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Abstract—A high-efficiency Mach-Zehnder modulator (MZM)
using InGaAsP phase shifters and a semiconductor optical am-
plifier (SOA) using multiple-quantum-well (MQW) are integrated
on Si-waveguide circuits. Membrane structure is easy to opti-
cally couple to the widely-used 220-nm-thick Si waveguides, be-
cause both layers have comparable effective refractive indices.
To integrate different bandgap III-V compound semiconductors;
InGaAsP-based MQW for SOA and InGaAsP bulk for MZM,
we employ epitaxial regrowth on thin-InP layer that is directly
bonded on a silicon-on-insulator (SOI) wafer. Their thicknesses
are smaller than the critical thickness (~430 nm) for epitaxial
growth of the InP-based layers bonded on the SOI wafer. This
fabrication procedure is beneficial for the wafer-level integration of
InP-based devices with different bandgaps on Si-photonic circuits.
Furthermore, membrane lateral p-n and p-i-n diode structures
improve the modulation efficiency of the MZM and reduce the
power consumption of the SOA due to the high optical confinement
factor and small active area. The integrated 300-2¢m-long SOA and
MZM with 500-,cm-long phase shifters show a fiber-to-fiber lossless
operation with the SOA current of only 24 mA at room temperature.
The modulation efficiency of the compact MZM is high enough
for eye opening with non-return-to-zero (NRZ) signals from 28 to
40 Gbit/s. By using the SOA to amplify the signals modulated by the
MZM, the fiber output power of —3.4 dBm was obtained without
any significant pattern effect.

Index Terms—Electrooptic modulators, semiconductor optical
amplifiers, optoelectronic devices.

I. INTRODUCTION

ETWORK traffic in datacenters is rapidly increasing, so
N there is a strong demand for large-capacity optical fiber
links to provide high-throughput data transmission. The critical
issues in meeting this demand are the cost, size, and power
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consumption of the large-capacity optical transceivers. A Mach-
Zehnder modulator (MZM) is a key component of large-capacity
optical transceivers because it provides high baud rates and
enables the use advanced modulation formats with both phase
and intensity modulation. Recently, Si photonics technology has
been used to monolithically integrate MZMs with various com-
pact optical components, such as wavelength filters, polariza-
tion splitters and rotators, and photodetectors [1]—[3]. Photonic
integrated circuits (PICs) using this technology can reduce the
size and assembly cost of optical transceiver modules. However,
problems with Si photonics include a large fiber coupling loss,
poor modulation efficiency and large absorption loss of the Si
MZMs, as well as a lack of integrated optical gain devices
such as laser diodes and optical amplifiers. At present, these
problems limit the further reductions in the cost, size, and power
consumption of optical transceivers.

A promising solution is a heterogeneous integration of III-V
semiconductors on a Si platform. InP-based materials provide
high-efficiency optical phase modulation and low free-carrier
absorption loss [4], [5], which are beneficial for improving
MZM performance [5]-[7]. In addition, they also provide a large
optical gain due to their direct bandgap and can therefore be used
to integrate optical gain devices on a Si platform. The recent
progress in the direct wafer bonding method makes it easy to
integrate III-V layers on a Si platform [8], [9]. Several types of
MZMs, lasers, and SOAs have been demonstrated by using I1I-V
semiconductors on Si [6], [7], [10]-[13]. However, integrating
them on Si-waveguide circuits is still challenging. One of the
issues is optical coupling between the III-V semiconductor and
Si waveguide layers. Typical InP-based vertical diodes have
2-3-um-thick semiconductor layers, but their effective refrac-
tive index is much larger than that of the widely-used 220-nm-
thick Si waveguide [12], [14], [15], which makes it difficult to
optically couple III-V layers to it. In previous works, the Si
layer thickness was increased to 400-500 nm for effective index
matching, but such a thick Si layer is not compatible with the
widely developed 220-nm-thick Si waveguides. Another issue is
the integration of materials with different bandgaps for the MZM
and optical gain devices on Si waveguide circuits. A preferable
approach to integrate different bandgap materials is using an
epitaxial regrowth technique, because this is the same fabri-
cation procedure to fabricate III-V semiconductor-based PICs
such as electro-absorption modulator integrated DFB (EA-DFB)
laser. In EA-DFB laser, different bandgap materials have been
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monolithically integrated on InP wafer by using the epitaxial
growth process. However, once a 2-3-um-thick III-V layer is
bonded onto a silicon-on-insulator (SOI) wafer, it is difficult
to form different-bandgap materials by epitaxial growth, due
to thermal expansion coefficient mismatch between III-V semi-
conductors and Si. As a result, we have to employ multiple-die
bonding of different materials (i.e., micro transfer printing [16],
[17]); however, it is not suitable for high-throughput fabrication
of a large number of components.

