waveguide direction of the light. 

Description of Embodiments 

[0026] Hereinafter, an explanation will be made of 

embodiments of the present invention with reference to the 

accompanying drawings. 

[0027] [First Embodiment] 
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Fig. 3 is an upper surface transparent view 

illustrating the configuration of an MZ type optical 

modulator 300 according to a first embodiment of the present 

invention. The MZ type 2016-538979 300 is a silicon optical 

modulator, and includes an optical input waveguide 301, an 

optical branching filter 302 for branching the light incident 

from the optical input waveguide 301 in a ratio of 1 : 1, 

and optical waveguides 303 and 304 upon which light is 

incident from the optical branching filter 302. The MZ type 

optical modulator 300 includes a phase modulation portion 

311 that modulates a phase of light propagating in the 

optical waveguide 303, a phase modulation portion 312 that 

modulates a phase of light propagating in the optical 

waveguide 304, an optical waveguide 305 that propagates the 

light from the phase modulation portion 311, and an optical 

waveguide 306 that propagates the light from the phase 

modulation portion 312. The MZ type optical modulator 300 

includes an optical multiplexer 307 that multiplexes the 

lights, which are modulated in a phase, from the optical 

waveguides 305 and 306, and an output optical waveguide 308 

that outputs the light multiplexed by the optical multiplexer 

307 . 

[0028] The phase modulation portion 311 includes 

traveling wave electrodes 321 and 322 and an optical 

waveguide 323 that extend in an x axis direction, and by 

applying a voltage to the traveling wave electrodes 321 and 

322, changes a phase of light that wave-guides in the optical 
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waveguide 323. The phase modulation portion 312 includes 

traveling wave electrodes 324 and 325 and an optical 

waveguide 326 that extend in the x axis direction, and by 

applying a voltage to the traveling wave electrodes 324 and 

325, changes a phase of light that wave-guides in the optical 

waveguide 326. The optical waveguides 323 and 326 each have 

the structure called a rib waveguide including: an Si 

semiconductor layer that is configured of a rib portion as 

a core of the optical waveguide formed in the optical axis 

direction and slab portions that are formed in both sides of 

the rib portion and are thinner than the rib portion; and 

Si02 clad layers formed upward and downward of the Si 

semiconductor layer. 

[0029] Fig. 4 is a cross section illustrating the phase 

modulation portion 311 of the MZ type optical modulator 300, 

taken in arrows IV - IV in Fig. 3. Fig. 3 is a cross section 

illustrating the phase modulation portion 311 in a direction 

vertical to a waveguide direction of light, and the phase 

modulation portion 311 includes an Si substrate 401, and the 

optical waveguide 323 formed on the Si substrate. The 

optical waveguide 323 includes a first Si02 clad layer 402 

on the Si substrate 401, an Si semiconductor layer 403 on 

the first Si02 clad layer 402, and a second Si02 clad layer 

404 on the Si semiconductor layer 403. A third Si02 clad 

layer 405 or 406 is formed on both sides of the Si 

semiconductor layer 403. In addition, alternatively this 

region may be formed by an Si semiconductor layer having the 
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same thickness with a rib portion CO as the optical waveguide 

layer. It should be noted that the phase modulation portion 

312 also has the same configuration. 

[0030] The optical waveguide 323 has the structure of a 

rib waveguide further deformed, and the Si semiconductor 

layer 403 in which light wave-guides is interposed between 

the first SiC>2 clad layer 402 and the second Si02 clad layer 

404. The Si semiconductor layer 403 includes the rib portion 

CO in an Si semiconductor layer region thicker in the center 

as a core. The Si semiconductor layer 403 includes a first 

slab portion CI and a second slab portion C2 that are 

arranged in both sides of the rib portion CO and are Si 

semiconductor layer regions thinner than the rib portion CO. 

Further, the Si semiconductor layer 403 includes a third 

slab portion C3 that is arranged in an end of the first slab 

portion CI at the opposite side to the rib portion CO, and 

is the Si semiconductor layer region thinner than the rib 

portion CO and thicker than the first slab portion CI 

adjacent thereto, and a fourth slab portion C4 that is 

arranged in an end of the second slab portion C2 at the 

opposite side to the rib portion CO, and is the Si 

semiconductor layer region thinner than the rib portion CO 

and thicker than the second slab portion C2 adjacent thereto. 

[0031] That is, it can be said that the semiconductor 

layer 403 has the structure that the first slab portion CI 

is inserted between the rib portion CO that is the core of 

the optical waveguide 323 and the third slab portion C3 
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formed in one side of the rib portion CO, and the second 

slab portion C2 is inserted between the rib portion CO and 

the fourth slab portion C4 formed in the other side of the 

rib portion CO. 

