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Preface

With the advent of semiconductor diode lasers that emit a coherent light beam
under current injection and low-loss silica optical fibers that transmit a light
beam over long distances, the technology of optical communications became
practically available in the late 1960s to the early 1970s. Since then, optical
communications have grown ceaselessly over the decades and have nowadays
become indispensable for a variety of networks, such as 5G mobile
communication, social networking, video streaming, the Internet of Things,
artificial intelligence, virtual/augmented reality, and large-scale simulation.
The data transmission capacity (measured in bit rate per wavelength channel,
which is allocated in a single core of silica optical fiber) was �10 Mb/s in the
1970s and a few Gb/s in the 1980s. This capacity has reached 100 Gb/s and
beyond in modern optical communications—an increase of more than four
orders of magnitude, or roughly ten times per decade from the dawn of optical
communications.

Such remarkable growth of data traffic in optical communications was
enabled by the progress of high-speed photonic devices that are capable of
processing and transmitting optical signals at the bit rates cited above.
Photonic integration technologies provide design and fabrication platforms
that facilitate the high-density integration of various elements of photonic
devices with small footprints. These platforms thereby allow the manufacture
of small-form-factor photonic assemblies that consist of photonic integrated
circuits. Among these platforms, silicon-photonics platforms are most suited
to the design and fabrication of photonic integrated circuits with low power
consumption and cost because the platforms are based on electronic design
tools and fabrication process lines developed for high-volume manufacturing
of silicon integrated circuits that consist of ultra-low-voltage complementary
metal–oxide–semiconductor devices. Therefore, there is increasing interest in
the research and development of photonic integrated circuits on silicon-
photonics platforms to accommodate the demand for versatile and affordable
small-form-factor optical equipment in high-volume applications such as
intra- and inter-datacenter optical communications around the world.

This book focuses on high-speed, integrated silicon-based optical
modulators as the cutting-edge, key photonic device at the forefront of

ix
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modern optical-communication equipment. A high-speed optical modulator
allows electrical-to-optical conversion in an optical transmitter for optical
signal generation in advanced modulation formats with complex intensity-
and phase- modulation schemes at bit rates of 100 Gb/s and beyond per
wavelength channel. Silicon-photonics platforms allow integration of entire
elements on chip to miniaturize the high-speed optical modulator within a
footprint less than 1 cm2. The following chapters describe the basic principles
to the latest developments of integrated silicon-based optical modulators. It is
hoped that this book will inspire readers to further enhancements of
modulator performance and sophistication of photonic integration technol-
ogy, including diode lasers to realize ultra-compact, high-speed integrated
optical transmitters in the next generation of optical communications.

Kensuke Ogawa
February 2019
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Glossary of Terms

ADC Analog-to-digital converter
AOC Active optical cable
APD Avalanche photodiode
ASE Amplified spontaneous emission
ASK Amplitude-shift keying
BER Bit error rate
BOX Buried oxide
BPF Bandpass filter
BPM Beam propagation method
BPSK Binary phase-shift keying
CFP C form-factor pluggable
CMOS Complementary metal–oxide–semiconductor
CPW Coplanar waveguide
CVD Chemical vapor deposition
CW Continuous wave
DAC Digital-to-analog converter
DC Direct current
DCF Dispersion compensation fiber
DCI Datacenter interconnect
DEMUX Wavelength demultiplexing
DML Directly modulated laser
DP-QPSK Dual-polarization quadrature phase-shift keying
DPSK Differential phase-shift keying
DQPSK Differential quadrature phase-shift keying
DSP Digital signal processor
EDFA Erbium-doped fiber amplifier
EML Externally modulated laser
E-O Electrical-optical
ER Extinction ratio
FDTD Finite-difference time domain
FEC Forward error correction
FEM Finite-element method
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FIR Finite impulse response
FK Franz–Keldysh
FOM Figure of merit
FTTH Fiber-to-the-home
I In phase
IC Integrated circuit
IM-DD Intensity modulation and direct detection
I/O Input and output
IP Internet protocol
IQ In phase and quadrature phase
LAN Local-area network
LD Laser diode
LN Lithium niobate
LO Local oscillator
MEMS Micro-electro-mechanical systems
MFC Mode-field converter
MMI Multi-mode interferometer
MOS Metal–oxide–semiconductor
MUX Wavelength multiplexing
MZI Mach-Zehnder interferometer
NRZ Non-return to zero
OOK On–off keying
OSNR Optical signal-to-noise ratio
PAMn Pulse amplitude modulation in n levels
PBC Polarization-beam combiner
PCB Printed circuit board
PD Photodiode
PDK Process design kit
PDM Polarization-division multiplexing
PIC Photonic integrated circuit
PMF Polarization-maintaining single-mode fiber
PR Polarization rotator
PRBS Pseudo-random bit stream
PPG Pulse pattern generator
Q Quadrature
QAM Quadrature amplitude modulation
QCSE Quantum-confined Stark effect
QPSK Quadrature phase-shift keying
QSFP Quad small-form-factor pluggable
QW Quantum well
RZ Return to zero
SCM Scanning capacitance microscopy
SEM Scanning electron microscopy
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SLD Super-luminescent diode
SMF Standard-dispersion single-mode fiber
SNR Signal-to-noise ratio
SOI Silicon on insulator
SW Switch
TE Transverse-electric
TEC Thermo-electric cooling
TEM Transmission electron microscopy
TIA Trans-impedance amplifier
TM Transverse-magnetic
TO Thermo-optic
VIA Vertical interconnect access
VOA Variable optical attenuator
WDM Wavelength-division multiplexing
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Chapter 1

Introduction

There has been a rapid and ceaseless increase in communication traffic in
global networks for the distribution of digital content, such as video streams,
visual content, and big data. A forecast of the growth of communication
traffic reports an increase in the global internet protocol (IP) traffic, as plotted
in Fig. 1.1: the traffic increases beyond 100 exabyte (EB) per month and
beyond 1 zettabyte (ZB) per annum in 2017.1 Fixed internet traffic occupies
the major portion in the meantime; mobile data traffic grows more rapidly
and will reach the fixed internet traffic some years after 2020. Such a burst of
IP traffic creates demand for greater transmission capacity in optical networks
spreading over personal mobile terminals, fiber-to-the-home (FTTH) net-
works, local-area networks (LANs), datacenters, metro networks, and
backbone core networks. Therefore, high-capacity optical networks at 100
gigabytes per second (Gb/s) and beyond are essential for the infrastructure
that supports the modern information and intelligence era.

High-speed photonic devices are used in optical communication
equipment for high-capacity data transmission in optical networks. Among
high-speed photonic devices, optical modulators accommodated in optical
transceivers (in which optical transmitters and optical receivers are co-
packaged) play crucial roles in high-capacity optical networks because optical
modulators permit high-quality optical signal generation in high-transmission
capacity. The production of optical modulators with conventional design and
fabrication platforms requires the assembly of dielectric crystals for phase
shifters, RF electrodes for high-speed electrical signals, and elements for
optical beam coupling such as mirrors and focusing/collimating lenses.2–5

With such conventional production approaches, compact-form-factor optical
transceivers—which are now essential to enhance the transmission capacity of
modern optical networks—have not been realized because conventional
optical modulators have a considerable footprint in optical transceivers.

Photonic integration technology has disrupted design and fabrication
platforms with on-chip integration, and thus phase-shifter waveguides, planar
RF transmission electrodes, and other photonic components have been

1

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



integrated monolithically on small-footprint photonic chips.6,7 The ground-
breaking integration technology has enabled the design and fabrication
platforms of compound-semiconductor photonics, silicon photonics, and
polymer photonics, and has opened the way to compact-form-factor optical
transceivers. Photonic integration platforms now support the technology
roadmaps for compact transceivers with high-transmission capacity. A trend
in footprint reduction for CFP-series optical transceivers (a series of compact-
form-factor pluggable optical transceivers), is illustrated in Fig. 1.2. The
footprint, defined as a product of width W and length L, is plotted against

Figure 1.1 Communication traffic per month plotted vs year.1

Figure 1.2 Footprint reduction for CFP-series compact-form-factor, pluggable optical
transceivers.