To overcome these problems, the best way to solve the prob-
lems is to reduce the III-V layer thickness. When the I1I-V layer
thickness is comparable to the Si layer thickness, the effective
refractive index of the III-V layer becomes small enough for op-
tical coupling to Si waveguides [11], [18]. In addition, such III-V
layer thickness is much smaller than the critical thickness. Here,
the critical thickness (~430 nm) is determined by the difference
in the thermal expansion coefficients between the III-V layer
and Si substrate, as discussed in our previous work [19]. So,
materials with various bandgaps can be integrated on Si wave-
guide circuits by using epitaxial regrowth. In previous work, we
have demonstrated epitaxial regrowth of InP layer to fabricate
low-power consumption directly modulated lasers [20], [21].
For MZM, we have proposed to use a high-efficiency membrane
InGaAsP phase shifters and hydrogen-free SiN waveguides [7],
[22], and demonstrated a V ;L of 0.4 Vcm and error-free opera-
tion for 40-Gbit/s NRZ signals [7]. However, the insertion loss,
including that of the fiber couplings and MZM, was still large,
and the phase shifter had not been integrated with the widely
used 220-nm-thick Si-waveguide circuits yet. In this work, we
integrated our previously proposed membrane InGaAsP phase
shifter with an SOA on 220-nm-thick Si waveguide circuits [23].
To integrate them with the Si waveguide, we employ chemical
mechanical polishing (CMP) before bonding InP substrate in-
cluding multiple-quantum-well (MQW) layer of the SOA. After
that we demonstrate the epitaxial regrowth of InGaAsP bulk
layer for the phase shifter. Advantage of the membrane SOA
is that we can design to compensate for the total optical loss
of the fiber couplings and MZM with a low injection current.
We describe the characteristics in detail, including the optical
gain at room temperature [23] and 80 °C, and dynamic modu-
lation for 28- and 40-Gbit/s NRZ signals for booster amplifier
operation.

II. DESIGN AND FABRICATION

Fig. 1(a) shows a top view of the integrated MZM and
SOA on 220-nm-thick Si-waveguide circuits [23]. The SOA
is 300 pm long. It is integrated with silicon waveguides and
connected to the compact MZM, which consists of 2 x 2 Si
multimode interferometers (MMIs) and 500-um long InGaAsP
phase shifters. Fiber-chip interfaces are formed from a large 3-
x-3-pm? silica-based (SiOx) core. 300-;zm-long inverse silicon
taper waveguides are used to convert the light from Si core to
SiOx core [1], [24]. The spot-size converter typically provides
a low coupling loss (~2 dB/facet) and easy butt-coupling to an
optical fiber.

Fig. 1(b) shows a cross-sectional view of the SOA. The
SOA has an InGaAsP-based six-period MQW core, whose
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Fig. 1. (a) Bird’s eye view of integrated membrane MZM and SOA on Si
waveguide circuits [23]. Cross section views and calculated mode field patterns
of (b) SOA and (c) phase shifter.

photoluminescence (PL) wavelength is 1.52 pum. The size of
the MQW core is 0.6 x 0.1 yum?. The core is buried within
the 230-nm-thick InP layer, whose thickness is comparable to
the Si-layer thickness (220 nm) for effective-refractive-index
matching. This device has a lateral current-injection p-i-n diode
structure. Although there is a tradeoff between the power con-
sumption and saturation output power, in this work, we focused
on the low-power-consumption operation. To reduce the current
required for the SOA, the small cross-sectional area of the active
region and large fill factor in the MQW layer are essential.
Thanks to the effective index matching, the fill factor in the
MQW can be controlled by changing the Si-core width. Fig. 2
shows the calculated fill factors in the MQW, p-InP, and Si
with various Si-core widths. The SiOs thickness between the
ITI-V and Si layers is 100 nm. The fill factor in the MQW layer
increases with decreasing Si width, but almost saturates at the
width of less than 400 nm. The fill factors in the p-InP and Si
core get larger and smaller with decreasing Si width. Since the
absorption loss of the p-InP is much larger than that of the Si,
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Fig. 2. Calculated fill factor into p-type InP, Si core, and MQW layer for
various Si-core widths.