[0032] The optical waveguide 323 confines the light using 

a difference in a refraction index between the Si 

semiconductor layer 403, and the first SiC>2 clad layer 402 

and the second Si02 clad layer 404 in the periphery of the 

Si semiconductor 403. 

[0033] The traveling wave electrode 321 is formed in the 

x axis direction on an upper surface of an end of the third 

slab portion C3 in the Si semiconductor layer 403 at the 

opposite side to the first slab portion CI, and the traveling 

wave electrode 322 is formed in the x axis direction on an 

upper surface of an end of the fourth slab portion C4 in the 

Si semiconductor layer 403 at the opposite side to the second 

slab portion C2. 

[0034] The Si semiconductor layer 403 has conductivity 

by doping of Si with implantation of ions such as boron (B), 

phosphorous (P) or arsenic (As). Here, the Si semiconductor 

layer 403 includes five regions that are different in a 

doping concentration. The end of the third slab portion C3 

in the Si semiconductor layer 403 at the opposite side to 

the first slab portion CI becomes a high-concentration p-

type semiconductor region 403-3, and the end of the fourth 

slab portion C4 in the Si semiconductor layer 403 at the 

opposite side to the second slab portion C2 becomes a high-
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concentration n-type semiconductor region 403-4. The first 

slab portion Cl-side of the third slab portion C3 in the Si 

semiconductor layer 403, the first slab portion CI and the 

first slab portion Cl-side of the rib portion CO become an 

intermediate-concentration p-type semiconductor region 403-

1. The second slab portion C2-side of the fourth slab 

portion C4 in the Si semiconductor layer 403, the second 

slab portion C2 and the second slab portion C2-side of the 

rib portion CO become an intermediate-concentration n-type 

semiconductor region 403-2. 

[0035] A boundary of the high-concentration p-type 

semiconductor region 403-3 makes contact with a boundary of 

the intermediate-concentration p-type semiconductor region 

403-1, and a boundary of the high-concentration n-type 

semiconductor region 403-4 makes contact with a boundary of 

the intermediate-concentration n-type semiconductor region 

403-2. The boundaries may be subjected to doping in a state 

of overlapping. The rib portion CO has a p-n junction 

structure in which the intermediate-concentration p-type 

semiconductor region 403-1 makes contact with the 

intermediate-concentration n-type semiconductor region 403-

2. The other example may include a p-i-n junction structure 

in which an i-type (intrinsic) semiconductor region is 

interposed between the intermediate-concentration p-type 

semiconductor region 403-1 and the intermediate-

concentration n-type semiconductor region 403-2. 
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[0036] By applying an inversely-biased electrical field 

in the p-n junction portion or the p-i-n junction portion of 

the rib portion CO, a carrier density in the inside of the 

core (rib portion CO of the Si semiconductor layer 403) of 

the optical waveguide 323 changes and a refraction index of 

the optical waveguide changes (carrier plasma effect), 

thereby modulating the phase of the light. 

[0037] Next, an explanation will be made of a method for 

determining a dimension of each of the rib portion and the 

first to fourth slab portions in the cross-section surface 

of the Si semiconductor layer 403 described in Fig. 4. Fig. 

5 is a diagram illustrating parameters of the dimension of 

each of the rib portion and the first to fourth slab portions 

in the cross-section surface of the Si semiconductor layer 

403 described in Fig. 4. Here, a thickness of the rib 

portion CO is indicated at tO, a thickness of the first slab 

portion CI is indicated at tl, a thickness of the second 

slab portion C2 is indicated at t2, a thickness of the third 

slab portion C3 is indicated at t3 and a thickness of the 

fourth slab portion C4 is indicated at t4. A width of the 

rib portion CO is indicated at wO, a width of the first slab 

portion CI is indicated at wl, a width of the second slab 

portion C2 is indicated at w2, a width of the third slab 

portion C3 is indicated at w3 and a width of the fourth slab 

portion C4 is indicated at w4. 

[0038] First, an explanation will be made of the 

thickness tO of the rib portion CO, the thickness tl of the 
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first slab portion CI, the thickness t2 of the second slab 

portion C2, the thickness t3 of the third slab portion C3 

and the thickness t4 of the fourth slab portion C4. In the 

optical waveguide 323, the light is confined within the rib 

portion CO in the Si semiconductor layer 403 as the core of 

the optical waveguide 323. Here, when the third slab portion 

C3 and the fourth slab portion C4, which are Si semiconductor 

layers having an effective refraction index equivalent to or 

higher than the rib portion CO, are positioned in close 

proximity to the rib portion CO, mode coupling is caused and 

the light transfers to the third slab portion C3 and the 

fourth slab portion C4 in close proximity to the rib portion 

CO in a constant propagation length. Therefore, the light 

having transferred to the third slab portion C3 and the 

fourth slab portion C4 in close proximity to the rib portion 

CO causes an optical loss of the modulator. The light having 

transferred to the third slab portion C3 and the fourth slab 

portion C4 repeats coming and going between the rib portion 

CO, and the third slab portion C3 and the fourth slab portion 

C4, causing the loss to vary depending upon a propagating 

wavelength. Three methods as follows will be conceived for 

preventing this loss of the light. 