2 Chapter 1
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CFP-series generation using physical-dimension data in CFP multi-source
agreement (CFP-MSA) as an example of compact optical transceivers8 [the
term CFP stands for “C form-factor pluggable,” where C is the number 100,
or centum in Latin]. An almost-one-order reduction in footprint is observed in
the refinements from CFP to CFP4. In compact-form-factor, pluggable
optical transceivers such as the CFP series, the optical input/output (I/O) ports
for optical data are aligned on the front panel of the transceiver housing,
whereas the electrical input/output ports for electrical data are on the back
edge of the transceiver housing, as indicated in the inset of Fig. 1.2. There are
also other MSAs on compact optical tranceievers, such as QSFP and
consortiums on small-footprint, onboard optical I/O modules.

Among the platforms for photonic integration, silicon photonics provides
most versatile platforms as ecosystems for design and fabrication of small-
footprint photonic integrated circuits because it provides the precision,
reliability, and mass-production capability established for complementary
metal–oxide–semiconductor (CMOS) transistors.9–16 Active device elements,
such as optical modulators and photodetectors, are integrated with passive
device elements, such as optical couplers, filters, and multiplexers (including
polarization diversity), using high-index-contrast optical waveguides in small
footprints. Therefore, small-footprint, integrated, silicon-based optical modu-
lators are extensively interested as keystones in optical signal transmission in
high-capacity optical networks. Photonics ecosystems referred to in the next
chapter allow design and fabrication of the integrated devices.

Energy efficiency is another critical subject in high-capacity optical
networks to assure the sustainable growth of our communities, because high-
capacity optical networks consume a considerable portion of the electrical
energy supplied to all the infrastructures on the globe.17–22 More than 50% of
the total electrical energy in the networks is spent on optical transceivers and
related modules.19,22 Optical modulators require a significant portion of
electrical energy input to the optical transceivers. Therefore, a reduction in
electrical energy associated with optical modulators is a popular subject for
energy efficiency in high-capacity optical networks, including reducing electrical
energy for optical modulation and using thermo-electric cooling with optical
modulators to maintain performance during modulation. A silicon-photonics
platform based on high-index-contrast optical waveguides with a small
footprint and refractive-index modulation in a broad spectral band with an
extended temperature range provides feasible technical solutions for efficient
optical modulators because it does not require a thermo-electric controller.

This book deals with integrated optical modulators as the key optical
components for applications in optical-network domains at 100 Gb/s and
beyond with a focus on silicon-photonics platforms. The integrated photonics
platform has been developed from a CMOS-based design and microfabrica-
tion technologies, and versatile design and fabrication tools are available from

3Introduction
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silicon-photonics foundries worldwide. A variety of device libraries that include
electronic circuits have been supplied by such foundries. Therefore, readers
can easily design, fabricate, and characterize integrated silicon-based optical
modulators as key components in optical-network domains at 100 Gb/s
and beyond.

Chapter 2 provides background details for integrated silicon-based optical
modulators. It opens with a general overview of high-capacity optical
networks. High-capacity optical networks at 100 Gb/s and beyond consist of
several domains, which are constructed with fiber-optic links. The fiber-optic
links are classified into two categories: a wavelength-division multiplexing
(WDM) fiber link in the core, and metropolitan-area optical networks and
parallel fiber-optic links in datacom applications, such as rack-to-rack optical
interconnects in datacenters. The second half of the chapter presents the
general aspects and principles of optical modulators in high-capacity optical
networks. Semiconductor optical modulators are generally described as small-
footprint optical modulators with an emphasis on integrated optical
modulators in silicon-photonics platforms as photonic integrated circuits for
optical signal generation in the most advanced compact-form-factor optical
transceivers.

Generic integrated optical modulators are described in Chapter 3,
classified in terms of electronic transition processes for optical modulation,
schemes of optical modulation, and types of waveguide geometry. Among
these, Mach–Zehnder (MZ) optical modulators using the free-carrier
intraband electro-refraction effect are featured because of their superior
broadband spectral response and the quality of optical intensity and phase
modulation for optical modulators in high-capacity optical networks.
Photonic integration in small-footprint optical modulators with a silicon-
photonics platform for advanced modulation formats is described.

Chapter 4 covers optical circuits and waveguides in integrated MZ optical
modulators. Optical layouts of the integrated MZ optical modulators suiting
optical-signal generation in various modulation formats are described to
clarify how the optical signals in the respective modulation formats are
generated in the respective optical layouts. Simple mathematical models in the
transfer-matrix framework are then presented with respect to some cases of
the optical layouts to illustrate that fundamental mathematical methods such
as matrix algebra are essential to the design and modeling of generic
integrated MZ optical modulators. Integrated MZ optical modulators
designed and fabricated on various material platforms consist of optical
waveguides as the most fundamental building blocks. In particular, high index
contrast in optical waveguides on silicon-photonic platforms allows for a very
small core cross-section sub-micrometers wide and tall to construct a variety
of small-footprint integrated photonic circuits. Optical waveguides and
optical modes specifically on silicon-photonics platforms are also addressed.

4 Chapter 1
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Chapter 5 deals with electronic and opto-electronic properties of high-
speed phase shifters as the most essential building blocks in integrated MZ
optical modulators on compound-semiconductor and silicon-photonics plat-
forms. In describing the physics of optical phase modulation, the Pockels
effect typically used for modulators based on lithium-niobate electro-optic
crystals is also included for comparison with intraband free-carrier plasma
refraction and interband optical dipole transition processes, such as the
Franz–Keldysh (FK) effect and optical Stark effect (QCSE) in group-IV
semiconductors and III-V compound semiconductors under an electric field.
Based on spectral and temperature dependences and frequency chirping of the
carrier-induced optical phase-shifting processes, free-carrier plasma dispersion
is shown to have the advantage of optical phase shifting over a broad spectral
band within a wide range of temperature in semiconductor crystals that have
inversion symmetry, which makes them useful for energy-efficient, small-
footprint MZ optical modulators operating without thermo-electric cooling
(TEC) for WDM optical transmission in high-capacity optical networks.
Phase shifters based on free-carrier plasma dispersion consist of optical
waveguides that contain PN junctions. The carrier concentration in a PN
junction in a phase shifter is modulated under a high-frequency electric field;
thus, high-speed optical phase modulation is realized via free-carrier plasma
dispersion. Phase shifters based on free-carrier plasma dispersion are classified
with respect to the profile of the PN junction (lateral or vertical PN junction).
The chapter presents the technical procedure and characterization in
simulation-based design and modeling of the PN-junction phase shifters to
illustrate how to optimize the phase shifter performance.

Optical, electrical, and electro-optical characteristics of integrated silicon-
based optical modulators are described in Chapter 6. Current–voltage
characteristics and nanometer-scale images produced by scanning capacitance
microscopy are presented as DC electrical characteristics. The microscopic
capacitance images of the silicon-waveguide phase shifters are shown to be
useful for visualizing the profiles of PN junctions in the phase shifters. Optical
loss and optical phase shift are dealt with as DC optical characteristics.
The integrated silicon-based optical modulators at 100 Gb/s and beyond are
high-speed optical modulators with high-frequency radio-frequency (RF)
metal electrodes. RF electrical and electro-optical characterizations based on
S-parameter measurements provide high-frequency responses of traveling-
wave electrodes and the integrated silicon-based optical modulators driven
with RF signals fed to the phase shifters through the high-speed electrodes, as
described in this chapter. A simple equivalent circuit model consisting of
fundamental electrical circuit elements consisting of capacitors, inductors, and
resistors is presented to analyze the high-speed characteristics of the
modulators. The analysis of transients in optical modulation demonstrates
that a simple equivalent circuit model consisting only of a capacitor and a
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couple of resistors is sufficient for semi-quantitative analysis of high-speed
phase shifters and allows for performance enhancement in high-speed optical
modulation. Experimental evidence of temperature-insensitive optical modu-
lation in the integrated silicon-based MZ optical modulators without TEC is
also presented.

Optical-network domains, in which the integrated silicon-based MZ
optical modulators are deployed, are classified in Chapter 7. The character-
istics of the integrated silicon-based MZ optical modulators in transmission
through optical-fiber links are then presented for various modulation formats
in intensity modulation and phase modulation implemented in the optical-
network domains. Subjects specific to the silicon-based optical modulators for
the optical-network applications are noted. Subjects specific to the silicon-
based optical modulators in the light of transmission characteristics are briefly
summarized.

Photonic-electronic integration with silicon-based optical modulators is
discussed with respect to two aspects in Chapter 8. Approaches of integration
with electronic and photonic devices are discussed in the first part. The
integration technologies are classified according to integration methods of
devices from monolithic to package levels. Optical waveguides for vertical
coupling are also discussed in terms of 3D photonic integration. Performance
monitoring using photonic integrated circuits is an emerging subject; the
chapter presents a photonic, integrated performance-monitoring circuit
monolithically integrated with a silicon-based MZ optical modulator in a
small-footprint chip on a silicon-photonics platform.

