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Chapterl
Introduction

1.1 Silicon Photonics

1.1.1 Overview

Silicon (Si) photonics involves fabrication of photonics components in a thin Si slab via mature
complementary metal oxide semiconductor (CMOS) technology [1-1]-[1-4]. Si has been intensively
used as a material for integrated circuits (IC) because it is a stable, safe, and easily obtainable
semiconductor. In addition, the band gap energy of Si is 1.12 eV, corresponding to the band gap
wavelength A of 1.1 pum; thus, Si is transparent at the optical communication wavelengths, e.g., 1.3 um
(O band) and 1.55 um (C band) [1-1-4]. Si photonics has the following attractive advantages: (1) strong
light confinement in a small volume, (2) low-cost mass production, and (3) monolithic integration with
electronic IC. Therefore, Si photonics is expected to be applied to various fields involving optical
interconnects [1-5]-[1-7], as a densely integrated photonics platform with complex functionalities.
Figure 1.1 shows an example of a Si photonics chip fabricated on a silicon-on-insulator (SOI) wafer via
a CMOS fabrication process. This several-mm?-size chip can contain various compact optical
components including optical waveguides [1-8]-[1-10], optical couplers and splitter [1-11]-[1-14],
multiplexers/demultiplexers for wavelength division multiplexing [1-15]-[1-18], Germanium (Ge)
photodetectors (PDs) [1-19]—-[1-21], and optical modulators [1-22]-[1-25]. The Si photonics can utilize
CMOS fabrication facilities and produce integrated photonics chips at large scale. This capability allows
for photoelecrical fusion on chip scale as well as low-cost mass production.

The strong light confinement in Si waveguides enables waveguide bending at small radius. This
capability is advantageous for high-density optical integration because the bending radius usually limits
the device footprint. The degree of light confinement depends on the refractive indices of the waveguide
core and the cladding materials and is characterized by the relative refractive index difference A [1-26]:
2 _ n22

A=—1—2
2n’

1

(1.1)

where n1 and n2 are the refractive indices of the core and cladding materials, respectively. A of the
waveguides consisting of a Si core (refractive index n ~ 3.45) and SiO:z (n ~ 1.45) cladding is as high as
~40%. This high A enables sharp bends at a small radius of ~5 pm [1-27] and dense photonic integration
on a small chip as small as several mm?. In contrast, A of SiOz planar waveguides is typically lower than

1%, resulting in a large bending radius of over 5 mm [1-28].



Figure 1.1  Si photonics chip fabricated on a SOI wafer.
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Figure 1.2 Concept of interconnection schemes. (a) electrical interconnects. (b) optical interconnects.

1. 1.2 Applications

(a) Optical Interconnects in Data Centers

Data centers are facilities that aggregate information technology (IT) instruments, such as server
computers and Ethernet switches. Data centers have become the new infrastructure of IT services, for
example, cloud storage, social networking, and video streaming. However, with the growth of data
centers, three problems are becoming more serious. The first problem is the huge amount of power
consumption; the power consumption of a data center has reached up to several megawatts [1-29]. The
second problem is the rapidly increasing enormous data traffic; Cisco estimated that data traffic in global
data centers will reach 19.5 Zbytes/year by the end of 2021, up from 6.0 Zbytes/year in 2016 [1-30].
The third problem is physical upscaling of the data centers; the number of “hyperscale datacenters,”
defined as any data center with at least 5000 servers and 10000 square feet [1-31], is increasing to
support the huge amount of data traffic.

Optical interconnects, i.e., relatively short-distance optical data communications between electrical
circuits constituting a network, is the key technology to solve these problems. Figures 1.1(a) and (b) are

illustrations of traditional electrical interconnects and optical interconnects. In electrical interconnects,



Core Layer, A

Switchs
) Total
Aggregation Bit Rate
Switchs

Access
Switchs

X
Ll

vy Tl
/114 /14

]
Server ‘!!t‘!lt‘!!t\!!l \!!l\!! \!!t\!lt\-
Racks !}!}!}!} !}!‘!}!p—
NN N L NS NS NSNS
A | A | A | A | A | A | A | A
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Table 1.1 Spesification of Ethernet Standards
ical . . N fL
Standards Interface OFPIEE? Distance  Baud Rate Bits per symbol gf&i; e n;i}lless
IEEE 802.3ba 100GBASE-SR10 MMF 0.1 km 10 Gbaud/lane 1 bit/symbol (NRZ) 16 lanes
100GBASE-LR4 SMF  10km 25 Gbaud/A 1 bit/symbol (NRZ) 4\
100GBASE-ER4 SMF  40km 25 Gbaud/A 1 bit/symbol (NRZ) 4\

IEEE 802.3bm 100GBASE-SR4 MMF 0.1km 25 Gbaud/lane 1 bit/symbol (NRZ) 4 lanes

IEEE 802.3bs 400GBASE-SR16 MMF 0.1km 25 Gbaud/lane 1 bit/symbol (NRZ) 16 lanes
400GBASE-DR4 SMF  0.5km 50 Gbaud/lane 2 bit/symbol (PAM4) 4 lanes
400GBASE-FR8  SMF 2 km 25 Gbaud/h 2 bit/symbol (PAM4) YN
400GBASE-LR8  SMF 10km 25 Gbaud/A 2 bit/symbol (PAM4) YN

electrical circuits are connected to each other via electrical transmission lines. These lines dissipate a
part of the signal energy, particularly at high signal frequency. Therefore, this energy dissipation can be
the bottleneck of the bit rate and reduction of the power consumption. In contrast, in optical
interconnects, the electrical data sequences are converted into the optical data sequences using optical
transceivers to transmit signals over low-loss and broad-bandwidth optical transmission lines, such as
optical fibers.

Figure 1.3 shows an illustration of the network architecture in a data center. The network is connected
layer by layer with Ethernet switches, such as access switches, aggregation switches, and core switches,
and it requires a significant number of optical transceivers. Therefore, Si photonics is a suitable optical
platform for use in optical interconnects because of its high productivity and low cost. In addition, Si
photonics can merge electrical ICs and optical ICs onto a small chip; this allows the reduction of the
transceiver module size and assembly process as well as introduction to a smaller region of the network,
e.g., memory-to-core, core-to-core, and ultimately intra-core.

To maximize the benefits of optical interconnects of high-speed and low power consumption, optical
transceivers are necessary. Here, an optical modulator in the transmitter side is one of the key devices
required to develop an optical transceiver. A comparison with the existing electrical interconnects
indicated that total power consumption of the optical transceiver module cannot exceed ~1 pJ, and the
power consumption of the individual optical component, including the optical modulators, in the
transceiver should be much less than 1 pJ [1-5]. Moreover, the bit rates in actual data centers are
determined by Ethernet standards, which define network protocols in wide area networks and
metropolitan networks. 100G Ethernet was approved as IEEE 802.3ba in 2010 [1-32] and IEEE 802.3bm,
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Figure 1.4 Configuration of the optical transceiver.
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which was approved in 2015 [1-33], is expected to be widely used by 2020. A new standard, 400G
Ethernet, was approved as IEEE 802.3bs in 2017 [1-34]. This standard is expected to spread to the high-
layer interconnects in the next few years. Thus, the development of 400G-Ethernet-capable optical
transceivers is urgently required. Table 1.1 summarizes the specification of the 100G and 400G
standards. The bit rates of the 400G standards per channel (baud rate/lane X bit per symbol) have
reached up to 50 Gbps or 100 Gbps. In addition, the middle-reach and long-reach standards are expected
to be frequently used because of the upscaling of each data center. This higher-speed and longer-distance
communication environment requires low-dispersion single-mode fibers (SMFs) and external
modulators, which are described in Section 1. 2. 4. Furthermore, it is expected that 800-Gbps and 1.6-



Table 1.2 Comparison of EA and EO effects.

Effects Material
EA Effects FK Effect Bulk Semiconductors
QCSE Semiconductor QWs

EO Effects Pockels Effect Non-Centrosymmetric Crystals
(III-V Semiconductors, LiNbO,, LiTaO,, etc.)

CPD Semiconductors

Tbps standards will emerge as future standards. Moreover, the multi-source agreement (MSA) group
standardized the form factor of the pluggable transceiver modules into the equipment [1-35]. Figure 1.4
shows the module area per lane of the form factors. The form factors of 400G lambda MSA can have a
module area per lane of less 225 mm?. It is estimated that the form factor becomes smaller and the
transceivers transfer to mid-board optics (Figure 1.5(b)) from the current pluggable modules (Figure
1.5(b)) in the future standards, because of the denser connection and shorter electrical transmission lines
as well as the lower implementation cost. Furthermore, it will be advanced to on-board optics using a
multiple chip module (MCM) or through silicon vias (TSVs) [1-36], [1-37], shown in Figure 1.5(c) and
(d), respectively. Therefore, the Si photonics platform, which offers dense photonic integration, is an

attractive candidate for being the platform of the next-era optical interconnects.

(b) Light detection and ranging (LiDAR)

An emerging field of Si photonics is on-chip LiDAR [1-38], [1-39] for use in advanced driver-assistance
systems (ADAS), 3D mapping, drones, and robotics. Although mechanical beam steering LiDARs,
which are the currently dominant beam steering devices, are in the practical stage, these devices are still
bulky and expensive. In contrast, Si photonic deflectors, such as optical phased arrays [1-40]-[1-43],
can change the angle of the light beam based on electro-optic (EO) or thermo-optic (TO) effects, i.e.,
without any moving mechanical components. As a result, Si photonics has the potential to integrate a
LiDAR system on a chip and significantly reduce the size and cost of such systems.

The simplest ranging method is time of flight (ToF), which involves measurement of the time from
an irradiation of an optical pulse to the reception of the reflected light, as shown in Figure 1.6(a). This
method requires a high-power pulse laser to achieve an adequate signal-to-noise ratio (SNR). However,
high-power pulse lasers have not been developed for the O band or C band in which Si photonics
components operate. Therefore, Si frequency-modulated continuous wave (FMCW) LiDAR chips,
which are robust to exogenous noise (even at relatively low optical power), are being developed [1-36],
[1-37]. A FMCW LiDAR chip ranges the distance to a target based on the beat frequency between a
frequency-swept transmitted light beam and the received light beam. Such a system may consist of an
frequency modulation (FM) transmitter, deflectors, and interferometer for the comparison of the
reference light and the received light, as shown in Figure 1.6(b). Although the FMCW LiDAR system
is much more complex compared with the ToF LiDAR system, Si photonics can integrate this system
into a small chip. The ranging accuracy of the FMCW LiDAR system depends on the temporal linearity
of the frequency sweep. The simple scheme ensures high linearity via the combination of the FM driver
and the modulator because it can utilize the mature electrical signal generation technology. To increase
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the degree of the layout freedom in such a complex system, a small modulator is desired.

1.2 Optical Modulator

An optical modulator is a device that dynamically controls light via external signals, e.g., electricity or
heat; it acts as a converter from the domain of the external signal to the optical domain. In this section,
after introduction of the various modulation formats, I describe EO modulators, which can convert radio
frequency (RF) electrical signals to optical signals.

1.2.1 Modulation Formats

There are several modulation formats, classified according to which domain the light is modulated and
how the modulation is achieved. For example, amplitude modulation (AM), a.k.a. intensity modulation
(IM), FM, and phase modulation (PM) are commonly used analog modulation formats; these formats
correspond to amplitude shift keying (ASK), frequency shift keying, and phase shift keying (PSK),
respectively, in digital modulations. ASK, which requires only direct detection, is the simplest receiver
configuration, whereas FM and PM require more complex coherent detection schemes. Therefore, ASK
is intensively used in systems requiring simplicity and low cost, such as short-reach optical interconnects.
In particular, ASK that is digitized into only two levels (“1”” and “0” or “on” and “off™) is called on-off
keying (OOK). In contrast, digital coherent technology [1-44], which realizes high spectral efficiency
using the complex vector space (i.e., the amplitude and phase), has been used in metro networks and
long-haul networks, which require high transmission capacity. Recently, multilevel pulse amplitude
modulation (PAM) has also been considered as a path toward the 400G Ethernet, as shown in Table 1.1.



This scheme encodes multilevel information only in the amplitude of light, allowing simple direct

detection while increasing the bits per symbol.

1. 2.2 Direct Modulation

The variety of types of optical modulators that have been studied and developed are classified according
to the material used, the effect used, and the configuration used. The largest classes are direct modulation
and external modulation. The direct modulation is the method that involves directly driving an optical
source, such as a laser diode. For example, if the output amplitude is changed by its injection current,
then AM modulation is realized, and if the output frequency is changed with cavity length, then FM
modulation is realized. This method can reduce cost because it is the simplest method of modulation.
The most widely used devices for the direct modulation in optical interconnects are vertical cavity
surface emitting lasers (VCSELs) because they have the following attractive advantages: (1)
longitudinal single-mode operation, (2) low power consumption due to the low driving current, (3)
wafer-scale testing, (4) ease of two-dimensional arrangement, (5) high-speed modulation due to the
small cavity volume, and (6) high-efficiency optical coupling with multimode fibers (MMF). Some
research groups have reported high-speed direct modulation of the VCSEL that exceed 50 Gbps. For
example, P. Westbergh et al. reported error-free 57-Gbps OOK modulation without frequency response
equalization [1-45], and D. M. Kuchta et al. reported error-free 71-Gbps OOK modulation with feed-
forward equalization (FFE) [1-46]. However, the error-free transmission links in these papers consisting
of OM4 MMF and OM3 MMF standardized in ISO/IEC 1180 [1-47], and the lengths considered back-
to-back and 7 m, respectively. These distances were limited by the strong mode dispersion in the MMFs,
and the transmission bandwidths are 2000 MHz-km for the OM3 and 4700 MHz-km for the OM4 [1-
47], [1-48]. This dispersion makes it difficult to use these lasers in interconnects of relatively long
distances of several kilometers. Another choice of a single-longitudinal-mode laser for direct modulation
is a distributed feedback (DFB) laser [1-49]-[1-53]. This type of laser has the advantages of high power,
high temperature stability, and integration with waveguides. K. Nakahara et al. reported 56-Gbps direct
modulation of a ridge-shaped-buried heterostructure DFB laser and its transmission over a 10-km single-
mode fiber at 1.3-um at the O band [1-51]. However, DFB lasers are costly for short-reach
interconnection, which requires a large amount of laser sources. In addition, wavelength chirping of
lasers under direct modulation [1-54] produces a power penalty for long-distance transmission at high
bit rates. Furthermore, as direct modulation is intrinsically AM modulation, external modulators, which
are described in detail below, is prevalent at these distances.

1. 2.3 External Modulators

A method that uses an external modulator in addition to a light source is called external modulation.
This method has the following advantages: (1) the light source and the modulator can be optimized
separately, (2) high speed operation, (3) small wavelength chirping (or no chirping), and (4) advanced
modulation methods (such as the digital coherent technique) are available. High-speed external
modulators are classified into electro absorption (EA) modulators based on EA effects and EO
modulators based on EO effects. The available effects differ according to the material used. Table 1.1

summarizes the material and EA and EO effects used for optical modulators. At the optical



communication wavelengths, EA effects occur in III-V compound semiconductors, such as Gallium
Arsenide (GaAs) and Indium Phosphide (InP), and group-IV semiconductors. In bulk semiconductors,
Ag shifts toward longer wavelengths via applied electric fields. This phenomenon is called the Franz—
Keldysh (FK) effect. In a quantum well (QW) structure, the quantum confined Stark effect (QCSE)
occurs. The QCSE also shifts A toward longer wavelength via electric fields perpendicularly applied to
the QW. The EA effects respond at very high frequency. W. Kobayashi et al. reported equalization-free
100-Gbps PAM4 transmission over a 2-km SMF via an optical transmitter module consisting of an EA
modulator integrated with a DFB laser and an RF driver circuit [1-50]. Moreover, the authors also
reported 214-Gbps PAM4 transmission over a 10-km SMF at the O band utilizing FFE [1-53]. The FK
effect occurs in group-IV semiconductors as well. On a Si photonics platform, the FK effect is available
in Silicon-Germanium (SiGe). The band gap energy of SiGe is tunable according to the composition.
However, because EA modulators are intrinsically intensity modulators, the modulation method is
limited. In addition, the EA effects induce frequency chirping according to the Kramers—Kronig relations.
The Pockels Effect occurs in non-centrosymmetric crystals, represented by LiNbOs3 (LN). The LN
modulators have the attractive properties of high operation speed and high linearity. These properties
support the high capacity, high spectral efficiency, and complex digital coherent technology used in core
networks. Using nested LN modulators and digital coherent technology, very high capacity transmission
of 10 Tbps or more has been achieved [1-55]-[1-57]. However, the large size of several centimeters [1-
58]-[1-61] is not suitable for the high-density integration required for the data center application.

1.2.4 SiOptical Modulators

(a) Carrier Plasma Dispersion (CPD) Based Phase shifter

The EA effect and the Pockels Effect cannot be used in a pure Si crystal because it is a centrosymmetric
and widegap material. As a result, CPD, which involves changes to the refractive index via the free-
carrier density, is used for PM modulation. If necessary, PM can be converted into AM and IM
modulation via an interferometer. The refractive index change An via CPD in crystalline Si is empirically
given by Equation (1.2) [1-62]:

An=-540x10AN"" —=1.53x107 " AN, " (1.2)

where ANe and AN are the free electron density and the free electron density, respectively, in units of
cm~>. Simultaneously, absorption coefficient o, corresponding to the imaginary part of the refractive

index changes is given as follows:

Aa=8.88x107' AN +5.84x 10" AN " (1.3)

This effect is called free-carrier absorption (FCA). FCA can induce excess optical loss in Si optical
modulators. Therefore, An and o are in a tradeoff relationship. To control An, the impurities of Boron
(B) and Phosphorus (P) are implanted into intrinsic (i) Si to make p-type and n-type regions, respectively.
A Si phase shifter is classified into three schemes: carrier injection mode, carrier depletion mode, and
carrier accumulation mode.

A carrier-injection phase shifter consists of a p-i-n junction. Figure 1.7 shows an illustration of the cross
section and the energy band of a carrier-injection phase shifter. The light is confined in a rib waveguide



of two different thickness slabs. This waveguide ensures the light remains far from the absorptive metal
electrodes used for carrier concentration control. As shown in Figure 1.6(a), the side ribs (thinner slabs)
are doped to have high electrical conductivity, whereas undoped i-type Si are placed at the center of the
waveguide to avoid FCA. The carriers are prevented from moving across the i-type region by the built-
in potential voltage Vvi. When the bias voltage Voias is higher than the Vi applied to the p-i-n junction,
the potential barrier disappears, and the carriers are able to move. As a result, current begins to flow,
thereby inducing a refractive index change; thus, An in the i-type region largely changes. The dynamic
response of this scheme is limited by the carrier recombination rate, resulting in the low cutoff frequency
fas of several GHz [1-63], and the limited operation data rate of approximately 10 Gbps [1-64], [1-65].
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A carrier depletion phase shifter consists of a p-n junction. Figure 1.7 shows an illustration of the
cross section and energy band of the carrier-depletion-type phase shifter. As in a p-i-n junction, the
carrier depletion region appears at the junction. When negative Vias is applied, the carrier depletion
region is expanded, thereby inducing the refractive index change at the both edges of the depletion
region. Therefore, the area of the refractive-index-changed region is much smaller than that of the
carrier-injection phase shifter. To improve the modulation efficiency, an interleaved p-n junction has
been proposed [1-23], [1-66], [1-67]. This junction increases the overlap between the modal field and
the refractive-index-changed region. The dynamic response of the carrier depletion mode phase shifter
is much faster than that of the carrier injection mode phase shifter because the carriers are controlled by
strong electric fields applied to the depletion region. The response is limited by the charging time of the
depletion region, which behaves as a capacitor. The response time of the interleaved p-n junction is
determined by the RC time constant (R is a series resistance, and C is a capacitance of the depletion
region); thus, f3as is much higher than that of the carrier-injection phase shifter [1-22], [1-68]-[1-74].
The RC time constant of the interleaved p-n junction is longer than that of simple lateral junctions
because it has longer junction length, which contributes to high C.

A carrier accumulation phase shifter has a similar structure as that of a MOS capacitor: p-type Si and
n-type Si vertically sandwich an insulator oxide, as shown in Figure 1.8. The carriers begin to be
accumulated when Viias is greater than flat band potential voltage V. As a result, the refractive index
changes at the vicinity of the insulator oxide. This type of phase shifters tends to have high capacity
because of the large area of the insulator oxide, resulting in higher An and lower f3as than the carrier
depletion phase shifter. In addition, because crystalline Si cannot be fabricated on an insulator oxide
using a standard CMOS compatible process, polycrystalline Si is used for this structure. The poly-Si
film quality affects the optical loss and the carrier mobility.

Si IM modulators are configured as interferometers or resonators to convert from PM modulation to
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IM modulation. Here, I describe two widely used schemes: (a) micro ring resonator (MRR) and (b)
Mach-Zehnder interferometer (MZI).