the core width should be set to around 400 nm to obtain the
largest fill factor in the MQW with a low p-InP absorption loss
for low-current operation. In this work, we set the Si width to
440 nm, which provides fill factors in the MQW and p-InP layers
of about 9.4% and 8%, respectively. The change in the fill factor
in the MQW is less than +0.1%, when the SiO, thickness is
varied from 80 to 120 nm.

Fig. 1(c) shows a cross-sectional view of the phase shifter.
We used a membrane lateral p-n diode structure for the carrier-
depletion phase shifter proposed in our previous work [6], [7].
The n-type InGaAsP core, whose PL peak wavelength is 1.3
pm, is buried within the 230-nm-thick InP layer. The size of the
InGaAsP core is 0.6 x 0.1 ym?. Fig. 1(c) also shows an optical
mode field pattern of the phase shifter. In the previous work,
this type of the membrane InGaAsP phase shifter with the SiN
waveguide showed a VL of around 0.4 Vcm due to the high
optical confinement factor, and demonstrated 40-Gbaud opera-
tion [7]. Thanks to the high modulation efficiency, it provides
low-voltage modulation despite the short phase-shifter (500
pm). Here, we simply followed the design of the phase shifter
in our previous work, but this design has not been optimized.
Ideally, with the high optical confinement factor maintained, the
optical loss due to the p-type InP region can be reduced further
by coupling to the Si core, as described above.

Both the phase shifter and SOA are connected to the 0.22-x-
0.44-pm? Si waveguide core with reasonably narrow and short
InP tapers. Fig. 3 shows a schematic of the taper region between
the Si waveguide and SOA. The tip of the InP taper is 100-
nm wide. The membrane III-V layer easily couples to the Si
waveguide and thus provides very low-loss and short tapers [14].
The calculated taper coupling loss is less than 0.1 dB. In addition,
the tip of short membrane taper has a low aspect ratio, which
makes the taper easy to fabricate compared with the high-aspect-
ratio taper of typical vertical diodes. By using the membrane
layer, the low-loss and low-reflection InP taper can be easily
fabricated to integrate the SOA on a Si platform.
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Fig. 3. Schematic of taper between Si waveguide and SOA.
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Fig. 4.  Fabrication procedure for integrated MZM and SOA.

We fabricated the designed device by combining the direct
bonding and epitaxial regrowth, as shown in Fig. 4. First, a Si
waveguide layer was patterned on a SOI wafer, whose buried
oxide thickness was 2 pm. Next, the SiO, cladding film was
deposited, followed by CMP [Fig. 4(a)]. Here, the SiO5 thick-
ness on the Si layer was controlled to be 100 nm. After that,
an InP wafer including an InGaAsP MQW layer for the SOA
was bonded onto the SOI wafer by using the oxygen-plasma-
assisted bonding method [20], [25]. After the removal of the
InP substrate [Fig. 4(b)], the MQW layer was removed without
reducing the area for the SOA, and the 50-nm-thick InP layer
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Fig. 5. (a) Micro PL spectrum of fabricated buried cores of phase shifter and
SOA [23]. (b) Microscope image of fabricated device [23], and cross sectional
TEM images of (c) phase shifter and (d) SOA.

remained on the SiOy [Fig. 4(c)]. Then, an n-type InGaAsP
bulk layer was regrown on the remaining InP layer at 600 °C
[Fig. 4(d)]. After that, the cores for both the SOA and phase
shifter were patterned [Fig. 4(e)], followed by regrowth of an
InP layer to form the buried heterostructures [Fig. 4(f)]. After
growing an InGaAs contact layer, the donor and acceptor regions
were formed by Si ion implantation and Zn thermal diffusion,
respectively [Fig. 4(g)] [20]. Next, the InGaAs contact layer
was patterned, and then the InP tapers and mesa regions were
formed [Fig. 4(h)]. Finally, in the backend process, the metal
electrodes and SiOx cores were fabricated [Fig. 4(i)]. Thanks to
the membrane structure, the InGaAsP and InP bulk layer were
regrown on the SOI wafer without any of the cracks typically
caused by thermal expansion during the epitaxial growth process
[19]. This is beneficial for wafer-level integration of various
III-V devices on Si.