Supplemental technical items are compiled in an appendix to help readers
better understand the contents of this book. These items include the bit rates
and modulation formats adopted for optical signal transmission in high-
capacity optical networks (Section A.1) and Kramers–Kronig transformation
as a basic method for the characterization of the refractive index, and thus
optical phase shift (Section A.2).

References

1. “Cisco visual networking index: forecast and methodology, 2015–2020,”
http://www.cisco.com/c/en/us/solutions/collateral/service-provider/visual-
networking-index-vni/complete-white-paper-c11-481360.html.

2. W. W. Rigrod and I. P. Kaminow, “Wide-band microwave light
modulation,” Proc. IEEE 51(1), 137–140 (1963).

3. C. J. Peters, “Gigacycle-bandwidth coherent-light traveling-wave ampli-
tude modulator,” Proc. IEEE 53(5), 455–460 (1965).

4. I. P. Kaminow and E. H. Turner, “Electrooptic light modulators,” Proc.
IEEE 54(10), 1374–1390 (1966).

6 Chapter 1

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



5. S. Uehara, “Focusing-type optical modulator,” IEEE J. Quantum
Electron. QE-9(10), 984–986 (1977).

6. S. E. Miller, “Integrated optics: an introduction,” Bell System Tech. J.
48(7), 2059–2069 (1969).

7. P. K. Tien, “Light waves in thin films and integrated optics,” Appl. Opt.
10(11) 2395–2413 (1971).

8. “Next gen PMDCFPMSAbaseline specifications,” http://www.cfp-msa.org/
Documents/CFP_MSA_baseline_specifications_15.pdf.

9. G. T. Reed and A. P. Knights, Silicon Photonics: An Introduction, John
Wiley and Sons, Chichester, UK (2004).

10. M. Hochberg, “Towards fabless silicon photonics,” Nature Photon. 4(8),
492–494 (2010).

11. T. Pinguet, S. Gloeckner, G. Masini, and A. Mekis, “CMOS photonics: a
platform for optoelectronics integration,” in Silicon Photonics II: Compo-
nents and Integration, D. J. Lockwood and L. Pavesi, Eds, Topics in
Applied Physics 119, Springer-Verlag, Berlin Heidelberg, 187–216 (2011).

12. T. Baehr-Jones, T. Pinguet, G.-Q. Lo, S. Danziger, D. Prather, and
M. Hochberg, “Myths and rumours of silicon photonics,” Nature Photon.
6(4), 206–208 (2012).
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Chapter 2

Background

2.1 High-Capacity Optical Networks

2.1.1 Overview

Optical modulators are extensively used in high-capacity optical networks at
100 Gb/s and beyond, which consist of several domains of fiber-optic
communication networks, as illustrated schematically in Fig. 2.1. Each
domain is connected to each other with fiber-optic links: optical data are
transmitted through fiber-optic transmission lines using optical fibers as
transmission media.1–3

Core domains, which include long-haul optical networks in terrestrial and
undersea optical networks extending beyond 1000 km, form worldwide
backbone networks and support global data-transmission services, such as
the transmission of digital contents over the internet.1 Metro domains under
the core domains cover regional areas such as cities and communities in trans-
mission distance typically 100–1000 km. Plural metro domains are connected
to a core domain. As Fig. 2.1 shows, LAN domains, FTTH domains, mobile
backhaul domains, high-performance computing domains, and hyper-scale
datacenter domains are connected to the metro domains. The optical net-
works inside the domains are also based on the fiber-optic links, as described
in the next subsection. Significant progress has been achieved for massive
data-centric architectures of intra- and interdatacenter networks using
photonic integrated devices.4–6 Individual datacenters are connected through
datacenter interconnects (DCIs) based on fiber-optic links.7,8 The datacenters
connected through DCI virtually form an aggregation of hyper-scale
datacenters to permit massive computing services such as big-data analysis
and artificial intelligence.

2.1.2 Basic elements

A fiber-optic link for high-capacity data transmission in metro-area and long-
haul domains can be represented with a simple schematic model illustrated in
Fig. 2.2. The architecture of WDM link is employed to increase transmission
capacity. Optical data are multiplexed in spectral channels of ITU-T grid with
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a channel spacing of 50 GHz or 100 GHz in frequency, for example.1,9 A
channel spacing of 100 GHz in frequency corresponds to 0.8 nm in
wavelength in the C-band extending from 1528 nm to 1577 nm by using
2.998� 108 m/s for the speed of light in vacuum.10 The basic elements of the
link are a WDM transmitter, a fiber-optic transmission line, an optical
amplifier and a WDM receiver in one direction of data transmission. The link
for high-capacity optical networks allows full-duplex communications, and
therefore it also contains another set of a WDM transmitter, fiber-optic
transmission line an optical amplifier, and a WDM receiver in the reverse
direction of data transmission.

The WDM transmitter consists of individual optical transmitters TX1–TXN

forN channels, CH1–CHN of wavelengths l1–lN, and a wavelength multiplexer
(MUX). Wavelength-selective optical filters—such as lattice filters, arrayed
waveguide gratings, and echelle gratings—can be used to construct the optical

Figure 2.1 Schematic diagram of high-capacity optical networks.

Figure 2.2 Diagram of a fiber-optic link for WDM data transmission.
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circuit of a MUX.1,9,11–16 Electrical data from the sender are input to the optical
transmitters of the WDM channels, respectively. Optical data are generated
with the electrical data and output from the optical transmitters. After the
MUX, optical data in all of the optical transmitters are multiplexed and input
to the fiber-optic transmission line, which consists of a single-mode optical
fiber. Optical modulators used in the optical transmitters in the WDM fiber-
optic link are required to operate in a spectral range covering all of the WDM
channels.

After transmission through the fiber-optic transmission line, the WDM
optical data are input to the WDM receiver. The WDM optical data are
demultiplexed to the optical data in the wavelength channels with a
wavelength demultiplexer (DEMUX) and then received with individual
optical receivers (RX1–RXN). The optical circuit of DEMUX is equivalent to
that of MUX except the reversed propagation direction of the transmission
light. Electrical data to recipient are reproduced and output from the
individual optical receivers. Optical circuits for optical signal processing
including MUX/DEMUX and electronic circuits for electrical signal
processing can be integrated on a silicon chip. A single-chip CMOS-integrated
WDM transceiver on a silicon-photonics platform is reported.17

An erbium-doped fiber amplifier (EDFA) or a semiconductor optical
amplifier can be used for an optical amplifier.1,9,18–23 The number of optical
amplifiers is not necessarily limited to one, the number depending on the total
span of the fiber-optic link.

Another type of fiber-optic link is illustrated in Fig. 2.3. The link is a
parallel fiber-optic link, which is mainly used for short-reach optical networks
such as optical interconnects between circuit boards and back planes of
servers and computers in datacenters and high-performance computing
centers.24–26 Electrical data in N parallel channels are converted to optical
data, which are generated with the individual optical transmitters, and input
to parallel fiber-optic transmission lines. Integrated optical transceivers on a
silicon-photonics platform have also been proposed.27–30 Photonic integration
for optical transceivers on a silicon-photonics platform is described in

Figure 2.3 Schematic diagram of fiber-optic link for parallel-channel data transmission.
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Sections 2.2.3 and 3.3. For full-duplex communications, the entire systems
require another set of parallel fiber-optic links in the reverse direction of data
transmission. Optical amplifiers are not used in short-reach optical networks.

The parallel fiber-optic transmission lines are made of single-mode or
multi-mode optical fibers. In particular, extensive efforts have been made for
optical interconnects on a silicon-photonics platform using single-mode optical
fibers because transmission capacity in single-mode fiber is not deteriorated by
the modal dispersion in multi-mode optical fiber.1,9,27–30 Silicon-photonic
parallel fiber-optic links that use multi-mode optical fibers, however, have been
demonstrated recently with specialty multi-mode optical fibers optimized for
high-capacity transmission at O-band wavelengths around 1300 nm for higher
tolerance of fiber alignment than single-mode optical fiber.31,32

2.1.3 Transmission capacity

Transmission capacity is measured as the bit rate, which is the total number of
bits contained in the symbols transmitted per second.33 The number of bits per
symbol depends on the modulation format selected for the optical networks in
which optical data are transmitted. Modulation formats such as NRZ-OOK,
PAM4, BPSK, QPSK, and QAM, which have been incorporated into optical-
network data transmission, are listed and described in Section A.1 with a list
of bit rates. (Symbol rate is alternatively called the baud rate.)