[0039] First, a first method is not to position the third 

slab portion C3 and the fourth slab portion C4 in close 

proximity to the rib portion CO. A second method is to 

suppress a length of a section, which is in close proximity 

to the rib portion CO, of each of the third slab portion C3 
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and the fourth slab portion C4 to be short. A third method 

is to make an effective refraction index of each of the third 

slab portion C3 and the fourth slab portion C4 in close 

proximity to the rib portion CO smaller than an effective 

refraction index of the rib portion CO in which the light is 

propagating. Hereinafter, the three methods will be 

considered. 

[0040] The first method for not positioning the third 

slab portion C3 and the fourth slab portion C4 in close 

proximity to the rib portion CO will be considered. For not 

positioning the third slab portion C3 and the fourth slab 

portion C4 in close proximity to the rib portion CO, there 

is a method of making the width wl of the first slab portion 

CI and the width w2 of the second slab portion C2 large, but 

as the wl is the larger, a cross-sectional area of the 

intermediate-concentration p-type semiconductor region 403-

1 becomes the smaller, and as the w2 is the larger, a cross-

sectional area of the intermediate-concentration n-type 

semiconductor region 403-2 becomes the smaller and a 

resistance of Si semiconductor layer 403 becomes the higher. 

Accordingly, since the first method results in having the 

structure that is not different from that of the conventional 

MZ type optical modulator described in Fig. 1, it becomes 

difficult to perform the operation at a high-speed frequency. 

Accordingly, the present invention cannot adopt this method. 

[0041] The second method for suppressing the length of 

the section, which is in close proximity to the rib portion 
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CO, of each of the third slab portion C3 and the fourth slab 

portion C4 to be short will be considered. In the Si 

semiconductor layer 403, for shortening the length of the 

section, which is in close proximity to the rib portion CO, 

of each of the third slab portion C3 and the fourth slab 

portion C4, the length of the section of each of the third 

slab portion C3 and the fourth slab portion C4 is made short. 

That is, it is necessary to shorten an entire length of the 

phase modulation portion 311. It is possible to suppress 

the mode coupling by shortening the entire length of the 

phase modulation portion 311. In this case, however, a 

length of the traveling wave electrode is also required to 

be short. Then, since the modulation efficiency is 

determined by VTZL, it is necessary to increase the phase 

inversion voltage VTZ for making the modulation efficiency 

constant. In this case, the MZ type optical modulator 300 

cannot be driven in low consumption power, which is difficult 

to be adopted in the present embodiment. 

[0042] The third method for making the effective 

refraction index of each of the third slab portion C3 and 

the fourth slab portion C4 which are in close proximity to 

the rib portion CO smaller than the effective refraction 

index of the rib portion CO in which the light is propagating 

will be considered. For making the effective refraction 

index of each of the third slab portion C3 and the fourth 

slab portion C4 which are in close proximity to the rib 

portion CO smaller than the effective refraction index of 
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the rib portion CO in which the light is propagating, a 

thickness of each of the third slab portion C3 and the fourth 

slab portion C4 which are in close proximity to the rib 

portion CO is made thin to cause the light to leak into the 

first clad layer 402 and the second clad layer 404 in the 

upward side and the downward side of the Si semiconductor 

layer 403, making it possible to realize the third method. 

[0043] In the present embodiment, a relation of tO, tl 

and t3 is made to meet an unequal expression of tO > t3 > 

tl. When the relation of tO, tl and t3 meets this unequal 

expression, an effective refraction index of light 

propagating in the third slab portion C3 can be made smaller 

than an effective refraction index of the light propagating 

in the rib portion CO. In addition, a relation of tO, t2 

and t4 is made to meet an unequal expression of tO > t4 > 

t2. When the relation of tO, t2 and t4 meets the unequal 

expression, an effective refraction index of light 

propagating in the fourth slab portion C4 can be made smaller 

than an effective refraction index of the light propagating 

in the rib portion CO. Therefore, even when the rib portion 

CO is positioned in close proximity to the third slab portion 

C3 or the fourth slab portion C4, the optical loss can be 

suppressed with no transfer of the light to the third slab 

portion C3 and the fourth slab portion C4. Here, tl and t2 

each may be the same value or a different value, and t3 and 

t4 each may be the same value or a different value. Further, 

wl and w2 each may be the same value or a different value, 
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and w3 and w4 each may be the same value or a different 

value. 