(b) Microring Modulator

A microring modulator (MRM) based on the MRR is a compact modulator scheme based on resonance
[1-24],[1-73], [1-75]-[1-79]. Figure 1.9 shows an illustration of the MRM and its transmission spectrum.
The MRR is in the resonant condition when the incident wavelength meats the resonant wavelength Ases,

resulting in the appearance of notches in the spectrum [1-80]:

p =lerle 2103 ) (1.4)
m

where nerr is the effective refractive index of the waveguide, and Lci: is the circumference of the MRR.
The sharpness of this resonance is evaluated by the Q factor, with a high Q factor corresponding to a
sharp resonance. When the wavelength A of the incident light propagating in the bus waveguide is equal
to the resonant wavelength A, the light is coupled to the MRR and the output is extinct. In contrast, at
the wavelength of ). (which is out the resonance), the light cannot remain in the MRR. Hence, the light
is output to the bus waveguide. PM modulation in MRR changes this resonant condition, i.e., Ares shifts
to a different wavelength Arws', thus changing the output power Pou simultaneously and switching

between the on state and the off state. This on-off power contrast is evaluated by the extinction ratio ER:

ER:POn/Poff (15)

where Pon is the output power of the on state, and Porr is the output power of the off state. The ER depends
on the amount of the resonant frequency shift A\ due to the A¢ in the phase shifter, and the A¢ depends
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Figure 1.10 Operation principle of an MRM. (a) Scheme. (b) Transmission spectrum.
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Figure 1.12  Driving schemes of an MZM. (a) Single-ended drive. (b) Push-pull drive.

on the peak-to-peak driving voltage Vpp. A high Q factor enhances the ER for the Vpp limited by a system
requirement, resulting in low power consumption. However, the frequency response of the MRM is
limited by the Q factor as well as the RC time constant of the phase shifter. Therefore, the ER and the
fras of the frequency response are in a tradeoff relationship. Some groups have reported high-speed
MRMs beyond 50 Gbps [1-73], [1-75]-[1-79]. The radiuses » of the high-speed MRMs were set to be
approximately 5 um to have enough low Q factors for the beyond-50-Gbps operation. However, MRMs
still strongly depend on the temperature fluctuation of the environment because of the effect of
temperature on the resonance. Therefore, a resonance stabilization system is necessary to maintain stable
operation. This requirement results in system complexity and high total energy consumption [1-77], [1-
81], [1-82].

(¢) Mach-Zehnder Modulator (MZM)

Figure 1.9(a) shows a configuration of an MZI modulator (MZM). The incident light is branched into
two optical paths: path 1 (upside path) and path 2 (downside path). The phase of light in each path is
shifted depending on the optical path length. Here, I define ¢1 and ¢z as the phase shifts in the path 1
and path 2, respectively. The output electric field Eou and power Pou continuously change according to
the phase difference ¢ = ¢2 — ¢1.

i i ih-) b

Eoul =Ly ¢ re =Ly 1+ ¢ e"h :Ein 1+e e"h (16)
2 2 2

R)ut :Rn 1+(;OS¢ (17)

where Ein and Pi are the electric field and the power of the incident light, respectively. Figure 1.9(b)
shows the normalized Pou versus ¢. The normalized Pout becomes unity when ¢ is equal to 2mm (m is an
integer), and it becomes 0 when ¢ is equal to (2m — 1)r. Therefore, one can switch between the “on
state” and the “off state”. The switching ability is evaluated by the ER and the modulation loss ML in
this dissertation, which is expressed by:

ML=F /R, (1.8)

When ¢ includes static initial phase difference ¢o as well as dynamic phase shift A¢p, ER and ML can be
tuned by ¢o. This characteristic is applied by EO effects or the TO effect in actual devices. One of the
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most important advantages of MZMs is stability to environmental temperature fluctuation. Even if the
environmental temperature changes, the operating condition does not change because it depends on the
temperature difference change between the two arms, in other words, the fluctuation of ¢o rather than
the absolute temperature change. This feature is beneficial for short-reach communication systems
requiring system simplicity.

Figure 1.12(a) shows a single-ended driving scheme, which applies the RF signal to only one arm.
In contrast, Figure 1.12(b) shows a push-pull driving scheme. When the MZM has two phase shifters
that are driven by inversed-phase RF signals, Equation (1.6) is expressed as follows:

P +ei(A¢+¢o)
=By — (19)
This balanced driving scheme eliminates wavelength chirping, which prevents long-reach transmission,
while increasing the equivalent phase shift to 2A¢.

The MZMs tend to be a large size of several millimeters to obtain enough A¢. This size is relatively
large compared with the wavelength of the RF signal of several ten GHz. Therefore, the phase of the RF
signal must be considered to obtain high f3as. Traveling-wave electrodes and distributed-element circuit
design, which is described in Section 5. 3, is effective for such high-speed operation. The high-speed
MZMs beyond 50 Gbps have been reported in this decade [1-22], [1-68], [1-69], [1-72]-[1-74], [1-83]-
[1-85]. I will describe those papers in Section 1. 4. 4 in detail. However, a several-millimeter length L
might prevent large-number integration in a small form factor module or mid-board integration in next-
era optical interconnects. The area per lane of QSFP-DD (including a laser, a detector, and ICs), which
is the smallest form factor in 400G lambda, is only 134 mm?. An on-board transceiver should be even
smaller. Therefore, the millimeter length is no longer adequate for the next-era optical interconnection
systems. In addition, as the dynamic power consumption is proportional to L, a long L is intrinsically
disadvantageous for the development of energy-efficient transceivers.

1.3 Photonic Crystal Waveguide (PCW)

1.3.1 Overview

A photonic crystal (PhC) is a structure in which the refractive index is periodically modulated at the
scale of the wavelength of light. Usually, it is composed of two dielectric materials: low-refractive-index
and high-refractive-index materials. Figure 1.13(a) shows a two-dimensional (2D) Si PhCas an example
of a PhC structure. In this structure, Si is the high-refractive-index part, and silica holes are the low-
refractive index part. These parts are periodically placed and the unit cell is the triangular lattices
highlighted by the yellow line. Figure 1.13(b) shows the photonic band of the PhC, which shows the
relationship between the frequency f and the wavenumber k. The most remarkable difference from the
usual dispersion relations is that the PhC prohibits the existence of light in a particular wavelength range,
and this range is called the photonic bandgap (PBG). Therefore, the PhC behaves as an optical insulator,
which is unavailable in normal materials. This characteristic allows localization of light in introduced
defects. If a point defect is introduced, then the propagation to all directions is forbidden, i.e., it acts as
a cavity. Furthermore, if a line defect is introduced, it allows light to propagate along the defect,as shown
in Figure 1.14(a); this is called a PCW.
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1.3.2 Slow Light in PCW

The PCW generates slow light, whose group velocity vg is much smaller than that of normal waveguides,
i.e., a pulse in the PCW propagates slowly compared with a pulse in normal media, resulting in the slow
transport of the pulse energy. Figure 1.14(b) shows the photonic band of the PCW. A slow-light guided
mode in the line defect appears between the bulk bands of the PhC, and it becomes flatter towards the
photonic band edge, i.e., ng becomes larger as the wavelength of the light is closer to the band edge.ng

is given as follow:
-1
n, = C(G_coj (1.10)

where o = 2nfis the angular frequency. In the Si PCW, n, is increased to a value typically larger than
20, which corresponds to 5-times that of a Si wire waveguide. The slow light enhances the light-matter
interaction per propagation length; this characteristic is advantageous for size reduction of an optical
device and thus contributes to the low power consumption.

Although the silica-cladded PCW shown in Figure 1.14(a) is mechanically durable, ng varies depending
on the wavelength, as described in Section 3. 2. 2. This variability is not desired for applications that
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Figure 1.15 Principle of modulation enhancement by slow light.

require constant ng in the wide wavelength range. However, this wavelength dependence of ng can be
flattened via structural tuning.

I used xth row lattice-shifted PCWs (LSPCWs), in which holes on a xth row are slightly shifted along
the line defect, in this dissertation. The slow-light guided mode in this waveguide can have a flat band
caused by the change in the photonic band. This flat band allows wide wavelength range operation. The
photonic band varies according to not only the amount of the shift but also the shifted row. For example,
a third-row shifted LSPCW exhibit ng of ~20 within the wavelength range A\ of ~15 nm [1-86]. This

feature allows the wide wavelength range operation of devices, including a slow light EO modulator.

1.4 Slow Light Optical Modulators

1.4.1 Principle

The slow light effect is attractive for optical modulators because it enhances A¢, which corresponds to
the modulation efficiency per length. A¢ in a phase shifter is proportional to ng, as shown in following

equation:

An, n, do
L, (=——2 (1.11)

Mg ®, dneq

Ad = AKL = kyn,

where Ak is the wavenumber shift, ko is the wavenumber in vacuum, neq is the modal equivalent index,
and Aneq is the change of neq by the modulation. Figure 1.15 provides an explanation of this equation.
Aneq shifts the photonic band and thus changes wavenumber k. When ng is low, the gradient of the
photonic band dw/dk = 1/ng is also low, resulting in the small Ak. In contrast, Ak is large when ng is high
because of the small gradient of the photonic band. This results in a small device size, with the
corresponding small footprint and low power consumption. However, the overlap between the guided
mode and the index-changed region also affects A¢.

1.4.2 Variety of Slow Light Modulators

The slow light is used in combination with some types of the phase shifters, e.g., the CPD, TO effect,
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and Pockels Effect types. In this section, I describe experimentally demonstrated slow light modulators
based on two effects other than the CPD, which is described in Section 1. 4. 3.

A dispersion-engineered Si PCW MZM and a Si PCW directional coupler modulator using the TO effect
have been reported [1-87], [1-88]. The slow light effect reduced the TO-effect-based phase shifter
lengths in the Si PCW MZM and a Si PCW directional coupler modulator to 80 ym and 5 pm,
respectively, in contrast to the typical several hundred microns. However, the modulation speed is
limited to ~50 kHz because of slow thermal diffusion. Furthermore, theoretically fast EO-polymer-based
PhC modulators have been reported [1-89]-[1-92]. A high in-device Pockels coefficient 733 of 1190 pm/V,
which corresponds to a considerably small VL of ~0.03 V-cm, was demonstrated in an EO-polymer-
refilled Si PCW MZM [1-1-56]. However, only 100-kHz triangular shape modulation was performed as
the dynamic operation in this device. In addition, achieving the fabrication approach that maximizes the
material’s advantage remains a challenge, although the Pockels coefficient is improved by the
optimization of the polling process.

1.4.3 CPD Based Si PCW MZM

Several groups have reported CPD-based Si PCW MZMs [1-93]-[1-101] and the reduction of VL
due to the slow light effect. Y. Jiang et al experimentally demonstrated the first CPD-based Si PCW
MZM [1-91]. 80-um-length p-i-p junctions were used as the carrier-injection phase shifters. The value
of V; was extremely small, as low as 7.5 mV; however, the operation speed was only 300 kHz. The
same group also reported capacitor-embedded Si PCW MZMs [1-94]. They used slotted Si PCWs as
the carrier-accumulated phase shifters and demonstrated 0.18 V- cm at a bit rate of 1.6 Gbps. Moreover,
the group reported p-i-n carrier-injection Si PCW MZM. V.L of ~0.005 V-cm at 2 GHz using this
scheme [1-95]. In such a situation, our group reported 10-Gbps and 40-Gbps high-speed modulation
using a Si LSPCW MZM shown in with 90-um-length p-n incorporated phase shifters operating in the

TO Phase Tuner

Slow Light
PCW Phase Shifter

Input Light RF Signal

Figure 1.16 Schematic of the Si PCW/LSPCW MZM.
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carrier-depletion mode in 2012 [1-96], [1-97]. Figure 1.16 shows one example of the schematic of the
device. In this paper, the authors also reported the operation in the wide wavelength range AX of 16.9
nm and athermal operation in the wide temperature range of 19°C—124°C utilizing a dispersion-
engineered LSPCW. Furthermore, the optimization of periodical p-n incorporated modulators, including
an interleaved p-n junction and wavy p-n junction, enabled 32 Gbps operation at low voltage of Vpp =
1.75 V and Vpc =—-0.9 V [1-100] and quadrature PSK (QPSK) modulation at 64 Gbps was also reported
[1-99].

1.4.4 Comparison and Remaining Problems

As mentioned in Section 1. 2. 4, MRMs and MZMs each have drawbacks and attractive characteristics.
To solve these problems, some research groups have reported different material/ Si hybrid modulators,
such as I1I-V/Si hybrid [1-102], Si organic hybrid (SOH) [1-103], [1-104], and LN/Si hybrid modulators
[1-105]. These modulators have the features of a significant reduction of V3L and improvement of the
operation speed because of the superior material properties. In fact, I1I-V/Si MOS modulators were
demonstrated to obtain a small ;L of 0.1 V-cm [1-102], and are theoretically expected to achieve
extremely small VL of 0.047 V-cm [1-106]. The SOH modulator has been reported to demonstrate 100-
Gbps OOK modulation without any pre-emphasis compensation [1-103]. However, such a modulator
requires additional complicated fabrication processes and further confirmation of the reliability. The
former causes difficulty for cost-effective production, and the latter requires additional development
time before practical use of such modulators is possible. From these perspectives, the Si LSPCW MZM
is a strong candidate for use in practice because it has well-balanced properties: (1) small V3L, (2)
relatively wide operating wavelength range corresponding to the wide temperature operation, (3) tunable
balance between properties (1) and (2), and (4) fabrication by standard CMOS compatible process
without additional process. Table 1.3 summarizes the specifications of 50-Gbps capable Si MZMs,
cutting-edge hybrid modulators, and Si LSPCW MZMs. The Si LSPCW MZM reported in Ref. [1-100]
exhibited VL as small as 0.34 V-cm, and Si rib-waveguide MZMs exhibited VL of 1.4-3.2 V-cm.
Note that a group of Huazhong University of Science and Technology reported a 90-Gbps capable Si
MZM with small VL of 1.4 V-cm; however, it required the removal of the substrate to realize the
accurate traveling wave electrode design [1-74]. The Si LSPCW has been reported to achieve a much
smaller VL than the cutting-edge Si MZMs, although the high-quality operation bit rate was limited to
32 Gbps. If this moderate operation speed is improved, the compactness, high-speed operation, stability
to thermal fluctuation, and easy fabrication can be simultaneously achieved in a Si LSPCW MZM.

1.5 Objective of this Study

The main goal of this work is to develop a Si LSPCW MZM with well-balanced performance. However,
because only a few research groups have studied such devices, the number of demonstrations is very
limited. Therefore, the characteristics, including modulation enhancement and broad-wavelength
operation, must first be evaluated in detail. Next, I investigate the frequency response of the Si LSPCW
MZM that allows for the improvement of f3as and demonstrate high-speed operation. Furthermore, I
demonstrate frequency-swept modulation for FMCW LiDAR using the Si LSPCW MZM that provides

extended application range.
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1.5.1 Observation of Modulation Efficiency Enhancement

To date, the modulation efficiency enhancement via the slow light effect has only been qualitatively
evaluated as the short VL compared with Si MZMs. In contrast, a quantitative relationship between ng
and A¢ has not been evaluated in experiments, although it can be expected to agree with Equation (1.11).
I perform modulation experiments for different ngs to confirm the relationship and show the advantage
of using slow light for Si MZMs. Through these investigations, I show the effectiveness of the use of

slow light to develop compact modulators.

1.5.2 Wide Wavelength Range Operation

I show the wide wavelength range operation and characterize it in the more general evaluation indices,
such as the ER, bit error rate (BER), and frequency response. Although the ideal operation wavelength
range is over the entire C band, it has been confirmed that A\ of ~16.9 nm corresponds to 19°C-124°C
[1-95]. This range is considered to be sufficient for stable operation without any temperature control in
a data center. Therefore, I design and fabricate a St LSPCW MZM of similar design and investigate the
behaviors in oscillating transmission and ng spectra of the Si LSPCW MZM in more detail.

1. 5.3 Investigation of Limiting Factor of Frequency Response and its
Improvement

The improvement of the frequency response of the Si LSPCW is necessary for high-speed operation
beyond 50-Gbps, which is required in 400G Ethernet. However, the effect of slow light to the frequency
response has not been investigated to date. Here, I show the importance of EO phase matching (velocity
matching in other wards) in Si PCW MZMs using the slow-light effect. This slow-light effect can occur
in an EO system in which light and RF signal are copropagating, such as traveling-wave modulators.
This configuration is particularly important in modulators using slow light because of its very small vyg.
I propose novel driving RF electrodes that reduce the large EO phase mismatch in a Si LSPCW MZM
for beyond 50-Gbps capable Si LSPCW MZM. Figure 1.17 shows the bench marking from the
perspective of VL and the operation baud rate. The upper left region corresponds to the high-
performance region. The Si MZMs are placed at VL of 1.39-3.2 V- cm and operated at the baud rate of
50-70 Gbaud. In contrast, the Si LSPCW MZM shows a baud rate of 32 Gbaud with V.L of 0.2 V-cm.
In other words, there are no reports in the range where VL is less than 1.4 V-cm and the baud rate is
higher than 50 Gbaud. This range is the target of this study. In order to realize the high system bit rate,
I consider the use of PAM4 modulation and WDM transmission.

1.5.4 Application to FMCW LiDAR Transmitter

To expand the application field of the Si PCW MZM, I consider using it in a transmitter of a FMCW
LiDAR. The high productivity of Si photonics is particularly advantageous for applications demanding
low-cost mass production, such as ADAS. First, I must confirm the linewidth §f of the modulated
spectra, which determines the coherence length L.. For example, §f of 1 MHz is necessary to ensure the

150-m distant ranging (300 m in round trip) required for the ADAS application. Considering that the
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Figure 1.17 Benchmarking of reported MZMs on SOI.

Table 1.3 Comparison of reported MZMs fabricated on SOI.

On-chip /L
Baud ( under )
L S Rate Vp Voc ER \Operation) VI [y
Ref. Group Year Material Structure [mm] [GHz] [Gbaud] [V] [V] [dB] [dB] [V-cm] [pl/bit]

[1-22] SUu‘;ery 2012 s Kb @>i(1)v 50 65 -6 222 (‘7‘:31) @5481\/ 42
[1-68] A*STAR 2013 Si &b 3 opy 50 15 0 34 o E@z(fv 0.45
[1-70] A*STAR 2014 si  Rib 3 @EZV 505 35 -5 7.08 (ﬁi) @éisv NA
[1-69] CAS 2014 Si Kb 075 @gv 70 53 -15 61 (%-i) @2_";\, NA
[1-71] hfjcn?vln 2015 i Nb 405 @ﬂv 60 48 -4 38 (iff\) @Sjv NA
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[1-74] HUST 2018 %ﬁfggg b2 @> Q90 5 6 33 (I%i) @le NA
[1-103] KIT 2018 SOH MzM 1.1 25 100 14 NA NA (;}/i) @SV 0.098
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[1-109] YNU 2017  Si LE/IPZ(I:\/IW 0.2 (Cﬁ:.) 32175 09 3 (;Z;) @?sz 0.17

margin must be provided, &f of less than 100 kHz is desired. The next step is the demonstration of the
frequency-swept modulation and the ranging action using the device. I attempt these demonstrations
using an arbitrary waveform generator and a fiber optic system.
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Figure 1.18 Flowchart of this dissertation.

1. 6 Outline of this Dissertation

Figure 1.18 shows the flowchart of this dissertation. This dissertation consists of seven chapters,
including this introduction. In Chapter2, I describe the fabrication methods and fundamental structures
of the relevant devices. Furthermore, I explain the fundamental components used in Si photonics chips.
I present an investigation of the modulation efficiency enhancement by slow light in Chapter3, and I
present an investigation of the wide wavelength range operation in a low-dispersion slow light band in
Chapter4 to highlight the advantages of LSPCWs. Next, I present an investigation of the limiting factor
of the frequency response and a method to address it in Chapter5. In Chapter6, I demonstrate frequency-
swept modulation for FMCW LiDARs and its primitive ranging action in a fiber optic system. Finally,

I conclude this study in Chapter?7.
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Chapter2
Fabrication and Components

2.1 Fabrication

2. 1.1 SiPhotonics Foundry Service

A CMOS-compatible Si photonics fabrication process [2-1], [2-2] requires very large scale and
extremely expensive facilities, such as semiconductor manufacturing equipment and a clean room.
Therefore, it is difficult for a single group to own such facilities and fabricate Si photonics chips in
laboratory scale. However, some foundries with such large facilities (e.g., the Interuniversity
Microelectronics Centre and Advanced Micro Foundry) are offering multi-project wafer (MPW)
services [2-3], [2-4]. Many different users share a reticle space and integrate devices designed by each
of them on the wafer. This approach enables the laboratory-scale fabrication without acquiring and
managing the fabrication equipment. The fabrication processes are conducted by the serving specialized

Figure 2.1 Si photonics MPW fabricated by a foundry service.
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foundry staff. Therefore, the effort required for users to set the process condition is reduced. In addition,
some foundries are allowing users access to their basic device library. I used the MPW services to
fabricate the Si devices used in this study. Figure 2.1 shows a fabricated 200-mm-diameter Si photonics
wafer that includes several-cm-square periodic reticle patterns and is diced into several-mm-square
chips. I fabricated devices on five different lots and selected some chips from the fabricated wafers for
testing.