The bit rate of a fiber-optic link is the total of the bit rates summed over
all of the WDM channels, in the case of a WDM fiber-optic link, or over all of
the parallel fiber channels, in the case of a parallel fiber-optic link. The
maximum achievable bit rate in optical-data generation at an optical trans-
mitter is determined by the response speed or, equivalently, the response
frequency of the optical modulators accommodated in the optical transmitter.
It is therefore crucial to produce high-speed optical modulators to realize
high-capacity optical networks.

According to Shannon’s notion, optical data are transmitted under the
presence of noise, and the transmission capacity of a fiber-optic link is affected
by the noise level in the fiber-optic link.33 A higher transmission capacity is
achieved by lowering the noise level to the maximum transmission capacity in
the noise-free limit. The noise level is enhanced relatively if the amplitude of
optical data emitted from an optical transmitter is attenuated due to the
optical loss of the optical modulators accommodated in the transmitter. As
for high-speed optical modulators, a reduction in the optical loss below 15 dB
is crucial to realize a high-capacity optical network with a transmission span
of 100 km or longer.

2.1.4 Energy efficiency

To avoid power consumption and thus achieve energy efficiency in high-
capacity optical networks, it is crucial to reduce the electrical power consumed
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in optical transceivers deployed in high-capacity optical networks. The total
electrical power to a 400-Gb/s (8� 50-Gb/s) CFP2 transceiver is specified
as 12 W, for example, and almost 70% of the electrical power must be
TX/RX-accommodated in the optical transceiver.34 Therefore, the power of
electrical signals to the optical modulators in the TX must be reduced.
A silicon-photonic micro-disk optical modulator, which has the advantage of
modulation efficiency enhancement due to optical resonance, was demonstrated
to operate in the error-free limit of the bit error rate (BER) with 85 fJ/bit at
10 Gb/s—an extremely small power consumption of 100 mW that sacrifices
spectral bandwidth in optical modulation.35 For more practical optical
modulators that operate in a broad spectral range extending over the C-band,
power consumption as low as 650 mW, including electrical power for an input
laser source, was reported for 4� 10-Gb/s integrated optical modulators on a
silicon-photonics platform.36 Integrated optical modulators on a silicon-
photonics platform are also capable of athermal operation without TEC,
i.e., the electrical power consumption of TEC is eliminated.37,38 Photonic
integration on a silicon-photonics platform is thus suited to the design and
fabrication of energy-efficient, high-speed optical modulators. Enhancement of
the energy efficiency by a factor of 100 with photonic integration technology on
a silicon-photonics platform is predicted in comparison with conventional
photonics technology based on the assembly of discrete opto-electronic
components.39 According to the prediction, an energy efficiency as high as
10 Tb/s/W can be achieved, for instance, in optical communications that have
very short reach, such as on-chip optical interconnects in photonic integrated
circuits (PICs) on a silicon-photonics platform.

2.2 Optical Modulators in High-Capacity Optical Networks

2.2.1 Optical modulator in optical transmitter

An optical modulator is an optoelectronic component for building up an
optical transmitter, and plays essential roles in the function of electrical–
optical (E-O) conversion in an optical transmitter to generate high-
speed optical data in response to input electrical data.1,30 Figure 2.4 illustrates
the components in an optical transmitter (TXi). Digital electrical data for the
ith channel in M bits, for example, are input to parallel electrical ports of the
optical transmitter and converted to serial streams of electrical data with
front-end electronics, such as a CMOS-based integrated circuit (IC) including
a serializer, a memory buffer, electrical power supply to a laser diode (LD),
and, if necessary, a digital signal processor (DSP). The serial electrical data
are then amplified at a modulator driver with single-ended or differential
output according to the configuration of input signal electrodes of an optical
modulator to be used. High-speed electronics are required for the front-end
electronics and the modulator driver to drive the optical modulator at
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high-modulation speeds. Continuous-wave (CW) light from a single-mode LD
is input to the optical modulator and then modulated in the optical modulator
accordingly with the input serial electrical data to generate optical data; thus,
the modulated light emitted from the optical modulator carries the optical
data after the E-O conversion.

The status of the optical modulator can be monitored and controlled with
a feedback circuit consisting of a monitor photodiode (PD), a modulator
controller, and a direct-current (DC) bias source. The monitor signal output
from the monitor PD is detected and processed with the modulator controller,
and the bias voltage from the DC bias source is adjusted to stabilize the
condition of the optical modulator. Eye diagrams of amplified electrical data
input to the optical modulator and optical data output from the optical
modulator in 10-Gb/s non-return-to-zero on–off keying (NRZ-OOK) are
presented as the examples of input electrical and output optical waveforms.40

A discrete monitor PD can be co-packaged with an optical modulator chip
based on a conventional design and fabrication platform for an optical
modulator. On a silicon-photonics platform, however, the monitor PD can be
integrated on-chip. The monolithic integration of a monitor PD on a silicon-
photonics optical modulator chip is described in Chapter 8.

In general, directly modulated lasers (DMLs) can also be used to build
optical transmitters with a simpler component configuration.41 External
optical modulators and CW LDs are, however, preferred to DMLs for
applications in high-capacity optical networks because of the following three
advantages:

1. Phase modulation, in combination with digital coherent detection, is
more suited to metro-area and long-haul optical networks than

Figure 2.4 Block diagram of components in an optical transmitter.
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intensity modulation for higher receiver sensitivity and a lower BER in
differential detection.42

2. An optical modulator can be configured for chirp-free modulation
under push–pull drive, whereas a DML produces frequency chirping,
which causes inter-symbol interference in the time domain and channel
cross-talk in the spectral domain.43–45 Specific adjustment of the
dispersion parameter is thus required for a fiber-optic link to transmit
frequency-chirped optical data generated by a DML transmitter at high
bit rates.46 This requirement limits DML-based transceivers when
applied to high-capacity optical networks.

3. For data transmission in parallel fiber channels, parallel optical
modulators with input light split from a CW LD allow for greater
energy efficiency than parallel DMLs. Furthermore, DCI is becoming
more important in conjunction with emerging edge-computing and
cloud services such as the IoT, big-data manipulation, and artificial
intelligence. A transmission capacity of 400 Gb/s in a span up to
�100 km is required for cutting-edge DCI. Coherent-phase modulation
formats of DP-QPSK and nQAM (described in Section A.1 of the
Appendix) meet the transmission capacity per wavelength channel.7,8

Small-footprint, polarization-multiplexed, coherent optical modulators
on a silicon-photonics platform can be used to construct low-cost and
compact-form-factor coherent transceivers for 400-G DCI.

2.2.2 Semiconductor optical modulators

Ferroelectric lithium-niobate (LiNbO3, LN) optical modulators, where the
linear electro-optic Pockels effect is the physical principle of operation, have
been utilized most extensively for high-speed modulation in optical-fiber
telecommunication systems.47–50 Optical modulators on semiconductor
photonic integration platforms, however, are more crucial to the evolution
of technology roadmaps, e.g., CFP optical transceivers in high-capacity
optical networks, as described in Chapter 1. Highly confined optical modes in
high-index-contrast semiconductor optical waveguides enable high-efficiency
optical modulation in small footprints. Table 2.1 lists semiconductor materials
used for optical modulators and their corresponding physical principles.
Chapters 3 and 4 describe the classification and basics of semiconductor
optical modulators with respect to photonic integration.

Table 2.1 Semiconductor materials and physical principles for optical modulators.