[0044] In addition, also in the present embodiment, as 

similar to the conventional MZ type optical modulator 100 

described in Fig. 1, the traveling wave electrode 321 is 

connected onto the high-concentration p-type semiconductor 

region 403-3, the traveling wave electrode 322 is connected 

onto the high-concentration n-type semiconductor region 403-

4, and an inversely-biased electrical field is applied on 

the p-n junction portion or the p-i-n junction portion by 

the traveling wave electrodes 321 and 322. The application 

of the voltage changes a carrier density in the inside of 

the rib portion CO of the Si semiconductor layer 403 as the 

core of the optical waveguide 323 (carrier plasma effect) to 

change a refraction index of the Si semiconductor layer 403, 

thereby modulating the phase of the light. In the modulation 

of the phase of the light in the present embodiment, for 

making it possible to perform high-speed modulation, the 

traveling wave electrodes 321 and 322 in the MZ type optical 

modulator 300 are required to be traveling wave electrodes 

by which a high-frequency electrical signal can propagate 

for a length of several mm. Here, Fig. 6 is a diagram 

illustrating an equivalent circuit upon viewing the MZ type 

optical modulator 300 in Fig. 4 as a distributed constant 

line. When a capacity of the p-n junction portion (or the 

p-i-n junction portion) is indicated at C, a resistance from 

the traveling wave electrode 321 to the p-n junction portion 
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(or the p-i-n junction portion) is indicated at R1 and a 

resistance from the traveling wave electrode 322 to the p-n 

junction portion (or the p-i-n junction portion) is indicated 

at R2, the equivalent circuit can be described as a series 

circuit of R1 - C - R2. In this series circuit, it is 

necessary to reduce a resistance value of each of the 

resistances R1 and R2 to be small for realizing a traveling 

wave electrode that is small in attenuation. Here, the 

resistance value depends upon the intermediate-concentration 

p-type semiconductor region 403-1 and the intermediate-

concentration n-type semiconductor region 403-2 that are 

small in a carrier density. 

[0045] Two methods as follows will be conceived for 

lowering the resistance of each of the resistances R1 and 

R2. First of all, the first method is to increase a doping 

concentration of each of the intermediate-concentration p-

type semiconductor region 403-1 and the intermediate-

concentration n-type semiconductor region 403-2 to increase 

the carrier density. The second method is to thicken the 

first slab portion CI and the second slab portion C2 in both 

the sides of the rib portion CO. 

[0046] First, the first method will be considered. 

Increasing the doping concentration and the carrier density 

of the intermediate-concentration p-type semiconductor 

region 403-1 and the intermediate-concentration n-type 

semiconductor region 403-2 leads to increasing a doping 

concentration of the rib portion CO in the Si semiconductor 
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layer 403 as the core of the optical waveguide 323. In this 

case, in a doping region of the rib portion CO in the Si 

semiconductor layer 403, since optical absorption by the 

carrier is made large, it is not possible to suppress the 

optical loss of the optical waveguide 323. Accordingly, the 

first method is not appropriate in the present embodiment. 

[0047] Next, the second method will be considered. In 

the present embodiment, the third slab portion C3 and the 

fourth slab portion C4 thicker than the first slab portion 

CI and the second slab portion C2 are provided further 

outside of the first slab portion CI and the second slab 

portion C2. Providing the third slab portion C3 and the 

fourth slab portion C4 causes an increase in a cross-

sectional area of each of the intermediate-concentration p-

type semiconductor region 403-1 and the intermediate-

concentration n-type semiconductor region 403-2. Then, it 

is possible to lower the resistance value of each of the 

resistances R1 and R2. At this time, when an optical 

waveguide in a distance wp_n in a region between the high-

concentration p-type semiconductor region 403-3 and the 

high-concentration n-type semiconductor region 403-4 is made 

as wide as and as thick as possible, it is possible to obtain 

the better effect. 

[0048] On the other hand, when the thickness of each of 

the first slab portion CI and the second slab portion C2 is 

made closer to the thickness of the rib portion CO, leak of 

a field of light into the third slab portion C3 and the 

- 29 -



fourth slab portion C4 is made large, and the field of the 

light enters the third slab portion C3 and the fourth slab 

portion C4 to increase the loss of the optical waveguide. 

Further, the field of the light existing in a region where 

the refraction index changes is reduced to be small due to 

the carrier plasma effect, therefore leading to degradation 

of the modulation efficiency as well. Therefore it is 

preferable that the thickness tl of the first slab portion 

CI and the thickness t2 of the second slab portion C2 are a 

half of the rib portion CO or less, that is, an unequal 

expression of tO/2 > tl and an unequal expression of tO/2 > 

t2 are met. 