2. 1.2 Outline of the Fabrication Process

The devices used in this study were fabricated via a CMOS compatible process using KrF excimer laser
lithography at A = 248 nm on a 200-mm-diameter SOI wafer with a Si slab thickness #si of 205 or 210
nm. Table 2.1 shows the layer information. Of the 32 layers prepared for this process, I used necessary
fourteen layers. Photomasks for the photolithography were produced from these layers. These
photomasks were primarily binary masks; however, phase shift masks are particularly used for the Si
layer and the PhC layer to enhance the resolution to approximately 100 nm. Figure 2.2 shows the
structure of the wafer after the device fabrication. Optical components were formed in the Si slab on the
buried-oxide (BOX) layer. After the processes on the Si layer, PhC holes were also formed on the Si
layer. Next, the holes were buried via silica deposition for over cladding. Acceptors (B) and donors (P)
were implanted on the Si slab to form p-type and n-type Si regions, respectively, for p—n incorporated
phase shifters. I set the different accepter concentrations Na and donor concentrations Np in the five lots
T used in this study. I used high-concentration p*-type and n*-type Si regions, of which the concentrations
are N = Np* = 1.9 x 10%° cm~3, for the ohmic contact with metal electrodes. The TiN layer, which was
for resistors and heaters, was formed after the silica deposition and flattening via chemical mechanical
polishing (CMP). The TiN layer and the Si layer were placed at adequate distance apart to avoid optical
absorption. Subsequently, the aluminum (Al) layer was formed after an additional silica deposition step
and the CMP step. This layer was connected with the Si layer and the TiN layer via the contact holes.
To maximize the efficiency of the TiN heaters and avoid thermal crosstalk, thermal isolation trenches
were formed by etching thorough the silica layer. The facet deep trenches were also formed at the edge
of each chip to eliminate the sidewall roughness caused by the blade dicing process.

Table 2.1 Layer information. Grayed-out layers are unused in this study.

Layer No. Layer Name Layer No. Layer Name

1 Si 13 Contact Hole to p-n dope/Ge
14 n-type implant on Si

3 PhC 15 p-type implant on Si

4 Trench for SSC 16 n+-type implant on Si
17 pT-type implant on Si

7 Facet Deep Trench

8 Thermal Isolation Trench

9 Al 21 Pad Window

10 Contact Hole to Heater

11 Upper Heater
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Figure 2.2 Structure of a SOI wafer after device fabrication. (a) Top view. (b) Cross-section at A-A’  line. (c)
Cross section at B-B’ line.

2.1.1 CAD Data Production

The photomasks for the lithography were produced from the CAD data of the designed device layouts.
Figure 2.3 shows the data production procedure. The CAD data of the device layout was submitted to
the foundry in GDSII stream format, which is a standard data format in the semiconductor industry. The
GDSII stream format includes position and layer information of the device patterns. I produced the
GDSII-format data via conversion from DXF-format data, which is a basic data format used in the
software distributed by Autodesk Inc., such as AutoCAD. Si photonics devices, particularly PCWs,
include many geometrical figures placed repeatedly and requires precise positions and precisely defined
shapes. Therefore, I used a program written in C programming language to produce the DXF-format
data. The DXF-format data was converted to GDS II-formal data using Dvogue PC, which is a
conversion software that sets the conversion rules.
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Figure 2.3 Procedure of CAD data production.

2.2 Fundamental Components

A Si PCW MZM consists of Si wire waveguides, spot size converters (SSC), multimode interference
(MMI) couplers, LSPCWs, and p—n junctions. I describe the structures and fundamental characteristics
of these components in the sections below. I adopted the basic designs used in our laboratory to the Si
wire waveguide, SSC, and MMI coupler, and I designed the LSPCW and p—n junction used in this study.

2.2.1 Si Wire Waveguide

The Si wire waveguide is the most basic component in Si photonics. Single-mode propagation is desired
in a Si LSPCW MZM. Therefore, the Si waveguide was designed to have a single eigenmode. Figure
2.4(a) shows the cross section of the Si wire waveguide. The 210-nm thick Si slab was formed in the
400-nm width wire. This structure satisfies the single-mode condition. I confirmed the fundamental
mode distribution in the waveguide using an eigenmode solver of MODE distributed by Lumerical Inc.
I built the calculated model shown in Figure 2.5(a) and set the parameters presented in Table 2.2. The
geometry of the solver is set to be a 4-um square per side. Figure 2.5(b) shows the calculated electric
field of the fundamental TE-like mode. Because the only one TE-like eigenmodes was found, it was
confirmed that this waveguide satisfies the single-mode condition. The equivalent index neq was
calculated to be 2.21, and the modal area was as small as 0.21 pm?. The realistic propagation loss could
not be estimated because the scattering loss due to the sidewall roughness is dominant in a fabricated Si
waveguide. The loss was evaluated to be 2—3 dB/cm in a previous study of our group [2-5], [2-6]. ng of
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Figure 2.5 Eigenmode simulation of the Si wire waveguide. (a) Model. (b) Simulated fundamental TE mode.

Table 2.2 Simulation condition of the Si wire waveguide.

Parameter Value
Refractive Index Si 3.47638
Si0, 1.45
Number of mesh cells x 413
v 265
Solver Algorithm TE

this waveguide was evaluated to be 4.385 [2-5]. This waveguide can be bent at a small radius of 5 pm,
as shown in Figure 2.4(b). The 90-degree bending loss of the fabricated waveguide was evaluated to be
as small as 0.06-0.07 dB/bend [2-5].

2.2.2 Spot Size Converter

I used the SSCs for optical coupling with an external optical circuit via SMFs with lenses. As mentioned
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in the previous section, the modal size of the Si wire waveguides is as small as 0.21 um?, which is much
smaller than that of the SMFs. Therefore, spot size conversion is necessary to achieve high-efficiency
optical coupling. Figure 2.6(a) shows the structure of the SSC. The SSC has a reverse-tapered Si core
with the tip width of 180 nm and is surrounded by a silica second core. The 4-um width side slots serve
as air cladding. The width of the Si core is gradually broadened in the 200-um length and then is
connected with a 400-nm wide Si wire waveguide. In contrast, the modal distribution becomes narrower
during the propagation and eventually is confined in the Si wire waveguide. The deep trench layer is
placed at the edge of the chip to obtain a smooth side wall and minimize the scattering loss. Figure 2.6(b)
and Figure 2.6(c) show the generated CAD layout and a fabricated device, respectively. Smooth side
walls were observed in the fabricated device. The coupling loss was evaluated to be 2-3 dB in our

laboratory.
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Figure 2.7 Structure of the MMI couplers. (a) CAD pattern of the 2 x 1 coupler. (b) Fabricated 2 x 1 coupler. (c)
CAD pattern of the 2 x 2 coupler. (d) Fabricated 2 x 2 coupler.

2.2.3 Multi-Mode Interference Coupler

I used compact multimode interference (MMI) couplers and splitters to construct the MZIs. Note that
the couplers and splitters have the same structure and that only the propagation direction of light is
different; thus, I refer to each of them as “coupler” in this dissertation. Figure 2.7(a) and Figure 2.7(b)
show a CAD patterns of the 2 x 1 and 2 x 2 MMI couplers, respectively. A center broad area is coupled
with Si waveguides via moderately tapered waveguides. The incident light from the Si wire waveguides
drastically diffracts at the coupling, with several eigenmodes excited. The plural eigenmodes interfere
with each other, resulting in the appearance of a regular interference pattern in the broad area. One can
obtain the desired branching ratio and number of branches by determining the length of the broad area
that corresponds to the interference length. The dimensions employed in this study were optimized to
obtain an accurate 3-dB branching ratio, high tolerance to the fabrication error, and small excess optical
loss. Figure 2.7(c) and Figure 2.7(d) show the fabricated 2 x 1 and 2 x 2 MMI couplers. The optical loss
of these devices were evaluated to be approximately 0.2 dB and 0.4 dB, respectively, in previous studies

of our laboratory [2-6].
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2.2.4 LSPCW

Figure 2.8 shows an overall structure of the LSPCW used in the phase shifters. A pair of ten rows of
holes sandwiches the line defect. This number of rows was determined to not produce excess
propagation loss. I employed the lattice constant @ = 400 nm and designed the hole diameter 2 = 190-
220 nm, the amount of the xth lattice shift sx = 0-110 nm, and the line defect width of 37%a + Aw. 2r
indicates the target diameter on the fabricated device; the hole diameter drawn in CAD patterns was
slightly tuned to obtain an accurate 2r considering the fabrication condition. Aw denotes the additional
shift of the line defect width I used to tune n, and the transmission wavelength of the 1st-row shifted
and 2nd-row shifted LSPCWs. The above parameters were determined to obtain slow light transmission
in the C-band according to the simulations using finite-difference time-domain (FDTD) method
presented below. I used FDTD solutions, which is a commercial electromagnetic simulator developed
by Lumerical Inc., for such simulations. The LSPCW was coupled with Si wire waveguides via tapered
line defect junctions. These junctions remarkably reduce the coupling loss to approximately 0.5 dB [2-
71.

Figure 2.9 shows the simulation model of the LSPCW. The y-direction length of the simulation region

a=400nm s,
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Figure 2.9 FDTD simulation model of LSPCW.
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was set to be @ =400 pum, which is equivalent as one period of the LSPCW. In addition, I applied Bloch
boundary conditions to the y-direction boundaries. Therefore, this model equivalently expresses a long
LSPCW while consuming less computational resources. I adopted perfectly matched layers for the other
boundaries. FDTD solutions has a five-level meshing accuracy setting, ranging from meshing accuracy
1 (lowest) to 5 (highest); the model was meshed with meshing accuracy 2. Figure 2.10(a) shows an
example of the calculated modal distribution for 27 =220 nm and s = 0 nm at A = 1550.67 nm. The light
was confined to the line defects with evanescent fields in the PhC. Figure 2.10(b) and Figure 2.10(c)
show the calculated photonic bands and the ng spectra for 27 at 15-nm steps and s = 0 nm. The band of
the guided modes shifted to the higher-frequency side with the increase of 2r, with the 27 step of 15 nm
corresponding to a spectrum shift of approximately 20 nm. As 2r increases, the band becomes flatter,
the silica light line approaches higher %, and the spectrum becomes narrower. Next, | calculated the
photonic bands and the n, spectra for the first-row-, second-row-, and third-row-shifted LSPCWs in the
sx range of 0-105 nm at 15-nm steps. By the first-row shift, the band edge largely shifts to the higher
frequency side. As a result, ng sharply increases while the spectrum becomes narrower. The shift in the
second row raises the band near the center, bringing the band edge to the higher frequency side, thereby
producing a higher ng and a few-nm wide low-dispersion (LD) band, in which ng is almost constant.
Although the first-row shift and second-row shifts change the band edge wavelength, this change can
be tuned by changing Aw [2-8]. In contrast, the shift in the third row moderately raises the band near the
light line and exhibits a wide LD band, although #; is relatively low compared with the first-row shift
and second-row shift. In addition, this shift does not change the band edge wavelength. As indicated by
the above simulation, the lattice shifts in the LSPCW allows the engineering of the photonic band with
a high degree of freedom. In particular, the LD band produced by the second-row shift and the third-
row shift is useful for wide-wavelength range operation. Figure 2.12 shows a scanning electron
microscope (SEM) image of a fabricated PCW without lattice shifts. We confirmed that uniformity of
the PhC holes is achieved via the enhanced lithography resolution enabled by the phase shift mask.

PhC Hole

Si Slab

Figure 2.12 SEM image of a PCW without lattice shifts.
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Figure 2.13  Simulation of the carrier distribution and the intensity distribution of the slow-light mode. (a), (b)
Simulation models of the linear p-n junction and the interleaved p-n junction with the depth of 600 nm and pitch
of 600 nm, respectively. (c), (d) Calculated carrier densities for V'pc = 0 and —4. (e) Simulated optical intensity
distribution of the slow light mode in the same PCW.

2.2.5 P-N Junction

I employed two types of p-n junctions for phase shifters operating in the depletion mode: linear p-n
junction and interleaved p-n junction. I calculated the spatial carrier distribution of these junctions using
DEVICE, which is a commercial carrier transport simulator developed by Lumerical Inc. Figure 2.13(a)
and Figure 2.13(b) show the simulation models of the linear p—n junction and the interleaved p—n
junction, respectively. The interface of the linear p—n junction was placed at the center of the line defect,
and both the width and the depth of the interleaved p-n junction was 600 nm. The doping concentrations
were set to be Na = 1.05 x 10'® cm= and Np = 6.2 x 10! cm=. These concentrations are the same as
those of a lot on which devices were used as described in Chapter5. The models were meshed under the
following conditions: Min. edge length of 20 nm, maximum edge length of 200 nm, and max. refine
steps of 200000. Moreover, I defined the finer meshing condition near the junctions; the max. edge
length was set to be as fine as 8 nm. Figure 2.13(c) and Figure 2.13(d) show the calculated distribution
of the carrier density of the linear p-n junction and the interleaved p-n junction, respectively. The

outside sparse plots are the result of coarse meshing. The color scale shows the carrier density, which
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was calculated as the sum of the densities of the electrons N. and the holes M. Therefore, the low-density
regions correspond to the carrier depletion region. Even at V'pc =0, the carrier depletion regions appeared
because of the built-in potentials. When Vpc was increased to —4 V, the carrier depletion regions were
broadened to approximately 100 nm. Thus, the carrier density changes at the edges of the carrier
depletion regions and the differences from those at V'bc = 0 (in this case) contribute to Anesr. Therefore,
high junction capacitance Cpn, which accumulates large charge Q, is advantageous to obtain a large Aretr.
The interleaved p-n junction has a longer junction length, resulting in higher Cpn, than the linear p-n
junction. In addition, the overlap between the optical mode and the edge of the depletion region is an
important factor to obtain high Azn.fr. From this perspective, the interleaved p-n junction is advantageous
as well because it covers the wide area in the line defect, as shown in Figure 2.13(d). Figure 2.13(e)
shows a simulated intensity distribution of the slow light mode. I confirmed that the interleaved p-n
junction overlapped well with the slow light mode. However, high Cpn hampers high-speed operation.
Therefore, I used a linear p-n junction when high-speed operation is needed or when I want to focus on

the EO phase mismatch.

2.3 Evaluation Methods for Fundamental Optical
Characteristics

2.3.1 Optical Transmission Measurement System

I used the measurement system shown in Figure 2.14 to evaluate optical transmission spectra of
fabricated devices. The linearly polarized light output from the tunable laser (Santec Corp., TSL-210F)
was adjusted to be the TE-like polarization by rotating and fixing the polarization-maintaining fiber
(PMF). The output power from the tunable laser was set to be 0 dBm. The TE-like polarized light is
coupled to a device under test (DUT) via two objective lenses. The first lens collimates the ray of light
and the second lens (20 magnification) collect the light and focus on an SSC on the DUT chip. The
output light passing through the DUT is was collected the two objective lenses again, brunched to two
paths: a path for optical power measurement with the power meter (PM) and a path for the observation
of the side wall of the chip with an infrared vidicon camera. The tunable laser and the PM are connected
with the computer using these GPIB interfaces. I obtain the optical transmission spectra by sweeping
the input wavelength and measuring the optical power simultaneously.

GPIB Cable
Ir ----- T T T T o ommmommmm o mm PM
1 L SMF
I PC
I
1
1
: PMF
Tunable (()) I
Laser <©:©Z> buT S | .
Santec S
( TSL-210F ) %20 Objective Lens Infrared Vidicon Camera

Figure 2.14 Setup for optical transmission measurement.
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2. 3.2 Group Index Measurement System

I used the measurement system shown in Figure 2.15 to evaluate ng spectra of fabricated devices. The
key equipment is the dispersion analyzer (Alnair labs Corp., CDA-2100). This is consisting of a
transmitter part and detector part and measures the group delay time #; in the travel through a DUT and
measurement system. The amplitude of output light from the LD unit of the dispersion analyzer is
modulated by the modulator unit of the dispersion analyzer. The modulated light is coupled to the DUT
via a SMF with the lens. It is returned to the detector part through the DUT and the fibers after the
amplification by the erbium doped fiber amplifier (EDFA) and the filtering by the bandpass filter (BPF)
unit to remove amplified spontaneous emission (ASE) noise. I calculated n, of the device using follows:

toor —1
DU ref
n,=—————c+n, (2.1)

PCW

where fput and fer are the group delay of the device (including the measurement system) and a reference
waveguide, respectively, Lecw is length of a PCW of the device, c is the speed of light, and ng rer = 4 is
the group index of the reference waveguide.

2.4 Summary

First, I described fabrication method using MPW service and overview of the CMOS compatible process
used in this study. The photomasks used in a photolithography were generated from CAD data of device
layouts in GDSII stream format and the devices layout were patterned on an SOI wafer using these
photomasks. Phase shift masks were used for the Si layer and PhC layer and they enhanced the resolution
to about 100 nm. After that, I described fundamental components: a Si wire waveguide, SSC, MMI
coupler, LSPCW, and p-n junction. I adopted the basic designs, which have used in our laboratory, to
the Si wire waveguide, SSC, and MMI coupler, and I designed the LSPCW and p-n junction for purpose
of this study. The photonic bands and n; spectra of first-row-shifted, second-row-shifted, third-row-
shifted LSPCWs were calculated by the FDTD simulation using FDTD solutions. These structures
enabled different photonic band engineering. The first-row-shifted and second-row-shifted LSPCWs
exhibited high 7y and the second-row-shifted and third-row-shifted LSPCWs exhibited LD slow light.
The bandwidth of LD bands of the third-row-shifted LSPCW were as wide as over 10 nm. I calculated
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the carrier distribution of the linear p-n junction and interleaved p-n junction using DEVICE, too. 1

confirmed the behavior of the carriers and the well overlap between the carrier depletion regions and

slow light mode. Finally, I explained the measurement systems for fundamental optical characteristics:

Optical transmission spectra and ng spectra.
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Chapter3
Modulation Efficiency Enhancement
via the Slow-Light Effect

3.1 Overview

In this section, I investigate experimentally a quantitative relation between n, and A¢ expressed as
Equation (1.11). A¢ is proportional to ng when the other parameters are independent from ng. However,
Aneq is affected by the overlap between a guided mode and an index-changed region and this overlap
potentially depends on ng. This relation is important issue to design a modulator based on the slow-light
effect. For this purpose, I designed and fabricated two different types of Si PCW MZMs: A dispersive
PCW MZM and LD LSPCW MZMs. The former easily changes its ng by merely shifting the operation
wavelength, and the latter were designed to have different ng. I show the effectiveness of the slow-light

effect in the development of compact modulators through modulation experiments using these devices.

3.2 Observation of Modulation Efficiency Enhancement

3.2.1 Dispersive Device

I drew the CAD layout of the dispersive Si PCW MZM using the CAD production program. Figure
3.1(a) shows the CAD layout of the device. This device has the 200-um length p-n incorporated Si
PCW without the lattice shift. I expected this device to have the characteristics of gradually increasing
ng toward the band edge, which is useful to investigate the slow light effect, since I can easily change
ng by only shifting the operation wavelength. Figure 3.1(b) shows the p-n incorporated PCW. I set the
following structural parameters of the PhC: #si =210 nm, a = 400 nm, and 27 = 200 nm. The p-n junction
was located at the center of the line defect of the PCW, and the p+ and n+ doped Si regions were placed
at the distance of 4 um each other to avoid the strong FCA. The p and n concentrations were set to be
Na = Np=4.8 x 10" cm?, and the p+ and n+ concentrations were set to be Na* = Np" = 1.9 x 10" ¢m™
on this lot. The p and n concentrations are lower than those of other lots in this study. Therefore, a low
modulation efficiency was obtained in the fabricated devices; however, I focused on only the relative
modulation efficiency change with ng in this study. Figure 3.1(c) shows the RF electrode. I employed a
coplanar waveguide (CPW) structure, which of two ground (G) electrodes and a single signal (S)
electrode on the same plane, as the RF electrode structure. I set the width of the S electrode ws to be 10
um and the S-G distance dsc to be 13 um. This CPW was connected with the heavily doped Si via 4-
um width contact holes. Figure 3.1(c) shows the TiN TO phase tuner used to set o of the MZI via
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Figure 3.3 Optical transmission spectrum and n, spectrum of the dispersive device.

heating the PCW. The slow-light effect reduces the length of both the TO phase tuner and the EO phase
shifter. These electrodes were connected with a probing pad array with pads spaced at 100-um pitch.
Figure 3.2 shows a micrograph of the fabricated device based on the designed CAD layout. Note that
the silica over cladding layer prevents observation using a SEM, which offers high spatial resolution;
therefore, I confirmed the structure of the fabricated devices via observations using an optical
microscope. The inset on the left shows the magnified view of the PCW. Although the PhC holes are
very small, I observed that the PhC and the line defect were patterned and confirmed that all the
components were fabricated without apparent fault.