Material III-V compounds
(GaAs, InP)

III-V QWs (InGaAlAs,
InGaAs, InAsP)

IV elements & alloys
(Si, Ge, SiGe)

IV QWs
(Ge, SiGe)

Physical principle Pockels51,52 QCSE53–56 Plasma dispersion57–60

FK61–64
QCSE65–67
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The linear electro-optic effect also appears in III-V compound crystals
because they are ionic and lack centrosymmetry in the crystallography,
whereas there is no Pockels effect in the group-IV element and alloy crystals
because they are covalent and form centrosymmetric crystals.50 The electro-
optic effect is produced by the displacement of crystal ions under an electric
field, and thus its response is insensitive to temperature and appears in a broad
spectral range extending over visible and near-infrared ranges. Its response
frequency is limited by the vibration frequency of optical phonons in the
infrared spectra around �10 THz.68 The Pockels effect can be applied to
ultra-high-speed optical modulation in broad spectral ranges. The relatively
low modulation efficiency of the Pockels effect in comparison with other
physical processes, on the other hand, leads to relatively high modulation
voltage. A Pockels-effect in-phase and quadrature-phase (IQ) optical
modulator on a III-V photonics platform operates with a peak-to-peak
modulation voltage of 7.5 VPP for a phase-shifter length of 7.5 mm.52

Optical modulation based on the QCSE of 2D excitons in semiconductor
quantum wells (QWs) in interband optical dipole transition provides high
refractive index change, hence efficient optical modulation near the electronic
band edge with the expense of limited spectral bandwidth for operation and
thermal budget due to temperature dependence of the electronic bandgap.53,69

A waveguide length of the active part as short as 150 mm and a peak-to-peak
modulation voltage as low as 1.2 VPP were reported.55

The FK effect occurs due to photon-assisted tunneling in the interband
optical dipole transition.70 The modulation efficiency of the effect is limited by
the tunneling rate of photoexcited electrons and holes. The structure of optical
waveguides that incorporate the FK effect into optical modulation is simpler
than that for QCSE optical modulators because the former effect occurs in
bulk 3D semiconductors, and epitaxial growth of 2D QWs is not required in
fabrication process.

Plasma dispersion is generated by individual electrons and holes
accelerated in alternating electric fields of incident lightwave. The effect is
the counterpart of Kramers–Kronig transformation for free-carrier optical
absorption in the energy transfer from incident lightwave to the carriers and
analyzed theoretically with Drude model in the classical carrier transport
theory.71,72 Some explanation on Kramers–Kronig transformation is given in
Section A.2. Plasma dispersion works in a broad spectral range for optical
modulators where the materials consisting the optical modulators are
transparent because the interband transition does not play any roles.
Efficiency in optical modulation depends on distribution profiles of electrons
and holes in optical waveguides and can be enhanced if the profiles are
designed suitably and produced in fabrication. Therefore, plasma dispersion is
essential to energy-efficient small-footprint optical modulators for high-
capacity optical networks.
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The physical principles of the optical modulators are treated in Chapter 5
to clarify their theoretical bases and their pros and cons with respect to high-
speed phase modulation in integrated optical modulators.

2.2.3 Integrated optical modulators on silicon-photonics platforms

Among the semiconductor optical modulators, silicon-based optical mod-
ulators are most suitable as PICs for one-chip optical transceivers in small
footprints. Figure 2.5 presents a top-view optical-microscope photograph of a
one-chip PIC for four-channel parallel optical transceivers on a silicon-
photonics platform. The integrated silicon optical modulators with MZ
interferometer waveguides for four-channel parallel transmission and four-
channel germanium PDs have been fabricated in a silicon-on-insulator (SOI)
chip with a 15� 15 mm2 footprint. Front-end electronic circuits are TX and
RX ICs, which are mounted on the chip by a back-end integration process of
flip-chip bonding.41,73 Four-channel modulator drivers are included inside the
TX IC. An optical-waveguide light source of a CW LD has also been
mounted as a CW light source for the parallel channel optical modulators on
the chip with flip-chip bonding. Mode-field converters (MFCs) based on
silicon optical waveguides were fabricated in the areas encompassed by the
circles in Fig. 2.5 for low-profile, compact optical edge coupling to input and
output optical fibers. The four parallel MFCs, as shown in a scanning electron
microscopy (SEM) photograph in Fig. 2.5, were designed and fabricated on a
silicon-photonics platform. The MFCs allow for edge coupling to a four-core
optical fiber. The four-core fibers, which have four single-mode cores aligned
with a 28-mm pitch in single clads of a 125-mm diameter, were positioned
along V-grooves formed on the chip and butt-joint to the facets of the input
and output MFC edge couplers. The MFCs, consisting of silicon inverted
nano-taper tips in silica inner clads, were suspended in outer air clads.74

Optical loss in the edge coupling is lower than 2.5 dB for each of the four cores
per facet. Vertical-surface optical coupling based on grating couplers was
adopted also for one-chip parallel channel optical transceiver PICs on a
silicon-photonics platform.75

Figure 2.5 Silicon-photonics PIC for parallel four-channel optical transceiver.
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The silicon PIC has been designed for mounting on a print circuit board
(PCB) and suitable for compact and low-profile packaging in a module of
quad small-form-factor pluggable (QSFP) active optical cable (AOC), as
illustrated in Fig. 2.6. A reduction in the number of fibers from four to one
leads to a smaller space and a higher packing density of optical-transceiver
PICs in rack-to-rack optical interconnects for optical backplanes.76 A
significant portion of the backplane space of the datacenter equipment has
been occupied by fiber patch codes, as evidenced in Fig. 2.7.77 As such, a
novel QSFP AOC that accommodates the parallel data transmission channels
in a single optical fiber will permit denser aggregation of computers and
servers in hyper-scale datacenters. Integrated optical modulators are at the

Figure 2.6 An illustrated QSFP AOC module that accommodates a small-footprint silicon
PIC mounted on a PCB.

Figure 2.7 Fiber patch codes in the backplane of a switch rack.77
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core of small-footprint optical transceiver PICs since they produce high-
quality optical data for high-capacity optical networks. The science and
technology of integrated optical modulators on a silicon-photonics platform
are described in the following chapters.
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Chapter 3

Introduction to Integrated
Optical Modulators

Integrated optical modulators consist of active and passive planar optical
waveguides designed and fabricated on semiconductor-based integrated
photonics platforms. This chapter provides a general overview of integrated
optical modulators. In the first part, optical modulators are classified into
three types with respect to optical-waveguide layout. The optical waveguides
are treated schematically as building blocks. Their structures and theoretical
characteristics are described in detail in Chapter 4. This chapter focuses on the
MZ optical modulator because of its versatility in the high-quality generation
of optical data in intensity modulation and phase modulation in principle.
Integrated MZ optical modulators on a silicon-photonics platform are
highlighted in the last part of this chapter as the theme of this book.

3.1 Classification of Optical Modulators

3.1.1 Electro-absorption optical modulators

Electro-absorption optical modulators can be used for optical transmitters in
WDM and parallel-channel data-transmission systems based on intensity
modulation and direct detection (IM-DD). In IM-DD, transmitted signals are
detected directly by power detector in receiver equipment. Electro-absorption
optical waveguides are incorporated into the optical modulators as active
optical waveguides. An electro-absorption optical modulator consists of an
input passive optical waveguide, an electro-absorption optical waveguide, and
an output passive waveguide, which are aligned contiguously in a line, as
Fig. 3.1 illustrates with an optical-waveguide layout diagram. Channel CHi

stands for the WDM slot of wavelength, li or parallel-channel lane of the ith

optical fiber. Multiple electro-absorption optical modulators can be integrated
up to the total number of WDM slots or parallel fiber lanes on III-V
compound-semiconductor photonics and silicon-photonics platforms. On the
III-V photonics platforms, electro-absorption optical modulators can be
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monolithically integrated with LDs, forming externally modulated lasers
(EMLs).

Free-carrier absorption is one of the physical principles of electro-
absorption optical modulators.1–3 Carriers, which are electrons in conduction
bands and holes in valence bands, are accelerated in their own bands under the
electric field of incident CW light. The velocity of individual carriers increases
under the electric field, and thus the kinetic energy of individual carrier
increases.4,5 Any loss of incident light power, i.e., optical absorption, occurs in
the process of energy transfer from the incident CW light to the carriers. The
physics of free-carrier absorption and its optical characteristics are discussed in
Chapter 5. The accumulation and depletion of electrons and holes in a PN
junction formed in an electro-absorption optical waveguide allows intensity
modulation of the incident CW light in response to the input electrical data.6–9

The interband dipole transition of electron–hole pairs is the other physical
principle of electro-absorption optical modulators. Two-dimensional excitons,
which exist as hydrogenic bound states of 2D electron–hole pairs photoexcited
in semiconductor QWs via interband optical dipole transition, exhibit strong
optical absorption peaks.10 Under a bias electric field applied to the QWs,
electrons and holes are confined in biased QWs, and the optical absorption
peaks of the QW excitons shift to lower photon energies in their optical
absorption spectra, thus exhibiting QCSE.11 Electro-absorption optical
modulators based on QCSE in QWs on III-V photonics and silicon-photonics
platforms have been demonstrated.12–17 The optical absorption spectra of the
interband optical dipole transition associated with the FK effect in bulk
semiconductor crystals exhibit band tailing due to photon-assisted tunneling
in the spectral region below their band-edge photon energies.18,19 Band tailing
depends on the tunneling rate under a bias electric field applied to the
semiconductor materials, thereby controlling the optical absorption with an
external bias voltage. Electro-absorption optical modulators based on the FK
effect in SiGe optical waveguides have been demonstrated for high-speed
optical data generation.20–22 Chapter 5 also deals with the physics and optical
characteristics of QCSE and the FK effect.