[0049] Further, since the high-concentration p-type 

semiconductor region 403-3 and the high-concentration n-type 

semiconductor region 403-4 each have a sufficient carrier 

concentration and are low in resistivity, even when tl and 

t2 have the thickness to meet the aforementioned unequal 

expressions, an increase in the resistance value does not 

almost influence characteristics of the modulator. 

Therefore it is preferable to position the boundary between 

the high-concentration p-type semiconductor region 403-3 and 

the intermediate-concentration n-type semiconductor region 

403-1 and the boundary between the high-concentration p-type 

semiconductor region 403-3 and the intermediate-

concentration n-type semiconductor region 403-2 respectively 

in a region of the third slab portion C3 of the thickness t3 

and in a region of the fourth slab portion C4 of the thickness 
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t4 formed outside of the first slab portion CI and the second 

slab portion C2, because the most effect of the invention 

can be obtained. 

[0050] Next, the width wO of the rib portion CO, the 

width wl of the first slab portion CI, the width w2 of the 

second slab portion C2, the width w3 of the third slab 

portion C3 and the width w4 of the fourth slab portion C4 

will be explained. In the present embodiment, as described 

before, in a case where the width wl of the first slab 

portion CI and the width w2 of the second slab portion C2 

are made as small as possible, it is possible to obtain the 

more effect. However, since aligning accuracy of a photo 

mask at the production of the MZ type optical modulator 300 

is approximately ± 60 nm, if the width of each of wl and w2 

is set to 60 nm or less, it is assumed that wl and w2 will 

not be formed due to variations at the production. Then, 

since the neighbors of the rib portion CO are the third slab 

portion C3 and the fourth slab portion C4 having the second 

thickness to the rib portion CO, the field of the light leaks 

largely from the rib portion CO to cause an increase in an 

optical loss or a reduction in a modulation efficiency. On 

the other hand, when wl and w2 are large, the structure is 

closer to the structure of the conventional MZ type optical 

modulator 100 illustrated in Fig. 1 to reduce the effect of 

the present invention. Here, Table 1 illustrates an 

electrical field intensity of a phase modulation portion, an 

increase rate of an electrical field intensity in the MZ 
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type modulator 300 in comparison with the conventional MZ 

type optical modulator 100 (Fig. 1) and a calculation value 

of an attenuation constant a of a high-frequency signal in 

the MZ type optical modulator 300, at the time of changing 

values of wl and w2 in the MZ type modulator 300 in Fig. 5. 

An example in Table 1 illustrates calculation values when a 

modulation frequency is 10 GHz. 

[0051] 

Table 1 

Electrical 

field 

intensity 

(V/m) 

Increase rate 

in electrical 

field 

intensity 

Attenuation 

constant a 

(Np/m) 

MZ type 

optical 

modulator 100 

(Fig. 1 : 

conventional 

structure) 

1.64 E + 07 0 85.5 

wl (w2) = 

1000 nm 

1.66 E + 07 1.1 % 83.8 

wl (w2) = 400 

nm 

1.91 E + 07 16.2 % 75.1 

wl (w2) = 200 

nm 

2.06 E + 07 25.6% 67 . 1 
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[0052] The electrical field intensity, as compared to 

the conventional MZ type optical modulator 100, increases by 

25.6 % when wl (w2) is 200 nm, and by 16.2 % when wl (w2) is 

400 nm, but by 1.1 % only when wl (w2) is 1000 nm, by which 

the effect of the invention cannot be nearly obtained. 

Therefore it is preferable to set the value of wl to a value 

to meet the unequal expression of 60 nm < wl (w2) < 600 nm, 

because it is possible to obtain the maximum effect of the 

invention. 

[0053] Si semiconductor layers having the same thickness 

with the rib portion CO as the optical waveguide layer can 

be formed outside of the third slab portion C3 and the fourth 

slab portion C4. In this case, when the Si semiconductor 

layer having the same thickness as the rib portion CO exists 

in the region in close proximity to the rib portion CO in 

which the light wave-guides, since the light propagating in 

the rib portion CO leaks into the Si semiconductor layer 

having the same thickness in close proximity to the rib 

portion CO, the width w3 of the third slab portion C3 and 

the width w4 of the fourth slab portion C4 are required to 

be 200 nm or more in such a manner that the rib portion CO 

is not positioned in close proximity to the outside Si 

semiconductor layer. 