3. 2.2 Fundamental Characteristics

I measured the transmission and ng spectra of the device to confirm the fundamental optical
characteristics, as shown in Figure 3.3. The PCW exhibited a 14-nm width slow-light propagation band
at A, = 1527-1541 nm. A high ng of 22—80 was observed; the index was observed to gradually change
with increase in wavelength toward the band edge. I evaluated the on-chip /L to be 7.4 dB at the center
of the bowed transmission spectra. This insertion loss includes the losses at each component: the
coupling loss between the Si waveguide and the PCW of ~1.5 dB in the total, the loss at the MMI
couplers of ~0.5 dB in total, and six bending losses of ~0.5 dB. Hence, the remaining loss of ~5 dB
corresponds to the propagation loss in the p-n incorporated PCW, in which ng equals to 36. This
remaining loss includes both the scattering loss and the FCA loss, with over 60% of the propagation
loss caused by FCA loss. The insertion loss was found to increase toward both shorter and longer
wavelengths. At the shorter wavelength, the slow light mode broadens to the perpendicular direction of
light propagation and the FCA loss in the densely doped regions increases. In contrast, the longer
wavelength causes both higher scattering loss and higher FCA loss via the higher ng. Although this
wavelength dependence can be flattened by using a photonic band engineered LSPCW, I used this
dependence for the investigation of slow-light effects.
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Figure 3.4 Measurement setup of 25-Gbps modulation via a dispersive device. (a) Photograph. (a) Diagram.

3. 2.3 Modulation Characteristics

(a) Measurement Setup

I constructed the measurement setup shown in Figure 3.4. I input CW light from the tunable laser to the
DUT on the chip after adjusting the polarization to be quasi TE mode through an optical fiber using a
lens and an SSC. The DUT was placed on a metal holder, as shown in the magnified view of Figure 3.4.
I set the laser output power PLp to be 16.5 dBm. Simultaneously, I drove the DUT with a 25-Gbps non-
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return-zero (NRZ) pseudo random bit sequence (PRBS) of length of 23'-1 bit generated by a pulse
pattern generator (PPG, Anritsu Corp. MP1800A). I set Vyp and Vpcto be 2.0 V and —1.1 V, respectively,
and I set ¢o so that the average output optical power was reduced to 9 dB lower than maximum by
heating the PCW with the TO phase tuner. Although this ¢o caused high ML, it can compensate for the
low modulation efficiency via the low doping concentrations. The modulated output light was amplified
by an EDFA to compensate for the optical loss in the system and then was filtered by a BPF to reduce
the ASE noise. | set the gain of the EDFA so that the BPF output power Pgpr was 0 dBm. Next, I
observed the eye pattern of the modulated light using an optical sampling oscilloscope (Keysight
Technologies, Inc. 86100C and 86109A).

(b) Results

Figure 3.5(a) and (b) show the measured eye patterns and the ER spectra. In the wavelength range of A
= 1528-1540 nm, I observed open eye patterns; however, the eye pattern was closed at A, = 1541 nm
because of the large optical loss. These eye amplitudes and ER values were found to gradually improved
with the increase in ng. An ER of 2.5 dB was observed at ng = 25, and it was enhanced to 8.1 dB at ng =
64. I estimated A¢ of the eye patterns from the values of ER and ¢o. Figure 3.5(c) shows the estimated
A¢ versus ng. As expected from Equation (1.11), A is almost linearly proportional to ng. Therefore, I
confirmed the slow-light enhancement of the modulation efficiency. A¢ was also observed to depend on
Aneq; this dependence is determined by the overlap between the slow light and the region in which the
refractive index is changed via the CPD. Conversely, the linear increase of A¢ with n, indicated that the
change of overlap with the increase of ng was not significant. I also calculated VzL from the estimated
A¢ in the single phase shifter based on the measurement conditions and L of 200 um as shown in Figure
3.5(d). The calculated VL was reduced with the increase in n; and reached to very small value of 0.18
V-cm at ng = 57. Moreover, an even smaller VL of 0.12 V-cm was predicted at ng = 80 according to a
fitted curve. This observation indicates that the large ng of slow light is advantageous for developing a
compact modulator.

3.3 Sub-100-pm Si LSPCW MZM using a High Group Index

In this section, I investigate the slow-light effect in Si LSPCW MZM:s as short as 90 um designed to
have different n; in the range of 20-40 and demonstrate that the modulation is enhanced by the high 7,.

3.3.1 LD Devices

Figure 3.6 shows the designed CAD layout of the 90-um length LD device, and Figure 3.7 shows the

fabricated device. The basic design is the same as that of Figure 3.1; however, the PCW designs were
different. Table 3.1 summarizes the structural parameters of the LSPCWs. Device 3.4A has third-low
shifted LSPCWs, each of which exhibits a moderate ng of approximately 20. Alternatively, Devices 3.4B
and C have first- and third-row-shifted LSPCWs, and Devices 3.4D and E have second-row-shifted
LSPCWs. These structures typically exhibit higher ng of >25 [3-1]. Therefore, I expected to observe a
greater slow-light effect, even in the 90-pum short LSPCW phase shifters. These 2 and Aw values were
set to be slightly different to tune the operation wavelength. On this lot, Na and Np were set to be 9.5 x
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107 em= and 5.7 x 107 cm=, respectively, which are higher than those of the device in Section 3.2 to

improve the modulation efficiency.
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Figure 3.6 CAD layout of a 90-um length LD device. (a) Overview. (b), (c) Magnified view of the LSPCW and
the CPW.
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Figure 3.7 Fabricated 90-um length LD device. (a) Overview. (b) Magnified view of a LSPCW.

10 um

Table 3.1  Structural parameters of the 90-um length LD devices

1D L 2r K S §3 Aw

34A 90pum 220nm Onm Onm 80nm Onm

34B 90pum 200nm 110nm Onm 95nm 30 nm
34C 90 pum 200nm 110nm Onm 95nm 50 nm
34D 90pum 200nm Onm 90nm Onm 50 nm
34E Opum 210nm Onm 70nm Onm 40nm
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Figure 3.

9 Measurement setup of 25-Gbps modulation via a 90-um long LD device.

3. 3.2 Fundamental Characteristics

I measured the ng spectra of Devices 3.4A—E; Figure 3.8 shows the results. The gray curves show the
raw data of the measured 7, and the black curves show the moving average in the wavelength range of
+0.3 nm. Here, I considered the LD slow-light bandwidth as the range that n, falls within £10% and
colored backgrounds in Figure 3.8. As I expected, Devices B—E exhibited higher ng of 26-38 than that
of Device 3.4A, while they maintained AA of ~10 nm. In particular, Device 3.4D exhibited a large ng of
33 and a wide AL of 15 nm. I expected Devices B-E to exhibit 1.2—1.7-fold A¢ compared with that of

Device 3.4A in the following modulation experiment.
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3. 3.3 Modulation Characteristics

(a) Measurement Setup

Figure 3.9 shows the measurement setup. I used a tunable laser (Agilent Technologies, Inc. TSL-210)
and EDFA (Fiber labs, Inc. FL8001) that support operation in the L band (A = 1565-1625 nm). I input
12-dBm power CW light into each device from the tunable laser and adjusted the wavelength so that the
received power at the PM became the maximum. Next, I adjusted the gain of the EDFA so that Pgpr
became 0 dBm. I also set the bit rate, V;p, and Vpc of the NRZ PRBS output from the PPG to be 25 Gbps,
1.75 'V, and —0.9 V, respectively. | observed the modulated eye patterns after filtering by the BPF using
an optical sampling oscilloscope. Here, I tuned the ¢o via the TO phase tuners to set ER of the observed
eye patterns to be ~3 dB. On this condition, the ML decrease with increasing A¢ is enhanced by the
slow-light effect.

(b) Results

Figure 3.10(a) shows the observed 25-Gbps eye patterns modulated by Devices 3.4A—E. I obtained open
eye patterns with ER of ~3 dB from all the devices. ML of 6.8, 9.0, 7.1, 4.5, and 5.5 were observed for
the ng of 22, 26, 31, 33, and 38, respectively. I estimated A¢ from the optical transmittance curves as a
function of heating powers of the TO phase tuners (the curves correspond to ¢o) in addition to the values
of ER and ML as shown in Figure 3.10(b). The set values of ¢o (circle plots in Figure 3.10(b)) and the
obtained A¢ could be uniquely determined. Figure 3.10(c) shows A¢ as a function of ng. Here, A¢ was
also found to be linearly proportional to 7. I obtained a comparable value of A¢ from the 90-pm length
LSPCW phase shifter as that of a 200-mm length PCW (Figure 3.5(c)), as shown in Figure 3.10(c),
because of the higher doping concentrations: Na =9.5 x 10'7 cm~ and Np = 5.7 x 10! cm=. The largest
A¢ of 0.157 (for the push-pull driving), which corresponds to ER of 3.2 and ML of 4.5 dB, was obtained
by Device 3.4D, which exhibited ng of 33. I calculated values of VzL based on the estimated A¢ and the
measurement conditions of Vpp = 1.75 V and Vpc = —0.9 V as shown in Figure 3.10(d). The calculated
VxL were found to decrease with the increase in ng and reached to 0.22 V-cm (for the single phase shifter)
at ng = 33. In our previous study, 25-Gbps operation of a 90-um length single-LSPCW MZM was
observed. However, a noisy eye pattern with small ER of 2.0 dB was observed for Vp, =3.6 V and Vbc
= 5 V. This improvement was achieved via the high doping concentrations and the use of push-pull
driving. Furthermore, the value of ng of the previous single LSPCW was not directly measured, although
it was estimated to be >40 from the free-spectral range of the transmission spectrum [3-2]. In this
experiment, I showed a clear relationship between ng and A¢ in the studied LSPCW MZMs,

3.4 Summary

I discussed the modulation efficiency enhancement via the slow-light effect observed through the
experiments I performed. I designed and fabricated the dispersive device without lattice shifts to have
gradually increasing ng toward the band edge. This design enabled tunable ng by merely changing the
input wavelength. Both the ER of the modulated eye patterns and the estimated A¢ increase with

increasing ng. I confirmed that A¢ is linearly proportional to ng, as theoretically predicted by Equation
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(1.11). The calculated VL from the estimated A¢ was also reduced with the increase in ng and it was
reached to 0.187 even with the low doping concentration of Na = Np = 4.8 x 10'” ¢cm™. Furthermore, 1
confirmed the observation of the slow-light effect in five 90-um length devices (Device 3.4A-E), each
of which has a different LSPCW design, and demonstrated 25 Gbps operation, as discussed in Section
3. 3. In this experiment, | obtained a small V;L of 0.22 V-cm for the device that has high ng of 33 and
relatively wide AL of 15 nm. To the best of my knowledge, these observations represents the smallest
V2L among the reported CMOS compatible MZMs based on the CPD in Si; this VL value is 0.07-0.16
times smaller than conventional rib-type MZMs (as shown in Table 1.3) [3-3]-[3-9] and comparable
with state-of-the-art hybrid integrated modulators (i. e. III-V modulators [3-10] and SOH modulators
[3-11]). Through these experiments, I confirmed the effectiveness of slow-light effects to develop a
compact MZM.
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Chapter4
Wide-Wavelength-Range Operation

4.1 Overview

In this section, I discuss the wide-wavelength-range operation, which corresponds to a temperature
stability, of a LSPCW MZM that has a LD bandwidth. The temperature stability is an important
characteristic for developing EO modulators used in severe temperature environments in data centers.
Previously, our group reported an operation of a LSPCW MZM in a wide wavelength range of 16.9 nm
and a wide temperature range of 19-124°C [4-1], but it was characterized only by its eye amplitude.
Here, the wide-wavelength-range operation was evaluated by more general characteristics: the
frequency response spectrum, ER spectrum, and bit-error rate (BER) spectrum.

4.2 Device

4.2.1 Design and Fabrication

Figure 4.1 shows the CAD pattern of the designed LSPCW device with the wide LD band, and a CPW.
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Figure 4.1 CAD layout of a 200-um long LD device. (a) Overview. (b), (c) Magnified view of a p-n junction and
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Figure 4.2 shows the fabricated device. The third-low shifted LSPCW of s3 = 90 nm corresponding to
0.225a was employed as the device with the wide LD band. An interleaved p-n junction, whose
interleaved depth and period are both 600 nm, was also employed in this device to obtain large A¢ for
relatively low ng of approximately 20. A¢p was determined by a simulation to increase by roughly 1.8-
fold using the interleaved p-n junction with the 600-nm depth [4-2]. However, the frequency response
can deteriorate because of the 2.2-fold larger Cpn compared with a linear p-n junction. The doping
concentrations were Na =9.5 x 10'7 cm~ and Np = 5.7 x 10'7 cm~ on this lot. The electrode design and

54



| Optical Fiber : : : :

i Electrical Wiring . ' !
.. P Supply [ !

: - - - - GPIB Wiring Ower Suppy Multi Meter : I

I - !

1% !

| (Santec TSL-210) PC ] D¢ Probe PM|

I Lens Lens

Lo _@_CXL__ DUT !

7| Tunable Laser - EDFA BPF !

I

I RF Probe =

e e T 99% e

|

: | | Power Supply Bias-T

PC, : Att.
Lab VIEW | Vector 0Ll ) itsu MN4T765)

= = - Network
) Analyzer
(Anritsu 37269E-R)

b (o A—h
(b) ‘ Start ) © e
RIS [nm]
dr MRS (o]

1 & 0
V v‘iigi&ﬁ [m]
EETILE (]
- ah
1 Calculate Target A ?
(d) =
- =
T — 5
g i
it o
i &
(c) =
SetAof LDOutout | | N e e s R e e
WA AEEfES
h R (e = 3887 (M) -0 3t¥7— (o]
flazis  Joowwar | B Jasoo7 Fise
Set Center A of BPF
OF = —
; s .
e
Set ¢y o
by Power Supply = |
v %o 25 50 75 100 135 180 1fs o 28 280 235 oo ads 0 a5 4o
" S0k 0
Measure v i
Frequency Response o
I End

Figure 4.4 System for performing wide-wavelength-range frequency response measurements. (a) Measurement
setup. (b) Flowchart of the program. (c¢)-(e) graphical user interface (GUI) of each part of the program.

the other components are the same as those of the 90-um LD devices shown in Figure 3.4.

4.2.2 Fundamental Characteristics

I measured the transmission spectrum and the ng spectrum of the LD LSPCW MZM. Figure 4.3(a) shows
the measured transmission spectrum. The device exhibited a flat transmission band at A, = 1550-1570
nm with a maximum transmission of —5 dB. Again, this insertion loss includes the following, as
explained in Section 3. 2. 2: 1) coupling loss between the Si waveguide and the PCW of ~1.5 dB in total,
2) the loss at the two MMI couplers of ~0.5 dB in total, and 3) six times bending loss of ~0.5 dB. Hence,
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the remaining loss of ~2.5 dB corresponds to the propagation loss in the p-n incorporated PCW, in which
ng is approximately equal to 20. Figure 4.3(b) shows the measured ng spectrum. The device exhibited a
low-dispersion band with n; = 20 and a bandwidth of AA = 21 nm; this value of AL covered
approximately 60% of the 35-nm wide C band and the normalized delay-bandwidth product [4-3] was
calculated to be 0.27.

4.3 Frequency Response Measurement

4.3.1 Measurement Setup

I constructed a wide-wavelength-range frequency response measurement system, as shown in Figure
4.4(a). The tunable laser (Santec Corp., TSL-210) output was coupled to the DUT via a SMF coupled
with a lens and the SSC. Simultaneously, the small-amplitude sinusoidal signal output from Port #1 of
the vector network analyzer (VNA, Anritsu Corp. 37269E-R) was applied to the DUT after combination
of the output with a DC bias voltage of V'pc = 2.2 V using a bias tee. ¢o of the MZI was adjusted to be
n/2 by the DC voltage applied to the TO phase tuners. The modulated light was converted to an RF
signal using an OE converter (Anritsu Corp. MN4765) with >70 GHz bandwidth after the amplification
by the EDFA (Alnair Labs Corp., CPA-100-CL) and the filtering by the BPF (Alnair Labs Corp., CVF-
220-CL). The converted RF signal was detected at Port #2 of the VNA to determine the EO response.
Simultaneously, the reflected signal was also detected at Port #1 to determine the reflection
characteristic Si1. The tunable laser, VNA, DC power supply, digital multimeter, PM, and BPF were
connected to a computer via GPIB interfaces. These instruments were automatically controlled using a
VI program in a LabVIEW development environment. Figure 4.4(b) shows a simple flowchart of the
program, and Figure 4.4(c)-(e) shows the graphical user interface (GUI) of each part of the program.
First, the program calculates a target )\ based on a given initial A and ) step. If the target A is in the
measurement range, then it is sent to the tunable laser and the BPF; else, the program ends. Next, ¢o is
set to be 1/2 based on the measurement of the change in the output optical power with the heating power
of the TO phase tuner. Subsequently, the frequency response is measured. The program executes this

process until the ending condition is met.
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Figure 4.5 Lasing wavelength measurement of a tunable laser (Santec Corp., TSL-210). (a) Relationship between
Aset and Ames. Inset shows an expanded graph of a range from 1555 nm to 1557 nm. (b) Error between Ames and the
regression line shown in (a).
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Figure 4.6 Results of a wide-wavelength-range frequency response measurement for V'pc =-2.2 V (a) Frequency
response at A, = 1554 um. (b) ng spectrum. (c) Frequency response spectrum.

Before the frequency response measurement, I confirmed the accuracy of the output wavelength of the
tunable laser by directly observing the lasing spectrum using an optical spectrum analyzer (Advantest
Corp., Q8384) at the wavelength step of 0.1 nm. Figure 4.5(a) shows the measured wavelength Ames
versus the set wavelength Aset. The Ames Was increased in proportional to Aset according to Ames = 1.00 Ames
— 2.09. However, the Ames Was step-wise changed at the microscale. The Figure 4.5(b) shows the error
between the Ames and the regression line and it roughly ranged in the range of —0.2 nm to 0.2 nm.
Therefore, I discuss the overall characteristics in the measurement wavelength range of the following
measurement results but do not mention the relationship between ng and the frequency response at a

particular wavelength.

4.3.2 Results

First, T will describe the frequency response at a single frequency. Figure 4.6(a) shows a frequency
response measured at A, = 1554 nm. The EO response and S11 exhibited a slow valley and peak at f'=23
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GHz, respectively. The high reflectivity at the slow peak is thought to result in the low EO response at
the valley. The value of f3as (determined to be 17 GHz) of the EO response was also affected by the slow
valley as well as the RC time constant and the EO phase mismatch. In a finite element simulation using
Lumerical DEVICE, the obtained resistance Rpn and capacitance Cpn values of the linear p-n junction
were found to be 60 Q and 50 fF, respectively [4-2]. Therefore, f3as = 28.9 GHz from 1/27t(Rpn + Zg) Cpn
was expected for a driver impedance Z; = 50 Q3. The lower value obtained from the experiment indicates
the existence of a dominant factor other than the RC time constant. I will discuss this factor in detail in
Chapter5. Before moving to the wide-wavelength-range measurement, I confirmed reproducibility at a
fixed wavelength. I repeatedly acquired the EO response at A, = 1554 nm 25 times (the whole acquisition
processes took approximately 80 minutes). The fluctuation in the f3as fell below 1 GHz as shown in
Figure 4.6(b). Therefore, if 348 changes over 1 GHz in the wide-wavelength-range measurement, it can
be considered to be due to the wavelength characteristic of the device.

Next, I will discuss the wide-wavelength-range measurement. Figure 4.6(c) and (d) show the low-
dispersion ng spectrum and the frequency response spectrum at the A step of 0.02 nm in the range of
1550-1558 nm. The interface between the red and yellow areas indicates f3as. This low-dispersion
device exhibited a stable frequency response with f3as of 18 GHz, although it slowly fluctuated within
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Figure 4.7 Measurement setup for 25-Gbps modulation.
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Figure 4.8 Setup for BER measurement.
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the range of 12-21 GHz. I considered this fluctuation to be caused by the EO phase mismatch and to
correspond to the oscillation in ng. Therefore, I performed the further investigation described in Section
5. 1 used the PCW without the lattice shift that exhibits a larger n, change.

4.4 Modulation Characteristics

4.4.1 Measurement Setup

(a) Eye Pattern Observation

Figure 4.7 shows the measurement setup used to characterize the wide-wavelength-range modulation.
This setup is the same as that in Figure 3.4. The input optical power and the RF signals are the also
same: PLp = 16.5 dBm, V;,p =2.0 V, Vpoc = —1.1V, bit rate of 25 Gbps, and bit pattern length of 2°!-1 bits.
Only the DUT and ¢o were changed; ¢o was set so that the average transmission power was decreased
by 2 dB from the maximum transmission. Therefore, ML in this experiment can be estimated as 2 —
ER/2.

(b) Bit Error Rate Measurement

The BER is defined as the rate of a number of detected bit errors Nerr to the number of all transmitted
bits Neit. Using the BER, we can evaluate the communication quality of a total system. Figure 4.8 shows
the setup used to perform BER measurements. The optical and electrical input parts were the same as
those in Figure 4.7. The parameters were set as follows: Pp = 16.5 dBm, Vp, =2.0V, Vpc=-1.1V,
and BR = 25 Gbps; the bit pattern length was 27-1 bits. The modulated signal was amplified and filtered
by the EDFA and the BPF, respectively. A variable optical attenuator was also used to control the
received optical power P: at the EO converter (Agilent Technologies 11982A). After the EO conversion,
the BER was measured using an error detector module (Anritsu Corp. MU183040B) combined with the
PPG. We can only measure BER probabilistically over a limited measurement time ¢. The confidence
level (CL) is given by [4-4]

CL =1 — ¢ Mos'BER _ | _ g~t-BR-BER (4. 1)

In this measurement, I set t to be 20 s, which corresponds to a BER of 5.99 x 1012 at a CL of 0.95. If I
evaluate the BER of 1 x 1012 in 1 0f 20 s, the value of CL decreases to 0.39. Note that, I evaluated BER
to be 1 x 1012 if no error was detected in 20 s, although its CL was limited.