The electro-absorption optical modulators are essentially intensity
modulators with a simple layout that consists only of a single straight optical

Figure 3.1 Optical-waveguide layout diagram of an electro-absorption optical modulator.
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waveguide; thus, they have a very small footprint suitable for high-density
integration. However, a high voltage of electrical signals must be applied to
generate high-contrast optical signals, and the spectral range of optical
modulation is limited near the electronic band-edge of the electro-absorption
material.

3.1.2 Ring–resonator optical modulator using electro-refraction
effects

Energy-efficient intensity modulation has been realized by using ring-
resonator optical modulators as shown in an optical-waveguide layout
diagram in Fig. 3.2.23–26 A straight passive optical waveguide is coupled with
a ring optical waveguide via a 2� 2 optical coupler with a coupling ratio of
50:50. A 3-dB directional coupler consisting of two straight optical wave-
guides aligned parallel with a subwavelength spacing between each waveguide
can be used as the 2� 2 optical coupler. An electro-refraction optical
waveguide with length l is inserted in line with the ring optical waveguide. A
refractive index change of Dn is produced in the electro-refraction optical
waveguide with an applied electric voltage of V, and thus leads to an optical
phase shift of Df(V)¼Dn(V) · l. The optical power emitted from the output
end of the straight optical waveguide is minimum if Df(V) equals an even
integer multiple of p (on resonance). Conversely, maximum optical power is
emitted from the output end if Df(V) equals an odd integer multiple of p (off
resonance). Therefore, the ring–resonator optical modulators also operate as
tunable optical notch filters.26 The inset of Fig. 3.2 illustrates the optical
spectrum of a notch filter. The ring resonance enables energy-efficient optical
modulation with a low drive voltage.24

Optical simulation illustrates the function of a ring–resonator optical
modulator in terms of an optical mode field and optical field distribution
along the optical waveguides. Figure 3.3 displays the finite-element-method

Figure 3.2 Optical-waveguide layout diagram of a ring–resonator optical modulator.
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electro-magnetic simulation characteristics of the optical mode profile and
optical propagation field distribution from Fig. 2 in Kekatpure and
Brongersma.25 The optical field is strongly confined in the ring optical
waveguide on the ring resonance (Fig. 3.3(c)), and thus there is no output
from the straight waveguide. The optical field barely penetrates into the ring
on the anti-resonance (Fig. 3.3(b)), on the other hand, thereby providing full
transmission through the straight waveguide.

The refractive-index change associated with any of the electro-absorption
processes of the electro-absorption materials, free-carrier absorption, QCSE,
and FK effect, as in Section 3.1.1, can be used as the physical principle for an
electro-refraction optical waveguide. Computational analysis that uses the
Kramers–Kronig transform described in Section A.2 allows us to derive the
electro-refraction characteristics after the electro-absorption characteristics
are obtained by optical absorption spectrum measurements at different
electric bias voltages for the electro-absorption optical waveguides.

The sharp notch spectrum as presented in Fig. 3.2 enables high-efficiency
intensity modulation with a very low voltage, e.g., 1 VPP or lower for silicon-
based ring–resonator optical waveguides. However, thermo-electric stabiliza-
tion of the sharp notch spectrum is necessary to deploy a ring–resonator
optical modulator in optical network applications.

3.1.3 Mach–Zehnder optical modulator using electro-refraction
effects

In various modulation formats of intensity modulation and phase modula-
tion, MZ optical modulators have been extensively used because of their
potential for high-quality optical modulation.27–32 A diagram of optical-
waveguide layout of a MZ optical modulator is depicted in Fig. 3.4. CW light
is input to the input passive optical waveguide, which is connected to the input
port of a 1� 2 optical splitter. The two output ports of a 1� 2 optical splitter
are connected to passive optical waveguides of two arms of a MZ inter-
ferometer (MZI), respectively. Electro-refraction optical waveguides with an
identical length of l are inserted as phase shifters into both arms of the MZI.

Figure 3.3 Simulated optical mode profile and propagation field distribution.25
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The MZI is symmetric in terms of optical path, and an optical modulator
based on the MZI layout is a symmetric MZ optical modulator.

The phase shifters in Fig. 3.4 are driven in push–pull operation, where
mutually reversed electrical data DATA and DATA are applied to both arms,
named arms 1 and 2, respectively, which have the same magnitude. The push–
pull operation is crucial for high-quality optical modulation without spectral
broadening and frequency chirping.27,31 A refractive-index change of Dn is
produced in the electro-refraction optical waveguide in one MZ arm with an
electrical signal voltage of V, thus creating an optical phase shift of Dfþ(V)¼
2pDn(V)l/l with wavelength l. On the other hand, the reversed refractive
index change of �Dn is produced in the electro-refraction optical waveguide in
the other MZ arm with the reversed electric signal voltage of �V, and thus an
optical phase shift of Df�(V)¼�2pDn(V)l/l. The total phase shift in the
MZI is Df(V)¼Dfþ(V)�Df�(V)¼ 4pDn(V)l/l.

The output ends of the passive optical waveguides in both arms of the
MZI are connected to the two input ports of a 2� 1 optical combiner. Output
light carrying optical data is emitted from the output passive optical
waveguide connected to the output port of the 2� 1 optical combiner. The
2� 1 optical combiner is equivalent to the 1� 2 optical splitter with reversed
direction of light propagation. The refractive-index change associated with
any of the electro-absorption processes, free-carrier absorption, QCSE, and
F-K effect is also incorporated to the physical principle for electro-refractive
optical waveguides in MZ optical modulators.

During the push–pull operation of intensity modulation, Dfþ(V)¼
�Df�(V)¼Df(V)/2, and thus the electric fields E1 and E2 of propagated
light in arms 1 and 2 are written as

E1 ¼
jEinj
2

e�ifDfðVÞ∕2geivt, (3.1)

and

Figure 3.4 Optical-waveguide layout diagram of a MZ optical modulator.
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E2 ¼
jEinj
2

eifDfðVÞ∕2geivt, (3.2)

respectively. Here, Ein and v are the electric field and angular frequency of
input CW LD, respectively. Each arm is designed to transmit a single mode,
whereby each E1 and E2 contains only a single component and provides a high
extinction ratio in on/off modulation. The power-splitting ratio of the 1� 2
splitter is 50:50. The output electric field Eout after the 2� 1 combiner with a
50:50 combining ratio is derived from Eqs. (3.1) and (3.2) as

Eout ¼ E1 þ E2 ¼ jEinj cos
DfðVÞ

2
eivt: (3.3)

The output power Pout is thus given as

Pout ¼ Eout � E�
out ¼ jEinj2

1þ cosDfðVÞ
2

: (3.4)

In the derivation of Eqs. (3.1)–(3.4), the modulator is assumed to be lossless.
Note that Eout is real except for the time-varying oscillating component that is
characteristic of the output electric field from a MZ optical modulator during
push–pull operation.

Optical intensity distribution of the light propagated through MZI optical
waveguides and output intensity profiles of the light immediately after
the 2� 1 combiner were obtained by the eigenmode-expansion method.33 The
simulation results are shown in Fig. 3.5. In the simulation, a Y-branch splitter
and combiner were used as the 1� 2 splitter and 2� 1 combiner. The
branching angle between arms 1 and 2 is 10 degrees. In the ON state, where
Df(V)¼ 0, constructive interference occurs in the MZI waveguides, and the
light is output as the fundamental mode from the output end of the MZI
waveguides. For simplicity in the simulation, rib optical waveguides were used
throughout the MZI waveguides. The fundamental mode is strongly confined
in the silicon core and efficiently coupled to the output optical fiber, and thus
a significant portion of the optical power from the MZI modulator can be

Figure 3.5 Simulated optical intensity distribution and profiles in MZI optical waveguides.
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transferred to the output fiber coupled to the output end of the modulator. In
contrast, destructive interference occurs in the OFF state, where Df(V)¼p,
and the fundamental mode is suppressed. The light is emitted from the core as
a radiation mode. The radiation mode is not confined and extended toward
the surrounding area of the modulator. The optical light cannot be coupled to
the output fiber, and there is no light transmission through the output fiber in
the OFF state.