[0054] [Examples] 

The MZ type optical modulator 300 was produced in a 

size of a cross-sectional structure of the Si semiconductor 

layer 403 as follows as an example, based upon the thickness 
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tO of the rib portion CO, the thickness tl of the first slab 

portion CI, the thickness t2 of the second slab portion C2, 

the thickness t3 of the third slab portion C3, the thickness 

t4 of the fourth slab portion C4, the width wO of the rib 

portion CO, the width wl of the first slab portion CI, the 

width w2 of the second slab portion C2, the width w3 of the 

third slab portion C3 and the width w4 of the fourth slab 

portion C4, which were calculated as described above. In 

addition, the doping concentrations are as follows. 

[0055] 

Rib portion CO 

tO = 22 0 nm wO = 50 0 nm 

First slab portion CI 

tl = 8 0 nm wl = 100 nm 

Second slab portion C2 

t2 = 8 0 nm w2 = 100 nm 

Third slab portion C3 

t3 = 150 nm w3 > 200 nm 

Fourth slab portion C4 

t4 = 150 nm w4 > 200 nm 

High-concentration p-type semiconductor region 403-3 

p-1-1" : 1 x 1020 cm-3 

High-concentration n-type semiconductor region 403-4 

n++ : 1 x 1020 cm"3 

Intermediate-concentration p-type semiconductor region 403-

1 

p+ : 2.7 x 1017 cm-3 

- 34 -



Intermediate-concentration n-type semiconductor region 403-

2 

n+ : 3.0 x 1017 cm"3 

Fig. 7 is a diagram illustrating a relation of 

quenching characteristics of the conventional MZ type 

optical modulator 100 (Fig. 1), quenching characteristics of 

the MZ type optical modulator 300 produced by the dimension 

according to the present embodiment, and quenching 

characteristics of the MZ type optical modulator produced as 

tl = t2 = t3 = t4 = 150 nm. In Fig. 7, the quenching 

characteristics of the conventional MZ type optical 

modulator 100 is illustrated in a curved line 701, the 

quenching characteristics of the MZ type optical modulator 

300 produced by the dimension according to the present 

embodiment is illustrated in a curved line 702 and the 

quenching characteristics of the MZ type optical modulator 

produced as tl = t2 = t3 = t4 = 150 nm is illustrated in a 

curved line 703. When a voltage is applied to the phase 

modulation portion in the MZ type optical modulator, phases 

of lights propagating in two optical waveguides in an MZ 

interference system change, the optical intensity is once 

reduced, and thereafter, the phase-inversed light is 

outputted. In the quenching characteristics (curved line 

7 01) of the MZ type optical modulator produced as tl = t2 = 

t3 = t4 = 150 nm, an optical loss is large since the field 

of the light leaks from the rib portion as a core. In 

addition, it is found out that since the field of the light 
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existing in a region where the refraction index changes is 

reduced to be small due to the carrier plasma effect, the 

modulation efficiency is degraded. Therefore it is found 

out that it is preferable that a relation of to, tl and t3 

meets an unequal expression of tO > t3 > tl as in the case 

of the present embodiment and a relation of tO/2 > t4 is met. 

Further, it is found out that it is preferable that a 

relation of tO, t2 and t4 also meets an unequal expression 

of tO > t4 > t2 and a relation of tO/2 > t4 is met. 

[0056] Fig. 8 is graphs each illustrating a comparison 

in a calculation value of electrical frequency 

characteristics (S - parameter) of a modulator between the 

conventional MZ type optical modulator 100 and the MZ type 

optical modulator 300 produced according to the present 

embodiment. Fig. 8A illustrates frequency characteristics 

of a reflected signal (S11) and Fig. 8B illustrates frequency 

characteristics of a transmission signal (S21). Here, in 

Fig. 8A, the frequency characteristics of the reflected 

signal (S11) of the conventional MZ type optical modulator 

100 are illustrated in a curved line 801, and the frequency 

characteristics of the reflected signal (S11) of the MZ type 

optical modulator 300 in the present embodiment are 

illustrated in a curved line 802. The frequency 

characteristics of the transmission signal (S21) of the 

conventional MZ type optical modulator 100 are illustrated 

in a curved line 803, and the frequency characteristics of 

the transmission signal (S21) of the MZ type optical 
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modulator 300 in the present embodiment are illustrated in 

a curved line 804. In the MZ type optical modulator 300 in 

the present embodiment, it is found out that since the loss 

of the high-frequency electrical signal in the traveling 

wave electrode is small, the attenuation of the transmission 

signal (S21) is small and a frequency band defined in 6 dB 

is 18 GHz, which is larger than 16 GHz of the conventional 

MZ type optical modulator 100. 