4.4.2 Results

(a) Eye Pattern Observation

Figure 4.9 shows the ER spectrum in the wavelength range of A = 1549.5-1565.5 and the eye patterns
at A = 1551.5, 1559.5, and 1564.5 nm. This low-dispersion device exhibited nearly uniform eye patterns
over the measurement range of A)A of 16 nm, and the ER range was 2—3 dB. In the range of A = 1549.5
—1554.5 nm, ER was higher than 2.5 dB but gradually decreased with the decrease in ng. The fluctuation

in ER was caused by the oscillation in ng, which ranges from 18 to 22. The ng ratios to the center ny of
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Figure 4.9 Results of the wide-wavelength-range 25-Gbps modulation. (a) ng and ER spectra (b), (c), and (d) Eye
patterns observed at A = 1551.5, 1559.5, and 1564.5 nm.

20 were 0.9 and 1.1. To obtain ER of 2.5 dB (the center value of the ER range), Ad of 0.1807 is needed
at ¢o = n/2. Furthermore, to obtain ER values of 2.0 dB and 3.0 dB, A¢ values of 0.145x and 0.2167 are
needed, and these A¢ values are 0.80-fold and 1.19-fold of the center A¢p of 0.1807, respectively. These
A¢ ratios roughly agreed with the n, ratios. In this experiment, ER was below 3 dB, which is one
criterion; however, this result can be improved by using a larger ML, a larger Vyp, or a higher ng. The
eye amplitudes at the center of each eye patterns became smaller than the amplitudes between the ‘0’
level and the ‘1’ level because f3ds is approximately 18 GHz, which is not high relative to the bitrate.

(b) Bit Error Rate Measurement

Figure 4.10(a) shows BER at each wavelength, and Figure 4.10(b) shows the BER and ER spectra
measured at wavelength of A = 1558 — 1560 nm with A step of 0.2 nm. This spectral range is a part of
the wavelength range covered in the previous section. The BER was found to linearly decrease with Pr,
reaching 1 x 10! at almost all of the measurement wavelengths when P: is equal to -5 dBm;
furthermore, it reached 1 x 10-'? at all the measurement wavelengths when P: increased to —4 dBm. An
ER spectrum similar to that of Figure 4.9 was measured. The fluctuation of BER was found to correspond
to the fluctuation of ER within 1 dB, as shown in Figure 4.10(b).

4. 4.3 Discussion

In the above-described experiments, the low-dispersion device exhibited flat ER and BER, with slow
fluctuations in each measurement wavelength range. The 1-dB fluctuation in ER also changed the error-
free P: power by 1 dB. Therefore, stable error-free operation can be achieved by adding a 1-dB margin
to the ER. This additional margin can be accomplished in two ways while maintaining Vp, at 2 V: (1)
giving additional ML (which was currently set to be as small as 0.5-1.0 dB) and (2) using higher #g.

However, because both (1) and (2) also increase the optical loss, the merit of the increase in ER must be
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Figure 4.10 Results of the wide-wavelength-range BER measurement. (a) BER as a function of P at A = 1558—
1560 nm. (b) BER and ER spectra.

reconfirmed. Alternatively, this fluctuation can be reduced by an optimization of the coupling structure
between the LSPCW and Si wire waveguides because it was caused by the Fabry-Pérot resonances in

the LSPCW [4-5]. In this case, the required £R margin for stable error-free operation will also be reduced.

4.5 Summary

I discussed the wide-band characteristics of a low-dispersion LSPCW MZM based on the evaluation of
the frequency response, ER, and BER. The fabricated device experimentally exhibited a wide low-
dispersion slow-light bandwidth of 21-nm. The frequency response measurement of the device revealed
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f3as of ~18 GHz at Vpc = —1.1 V over the wavelength range of 1550—1556 nm. This value of f3as was
affected by not only the RC time constant and the EO phase mismatch but also the undesired RF

reflection. Nevertheless, the device exhibited stable 25-Gbps modulation over the wide wavelength

range of AL = 16 nm; however, ER fluctuated within ~1 dB because of the oscillation of ng. This 1-dB

fluctuation in ER also changed the error-free P, by approximately 1 dB. Therefore, an additional 1-dB

margin must be added to ER or a reduction of the oscillation of ng must be achieved for stable error-free

operation over a wide wavelength range: in this case, the error-free detection over AL = 16 nm was
achieved at P- = -4 dBm.
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Chapter5
High-speed Operation by
Electrooptic (EO) Phase Matching

5.1 Experimental Observation of EO Phase Mismatch

I performed an experiment to clearly observe the EO phase mismatch. More specifically, I measured the
frequency response of the dispersive PCW MZM, whose 7, is easily tunable by merely changing the
operation wavelength; this device was used in Chapter3. The measurement system used is the same as
that in Figure 4.4. The measurement conditions were also the same as those used previously: Vpc =-2.2
V, ¢o = /2, and A step of 0.02 nm. Figure 5.1 shows the ng spectrum and the frequency response
spectrum. This device exhibited ng of 35-80 in the wavelength range of A = 1534-1540 nm. f3as around
15 GHz was measured for ng = 35; this value was found to decrease with the increase in ng and was
lower than 10 GHz on the average for ng higher than 50. I confirmed the strong correlation between ng
and the frequency response. When the wavelength is changed, the optical transmission and & in the PCW
are also changed; however, these characteristics do not affect the frequency response. Therefore, the

observed degradation was apparently caused by the EO phase mismatch.

(@)

Group Index ng

I
S
EO Response [dB]

<-20

1534 1535 1536 1537 1538 1539 1540
Wavelength ) [nm]

Figure 5.1 (a) ng spectrum and (b) frequency response spectrum for Vpc =-2.2 V of the dispersive device.
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5.2 Meanderline Electrode

Figure 5.2 shows illustrations of how light and RF signals propagate in different devices. In the
conventional Si rib waveguide, ng is typically ~4, and the difference from the RF equivalent refractive
index nrr (Which typically ranges in 2-4 [1-5]) is small. Therefore, the slow light and the RF signals
copropagate over the long distance, and EO phase match is realized by nrr tuning based on the traveling
electrode design. In contrast, the large n; of slow light (ng > 20) is significantly larger than nrr, and the
relative position between the slow light and the RF signals becomes greater as the propagation proceeds.
Thus, the nrr tuning approach is simply not applicable to this problem. To solve this problem, I employed
meanderline electrodes, as shown in Figure 5.3. In the first half section of the phase shifter, the slow
light and RF signals copropagate, being displaced, as shown in Figure 5.3(a). In the second half section,
the RF signal, which was delayed in the meanderline, copropagates with the slow light, as shown in
Figure 5.3(b). A similar EO phase matching scheme in III-V compound modulator using ridge
waveguide structure was previously reported in Ref. [5-6]; however, the slow-light device requires a

much longer delay.

(a) (b)
Fast Light : Slow Light
(n, ~4) (> 20)

S Electrode \

S Electrode

Si Waveguide

G Electrode G Electrode

Figure 5.2 Illustrations of EO phase mismatch in (a) a fast-light waveguide and (b) a slow-light waveguide.

(a) (b)
S Electrode j G Electrode N G Electrode RF Signal (1, = 2-4)

/ 2 //\H Slow Light
S - \\ “Q ( g = 20)
/ ng > / N

PCW PCW

Figure 5.3 Illustrations of EO phase matching via a meanderline electrode. (a) First half section of a phase shifter.
(b) Second section of a phase shifter.



5.3 Theoretical Analysis

In this section, I describe the design of the meanderline electrodes and estimate the possible
improvement in frequency response based on two equivalent circuits: traveling-wave electrode model
[5-71,[5-8] and distributed-element circuit model.

5.3.1 Traveling-Wave Electrode Design

I analyzed the theoretical behavior of the slow light and RF signals in traveling-wave electrodes by
considering the relevant wavenumbers and propagation velocities for the meanderline electrode. Figure
5.4(a) shows the traveling-wave circuit model of a normal electrode, in which the light and the RF signal
propagate along the z axis. The averaged effective voltage Vave that a wave packet of light receives in
the phase shifter (length L) is expressed as follows:

Voe (f) :Hg/ﬁ(em sinco, +T' e/ e sinC(pf) (5.1
L
Y =0+ jBre (5.2)
_(B,xm)L (5.3)
- 2
2
ﬁo _ TCfng , BRF :% (54)
c c

where Vo is the voltage at z =0, 'y is the RF reflectivity at z = 0 (as seen from the transmission line side),
I'L is the RF reflectivity at z = L (as seen from the transmission line side), y is the RF complex
propagation constant whose o and Prr are the attenuation constant and propagation constant,
respectively, Bo is the modal propagation constant of light, and c is the speed of light. Here, the relation
between Vo and the output voltage from the signal generator is determined by the internal impedance of
the signal generator Z; and the input impedance Zix and is expressed as follows:

7.
V,=—=n_y
‘42, ¢ (5.5

Here, Zin is defined as follows:

_ V(z=0)

" I(z=0) (56)

where V(z) and /(z) are the voltage and current, respectively, at a position z. These are expressed using
a forward-propagating voltage Vt, a back-propagating voltage Vb, and the characteristics impedance of
the CPW, Zo:

V(2)=Ve ” +Vye” =V;(e 7 +T,e520) (5.7)
Vi u W, V(. ~
I(z)zZ—Ze " —Z—l;e}'L =Z—Z(e 7~ —FLey( ZL)) (5.8)

Zin 1s obtained by substituting these equations into Equation (5.6).
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Figure 5.4 Traveling electrode models. (a) Normal electrode model. (b) Meanderline electrode model.

_ylene)  rene
in I} —291L
ﬁ(l B 1—~Le—2yL) 1-T,e (5.9

0

Here, I'y is expressed as:

r Z,—Z,
= 5.10
* 7,47, (5.10)
Therefore, we obtain Equations (5.11) and (5.12) by transforming Equation (5.10).
LiT 27,
+ =
"7z (5.11)
g
27,
1-T, =—2°
=7z (5.12)
g
Substituting Equation (5.9), Equation (5.5) can be written as Equation (5.13):
—2yL
z, e
1-T e
Vo= 1+, e ¢
Z,+Zy 0
£ T1-Te™ (5.13)
__Z 1+T ™" V
Z g
Z, %20 — =t (1 —rLe*“L)Jri(HrLe*M)
Z,+2Z, Z,+27,
Substituting Equation (5.11) and (5.12), this equation can be written as Equation (5.14):
.z, 1+ e v
=
Z. +7, 1 -29L 1 BV AN
g 05(1+Fg)(1—FLe " )+5(1—Fg)(1+FLe ") 514
Z, 1+ ™"

Z,+Z,1-T e’ ¢

We obtain Equation (5.15) by substituting Equation (5.14) into Equation (5.1).
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Z v , .
V..(f)= ¢ £ e’ sincp, +T e e since. 5.15
(/) Z,+Z,1-T T ™" ( - ) (5.15)

The degradation ratio of the EO response 1 can be obtained as Equation (5.16):

ne| | 1-rn
VO] (14T, )(1-T, T e ")

n= (e’i(p* since, +T' e’* e sin C(p_j (5.16)

In the same manner, we can obtain Vave and n of the meanderline model, whose meanderline length is

Lq (shown in Figure 5.4):
Jos 3. . Jo- . 3. .
Zy,ile? +e? " lsine P 4T e e 2 e ™ lsine
v ) 2 2 (5.17)
2Z,+Z,)1-T I e”™")
Jo 39
‘ . [e 2 t+e? 'ldesinc%
-r.r
n(f)= e . | (5.18)
(1+1, )(1 —T e " ) 4T e (6.]2_”% + eﬁ%_m Jsinc(p_
2
where ¢a is the delayed RF phase in the meanderline, and is given as follows:
2nfn,L
= 2nfn, Ly (5.19)

C

where nq is the equivalent index of the meanderline. Assuming that the phase shifter and the signal
generator constitute a simple RC circuit, the transfer function of the voltage applied to the depletion
region G(f) is given by

1

\/l+{27zf(Zg +R,)C, )

G(/)= (5.20)

where Rpn and Cpn are the resistance and capacitance of the p-n junction, respectively. Therefore, the EO
response EO $21 considering both EO phase mismatch and RC time constant is obtained as Equation
(5.21).

EO S,,(f)=20-log,,(G(f)-n(/)) (5.21)

5. 3.2 Distributed Constant Circuit

v and Zo must be determined for practical calculation; these values are obtained using a distributed-
constant equivalent circuit. Figure 5.5(a) shows the correspondence between the structure of the phase
shifter and the proposed distributed-constant equivalent circuit. the electrical elements are defined as
follows: the resistance and capacitance per length of a p-n junction are R, and Rn, respectively; the total
resistance per length of the p-n junction is Rpn = R, + Rn; and the resistance, capacitance, and inductance
per length of the CPW are Rcpw, Ccpw and Lcpw, respectively. Note that I used Rpn and Cpn as just the

resistance and capacitance, respectively, in previous sections, whereas I use Rpn and Cpn as the resistance
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per length and capacitance per length, respectively, in this section.
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Figure 5.5 Distributed-constant circuit model. (a) Correspondence between the CPW structure and each element.

(b) Circuit diagram.
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Figure 5.6 Illustration of the layer division of a CPW on SOL.

Figure 5.5(b) shows the proposed distributed-constant equivalent circuit of the phase shifter. The serial
impedance Z and parallel admittance Y of this circuit are written as follows:

Z=R,, +jol,, (5.22)
jaC
Y = jaCpy, +——— 5.23
o 1+ joR C, (5-23)

where the o is the angular frequency of a signal. In the same manner, Z and Y for a simple CPW without

a p-n junction are written as follows:
Z=R_. +joL,, (5.24)
Y =joC,,, (5.25)

Ccrw of a CPW on the multilayer substrate is obtained as the sum of the capacitances calculated
based on the permittivity minus that of the background [5-9]. As shown in Figure 5.6, the two-layer
substrate can be divided into three layers, including the air above the CPW. In the case of the SOI wafer,
Layer 1 and Layer 2 correspond to the Si substrate and the BOX layer, respectively. The layer
capacitance per length of the CPW (whose electrode thickness is negligible and whose G electrode width
is infinity) surrounded by air Co is given by Equation (5.26) [5-9]:
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C =4

) & K(ko ') (5.26)
w,/2

k,=——"—

0 W, /2+dgg (5.27)

k= 1- k2 (5.28)

where K(k) is a complete elliptic integral of the first kind and is given by Equation (5.29):

/2 1
o= e (529

Similarly, the i th layer’ capacitance Ci (i = 1, 2) is given by Equation (5.30):

C =2¢,¢" K(k) (5.30)
i 0 K (kl y) .
eV =g -1 (5.31)
=g —¢ (5.32)
s1nh( zw, / 2}
k = i (5.33)
i m(w, /2+ dGs)
2h

where i is the capacitance of the i th layer. In Ref. [5-7], €1 less than or equal to g2 is assumed; however,
g1 is larger than g for the SOI wafer. Therefore, I allow £ to be a negative value. Thus, we can obtain

Cepw as follows:
Cory =G +C +C, (5.34)
In this condition, we obtain the equivalent permittivity of the CPW geq as follows:

_ CCPW

E =
"y K (k, (5.35)
& ;
K (k")

Furthermore, if the CPW is lossless, Lcpwis given as follows:

1

Lepy = Z.c (5.36)
y is written as Equation (5.37) using Z and Y [8]:

y=a+jp=NzZY (5.37)
We obtain Equation (5.38) by substituting Equations (5.22) and (5.23) into Equation (5.37):

. . ja)Cpn
V= (RCPW + ]a)LCPW) Ja)CCPW t (538)
1+ ]a)an C on
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If we substitute Equations (5.24 (5.24) and (5.25) into the above equation, we obtain the complex

propagation constant of the CPW without the p-n junction ycpw as follows:

Verw = \/jwccpw (RCPW + ijCPW) (5'39)

o and (3 are obtained as the real part and imaginary part, respectively, of y or ycpw. Using B, the phase

velocity of the RF signal vrr is written as follows:

®
Vi = E (5.40)
Therefore, we obtain nrr as follows:
n =S-P (5.41)
vV o

Furthermore, Z is expressed using Z and Y as follows:
Z,=,— (5.42)

and is expressed by substituting Equations (5.22) and (5.23) into the above equation as follows:

_ [ RCPW + ja)LCPW

Z, = :
‘ ioCo t JjoC,, (5.43)
Y1+ joR C

pn —pn

When we substitute Equations (5.24) and (5.25) into the above equation, we obtain Zo of the CPW

without the p-n junction:

R

Zo — CPW'
] wCCPW

+ jolL
JO cow (5.44)

5.3.3 S Parameter

Equations of electrical S parameters are derived based on the traveling waveguide theory. Here, 1
describe only the absolute value of the S parameters which showing the amplitude of the S parameters.

I'L is expressed using Z1 and Zo as follows:

L4 5.45
"Z+2Z, (5:45)
Using I'L, Zin is expressed as follows:
1+ et
in = %o W (5.46)

The total reflectivity between the device and the input circuit I'in is obtained using Zin and corresponds
to Su1.
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=|r,|= Zn =% 5.47
- in_Zm'i‘Zg ( )
I also derive S>1 below. The transmission coefficient of voltage T is given as follows:
27Z.
T|=|l+T,|=—= (5.48)
Zin + Zg
Moreover, the propagation loss in the CPW nrr is given as follows:
N =€ (5.49)
We can obtain Sz as the product of 7in and nrr.
2Z. |,
S :|Tin|'nRF = Z. +mZg e (5.50)

5.3.4 Calculation Results

(a) Electrical Properties of the CPW and the S Parameters

I estimated the electrical properties of the CPW by substituting the structural parameters and the
simulated values of Rpn and Cpn into the equations described in Section 5. 3. 1, 5. 3. 2, and 5. 3. 3. First,
I numerically calculated Ccpw, Lcpw, and geq using the parameters provided in Table 5.1. Figure 5.7
shows the results. Ccpw increases with an increase in ws and decreases with an increase in dgs. The
typical values of devices used in this chapter are ws = 10 um and des = 7 um, and Ccpw is calculated to
be 0.13 pF/mm based on these values. This capacitance per unit length corresponds to 26 fF for L =200
um. Furthermore, Lcpw decreases with an increase in ws and increases with an increase in des. For ws =
10 pm and ds = 7 um, Lepw is calculated to be 0.38 nH/mm, which corresponds to 76 pH for L = 200
um. geff increases with increases in both ws and dcs. To ensure dgs > 1 um, ger must be from 3.0 to 5.7;
geft = 4.5 for ws =10 pum and dgs = 7 um.

Based on these electrical properties, I calculated o, nrr, and Zo for a CPW without a p-n junction and
a p-n loaded CPW. Table 5.2 shows the parameters used. Figure 5.8 (a), (b), (c) show the calculated «,
nrr, and Zo. The CPW without a p-n junction exhibited o = 0.4 dB/mm, nrr = 2.1, and |Zo| = 54 Q) for
almost the entire calculated frequency range. Compared with these values, o and nrr increased and Zo
decreased for the p-n loaded CPW. ¢ strongly depends on the frequency and is 2.2 dB/mm and 5.3
dB/mm at f'= 20 GHz and 40 GHz, respectively, and corresponds to 0.44 dB and 1.6 dB, respectively,

Table 5.1 Parameters used in the calculation of the electrical properties.

Parameter  Value

€1 4

& 12

h 3000 pm

h; 3 um

Wy 4,7, 15 um
dsc 4,10, 15 ym
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Figure 5.7 Calculated Ccpw, Lcpw, and geq in @ CPW. (a) ws dependence. (b) gos dependence.

for L = 0.2 um. nrr ranges from 3.2 to about 4, which is much smaller than ny ~ 20, although it is
approximately double of that of a CPW without a p-n junction. Zo was found to be ~35 Q, which is
smaller than ZL = Z; = 50; this case corresponds to I'L = ' = 0.18. Furthermore, I calculated the S
parameters, and Figure 5.8 (d) and (e) show the calculated S11 and Sz21. S21 is higher than -3 dB, even at
f =40 GHz; this result includes 1.1-dB propagation loss and 1.6-dB reflection loss. f3as of the EO
response due to Sz1 can be estimated to be a 6.4-dB cutoff frequency. The calculated S21 exhibited a 6.4-

Table 5.2 Paramters used in the calculation of the S parameters.

Parameter ~ Value

€ 4

& 12

€cq 45

h 3000 pm

h, 3 pm

W 10 um

dsc 7 pm

Repw 5 Q/mm

Copw 0.13 pF/mm

Vorgos 0.38 nH/mm

Ry, 12 Q'mm (= 60 Q x 0.2 mm)
Cpn 0.25 pF/mm (= 0.05 pF/0.2 mm)
Z, 50 Q

7L 50Q
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dB cutoff frequency much higher than 40 GHz. Therefore, this parameter does not strongly limit the
total f3ds.

10 @
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Figure 5.8 Calculated characteristics of the CPW. (a) a.. (b) nrr. (¢) Zo. (d) Si1. () Sa1.