A symmetric MZI with two MZ arms of identical optical path length is
suited to optical-waveguide layouts for optical modulators in broad spectral
bands because the balanced MZI yields an all-band transmission with a phase
difference of zero or an even integer multiple of p between the MZ arms. A
symmetrically balanced MZI also allows broadband push–pull operation.34

With respect to PICs for small-footprint WDM optical transceivers, sym-
metric MZ optical modulators can be integrated with LDs and WDM passive
optical waveguide circuits to form integrated WDM EMLs on the III-V
photonics platforms or integrated with receiver PDs to form integrated
transmitter and receivers.35,36 Design and fabrication services are available for
MZ optical modulators on integrated-photonics platforms because of the
versatile modulation functions of the modulators. In particular, services for
photonic integration with various optical waveguide elements in a small
footprint are available to silicon-based MZ optical modulators in silicon-
photonics foundries capable of high-volume production (readers can access
these services easily). The following sections and the subsequent chapters deal
mainly with integrated silicon-based MZ optical modulators.

3.2 High-Speed Broadband Mach–Zehnder Optical Modulators

3.2.1 Mach–Zehnder interferometer with RF electrodes

Traveling-wave MZ optical modulators are extensively used for high-speed
optical modulators in high-capacity optical networks. Figure 3.6 illustrates the
optical waveguide system of a traveling-wave MZ optical modulator. The
system is based on a silicon-photonics platform and is formed by a thin silicon

Figure 3.6 Optical-waveguide system of a traveling-wave MZ optical modulator on a
silicon-photonics platform.

31Introduction to Integrated Optical Modulators

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



layer on a SOI wafer. The optical waveguides of a MZI are based on a
channeled optical waveguide with a rectangular cross-section typically 500 nm
wide and 220 nm tall. Channeled optical waveguides are most commonly used
for passive straight or bent optical waveguides to propagate light on
integrated photonics platforms, such as silicon-photonics platforms. The
height is determined by the thickness of the SOI layer. A rib-waveguide phase
shifter for high-speed optical modulation is inserted to each arm of MZI.
The rib waveguide has typically 500-nm rib width, 220-nm rib height and
�100-nm slab height, respectively.37,38 The aspect ratio of the core is about
2:5. Slab wings extended laterally on both sides of the rib are essential for
electrical contacts to lateral PN junction for refractive index modulation in the
silicon core. The height of 220 nm is often used for optical waveguides on a
silicon-photonics platform because SOI wafers with a 220-nm SOI layer
thickness are easily available. Therefore, the silicon-photonics waveguides
aimed for practical and cost-effective applications, either rib or channel
optical waveguides, have low profiles commonly. The height can be further
optimized according to requirements on performances and process conditions
in foundries.

The input and output ends of the MZI channel waveguides are formed in
the shape of a nano-taper MFC, which has a sharp tip with a width of 180 nm
or narrower.39 In optical waveguides with a high-refractive-index contrast
between the core and cladding, a cross-section of the core is much smaller
than that of the single-mode optical fibers, and hence mode fields of
propagated lights in the high-index-contrast waveguides are much smaller
than those of the fibers. Therefore, MFCs are introduced for mode-field
expansion to mitigate mode–field mismatches and to reduce power loss in
optical coupling to input and output single-mode optical fibers.

Electrical connections to phase shifters are achieved by planar metal
electrodes and metal vertical interconnect accesses (VIAs), which can be
designed and fabricated on integrated photonics platforms. Figure 3.6 shows
part of metal electrodes and metal VIAs for an optical modulator on a silicon-
photonics platform. Single-longitudinal-mode CW light from a LD in a linear-
polarization state is input from a single-mode optical fiber. In optical-fiber
communications, the wavelength of the input CW light is 1260–1360 nm in the
O band, 1530–1560 nm in the C band, and 1560–1620 nm in L band,
respectively. Wavelength channels are defined as an ITU grid in the C and L
bands.40 Electrical data, DATA and DATA are applied to the phase shifters in
arms 1 and 2, respectively. Optical data are output from the output waveguide.

High-frequency transmission of electrical signals through planar metal
electrodes is crucial for high-speed optical modulation, and traveling-wave
metal electrodes, such as coplanar waveguides (CPWs) and coplanar
striplines, are employed as planar metal electrodes.34 A high-speed MZ
optical modulator fabricated on a SOI wafer is presented with a top-view
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microscope photograph in Fig. 3.7. Aluminum CPWs were integrated as
traveling-wave electrodes on top of the optical waveguides constituting a
single MZI with input and output nano-taper MFCs. The wide metal ground
planes of CPWs eliminate cross-talk between center conductor lines.41 The
high-frequency traveling-wave electrodes also yield low microwave dispersion
and are appropriate for electrical signal transmission at symbol rates in the
microwave frequency range.42 Figure 3.7 features two center conductors of
CPWs that are connected to the phase shifters in both arms of a single MZI
through the VIA metals. For push–pull operation, dual electrical drivers
generating DATA and DATA are connected to the input contact pads of the
respective center conductors through bias tees simultaneously with DC bias
voltages.43 A DC reverse-bias voltage is applied to the phase shifter in each
MZI arm to facilitate the high-speed transport of carriers with drift velocity in
carrier depletion. A bias tee essentially consists of a capacitor connected to
one of the electrical drivers and an inductor connected to one of the sources
for DC bias voltage. The capacitor blocks the DC bias voltage, and the
inductor shuts out the electrical data. Therefore, the electrical driver and the
DC bias source are electrically isolated from each other, and stable operation
of the optical modulator is ensured.

The optical modulator functions as a traveling-wave optical modulator
with a designed characteristic impedance of 50 V. Terminators with 50-V
impedance are connected to the contact pads of the other ends of the center
conductors to avoid reflecting the electrical data. The center-conductor
(signal) and ground electrodes are wire bonded to external electrodes on the
package. To keep input and output optical fibers from interfering with the
bonding wires transmitting the electrical signals, input and output MFCs
consisting of inverted nano-taper silicon optical waveguides are placed on the

Figure 3.7 Integrated silicon-based traveling-wave MZ optical modulator chip with dual-
drive pull–pull operation.
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side facets using a bent silicon-channel optical waveguide with a bending
radius rB as small as 25 mm. The modulator chip is copackaged with the
aspheric coupling lenses in a ceramic-based metal package. More details are
presented as an example of photonic-electronic packaging in Chapter 8. A
high-index-contrast optical waveguide on a silicon-photonics platform allows
for the placement of bending waveguides in small footprints and for low
optical propagation loss. The straight center conductors are directly
connected to the contact pads without any extension since RF loss due to
intrinsic free carriers distributed in the substrate is significant as well as
conductor loss for traveling-wave metal electrodes fabricated on a semicon-
ductor wafer such as a SOI wafer.44–46 Such RF loss affects the frequency
bandwidth of a traveling-wave optical modulator. Therefore, traveling-wave
electrodes on a semiconductor substrate are designed to be as short as
possible. Velocity mismatch is another factor that affects the frequency
bandwidth of traveling-wave optical modulators.34,47–49 The phase velocity of
the electrical data in a microwave frequency range must be equalized with the
group velocity of the propagation lights in an optical frequency range. The
wavelength of the propagation lights is negligibly shorter than that of the
electrical signals, and thus there is no phase relation between the propagation
lights and the electrical signals.47 A group of lightwaves in a symbol period of
the optical data must instead be co-propagated with a velocity that equals the
phase velocity of the electrical signals.