Fig. 5(a) shows a measured micro PL spectrum of the fab-
ricated buried cores of the phase shifter and SOA. Materials
with different bandgaps were successfully formed on the SOI
wafer by using the epitaxial growth process. Fig. 5(b) shows
a microscope image of the fabricated MZM-SOA device. The
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Fig. 6. (a) Experimental setup to measure optical gain and (b) measured fiber-
to-fiber gain with various injection currents to SOA.

small footprint of around 1.6 x 0.3 mm? was achieved by using
the short phase shifter and InP tapers, and by the heterogenous
integration without a chip assembly process. Fig. 5(c) and (d)
shows cross-sectional transmission electron microscope (TEM)
images of the fabricated phase shifter and SOA. Even though
the buried MQW core is very small, it was precisely aligned
with the Si core because the SOA was formed by a wafer-level
process using lithography, not a chip assembly process. Thus,
by combining wafer bonding and epitaxial growth, we were able
to fabricate the membrane devices with the Si waveguide.

III. MEASURED CHARACTERISTICS
A. Amplification of CW Light

First, we characterized the optical gain of the integrated SOA.
Fig. 6(a) shows the experimental setup. We input continuous
wave (CW) light from a tunable laser diode to the polarization
controller, which set the polarization to the transverse electric
(TE) mode. The TE-mode light was coupled to the chip and
then input to the SOA. The DC bias of the MZM was set to
maximize the output power from the cross port. The chip was
set onto the stage, whose temperature was controlled by a Peltier
cooler. Input and output fibers were lensed fibers. In this work,
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Fig. 7. Measured temperature dependences of (a) output light spectrum and
(b) fiber-to-fiber gain at 26 mA.

the fabricated device did not have a phase-tuning heater, and
in the experiment, the input wavelength was fixed to 1530 nm.
Fig. 6(b) shows the measured injection-current dependence of
the fiber-to-fiber gain, which is defined as the gain normalized
by the fiber-to-fiber transmission. Here, the fiber input power
was —3 dBm and the fiber coupling loss was ~2 dB, which was
estimated by measuring the transmittance of the reference Si
waveguide on the chip. The lossless condition was achieved at an
injection current of only around 24 mA and power consumption
of around 54 mW. Total optical losses, including those of the
MZM and two fiber-chip couplings, are completely compensated
by the low injection current, thanks to the membrane structure.

We also characterized the temperature dependence of the
optical gain. Fig. 7(a) shows the measured output light spectrum
at the injection current of 26 mA at temperatures from 25 to
80 °C. The wavelength of the input light was 1530 nm. At
high temperatures, the amplified spontaneous emission (ASE)
spectrum was broadened and its peak wavelength was shifted to
longer wavelength. Fig. 7(b) shows the measured fiber-to-fiber
gain at temperatures from 25 to 80 °C. The SOA injection
current and the fiber input power were 26 mA and —3 dBm. The
fiber-to-fiber gain slightly degraded with increasing temperature
because the material gain of the MQW layer was reduced at high
temperatures. However, the total loss was only 3.3 dB even at
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80 °C, which is much lower than that of conventional MZM
devices on a Si platform without an integrated SOA. We also
achieved the low-loss and low-power-consumption operation at
high temperature. Here, the injection current to the SOA was set
to prevent the lasing at 25 °C. The lasing was caused mainly by
optical reflections at the fiber-chip interface and experimental
setup. The optical reflections could be reduced applying butt
coupling to the optical fiber and introducing an optical isolator
in the setup. Then the loss at high temperature could be reduced
by increasing the injection current. Furthermore, from the mea-
sured ASE spectrum [(Fig. 7(a))], the gain reduction at high
temperature can be suppressed at the longer wavelength than
1530 nm in the C band due to the detuning of the PL wavelength
of the MQW layer.

B. Amplification of Modulated Light

Next, we input CW light from the fiber to the MZM and
amplified the modulated signals with the integrated SOA. Input
light propagates in the opposite direction from that mentioned
in the previous section, as shown in Fig. 8. This situation is more
practical for the booster amplifier because the amplified signal
does not pass through the MZM and thus an output power larger
than those mentioned in the previous section can be obtained.
However, the signal quality of the output light strongly depends
on the fiber input power because of the pattern effect due to
the depletion of the injected carriers in the saturated region.
Therefore, the operation condition of the SOA must be carefully
considered.