Table 5.3 Parameters used in the calculation of the frequency response.

Parameter  Value

€ 4

& 12

hy 3000 pm

h; 3 um

W 4,7, 15 um

dsc 4,10, 15 pm
5

EO Response [dB]

Frequency f[GHz]

Figure 5.9 Calculated frequency response for n; = 4, 10, 20, 30, and 40.
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(b) EO Response

Figure 5.9 shows the calculated response for different ng, where 'y =T1L =0, nrr =4, =0, R =12 Q
-mm, and Cpn = 0.25 pF/mm. I set Ty =T'L = 0 and o = 0 to focus on the EO phase mismatch. When #n,
= 4 (phase matching condition), the response is determined only by G(f), and fia8 = 28.9 GHz, as
previously mentioned; this value decreases to 15.1 GHz when ng increases to 40. Thus, the frequency
response affected by the phase mismatch was theoretically predicted even for a device length of only
200 pm. Figure 5.10(a) shows the calculated frequency response for different La. I set na to be 2

considering the calculation result in 5. 3. 4(a). For ng = 20, the response is improved as Lq is increased

(a) (b)
5 5
ne =20 Ly= 1.0 pm Ly=0mm
5@ 0.8 um %
- 0 %—‘é Hm | =g
2 2 pm 2
§_ 0 pm §
& S & 5
o Q
3| i
-10 ! ! ! -10
5 5
_ ne =40 Ld =10 pm _
g 0.8 pm 2]
= U 0.4 ym )
2 _ 0.2 um a
& Sk X & -5
o o
-10 I I 1 -10
0 10 20 30 40 0 10 20 30 40
Frequency /[GHz] Frequency f[GHz]
(¢) 60
56 GHz
50 IL=-05
=
O —0.25
2 40 H
2
2
g 30 - 0
= ——
s % : 0.25 T
£ e ]
3 I \
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0 1 l 1
0 0.5 1.0 1.5 2.0

Delay Line Length Zs [mm]

Figure 5.10 (a) Calculated frequency response. (a) Lq dependence. (b) I't dependence. (¢) f3ds as a function of L.
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from 0 mm to 0.8 mm, but it is rather degraded at Las = 1.0 mm, i.e., the phase mismatch becomes larger
again. For ng = 40, the response is simply improved by a longer La. I'L also influences the response
greatly because slow light in the phase shifter is modulated not only by the forward-propagating RF
signals but also by the backward ones. Depending on their phase relationship, the modulation by the
forward wave is strengthened or canceled by the backward wave. Even without reactance components,
I'L can be a negative value that cancels the forward wave. Figure 5.10(b) shows the calculated response
for Ty = 0 and different I'.. When L4 = 0 mm, the response is simply improved by a negative I'L because
the low-frequency components are particularly small and the high-frequency components are relatively
high. When L4 = 1.0 mm, the response around 20 GHz is particularly emphasized for I' = —0.5. Figure
5.10(c) summarizes the Lq¢ dependence of fias for different I'.. The negative I'L improves the fias
significantly; a high f3s8 of 56 GHz and 40 GHz are estimated for 'L = —0.5 and —0.25, respectively, at

their respective optimum La.

5.4 Suppression of the Coupled Slotline Mode

Before I designed the meanderline electrodes, | investigated the cause of the slow peak and dip in the
measured S11 and EO response that appeared in Figure 4.6 to improve the EO response via the
meanderline electrode. Some research groups have reported a similar peak and dip in the frequency
response [5-3],[5-10] and found it to be generated by an excitation of the coupled slotline (CSL) mode
[5-11]. This mode can be excited in a CPW whose electrical potential in two G electrodes are unbalanced.
This mode originates from the asymmetric structure of the CPW including the p-n diode; this structure
is loaded on the one side of the G-S-G structure. The simplest way to solve this problem is the
commonization connecting with the two G electrodes because the electrical potential in one conductor
is equipotential, assuming the resistance is negligible.

For the simple investigation, I attempted Al wire bonding on CPWs of two fabricated devices as
shown in Figure 5.11. I used not only the device with the one set of G-S-G-S-G probing pads used in
the aforementioned experiments but also the device with the two sets of probing pads. First, I manually
peeled the top-coated SiO:2 on the Al electrodes by scratching with a pair of tweezers. Figure 5.11(a) and
(b) show the devices after the peeling process. Subsequently, I bonded the Al wires on the G electrodes
using an ultrasonic bonder. Figure 5.11(c) and (d) shows the device after the bonding. I measured the
electrical frequency response of the wire-bonded devices using the measurement setup shown in Figure
5.12(a). The devices were simply connected with a VNA via the coaxial cables and the RF probes. Figure
5.12(b) shows the measured frequency response of the device with the one set of probing pads. In this
measurement, the upper RF probe in Figure 5.12(a) was detached from the device and opened. The slow
valley and dip were eliminated, and a smooth S11 was observed. In the same manner, the valleys and
peaks in the S11 and S21 of the device with the two sets of the probing pads were suppressed.

Although the wire bonding approach was effective for the suppression of the CSL mode, it is
physically unstable and needs an additional process. Therefore, I designed devices with/without the G
commonization and fabricated them on a SOI with zsi = 210, as shown in Figure 5.13. In the device
without the commonization (Figure 5.13(a)), the three G electrodes were designed to be separated from
each other. In contrast, in the device with the commonization (Figure 5.13(a)), the G electrodes were
connected with the commonization lines (each with a width of 20 um) outside the S electrodes. In

addition, these devices have two sets of G-S-G-S-G RF probing pads (ten pads in total), allowing
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measurement of the electrical S11 and Sz21 of the single phase shifter using the two pairs of G-S-G probing
pads (six pads in total) in the G-S-G-S-G configuration. Figure 5.13(c) and (d) show the fabricated
devices. Dopants of Na = 9.5 x 107 cm= and Np = 5.7 x 10'7 cm~ were implanted on this lot. Figure
5.14(a) shows the measurement setup. The two ports of the VNA were connected the single phase shifter
via the two pairs of G-S-G probing pads and the G-S-G RF probe. Figure 5.14(b) shows the measured
S parameters. The device without commonization exhibited unsmooth S parameters that exhibit a slow
peak and valley at f'of ~20 GHz and ~26 GHz, respectively. These frequencies almost correspond to the
peak and dip of S11 shown in Figure 4.6(a). In contrast, the peaks and valleys were suppressed for the
device with the commonization, with flatter S parameters obtained. I also show the calculated line fitted
to the device with the commonization in Figure 5.14(b). These curves were calculated using the
following parameters: Rpn = 30 Q'mm (= 150 Q - 0.2 mm), Cpn = 0.3 pF/mm (= 0.06 pF/0.2 mm), and
the other parameters identical to those in Table 5.2. As these values are greater than the simulated values,
a concern was that these larger values degrade the EO response in the following measurements. However,
the predicted f3as of

LT

L—Q

Figure 5.11 Devices for Al wire bonding. (a) Device with a set of G-S-G-S-G pads after top-coat peeling. (b)
Device with two sets of the G-S-G-S-G pads after top-coat peeling. (¢) Device with the set of G-S-G-S-G pads
after Al wire bonding. (b) Device with two sets of the G-S-G-S-G pads after Al wire bonding.
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Figure 5.12 S parameter measurements of the wire-bonded devices. (a) Setup, (b) Measured S parameters of the
device with the set of G-S-G-S-G pads. (¢) Measured S parameters of the device with the two set of G-S-G-S-G
pads. (d) Measured EO response of the device with the set of G-S-G-S-G pads.
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Figure 5.13 Devices with two sets of G-S-G-S-G probing pads for electrical S parameter measurements. (a), (b)
CAD patterns. (c), (d) Fabricated devices. (a), (¢c) Device without G commonization. (b), (d) Device with G

commonization.

56 GHz at maximum was very high for the target bit rates. Therefore, the designed device had an enough

margin in fids relative to the imperfect prediction.

5.4.1 Design and Fabrication of Meanderline Electrode Device

I designed and fabricated meanderline electrode devices and normal electrode devices for reference in
two lots. Figure 5.15(a) shows the meanderline electrode device, and Figure 5.15(b) shows the normal
electrode device fabricated on the first lot, for which fs; is 210 nm. The G electrodes of the devices were
commonized at the probing pads and at the end of the phase shifters; however, these devices have no
load resistors for the simplicity of the layout. I employed the structural dimensions of L = 200 mm and
2r = 190 nm for the PCW without the lattice shift, and ws = 10 um and ds¢ = 7 um for the CPW, as
shown in Figure 5.15(c). The p-n junction was of linear shape to focus on the EO phase mismatch.
Figure 5.15(d) shows a magnified view of the meanderline whose La is 1186 um. This meanderline has
the same CPW structure as that of the phase shifters and were folded using twenty-four 90-degree bends.
To minimize the bending loss, the bending angles were slanted at a 45-degree angle. For these devices,
Si slabs were placed below the meanderlines and were connected with the meanderlines. However, as
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this contact potentially induces excess propagation loss, I removed the Si slabs and the contact holes in
the second lot. Figure 5.15(¢e) and (f) show the fabricated devices. I employed #s; of 210 nm and doping
concentrations of Na = 9.5 x 10! cm~ and Np = 5.7 x 10'7 cm~ on this lot. I also designed the devices
with load resistors as the termination for the high-speed operations and fabricated them in the second
lot.

Figure 5.16(a) and (b) show the CAD layout of the devices. I implemented the load resistors of RL =
20, 30, and 50 Q) using the TiN layer, as shown in Figure 5.16(c). I determined these dimensions based
on the sheet resistance value of 18 Q)/o evaluated in a previous lot. I also designed the open-terminated
device. I expected that I'L becomes negative for R = 20 and 30 Q because Z was estimated to be 35 Q
in the calculation in Section 5. 3. 4. L4 values of the meanderlines were designed to be 422, 804, 1186,
and 1568 um, as shown in Figure 5.16(d). The Si slabs below the meanderlines were removed, as
mentioned above. The doping concentrations were set to be Na = 1.05 x 10" cm~ and Np = 6.2 x 10"
cm= on this lot. The other parameters were set to be the same as those of the device shown in Figure
5.15, except for 27 of 220 nm. Figure 5.16(e) shows the fabricated device with the load resistors based
on the CAD layout.

I also fabricated test element groups (TEGs) for evaluations of RF losses at the bends in the
meanderlines as shown in Figure 5.17(a), and the resistance of the fabricated devices Reb as shown in
Figure 5.18(a). TEG for the RF bending loss evaluation includes twenty-four 45° or 90° bends over their
1250-um length at 50-um intervals. The CPW structures are the same as those of the above-mentioned
devices. I measured the Sz21 of the TEG using the same measurement setup as that shown in Figure 5.12.
Figure 5.17(b) shows the results. The 45° bending pattern exhibited a loss below that of the 90° pattern.
At f=10 GHz, the S21s were —0.70 dB and —1.1 dB for the 45° and 90° bending pattern, respectively.
Because these values included the propagation losses and the twenty-four bending losses, the 45° and
90° bending losses were evaluated to be <0.03 dB and <0.05 dB, respectively. At f= 40 GHz, the Sais

—10 | W/ Commonization
Measurement

w/o Commonization

=30
Calculation (Fitting) Measurement

w/ Commonization
] ] ]

Calculation (Fitting)
w/ Commonization

w/o Commonization
1k Measurement

S,, [dB]

w/ Commonization
Measurement
-3 | | |

0 10 20 30 40
Frequency f[GHz]

Figure 5.14 Measured electrical S parameters of the devices with/without the G commonization.
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Figure 5.15 Reference normal electrode device and meanderline electrode device without a load resistor. (a), (b)
CAD patterns of the normal electrode device and meanderline electrode device with Ly of 1186 pum. (c), (d)
Magnified view of the CPW and the meanderline electrode. (e), (f) Fabricated normal electrode device and
meanderline electrode device with Lq of 1186 pym.
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Figure 5.16 Reference normal electrode device and meanderline electrode device with load resistors. (a), (b)
CAD patterns of the normal electrode device and the meanderline electrode device with L4 of 804 um. (c), (d)
Magnified view of the load resistors and the meanderline electrodes. (e) Fabricated normal electrode device and

meanderline electrode device with Lq of 1186 pm.
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Figure 5.17 (a) TEG for an evaluation of RF bending losses. (b) Measured S2; of the TEG.
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Figure 5.18 TEG for an evaluation of load resistors. (a) Micrographs. (b) Rsb as a function of Rysn.

increased to —1.5 dB and —1.6 dB for the 45° and 90° bending pattern, respectively. In this case, the 45°
and 90° bending losses were evaluated to be <0.06 dB and <0.07 dB, respectively. Furthermore, R, was
evaluated via /7 measurements and to be 28, 39, 60, and 154 Q) for the designed load resistance Rasn of
20, 30, 50, and 100 Q, respectively; R was expressed as Reb = 1.1Rdsn + 6.7 [Q2]. The intercept of 6.7

82



——— Optical Fiber

Power Supply [ Multi Meter

——— Electrical Wiring
@) Lens Lens -
Tunable Laser =mm— Switch PM
(Alnair TLG 210) ! RF Probe
Alnair
: DLz (CPA-lOO-CL)
Power Supply Bias-Tee
~ Alnair
g el (CVF-220-CL)
Port 1 I <10 dBm
: O/E
(Anritsu, 37269A) Port 2 Converter
(Anritsu MN4765A)

Figure 5.19  Setup for measuring the EO frequency response.
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Figure 5.20 Measured frequency response for V'pc =-2 V and ng spectra of open-terminated devices (a), (b) Normal
electrode device. (c), (d) Meanderline device with Lq of 1186 um.

Q corresponds to resistance of metal vias in the contact holes Rvi.. Because of the relatively narrow
width of 5 um, the large fabrication error occurred at Rasn = 100 Q. This error will be reduced by

employing a larger size resistor in addition to utilizing the above equation.
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5.5 Frequency Response Measurement

5.5.1 Measurement Setup

[ used the measurement setup shown in Figure 5.19 to perform the frequency response measurements of
the meanderline devices. TE-like polarized light was input into the DUT via a PMF with a lens. The PLp
was set to be 18 dBm. The incident light was modulated by the DUT driven by small amplitude signals
from the VNA. The modulated light was converted into RF signals after the amplification by the EDFA
and filtering by the BPF. The converted RF signals returns to Port 2 of the VNA. I appropriately changed
the A of the tunable laser to tune ng of the PCW.
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Figure 5.21 Measured frequency response of terminated devices for Vpc = —2 V. (a) EO response of 50-Q
terminated devices with different Lq. (b) f3ds of the 50-Q) terminated devices as a function of Lq4. (¢) Si1 and EO
response of device with Lq of 1186 um for ng = 20. (d) f34s of the devices with Lq of 1186 pum as a function of 1/Ry.
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5.5.2 Results

First, I measured the devices without the load resistors by changing ) to observe the phase matching via
the meanderline electrode. Simultaneously, I observed S11 to confirm the reduction of the slow dips and
valleys. Figure 5.20 shows the EO response, S11, and ng spectra of the meanderline electrode device and
normal electrode device. These devices exhibited a smooth S11 without dips and peaks; smooth EO
responses were also observed. The EO response of the normal electrode device was degraded with the
increase in ng, as shown in Figure 5.20(a). In particular, when ng is greater than 39, sharp dips appeared
in the EO responses because of the large EO phase mismatch. In contrast, the degradation in the EO
response of the meanderline device was suppressed compared with those of the normal device, as shown
in Figure 5.20(c). Furthermore, no sharp dip was observed, even for very high ng of 69 because of the
improved EO phase matching. Next, I measured the devices with the load resistors for high-speed
operation. Figure 5.21(a) shows the measured EO response of the device terminated with RL = 50 Q) for
different L4. A longer L4 improved the frequency response at ng of 20 (upper) and 40 (lower), with
pronounced improvement observed for the higher ng 0f 40. Figure 5.21(b) summarizes the evaluated f3ds.
For ng =20, f3as was evaluated to be 19 GHz and improved to ~30 GHz for Ls = 1186 um and 1568 pum.
Even for higher ng of 30 and 40, f3as was improved to ~30 GHz. Furthermore, I measured the EO
response for Lq = 1186 pum and different Ri; Figure 5.21(c) shows the measured Si11 and EO response.
The open-terminated device, device, which has no load resistor, exhibited a high S11 of >—10 dB over
the measured frequency range. When the device was terminated by RL = 50 Q, Su was reduced to
approximately —14 dB at f'= 40 GHz, and <-30 dB at the lowest frequency. In contrast, S11 increased
again for RL = 20 Q and 30 Q. I expected that R. was less than Zy of the phase shifters and that I'L are
negative values. The EO response of the device terminated with the load resistors was very much
improved compared with the open-terminated device. In particular, for RL =20 Q, the improvement was
remarkable. Figure 5.21(d) summarizes f3ds as a function of 1/RL. The measured f34s were in agreement
with the calculated curve. Therefore, the calculation modeled the meanderline device well. 3 was
improved to as high as 38 GHz for RL =20 Q. This was considered to be adequate for 50 Gbps operation.

5. 6 High-speed Modulation Experiments

5.6.1 OOK Modulation

I performed eye pattern measurements via modulation of the meanderline devices at several different
bit rates to determine their large signal response. I describe the measurement setup, conditions, and

results at each bit rate in the sections below.

(a) 25 and 32 Gbps Modulation

Figure 5.22 shows the measurement setup for 25 and 32 Gbps modulation. The setup is nearly the same
as that of Figure 4.7, except the tunable laser was exchanged to TLG-200 (Alnair Labs Corp.), which
can output light in TE-like polarization. As a result, | removed the polarization controller and directly
connected the laser to the PMF with a lens. This allowed the high-power input of approximately 16 dBm
to the DUT. However, I still used EDFA to adjust the received power at 0 dBm. [ set Vpp=1,2V, Vpc =
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Figure 5.22  Setup for 25 and 32 Gbps modulation.
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Figure 5.23  32-Gbps eye patterns for Vyp =2V, Vpc =-1V, RL =20, 30, 50 3, and open termination.
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Figure 5.24  25-Gbps eye patterns for small voltage of V;,, =2V, Vpc =—1 V. ¢o was set so that the average optical
loss was reduced by (a) 3 dB, (b) 4 dB, (c) 5 dB, and (d) 6 dB.

—-0.5, -1V, and ng = 40, 30 while changing the wavelength for the modulation at both 25 Gbps and 32
Gbps.

First, I checked the effect of the load resistor on the modulation characteristics at 32 Gbps. I set Vpp
=2V, Voc=-1V, ¢o=n/2, and A = 1552 nm to have ng = 30. Figure 5.23 shows the observed 32-Gbps
eye patterns for devices with La = 1186 um, R = 20, 30, 50, and o Q (0 Q corresponds to open
termination). Although the open-terminated device exhibited a noisy eye pattern, it also exhibited the
largest ER of 3.7 dB among the evaluated four devices. This result was caused by the large positive I'L
of almost unity; the large positive RF reflection caused constructive interference at low RF frequency
and enhanced the RF amplitude to roughly twice the original voltage. Simultaneously, the rising and
falling times increased because of the moderate frequency response. In addition, a ripple was observed
in the modulated waveform that broadened the linewidth of the eye pattern. In contrast, the low RL of
20 and 30 Q reduced the eye amplitude and ER, but remarkably improved the linewidth and SNR of the
eye patterns because of the small negative I'L, which emphasizes the response at high frequency. For
moderate RL of 50 QQ, a clear and orderly eye pattern with relatively large ER of 3.2 dB was observed at
this bit rate.
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Figure 5.25 (a) 2:1 MUX (SHF, Inc., 601 A), (b) Frequency doubler (SHF, Inc., 1428 A), (c) EQ (SHF, Inc.,
EQ25 A), (d) Setup for 50-Gbps signal generation. (e) Electrical 50-Gbps eye pattern with/without EQ.

(a) (SHF, EQ25 A) 30-cm V-connector Cable
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Figure 5.26 (a) Setup for amplifier measurement. (b) 50- and 64-Gbps electrical eye patterns amplified by S804
B. (c) 50-, 56-, and 64-Gbps electrical eye patterns amplified by DRV-400.
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Next, I performed 25-Gbps modulation with low Vpp of 1 V and Vpc of —0.5 V. I shifted A to 1556 nm
so that ng increased to 40, and I exchanged the DUT to the device with RL of 50 Q3 and long Lp of 1568
mm. Figure 5.24 shows the observed eye patterns at different ¢o set so that the average transmission
power was reduced by 3, 4, 5, and 6 dB from the maximum. I observed clear eye patterns, even at ¢o =
n/2, which corresponds to an average optical loss of 3 dB; however, ER was as small as 2.3 dB. ER was
improved to 2.9, 3.6, and 4.4 dB with the increase in the average optical loss to 4, 5, and 6 dB,
respectively. ML was even as small as 3.2 dB when the large ER of 4.4 dB was obtained.