[0057] Fig. 9 is diagrams each illustrating a comparison 

of an electrical field intensity distribution in a p-n 

junction portion between the conventional MZ type optical 

modulator 100 and the MZ type optical modulator 300 in the 

present embodiment. Fig. 9A illustrates an electrical field 

intensity distribution in a p-n junction portion in the Si 

semiconductor layer 203 of the conventional MZ type optical 

modulator 100. Fig. 9B illustrates an electrical field 

intensity distribution in a p-n junction portion in the Si 

semiconductor layer 403 of the MZ type optical modulator 300 

in the present embodiment. At the time of the modulation 

frequency of 10 GHz, the electrical field intensity in the 

p-n junction portion in the Si semiconductor layer 403 in 

the present embodiment is larger by 25.6 % as compared to 

the electrical field intensity in the p-n junction portion 

in the conventional Si semiconductor layer 203, and the 

attenuation constant a is 67.1 Np/m, which is also smaller 

than 85.5 Np/m in the conventional structure. From the 

result in Fig. 8 and Fig. 9, it is found out that according 
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to the present invention, it is possible to realize the 

excellent Si optical modulator that is small in a loss of 

the high-frequency signal. 

[0058] [Second Embodiment] 

Fig. 10 is an upper surface transparent view 

illustrating the configuration of an MZ type optical 

modulator 1000 according to a second embodiment of the 

present invention, and particularly illustrates a connecting 

section between an optical waveguide 1003 and an optical 

waveguide 1023 of a phase modulation portion 1011. Fig. 10 

(a) is a cross section of the optical waveguide 1003 in a 

direction vertical to a waveguide direction (x axis 

direction) of light, Fig. 10 (b) is an upper surface 

transparent view of the connecting section between the 

optical waveguide 1003 and the optical waveguide 1023 of the 

phase modulation portion 1011, and Fig. 10 (c) is a cross 

section of the optical waveguide 1023 of the phase modulation 

portion 1011 in a direction vertical to the waveguide 

direction (x axis direction) of light. The MZ type optical 

modulator 1000 according to the second embodiment is 

configured such that the connecting section between the 

optical waveguide 303 and the optical waveguide 323 of the 

phase modulation portion 311 in the MZ type optical modulator 

300 in the first embodiment is structured to be that of Fig. 

10 (b). The incident-side optical waveguide 1003 is 

connected to the optical waveguide 1023 of the phase 

modulation portion 1011 in the connection section, and the 

- 38 -



incident-side optical waveguide 1003 corresponds to the 

waveguide 303 of the first embodiment, the phase modulation 

portion 1011 corresponds to the phase modulation portion 311 

and the optical waveguide 1023 corresponds to the optical 

waveguide 323. The optical waveguide 1003 is configured of 

the rib portion CO, the first slab portion CI and the second 

slab portion C2. 

[0059] In the connecting section, the width in the region 

of the first slab portion CI is gradually narrower along 

with the waveguide direction of the light and becomes the 

width wl. Likewise, the width in the region of the second 

slab portion C2 is gradually narrower and becomes the width 

w2. With the connecting section formed in this manner, the 

mode field of the light of the rib waveguide 1003 and the 

optical waveguide 1023 of the phase modulation portion 1011 

is gradually changed, making it possible to provide a 

waveguide connecting portion small in a loss. The field of 

the light exists in the regions leaking from the rib portion 

CO in both of the phase modulation portion and the optical 

waveguide. Therefore, the effective refraction index of the 

light propagating in the optical waveguide is subjected to 

an influence from a refraction index of each of the third 

slab portion C3 and the fourth slab portion C4. By causing 

the third slab portion C3 and the fourth slab portion C4 to 

gradually approach the rib portion CO, a rapid change in the 

effective retraction index can be prevented to suppress the 

reflectance loss and the dispersion loss to be small. 
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[0060] Preferably an approaching method of the third slab 

portion C3 and the fourth slab portion C4 is to perform the 

approach in a ratio of a length of 10 % or less to a length 

L long enough for the wavelength of light, such as an 

approach length of 1 |J,m to a propagation length L of 10 (ini. 

Reference Signs List 

[0061] 

100, 300 MZ type phase modulator 

101, 103, 104, 105, 106, 108, 123, 301, 303, 304, 305, 306, 

308, 323 Optical waveguide 

102, 302 Optical branching filter 

107, 307 Optical multiplexer 

111, 112, 311, 312 Phase modulation portion 

121, 122, 124, 125, 321, 322, 324, 325 Traveling wave 

electrode 

201, 401 Si substrate 

202, 204, 205, 206, 402, 404, 405, 406 Si02 clad layer 

203, 403 Si semiconductor layer 

203-3, 403-3 High-concentration p-type semiconductor region 

203-4, 403-4 High-concentration n-type semiconductor region 

203-1, 403-1 Intermediate-concentration p-type semiconductor 

region 

203-2, 403-2 Intermediate-concentration n-type semiconductor 

region 

AO, CO Rib portion 

Al to A2, CI to C4 Slab portion 
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, R2 Resistance 