Fig. 8 shows the experimental setup for the booster amplifier
configuration. The TE-mode CW light was input to the MZM,
and then the modulated signals were amplified by the SOA on
the chip. The RF signals were generated by the pulse pattern
generator (PPG) and fed into the linear amplifier. The monitored
amplified signal at NRZ 28 Gbit/s is shown in Fig. 8. The RF
signal was input to one arm of the MZM with the DC bias of
—2.0 V. The other arm was set to a DC bias of —5.5 V. The
output signal from the SOA was coupled to the output fiber and
then fed into the photodiode/transimpedance amplifier (PD/TIA)
module. Here, the input and output fibers were high numerical
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aperture fibers, which were butt-coupled to the SiOx core. The
modulated signals were measured by the sampling oscilloscope.

First, to check the saturation characteristics of the device, we
measured the output power and fiber-to-fiber gain with various
fiber input optical powers without RF input. Here, the injection
current to the SOA was fixed at 28 mA. Fig. 9(a) and (b) show
the measured input-power dependence of the fiber output power
and fiber-to-fiber gain. Here, the DC bias of the MZM (—2.0 V)
was set for the largest eye amplitude at the wavelength of
1531.78 nm (near the quadrature point), but not for the maximum
transmittance of the MZM, as tested in the previous section.
Therefore, the measured fiber-to-fiber loss was over zero. As
shown in Fig. 9(b), a 3-dB gain reduction was observed at the
fiber input power of over +3.5 dBm due to the output power
saturation. At that power, the fiber-coupled output power was
around —1.5 dBm. To prevent the pattern effect of the SOA,
we set the input power to —0.5 dBm for the unsaturated region,
which means the fiber output power was around —3.4 dBm. The
measured eye diagram for 28- and 40-Gbit/s NRZ signals with

NRZ 28 Gbit/s NRZ 28 Gblt/s

Eamm P*wt@\
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Fig. 10. Measured eye diagrams for NRZ 28-Gbit/s signals with PRBS (a)
27-1 and (b) 23'-1 and NRZ 40-Gbit/s signals with PRBS (c) 27-1 and (d) 23!-1.

pseudo-random bit sequence (PRBS) 27-1 and 23'-1 are shown
in Fig. 10(a)—(d), respectively. The input peak-to-peak voltage
to one arm of the MZM was 4 V,;,. Since the input power was
lower than the saturation power, the eye diagrams for both PRBS
27-1 and 23!-1 were opened without significant pattern effect.
We measured the eye diagram using the p-i-n diode and obtained
the extinction ratio of ~10 dB at NRZ 28 Gbit/s with 4 V,,,, even
though the phase shifter length was only 500 pm. The result is
almost consistent with the previous results [7] and indicates that
the integrated MZM has high modulation efficiency. The high
efficiency MZM was integrated with the SOA by using the direct
wafer bonding and epitaxial growth of the InGaAsP-bulk layer
on the Si-waveguide circuits.

In this work, the measured saturation output power was not so
large, because the large fill factor and small cross-sectional area
of the MQW core were designed for low-power-consumption
operation, which is suitable for short-link applications. These
parameters must be changed depending on the target applica-
tions. For the large saturation output power, reducing the fill
factor and increasing the active area are necessary.

IV. CONCLUSION

We described an integrated high-efficiency membrane In-
GaAsP MZM with an MQW SOA on Si-waveguide circuits. The
membrane lateral p-n and p-i-n diode structures were beneficial
for optical coupling to widely-used 220-nm-thick Si waveguides
and epitaxial growth of materials with different bandgaps on the
SOI wafer. The optical gain of the fabricated device is large
enough for low fiber-to-fiber loss with the SOA current of only
24 mA, and the fiber-to-fiber loss is only 3.3 dB even at 80 °C
at 26 mA. In addition, the SOA amplified the optical signals,
modulated by the integrated MZM, at NRZ 28 and 40 Gbit/s for
both PRBS 27-1 and 23'-1. This technology has a potential to
reduce the cost, size, and power consumption of large-capacity
optical transceivers.
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