(b) 50, 56, 64 Gbps Modulation

I tried to demonstrate the operation at further high bitrates of 50, 56, and 64 Gbps. The NRZ PRBS
signals at these bit rates was generated using a 2:1 MUX (SHF, Inc., 601 A), a frequency doubler (SHF,
Inc., 1428 A), and an equalizer (EQ, SHF, Inc., EQ25A) added to the PPG (Anritsu Corp., MP1800A).
Figure 5.25(a)—(b) shows their photographs, and Figure 5.25(d) shows the setup for the signal generation
and a confirmation of the necessity for the equalization. Two-channel 25-Gbps signals from the PPG
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AT T % _________ M T Soemlone Cable 11T "\
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: 2ch Driver Amplifier : : 2ch Driver Amplifier A :
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Figure 5.27 (a) Measurement setup. (b) Driver circuit using DRV-400. (c) Driver circuit using S804 B.
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were input to Ports A and B of the 2:1 MUX. The two-channel signals were set to have different bit
lengths. Simultaneously, the clock signal (clock frequency fux = 12.5 GHz) of the PPG was sent to the
2:1 MUX after the clock frequency was doubled by the frequency doubler. The 2:1 MUX generated 50-
Gbps NRZ PRBS signal from the two different 25-Gbps NRZ PRBS signals and the 25-GHz clock
signal. I observed the electrical eye pattern of the generated 50-Gbps signal using a sampling
oscilloscope (f < 50 GHz) with or without the EQ. Figure 5.25(¢) shows the observed eye patterns. The
0-level and 1-level lines in the eye pattern without the EQ were broadened by the signal degradation
inthe 50-cm long coaxial cable. On the contrary, the eye pattern with the EQ was much clearer than that
without the EQ. Although the eye amplitude was reduced to approximately 2/3, the SNR was still much
better. This experiment showed that the EQ is needed for a high-quality signal generation. I also checked
the signal quality after amplifications by two different amplifiers: S804 B (SHF, Inc., < 60 GHz) and
DRV-400 (Alnair Labs Corp., f'< 40 GHz). Figure 5.26(a) shows the measurement setup. I added to the
amplifiers a 30-cm coaxial cable and a 20-dB attenuator for protection of the oscilloscope in the setup
shown in Figure 5.25(d). Figure 5.26(b) shows the 50- and 64-Gbps signals amplified by S804 B at its
maximum gain. Vp, was increased to 3.5 V while maintaining the narrow linewidth and the low rising
and falling times. Figure 5.26(c) shows the signal amplified by DRV-400 with its maximum gain. The

via Bias Tees

Frequency Doubler “5“\ . 4 ) ,: s
’ S « = To RF Probe

Driver Amplifier
(Alnair Labs,
DRV-400)

(b)

Frequency
Doubler

f AT To RF Probe
Driver Amplifier 7 SO > .

(SHF, S804B)

Figure 5.28 (d) Photograph of driver circuit using DRV-400. (e) Photograph of driver circuit using S804 B.
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V., =3.5V (S804 B)
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Figure 5.29 50-, 56-, 64-Gbps eye patterns modulated by 20-Q) terminated meanderline device for ng, =20, Vyp =
2.7,3.5,52-53Vand Vpc=-3 V.

system exhibited a higher V},p, of 5.2-5.3 V, although the rising and falling times were lengthened. When
the gain of S804 B was reduced to the minimum, it exhibited V, of 2.7 V. Thus, I was able to apply Vpp
of 2.7-5.3 V to a DUT using the two amplifiers.

Figure 5.27 shows the measurement setup. I switched two different driver circuits to achieve the
required Vpp: circuits using DRV-400 and S804 B shown in Figure 5.27(b) and (c), respectively. The
photographs of DRV-400 and S804 B are also shown in Figure 5.27(d) and (e), respectively. In the
optical circuit, I employed a high-speed asynchronous optical sampling oscilloscope (Alnair Labs Corp.,
EYE-1000C) with a bandwidth of over 500 GHz. I input amplified modulated light with 10-dBm power
to the sampling oscilloscope and observed the eye patterns. Figure 5.29 shows the observed eye patterns
when I input applied voltages of Vp,=2.7,3.5,5.2-5.3 Vand V'bc=-3 V to the 20-Q) terminated meander
line device with Lq = 1186 mm. At V},, equal to 2.7 V, I observed clear eye patterns with ER of 1.9 and
1.6 dB at 50 and 56 Gbps, respectively, while their eye amplitudes were small. However, the eye pattern
became noisy at 64 Gbps because of the instable self-trigging. For V}p equal to 3.5 V, ER was increased
to 3.0, 2.5, and 2.3 dB at 50, 56, and 64 Gbps, respectively. The clear open eye was observed at 50 and
64 Gbps; however, the eye pattern at 64 Gbps was still unclear. When Vpp was increased to 5.2-5.3 V, I
observed a clear open eye with a high ER of 5.7, 5.0, and 4.8 dB at 50, 56, and 64 Gbps, respectively.
From these eye patterns at 50, 56, and 64 Gbps, low BERs of 8.9 x 10-°, 4.7 x 107, and 2.8 x 10,
respectively, were estimated.
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5. 6.2 PAM4 Modulation

(a) Signal Generation and Measurement Setup

I attempted to demonstrate 20—50-Gbaud PAM4 modulation. Figure 5.30 shows the measurement setup
used. The PAM4 signals were generated by a 3-bit digital-to-analog convertor (DAC), 128-Gbps PPG
(SHF, Inc., 12103A, 56 Gbps per channel), and synthesized clock generator (SHF, Inc., 78122B); their
photographs are shown in Figure 5.30(b)—(d). The 3-bit DAC generated 20—-50-Gbaud PAM4 signals

(@) DC Power Suppl I I
i —— Optical Fiber
P. =18 dBm DC Probe —— Electrical Wiring
(0) PMF Lens
CW Laser =@ Switch Power Meter
( Alnair Labs, ) RF Probe A
TLG-200 30-cm long Cable L01);
with V connectors II)SPSB: el
2o m Sampling
DC Power Supply E1HE % Ocilloscone
L | Alnair Labs,
= L] ( EYE-1000C )
2ch Driver Amplifier
(SHF, S804 B)
50-cm long Cable __ [EQ| [EQ O] (SHE 6132 §
with V connectors N\ I | E. 2 :
Clock In [(b) . —
| 3-Bit DAC “ SHF613A
3-Bit DAC
(d) Synthesized Datal Data2 - ‘fg"; ,_ gk
Clock Generator| Ch.2 s
(SHF, 78122B) | (C) Pulse Pattern ' tis1 a1 it
Clock In Generater ol oy

(SHF, 12103A)

Figure 5.30 (a) Measurement setup for PAM4 modulation. (b) 3-bit DAC (SHF, Inc., 613A). (c) PPG (SHF, Inc.,
12103A). (d) Synthesized clock generator (SHF, Inc., 78122B).
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Figure 5.31
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(a) Observed PAM4 eye patterns and their amplitude histograms at 20-50 Gbaud (40—100 Gbps) for
Vep =2.9-3.1 V. (b) PAM4 BER estimated from the eye patterns. The decision ranges are shown in (a).

according to the two-channel 20—50-Gbps PRBS signals from the PPG; the signals were synchronized
with the clock generator. The PAM4 signals were applied to a DUT after the amplification to Vy, = 2.9
or 3.1 V (depending on the symbol rate) via S804 B with a high linearity, which is important to generate
evenly-spaced PAM4 signals. I used the same DUT with Section 5. 6. 1; RL is equal to 20 Q) and Lq is
equal to 1186 pm.



(b) Results

Figure 5.31 (a) shows the PAM-4 eye patterns and their amplitude histograms in the decision ranges for
Vbc = -3 V and ng = 20. I defined the width of the decision range as the one fourth of a symbol. The
open eye patterns were observed for data rates of up to 28 Gbaud. The pitch of the four-level amplitudes
was slightly unequal because of the nonlinearity of the device. Although the eye pattern became noisier
with the increase in the symbol rate, I observed barely opened eye even at the high symbol rate of 50
Gbaud corresponding to 100 Gbps. I also estimated the BER from the amplitude histograms. The
histograms were fitted with four Gaussian curves, from which I obtained the number of symbols in the
Gaussian curves and each overlapped area. In the case of the PAM4 format, the BER can be estimated

as

N
BER — error
all

(5.51)
N10+N01 +N21 +N12+N32+N23

TN, + N, + N, + Ny —(Nyg + Ny + Ny, + Ny + Ny + Ny

where N, is the number of the symbols involved in ath-level curves and Nup is the number of ath-level
symbols judged as bth-level symbols. Figure 5.31 (b) shows the estimated BER versus the symbol rate.
The BER is below the forward error correction limit of 3.8 x 103 [5-12] up to 25 Gbaud, but exceeds
107 at higher baud rates. It is known that 1.5-fold fis is required against the baud rate in the PAM-4
operation. In this study, frequency equalization was only applied to the measurement system. Further
improvement can be expected by the equalization of the device.

8.6 um

(b)

(a)

17 pm 4 pm

170 um

\

\—/ PCW Phase Shifter —
\

Figure 5.32 45-Q) terminated Meanderline device for the WDM transmission experiment. The structural parameters
are L =170 um, a =404, 407 nm, 2r =224 nm, and Lq = 370 um.
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Figure 5.33  8-ch optical MUX based on 2 x 2 asymmetric MZIs. (a) Schematic. (b) Overall CAD pattern. (c),
(d), and (e) Magnified CAD patterns of the 2 X 2 asymmetric MZIs at 1st, 2nd, and 3rd stages, respectively. ALmz
at 1st 2nd 3rd stages are 13.97, 27.94, and 55.87 um, and their FSR are 40, 20, and 10 nm, respectively. (f)
Micrograph of the fabricated device.
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5.6.3 50 Gbps/ch WDM Transmission

(a) Devices and Measurement Setup

I performed a WDM transmission experiment on a 45-Q) terminated meanderline devices fabricated on
a SOI with #s; of 205 nm and an additional 8ch optical MUX chip. Figure 5.32(a) shows the designed
CAD pattern and the fabricated device. The structural parameters of the meanderline devices were L =
170 um, a = 404, 407 nm, 2r = 224 nm, s = 0 nm, ws = 10 um, ggs = 7 um, and L4 = 370 um, and the
doping concentrations were set to be Na = 1.05 x 10'® cm= and Np = 6.2 x 107 cm™ on this lot. The
different designs in a were employed to give them the different operation wavelengths. The PCWs with
the lattice shifts were originally designed to change ng, but their high ng dispersion hampered the
homogeneous modulation in this experiment. This problem can be easily solved by employing dedicated
LSPCWs for WDM transmissions. In general, a shorter L offers a higher f3as at the same Rr. As shown
in Fig. 5.17, the 200-um device exhibited f3d8 of 32 GHz at Ri. = 50 Q. Therefore, the device used in this
experiment, which has the shorter L and smaller Ry, should exhibit f3¢s exceeding 32 GHz.

Figure 5.33(a), (b) and (c) show a schematic, a CAD pattern, and a micrograph of the 8ch optical
MUX, respectively. This MUX consists of a three-stage tournament tree based on 2 x 2 asymmetric
MZIs. A single MZI at each stage gives the simple sinusoidal response with respect to the incident
wavelength. The structures of the MZlIs at the 1st, 2nd, and 3rd stage (the 1st stage is the nearest to the
8ch inputs) are shown in Figure 5.33(c), Figure 5.33(d), and Figure 5.33(e), respectively. In the
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Figure 5.34 Setup for the WDM transmission experiment.
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asymmetric MZMs, the horizontal length of the reference arms was 100 um in total, and the vertical

length was 10 um. Hence the total length in the reference arms Lrer was 225.7 ym including two 90-

degree bends at a radius of 5 um. TO phase tuners above the waveguides were used to compensate

fabrication errors. The lengths of the other arms, which determine the arm length difference ALmzi from

the reference length, were set so that a free spectral range (£ SRs) at each level equals an integer multiple

of channel spacing s of the MUX. The relationship between ALwmzi and FSR is given by [5-13]
12

ALy, = —>——
n, x FSR

(5.52)

MZI —

Assuming A = 1.55 mm and ng = 4.5, ALmz1 at the 3rd stage was determined to be 55.87 um, which
corresponds to FSR of 10 nm. At the 1st and 2nd stage, the F'SR must be 4 x 10 =40 nm and 2 x 10 =
20 nm, respectively. To obtain these values, ALmzi at the 1st and 2nd stage was set to 13.97 um and
27.94 um, respectively.

Figure 5.34 shows the measurement setup, which is based on that of the 50-, 56-, and 64-Gbps
modulation experiments, for the WDM transmission experiment. In this experiment, [ used four channels
in the 8-ch MUX. Therefore, I used the two meanderline devices with the different values of a, switching
between them to cover the four-channel wavelength range of approximately 5 x 3 = 15 nm by their
PCWs without the lattice shifts. These devices were driven by 50-Gbps NRZ PRBS signals with V}p =
5.3 Vand Vpc = -3 V. The values of ¢o was set so that the eye patterns became apparently clearest. The
modulated light by these devices were guided to the MUX chip after an amplification and a filtering
stage via an EDFA and an BPF, respectively, to compensate for the coupling loss. The light was coupled
to an SSC of each channel of the MUX chip and passed through the MUX circuit. The output from the
MUX port was amplified to 10 dBm and then filtered again. Subsequently, I observed the eye patterns

using the same optical sampling oscilloscope as that shown in the Figure 5.27 and Figure 5.30.

(b) Results

Figure 5.35(a) shows the normalized transmission spectrum of each channel of the 8-ch MUX without
the TO phase tuning. Although the channel spacing of approximately 5 nm was observed, the crosstalk
between the channels was large. After the TO phase tuning, the transmission spectra were evenly aligned
and the crosstalk was suppressed to approximately —20 dB, as shown in Figure 5.35(b). Figure 5.35(c)
shows the normalized transmission spectra of the meanderline PCW modulators. These devices
originally had the transmission band at A = 1528—1539 nm and ), = 1539-1549 nm; however, these bands
were redshifted by roughly 5 nm via heating due to the relatively high RF power and the TO phase
tuners above the PCWs. The former effect was not intended, whereas the latter effect was intended to
adjust the wavelength to the four transmission wavelengths of A1 = 1537.5 nm, X2 = 1543.0 nm, A3 =
1548.0 nm, and A4 = 1553.5 nm of the 8-ch MUX. Figure 5.35(d) shows the observed 50-Gbps eye
patterns at these four wavelengths before and after the multiplexing. I observed 4-ch clear eye patterns
even after the multiplexing in the additional MUX chip. Although I showed the measured ER at each
measurement condition, these ER values were affected by the two nonlinear amplification stages via the
EDFAs. Therefore, the observation does not directly represent the performance of the PCW modulators.
In this experiment, the MUX channels were constricted to four channels because of the relatively narrow

transmission band and the highly dispersive ng spectra in the PCW modulators without the lattice shifts.
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Figure 5.35 Measurement results of the WDM transmission experiment. (a) Normalized transmission spectrum
of the 8-ch MUX before the TO phase tuning. (b) Normalized transmission spectrum of the 8-ch MUX after the
TO phase tuning. (c) Normalized transmission spectrum of the 45-Q) terminated meanderline PCW modulators.
(d) Observed 50 Gbps eye patterns for Vpp=5.3 Vand Vpc=-3 V.

The inhomogeneous eye patterns were also caused by the high dispersion. These problems will be solved
by employing dedicated LSPCWs for the WDM transmissions. Simultaneously, 1.5-fold higher n; of 30
will be available using this approach. In that case, the transmission bandwidth of the slow light will be
narrowed to approximately 10 nm; however, this will not become a drawback in the WDM transmission
in which the operation wavelengths are strictly managed.
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5.7 Summary

I experimentally observed the EO phase mismatch that constrains the frequency response of slow-light
modulators in a dispersive PCW MZM. This EO phase mismatch is caused by the large velocity
difference between the slow light and the RF signals for the modulation, even for the very short L. To
address this mismatch, I introduced a meanderline electrode, which simply delays the RF signals with
its meandering RF CPW, thereby reducing the EO phase mismatch. I theoretically analyzed the EO
phase mismatch to design the meanderline electrode based on the traveling-wave electrode models and
the distributed-constant circuit models. The theoretical analysis revealed that meanderline electrodes are
effective in improving the frequency response and I'L, which is another important factor that controls
the phase of the RF reflection. By setting La = 425 ym and I' =—0.5 V, a very high f3as of 56 GHz was
theoretically estimated.

Before demonstrating the phase matching achieved using fabricated meanderline devices, I attempted
to remove the slow valley and dip in the measured frequency response. These undesired valley and dip
originated from the TSL mode that is excited via an electrical potential imbalance between two G
electrodes in a CPW. Therefore, I introduced the G-commonized structure to eliminate the slow valley
and dip.

I fabricated the designed meanderline devices with load resistors (which determines I't) and then
measured the frequency response. The meanderline electrode device with 50-Q termination exhibited
f3a8 of ~30 GHz, whereas the normal electrode device exhibited f3a of 19 GHz. Furthermore, a 20-Q
terminated meanderline electrode device exhibited high f3as of 38 GHz. In the OOK modulation
experiments, very clear 25- and 32-Gbps eye patterns were observed for the 50-Q) terminated
meanderline device at small V},, of 1 and 2 V, respectively. I obtained the 50- and 56-Gbps open eye
patterns using the 20-Q) terminated meanderline device at V, = 3.5 V and achieved an even higher rate
(64-Gbps) open eye pattern by increasing Vpp to 5.2 V. I also observed PAM4 open eye patterns at 20,
25, and 28 Gbaud. At higher symbol rate of 32, 40, 50 Gbaud, the eye patterns became noisy but
remained opened. Furthermore, the 50-Gbps/ch WDM transmission was demonstrated with the
additional WDM chip. In this experiment, the number of the cannels were constricted to four channels
by the non-dedicated PCW design. This will be easily solved by employing dedicated LSPCWs. This
approach will enable the 8-ch multiplexing; total bitrate will reach to 400 Gbps.
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Chapter6
Frequency-Swept Modulation for a
FMCW LiDAR System

6.1 Overview

As anew application of the Si LSPCW MZM, Il investigated a frequency-swept modulation scheme used
in an FMCW LiDAR system that needs frequency-swept light source [6-1]-[6-4]. A direct frequency
sweep via a tunable laser is the simplest method to generate frequency-swept light. However, it needs a
complex frequency stabilizer based on an optical feedback circuit [6-5]-[6-7], represented by an optical
phase locked loop, to obtain a high linearity of the temporal frequency sweep. On the contrary, the
frequency sweep method using an EO modulator and a frequency-swept RF source can generate linearly
frequency-swept light without such a complex optical compensation circuit, because the mature RF
signal source undertakes the linear frequency sweep. Here, it is necessary to confirm that &f of a single-
tone optical modulation is below 100 kHz to ensure 300-m distant ranging with an adequate margin. &f
is usually constricted by a linewidth of a laser source, but the effect of modulation characteristics of a
modulator to linewidth §f must be also paid an attention; I observed single-tone modulation spectra via
the Si LSPCW MZM after an OE conversion. The next step is the initial demonstration of the periodical
frequency-swept modulation scheme. Sawtooth-shaped and triangular frequency-swept modulations are
used for the FMCW system, with the frequency span B and the temporal linearity of the frequency sweep
being important factors. B determines the ranging resolution AR and is given by

cR c
— ‘max ~— 6.1
2B(R__—R) 2B ©.1)

max

for the sawtooth-shaped frequency sweep and

" B(R._—R)

max

~
~

<
B (6.2)

for the triangular frequency sweep, where ¢ is the speed of light and Rumax is the maximum ranging
distance. For example, AR of approximately 5 cm is obtainable for the sawtooth-shaped frequency sweep

with B =3 GHz.