CLAIMS 

1. An optical modulator (300) comprising: 

a substrate (401); and 

a phase modulation portion (311) on the substrate, the 

phase modulation portion (311) including an optical 

waveguide (323) comprised of a first clad layer (402), a 

semiconductor layer (403) that is laminated on the first 

clad layer (402) and has a refraction index higher than the 

first clad layer (402) and a second clad layer (404) that is 

laminated on the semiconductor layer (403) and has a 

refraction index lower than the semiconductor layer (403), 

a first traveling wave electrode (321), and a second 

traveling wave electrode (322), wherein the semiconductor 

layer (403) includes: 

a rib (CO) that is formed in the optical waveguide 

(323) in an optical axis direction and is a core of the 

optical waveguide (323); 

a first slab (CI) that is formed in the optical axis 

direction in one side of the rib (CO); 

a second slab (C2) that is formed in the optical axis 

direction in the other side of the rib (CO); 

a third slab (C3) that is formed in the first slab (CI) 

in the optical axis direction at the opposite side to the 

rib (CO); and 
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a fourth slab (C4) that is formed in the second slab 

(C2) in the optical axis direction at the opposite side to 

the rib (CO), wherein 

the first slab (CI) is formed to be thinner than the 

rib (CO) and the third slab (C3), and 

the second slab (C2) is formed to be thinner than the 

rib (CO) and the fourth slab (C4). 

2. The optical modulator (300) according to claim 1, 

wherein when a thickness of the rib (CO) is indicated 

at tO, a thickness of the first slab (CI) is indicated at tl 

and a thickness of the third slab (C3) is indicated at t3, 

a relation of the thicknesses meets an unequal expression of 

tO > t3 > tl, and when a thickness of the second slab (C2) 

is indicated at t2 and a thickness of the fourth slab (C4) 

is indicated at t4, a relation of the thicknesses meets an 

unequal expression of tO > t4 > t2. 

3. The optical modulator (300) according to claim 2, 

wherein a relation of the thicknesses further meets an 

unequal expression of tO/2 > tl and an unequal expression of 

tO/2 > t2. 

4. The optical modulator (300) according to claim 3, 

wherein 

the first traveling wave electrode (321) is formed in 

the optical axis direction on an upper surface of an end in 
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the third slab (C3) at the opposite side to the rib (CO) , 

and 

the second traveling wave electrode (322) is formed in 

the optical axis direction on an upper surface of an end in 

the fourth slab (C4) at the opposite side to the rib (CO). 

5. The optical modulator (300) according to claim 4, 

wherein 

an end of the third slab (C3) at the opposite side to 

the first slab (CI) is a high-concentration p-type 

semiconductor region (403-3) and an end of the fourth slab 

(C4) at the opposite side to the second slab (C2) is a high-

concentration n-type semiconductor region (403-4), and 

the first slab (CI)-side of the third slab (C3), the 

first slab (CI) and the first slab (CI)-side of the rib (CO) 

are an intermediate-concentration p-type semiconductor 

region (403-1), and the second slab (C2)-side of the fourth 

slab (C4), the second slab (C2) and the second slab (C2)-

side of the rib (CO) are an intermediate-concentration n-

type semiconductor region (403-2) . 

6. The optical modulator according to claim 5, wherein 

a junction portion between the intermediate-

concentration p-type semiconductor region (403-1) and the 

intermediate-concentration n-type semiconductor region (403— 

2) has a p-n junction structure. 
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7. The optical modulator (300) according to claim 5, 

wherein a junction portion between the intermediate-

concentration p-type semiconductor region (403-1) and the 

intermediate-concentration n-type semiconductor region (403-

2) has a p-i-n junction structure in which an i-type 

(intrinsic) semiconductor region not doped is further 

interposed between the intermediate-concentration p-type 

semiconductor region (403-1) and the intermediate-

concentration n-type semiconductor region (403-2) . 

8. The optical modulator (300) according to claim 3, 

wherein when a width of the first slab (CI) is indicated 

at wl and a width of the second slab (C2) is indicated at 

w2, a relation of the wl meets an unequal expression of 60 

nm < wl < 600 nm, and a relation of the w2 meets an unequal 

expression of 60 nm < w2 < 600 nm. 

9. The optical modulator (300) according to claim 2, 

wherein in a connecting portion between the phase 

modulation portion (311) and a rib waveguide formed in the 

optical modulator, a width in a region of each of the first 

slab (CI) and the second slab (C2) of the phase modulation 

portion (311) is gradually narrower toward the phase 

modulator. 
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