6.2 Evaluation of Single-Tone Modulation

Figure 6.1 shows a measurement setup for the evaluation of single-tone modulation. The DUT has the
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Figure 6.1 Setup for single-tone modulation.
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Figure 6.2  Single-tone frequency spectra. (a) Input RF signal. (b) Modulated signal.

same design as that of Section 4. 2: L =200 pm, a = 400 nm, 2r = 220 nm, s3 = 95 nm, Na = 9.5 x 10"/
cm=, and Np = 5.7 x 10! cm=. The load resistors were omitted to obtain high modulation efficiency.
The light from the tunable laser was modulated by the DUT using the RF single-tone signal generated
by a signal generator (Anritsu Corp., MG3692B). I set their parameters as follows: PLp = 16.5 dBm, V'pc
= -2V, RF power Prr of 13 dBm, and RF frequency frr of 2 GHz. I observed the frequency spectrum
after the OE conversion with the span set to 50 kHz and the resolution bandwidth (RBW) set to 1 kHz.
The average received power Pr was adjusted to 9 dBm by tuning the gain of the EDFA. Figure 6.2 shows
the RF spectra of the input single-tone signal generated by the SG and the output single-tone signal after
the modulation and OE conversion stages. The value of §f of the input single-tone signal was found to
be 1.3 kHz, which is near the RBW; the value may be restricted by the RBW. After the modulation and
the OE conversion stages, the value of &f was still maintained. It was found from this result that the
modulation by the Si LSPCW MZM does not affect the §f and that a sufficiently narrow §f can be

obtained, if a lasing linewidth of a laser source is narrow enough.
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6.3 Beat Signal Generation between Two Single-Tone Signals

I performed a beat signal generation experiment between two single-tone signals modulated by LSPCW
MZMs; this experiment is an initial and fundamental experiment to verify coherent ranging operation.
Figure 6.3(a) shows the measurement setup. TE-like polarized light with A = 1540 nm was split into two
optical paths denoted Pathl and Path2 that were coupled into DUT1 and DUT2, respectively. Pathl
included a variable optical attenuator to simulate an optical loss during generation and detection in an
actual LiDAR system. Here I define the average optical power in Path1 and Path2 just before the mixing
step in the fiber coupler as P1 and Pa, respectively. DUT1 and DUT2 are LSPCW MZMs of identical
design; both devices have L = 500 um, 2r = 220 nm, and s3 = 80 nm. These devices were driven by two
different SGs, denoted SG1 (Anritsu Corp., MG3642A) and SG2 (Anritsu Corp., MG3692B), with the
do of the devices set to /2. Figure 6.3(b) and (c) show the temporal waveforms of the sinusoidal signals

output from SG1 and SG2, respectively, detected using a sampling oscilloscope. In this measurement, |
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Figure 6.3 (a) Measurement setup for beat signal generation using two single-tone signals. (b) Observed temporal
waveform of a 1.8-GHz frequency output signal from SGI1. (c¢) Observed temporal waveform of a 2.0-GHz
frequency output signal from SG2.
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Figure 6.4 Observed frequency spectra in Pathl in the frequency range of (a) 4 GHz and (b) 1 GHz. Observed
frequency spectra in Path2 in the frequency range of (c) 4 GHz and (d) 1 GHz.

set the following parameters: frequency of SG1 fi = 1.8 GHz; frequency of SG2 f2 = 2.0 GHz; and Vyp
= 2.4 and 2.3 V for SG1 and SG2, respectively. Although, the signal output from SG2 exhibited
sufficiently high quality, the signal output from SG1 exhibited a large amount of jitter. I observed the
waveform modulated by these signals with a coupled DC voltage of V'bc =-2 V after the amplification
and the bandpass filtering stages. Figure 6.3(d) and (e) show the observed waveforms that reflect the
input waveform qualities. However, the observed waveform qualities at the sampling oscilloscope could
be also affected by the trigger signal quality. Therefore, I confirmed the signal qualities using a spectrum
analyzer, which requires only the signal inputs. Figure 6.4(a) and (b) show the observed spectra in Path1
at P1 =-30,-20, —10, 0, and 10 dBm for the frequency spans of 4 GHz and 100 kHz, respectively. I
observed the spectral peaks at 0 Hz and fi = 1.8 GHz. The DC component included a residual optical
carrier that corresponds to an unmodulated component. As shown in Figure 6.4(b), the spectral peak
reached to —14 dBm at maximum, but it was 24 dB lower than P; = 10 dBm. This low modulation
efficiency (which was caused by the small V', of 2.4 V) can be improved by using a deeper modulation
process via a higher V. The spectral peak power was changed in proportional to the square of Pi.
Although the spectrum had a sidelobe of ~30-kHz width, the linewidth was as narrow as approximately
1 kHz. Figure 6.4(c) and (d) show the observed spectra in Path2 at P> = 10 dBm at the frequency spans
of 4 GHz and 100 kHz, respectively. Similar spectral power and the linewidth as those of Pathl were
observed. Therefore, the adequate signal quality of SG2 was confirmed by this measurement. Figure
6.5(a) shows the beat spectrum after the mixing of the light beams in Path1 and Path2 in the frequency
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range of 4 GHz. I observed several frequency components, including the target frequency fa =2 — fi =
0.2 GHz. Figure 6.5(b) shows the spectrum around f4 in the frequency span of 1 GHz. The detected beat
power was —27 dBm for P1 = P> = 10 dBm and was observed to reduce in proportional to P1, whereas
the power of the fi component was reduced in proportional to square of Pi; this characteristic is one of

the most attractive behaviors of the coherent detection approach. Figure 6.5(c) shows the further
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Figure 6.5 Observed beat spectra between the two single-tone signals for fi = 1.8 GHz and f; = 2.0 GHz. The
frequency span was set to (a) 4 GHz, (b) 1 GHz, and (c) 100 kHz.
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Figure 6.6 Observed beat spectra between the two single-tone signals for fi = 1.4, 1.6, and 1.8 GHz and £ = 2.0
GHz.
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magnified beat spectrum in the frequency span of 100 kHz. The spectral peak was broadened to 18 kHz.
This broadening originated from the sidelobes in the spectra in each path. Subsequently, I observed the
beat spectrum by manually changing the fi from 1.8 GHz to 1.6 GHz and 1.4 GHz as shown in Figure
6.6. I verified that fa was shifted 0.2 GHz, 0.4 GHz, and 0.6 GHz, respectively. Although fi was shifted
manually in this experiment because this is an early trial, this shift of fa corresponds to a change in a
ranging distance in an FMCW LiDAR.

6.4 Frequency-Swept Modulation

6.4.1 Frequency-Swept Signal Generation

I generated frequency-swept signals using an arbitrary waveform generator (AWG, Agilent
Technologies, Inc., M8195A, sample rate: 65 GSa/s) and /Q Tools, which is a signal generation software

package.
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Figure 6.7 (a) GUI of Radar pulses & frequency chirps in IQ tools. (b) Illustration of a generated sawtooth-
shaped frequency-swept signal.
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Figure 6.9 Observed spectra of the frequency-swept signals. (a) Sawtooth-shaped frequency-swept signals and
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Insets show the outlines of each frequency as a function of time.

Figure 6.7(a) shows a GUI of Rader pulses & frequency chirps of 1Q Tools. This tool helps generate
frequency-swept signals with the AWG. The fundamental shape of the frequency-swept signals is set by
Modulation on Pulse. The sawtooth-shaped and triangular frequency sweeps used were realized by
choosing Increasing and Inversed V, respectively. Here, other important parameters are the repeat
interval T, the pulse width, the frequency offset, and B. Figure 6.7(b) shows the correspondence between
these parameters and a generated sawtooth-shaped frequency-swept signal. The pulse width is the time
width of the frequency modulation pulse in the repeat interval. I set the pulse width to be 77— 0.1 us and
T — 0.025 ps for the sawtooth-shaped signals and the triangular signals, respectively. The frequency
offset corresponds to the center frequency feenter in the frequency sweep.

Figure 6.8 shows the temporal frequency changes and frequency spectra of the sawtooth-shaped and
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triangular frequency-swept signals with B of 3 GHz, feenter 0f 4.5 GHz, and T of 10 ps that were internally
generated in the AWG. As shown in Figure 6.8(a), the frequency of the sawtooth-shaped frequency-
swept signal increased linearly over the period 7'= 10 pus, and the frequency of the triangular frequency-
swept signal increased and decreased linearly over the period 7 = 10 ps. Figure 6.8(b) shows the
frequency spectra taht had the 3-GHz wide flat top corresponding to the setting, although many combs
appeared overall because of the 64-GSa/s sample rate. I also measured the spectrum of the output signals
from the AWG. Figure 6.9(a) and Figure 6.9(b) show the measured spectra of the sawtooth-shaped
frequency-swept signal and the triangular frequency-swept signal, respectively, for Vpp =1V, B =3
GHz, T'=10 ps at feenter = 3.5, 6.5, 9.5, and 12.5 GHz. I observed the following: 1) a flat top with 1.5-
dB fluctuation at feenter = 3.5, 6.5, and 9.5 GHz and 2) increased fluctuation of approximately 3 dB at
feenter = 12.5 GHz. The spectra of the triangular frequency-swept signal exhibited sharp peaks at the edges
of the flat spectra; these peaks may be caused by discontinuous waveform and will be suppressed by
applying a window function. The higher feenter is advantageous for separation between the fundamental
frequency fist = feenter £ B/2 and the second-order harmonics fond = 2(feenter £ B/2). To avoid overlap
between these frequency components, fc must be higher than 3/2 x B at minimum. Therefore, large B
requires high f. , which imposes a burden to RF circuits and results in small AR.

6. 4.2 Modulation Experiment

Figure 6.10 shows the measurement setup for the frequency-swept modulation experiment. The DUT is
an interleaved p-n incorporated LSPCW MZM with L = 500 ym, 2r =220 nm, and s3 = 80 nm fabricated
using the same lot as the device used in Section 6. 2. The load resistors were also omitted to obtain large
modulation efficiency. The device was driven by the frequency-swept signals output from the AWG with
Vop=0.1,0.5,and 1 V and Vbc =—-0.5 V. I set PLp = 16.5 dBm, B =3 GHz, T = 10 ps, feenter = 3.5, 6.5,
9.5, and 12.5 GHz, and ¢o = n/2. With modulation, sidebands appear at frequencies shifted by fis from
a carrier frequency fc (>> fist). The modulated light was amplified so that the observed spectra have the
almost same power as the input signal shown in Figure 6.9. Next, I observed the frequency spectra with
the spectrum analyzer after filtering by the BPF and OE conversion. Only the beat frequencies between
the carrier (frequency f) and the sidebands (frequency f: £ fist) are detectable because f is much higher
than the bandwidth of the OE converter.

Figure 6.11(a) and Figure 6.11(b) show the observed modulated spectra of the sawtooth-shaped and
triangular frequency-swept signals, respectively, for Vy,p = 1 V. These spectra appeared corresponding
to Figure 6.9, although the spectral power decreased with the increase in the modulation frequency
because of the insufficient frequency response of the open-terminated 500-pum long DUT. Despite this
reduced power, the spectrum at feenter = 3.5 GHz was almost flat. It is necessary to design appropriate L
to obtain a flat spectrum at the higher modulation frequency. In any case, I confirmed the frequency-
swept modulation through the spectral observation. Subsequently, I measured the frequency spectra
while changing Vpp at feenter = 3.5 GHz, as shown in Figure 6.11(a). The flattop power was roughly
proportional to the input power calculated from the Vpp. Simultaneously, the spectral power in the
frequency range of 5 — 10 GHz increased because of the second-order harmonics generated by
nonlinearity of the modulation. As mentioned above, this harmonic power can be separated with the
fundamental frequency by optimizing feenter and B.
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Figure 6.10 Measurement setup for frequency-swept modulation.
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Figure 6.11 Frequency-swept modulation spectra for B =3 GHz and T'= 10 ps. (a) Sawtooth-shaped frequency
sweep for different frequencies. (b) Triangular frequency sweep for different frequencies. (c) Sawtooth-shaped
frequency sweep for different values of V.

6.5 Ranging Experiment in Optical Fiber System

6.5.1 Measurement Setup

Figure 6.12(a) shows the measurement setup for the ranging experiment. This system has an additional
fiber optic interferometer compared to the system shown in Figure 6.10. After the amplification to 10
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dBm and the bandpass filtering, the modulated light was split into two paths: a reference path whose
length is Lrf = 153.5 cm and a delay line whose length is Laelay. The delay line was used to simulate the
distance to a target object. The light in the two paths was mixed by a 2 x 2 fiber coupler and input into
a balanced InGaAs photodetector (Discovery semiconductors, Inc., DSC-710). The signal converted
into the RF signal was detected using the spectrum analyzer. Figure 6.12(b) and (c¢) shows the frequency
as a function of the time after the propagation through the reference path and the delay line, respectively.
These different propagation lengths of Ldelay and Lrer result in the delay time difference A¢ between the
light beams. Therefore, a constant beat frequency fheat is generated by the mixing and is detected using

the spectrum analyzer, as shown in Figure 6.12(d). foeat is given by
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Figure 6.12 (a) Measurement setup for the fiberoptic ranging experiment with Li.r= 153.5 cm. (b)—(c) Frequency
as a function of time at each location shown in (a).
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for the sawtooth-shaped frequency-swept modulation, and

n (Ldelay - Lref) % 2_3

SMF
= (6.4)
~fbea c T

for the triangular frequency-swept modulation, where nsmr (= 1.45) is the refractive index of a SMF.

6.5.2 Results

First, I attempted to range a delay line of Lgelay = 1002 £ 10 cm using a sawtooth-shaped frequency-
swept modulation with B = 3 GHz, feenter = 3.5 GHz, 7= 5 ps. Under this condition, foeat of 24.5-25.0
MHz was expected. Figure 6.13 shows the observed spectrum for frequency spans of 100, 10, 1, and
0.1 MHz. As shown in Figure 6.13(a), foear was measured to be 25.0 MHz, which corresponds to the
expected range. For the narrower span of 10 MHz (Figure 6.13(b)) and 1 MHz (Figure 6.13(c)), I
observed combs with the regular intervals of 1/7 = 0.2 MHz. If the next comb is detected as the fheat
because of amplitude noise, the result is a 6.9-cm error corresponding to the 0.2-MHz interval. For an
even narrower span of 1 MHz, the width of the single comb was evaluated to be 17.3 kHz, which

corresponds to 6-mm ranging precision, i.e., reduced ranging precision. Figure 6.14 shows observed
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Figure 6.13 Measured ranging spectra for the sawtooth-shaped frequency-swept modulation with B =3 GHz, T
=5 pum and delay line of Laelay = 1002 + 10 cm. The center frequency of spectrum was set to be 25 MHz, and the
span of the spectrum analyzer was set to be (a) 100 MHz, (b) 10 MHz, (c) 1 MHz, and (d) 0.1 MHz.
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Figure 6.14 Measured ranging spectra for the sawtooth-shaped and triangular frequency-swept modulations with
B=3GHz,T=1,2,5, 10, and 20 um, and delay line values of Laelay = 556.8, 1002, and 2009 cm.

ranging spectra using the sawtooth-shaped and triangular frequency-swept modulations for different
Ldetay and T. The observed freat values are nearly in agreement with the expected values for the all
conditions. The detected spectral peak power differed by the span, with an estimated —40 dBm for the
span of 500 MHz. When the total incident power of 10 dBm (10 mW) is input into the balanced
photodetector with 0.75-A/W sensitivity, the photocurrent of 7.5 mA is produced, corresponding to 4.5
dBm (2.8 mW) in a 50-Q) impedance circuit. Therefore, it is considered that most optical power did not
contribute to the generation of the beat signal because of the low V;, of the frequency-swept signal that
determines the sideband power. In this experiment, I used no RF amplifier, which is required to obtain
a high beat power.

6. 6 Summary

I investigated frequency-swept modulation using the LSPCW MZM and the AWG. First, I confirmed
the quality of the single-tone modulation after the OE conversion and obtained §f of 1.2 kHz, which was
constricted by the RBW of the RF spectrum analyzer. Using such single-tone modulated signals, I
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attempted beat signal generation. When I drove the two LSPCW MZMs at two signals of different
frequency of fi = 1.8 GHz and f> = 2.0 GHz, I observed several frequency components, including fa =
0.2 GHz (which is required in a FMCW LiDAR system), and observed a shift with the shift in fi.
Subsequently, I generated sawtooth-shaped and triangular frequency-swept signals with B=3 GHz using
the AWG and applied these signals to the LSPCW MZM. The modulated signals exhibited frequency-
swept spectra corresponding to the generated signal. I also performed an initial ranging experiment in
the fiberoptic system and obtained foear = 25.0 MHz, which agrees with the theoretical value estimated
for Laelay = 1002 £ 10 cm. Values of foear corresponding to the theoretical values for Lgelay = 556.8 and
2009 cmand T'=1, 2, 5, 10, and 20 pus were also observed.
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Chapter7 Conclusion

In this study, I aimed to develop compact Si LSPCW MZMs with well-balanced performance, including
broad-wavelength operation and the high-speed operation required in the 400G Ethernet standard and
the next-era standards. Toward this target, I investigated modulation enhancement via the slow-light
effect, broad-wavelength operation in the LD slow-light band, and the limiting factor of the frequency
response in such devices. Based on these results, | improved of the frequency response and demonstrated
high-speed modulation by employing meanderline electrodes that compensate the EO phase mismatch
in such devices. In addition, I performed frequency-swept modulation using the AWG as a step toward
the FMCW LiDAR application and for initial verification of the ranging action in the fiber optic system.
In the below subsections, I present summaries of these studies.

7.1 Modulation Efficiency Enhancement via Slow Light Effect

Through the modulation experiments using PCW/LSPCW devices that have small L of 90 or 200 um, I
clearly confirmed the proportional relationship between A¢ and ng, and the reduction of V3L via the
slow-light effect. This result indicates that slow light with a large n; of 30-70 is advantageous for size
reduction of modulators. In this experiment, I also obtained a small ;L of 0.18 V-cm and 0.22 V-cm
for the high-dispersion PCW device with very large ng of 57 and the LD LSPCW device with large ng
of 33 and wide AL of 15 nm, respectively. To the best of my knowledge, these results represent the
smallest VL among the reported CMOS-compatible MZMs based on the CPD in Si. Even smaller VL
can be achievable in a LD device by employing a larger ng. In that case, however, A\ will be narrowed,
and the propagation loss will be increased. Therefore, an appropriate design according to the system

requirement is necessary.

7.2 Wide-Wavelength-Range Operation

I evaluated the fundamental optical characteristics, the frequency response, the ER, and the BER of the
fabricated device in the LD band. The device exhibited a wide LD band with ng = 20 = 10% and A\ =
21 nm, allowing for operation over a wide temperature range. The on-chip /L of this device was
evaluated to be 5 dB from the measured transmission spectrum. In the frequency response measurement,
the device exhibited f3as of ~18 GHz at V'pc = —1.1 V in the wavelength range of 1550-1556 nm. In the
eye pattern measurement, uniform 25-Gbps eye patterns and slowly fluctuating £R within 1 dB were
observed over the wide wavelength range of AL = 16 nm. This 1-dB fluctuation in ER also changed the
error-free detection power by approximately 1 dB. Therefore, the LD device can offer stable error-free
operation without any thermal stabilization if a 1-dB margin in ER or detection power is provided.
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7.3 High-Speed Operation via Electrooptic (EO) Phase Matching

I experimentally observed the EO phase mismatch, which constrains the frequency response. The
theoretical analysis indicated that the meanderline electrodes and negative I'L improves the frequency
response, with fias reaching 56 GHz for L = 200 ym, Lq4 = 425 um, and I'L = —0.5. The fabricated
meanderline devices with load resistors to control I'. also exhibited f3as of >30 GHz, whereas the normal
electrode device exhibited f3as of 19 GHz. For the 20-Q) terminated meanderline electrode device, a high
f3as of 38 GHz was obtained. Using these devices, I observed the very clear 25- and 32-Gbps eye patterns
with small V}p of 1 and 2 V, respectively. Furthermore, the 50- and 56-Gbps open eye patterns were
obtained with ¥}, 0of 3.5 V, and the even faster 64-Gbps open eye pattern was also obtained by increasing
Vop to 5.2 V. Vpp can be reduced by employing larger ng; for example, Vp, of 3.5 and 5.2 V will be
reduced to 2.3 and 3.5 V for ng = 30, respectively. I attempted PAM4 modulation and observed open
eye patterns at 20, 25, and 28 Gbaud. At higher symbol rates of 32, 40, 50 Gbaud, the eye patterns
became noisy and barely remained opened. In the WDM transmission experiment using the additional
MUX chip, 50-Gbps/ch transmission in the four channels (the total bitrate: 200 Gbps) was demonstrated.
The number of the channels was limited by the non-dedicated modulator design; an appropriate
modulator design for 8-ch WDM will allow for 400 Gbps transmission.

7.4 Frequency-Swept Modulation for a FMCW LiDAR System

I attempted frequency-swept modulation, which is needed in a FMCW LiDAR system, using the
LSPCW MZM and the AWG. Before performing the frequency-swept modulation, I confirmed the
single-tone modulation quality and obtained a narrow &§f of 1.2 kHz after OE conversion. Moreover, in
the experiment to observe the beat signal between two single-tone modulated signals, I verified the
generation of the desired beat frequency and the adequate beat signal quality. The frequency-swept
signals were generated by the AWG. I drove the device with the generated signals and observed the
frequency-swept modulation spectra. Based on this frequency-swept modulation, Based on this
frequency-swept modulation, I also attempted the ranging operation in the fiberoptic system, and I
obtained fheat corresponding to the Laelay = 1002 £+ 10 cm which simulates a distance to a target object.
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Figure 7.1 Benchmarking of MZMs on SOI and the device in this study.
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Table 7.1 Comparison of reported MZMs on SOI and the device in this study.
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7.5 Comprehensive Conclusion

Table 7.1 summarizes the specifications of the Si PCW/LSPCW MZMs obtained in this study and
provides a comparison with MZMs on SOI reported in other studies. The Si modulators reported
elsewhere have a long L of several centimeters. In contrast, the Si PCW/LSPCW modulator reported in
this study has the very short L of 200 pm, but still exhibited competitively highperformance
characteristics, including 64-bps operation capability. Simultaneously, this device will have 16-nm
broad operation wavelength by employing the third-row LSPCW. The /L of the LSPCW device was
evaluated to be 5 dB; however, it can be reduced by 1 dB by optimization of the passive optical
components. The VL of the phase shifter was evaluated to be 0.44 V- cm. Therefore, the benchmark of
this device lies in the target region on Figure 7.1, and it exhibits the highest performance based on the
indicated evaluation criteria among the CMOS-compatible Si MZMs. The above results demonstrated
the feasibility of the Si LSPCW MZM as a compact, low-cost, high-speed modulator with a wide
operating wavelength range for use in 400G Ethernet and networks based on the next generation of
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standards. In addition, the feasibility for a frequency-swept source used in a FMCW LiDAR was
demonstrated as a new application of the Si LSPCW MZM.
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