3.2.2 High-contrast intensity modulation

Equation (3.4) can be used to obtain the optical-power transfer function Tout

of the symmetric MZ optical modulator shown in Figs. 3.4, 3.6, and 3.7 in the
presence of intensity modulation:

Tout ¼
1þ cos DfðVÞ

2
: (3.5)

Its dependence on the electrical signal voltage V is depicted as the schematic
curve in a logarithmic scale in Fig. 3.8. The total phase shift Df is a function
of the electrical signal voltage. In the ON state of binary intensity modulation
such as OOK, where Df¼ 0 for zero voltage in the MZ optical modulator, the
MZ optical modulator yields the maximum transmittance Ton due to
constructive interference. In the OFF state, where Df¼p for p-shift voltage
Vp, the modulator yields the minimum transmittance Toff due to destructive
interference. In an ideal model of the MZ optical modulator, which yields a
50:50 ratio for optical power splitting and combines in the 1� 2 splitter and
the 2� 1 combiner, Tout in Eq. (3.5) is zero in the OFF state. In practical MZ
optical modulators obtained after fabrication processes, however, residual
optical power transmission is observed because fabrication errors are

34 Chapter 3

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



unavoidable, and the power-splitting and power-combining ratio deviates
from 50:50 in the splitter and the combiner, respectively. Therefore, Tout in the
OFF state is no longer zero, and the extinction ratio ER, defined using
Eq. (3.4) as

ER ¼ Poutð0Þ
PoutðVpÞ

, (3.6)

is crucial to performance characterization of the optical modulators. The
following equation gives rise to the extinction ratio scaled in the unit of dB:

ERdB ¼ 10 · log10ðERÞ: (3.7)

The optical transfer function in Fig. 3.8 is obtained similarly from Eq. (3.5).
In performance characterization of optical modules such as optical
transceivers, the optical modulation amplitude OMA (obtained in the
following equation using Eq. (3.6)) is also important:

OMA ¼ Poutð0Þ � PoutðVpÞ ¼ 2P1∕2 ·
ER� 1
ERþ 1

: (3.8)

Here, P1/2 is the average optical power from the device under test and leads to
the average optical power transmittance T1/2 in Fig. 3.8.

High-contrast intensity modulation with an ERdB higher than 10 dB is
critical for high-quality optical data transmission with a BER of 10–9 and
lower, as will be discussed in Section 7.6.

Based on the optical power transfer function in Fig. 3.8, E-O conversion
in a MZ optical modulator is elaborated using sinusoidal electrical and optical

Figure 3.8 Schematic of the (a) optical-power transfer function of a MZ optical modulator in
intensity modulation and (b) OOK optical characteristics in dual-arm push–pull and single-
arm non-push–pull operation.
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signals as the simplest example. In the first case of push–pull operation,
sinusoidal electrical signals of the same voltage magnitude Vp/2 but in mutually
reversed phases according to Eqs. (3.1) and (3.2) are applied to the phase
shifters in both arms. The sum of the two electrical signals provides the single
sinusoidal electrical signal of the voltage magnitude Vp, as presented in Fig. 3.8.
The phase shifters in the arms are biased to the same level of DC voltage Vp/2.
The sinusoidal optical signal in intensity modulation (IM) is generated from the
MZ optical modulator: the ON and OFF states of the optical signal correspond
to the maximum and the minimum transmittance states, respectively. In the
second case of non-push–pull operation, the single electrical signal of the
voltage magnitude Vp is applied to only one of the phase shifters, e.g., the phase
shifter in arm 1, with the DC bias voltage Vp/2. A sinusoidal optical signal that
alternates between the ON and OFF states is also generated.

The significant difference in the optical signals between the two cases is
clarified if they are displayed in constellation diagrams, wherein optical
signals are plotted in coordinates spanned with real (I) and imaginary (Q)
electric field components ERe and EIm. Constellation diagrams to measure
optical data with electrical data in push–pull and non-push–pull OOKs are
presented in Fig. 3.8. An eye diagram of the optical data in a push–pull OOK
is inserted to help explain the modulation format. In the push–pull OOK, the
electric field of the optical data changes between ON and OFF states along a
linear trajectory on the real axis, as expected from Eq. (3.3). In the non-push–
pull OOK, on the other hand, the electric field changes along a curved
trajectory with real and imaginary electric field components. Highly tolerant
optical data transmission has been confirmed by using the MZ optical
modulator in push–pull operation.50 Measurement setups for the constellation
and eye diagrams are described in Chapter 7.

The vector sum of electric fields E1 and E2 in Eqs. (3.1) and (3.2) prove
that the imaginary electric field components in arms 1 and 2 have opposite
phase directions and cancel each other during push–pull operation (zero-
chirp).27,31 Such cancellation does not occur in non-push–pull operation
(chirped). In this case, the phase shift in arm 1 is Df(V) instead of Df(V)/2,
whereas the phase shift in arm 2 is 0 instead of –Df(V)/2/2. An instantaneous
phase shift Df(t) causes an instantaneous frequency shift Dn(t) and hence
frequency chirp, as illustrated in Fig. 3.9. Frequency chirp is represented as
the time evolution of the instantaneous frequency shift in the following
equation:51,52

DvðtÞ ¼ 1
2p

d
dt

fDfðtÞg: (3.9)

The phase increases in the clockwise direction in the constellation
diagrams in Figs. 3.8 and 3.9. A positive instantaneous phase shift with an
increasing electric field magnitude of the optical data leads to upward
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instantaneous frequency shift, and therefore upchirping occurs. Optical
modulation is also possible with a DC bias voltage of 3Vp/2 to the phase
shifter in arm 1. A negative instantaneous phase shift occurs in the latter case,
and downchirping is observed.

The frequency chirp of an optical modulator is evaluated in terms of the
modulator a-parameter amod, which is expressed as27

amod ¼
dDfðtÞ

dt
1

EoutðtÞ ·
dEoutðtÞ

dt

: (3.10)

The mathematical form of the output electric field Eout(t) during the push–pull
operation in Eq. (3.3) does not have a complex phase term and is a real
function, which implies that Df(t) is a constant integer multiple of 2p and
thus amod is zero. The time-oscillating exponent of the central carrier
frequency in Eq. (3.3) is taken out of consideration in the analysis of the
frequency chirping because the frequency chirping affects the spectral phase of
the base-band optical spectrum of the output electric field around the center
carrier frequency as elaborated in the analysis of chromatic dispersion of
optical electric fields in dielectric optical media.51

3.2.3 High-Q phase modulation

The symmetric MZ optical modulator can be used also for binary phase
modulation such as BPSK except that different conditions are applied to
optical phase shifts in arms 1 and 2. In push–pull operation of phase
modulation, Dfþ(V)¼Df(V)/2 – p/2, and Df�(V)¼�Df(V)/2 þ p/2. The
output electric field Eout is rewritten as

Eout ¼ jEinj sin
DfðVÞ

2
eivt: (3.11)

Figure 3.9 Schematic constellation diagrams of unchirped and chirped optical signals from
a MZ optical modulator in dual-arm push–pull and single-arm operation cases.
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Again, the output electric field is real during push–pull operation. The optical
power transfer function in phase modulation includes a phase offset of p
relative to the case of intensity modulation,

Tout ¼
1� cos DfðVÞ

2
: (3.12)

The optical power transfer function yields the same curve as that of
intensity modulation if the aforementioned phase offset is covered with a DC
bias voltage adjustment between arms 1 and 2. Figure 3.10 illustrates a phase
modulation scheme with measured optical characteristics. The MZ optical
modulator is held in the minimum transmittance Toff if no electrical signal is
applied. The voltage magnitude of 2Vp, twice of that of intensity modulation,
is required to generate an optical signal in phase modulation (PM) between
the 0- and p-phase states. The origin of the PM is the point of minimum
transmittance. Zero- and p-phase states are resolved clearly with a linear
transition trajectory on the real axis in the chirp-free constellation diagram
measured with BPSK electrical data in the dual-arm push–pull operation.52

Transition dips in the eye diagram indicate a transition across the minimum
transmittance point along the linear trajectory. The spectrum of the output
optical data is plotted in dB scale. Its symmetry implies a high-quality push–
pull operation and is consistent with the symmetric constellation diagram. In
the optical spectrum, which was acquired for a silicon-based optical
modulator, a 3-dB frequency bandwidth is �14 GHz, limited by the band-
width of the 20-Gb/s NRZ-BPSK electrical data. Sharp, comb-like spikes in
the spectrum are due to the periodicity of electrical data in a pseudo-random
bit stream (PRBS) of a 231� 1 frame length.

Chirp-free phase modulation allows long-distance optical data transmis-
sion with a low BER in high-capacity optical networks. Frequency chirping in

Figure 3.10 (a) Schematic diagram of phase modulation between 0 and p based on the
voltage transmittance transfer function of a MZ optical modulator, and (b) BPSK optical
characteristics in dual-arm push–pull operation.
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phase modulation can be eliminated by using a highly symmetric MZ optical
modulator fabricated with high precision and low error. Optical data in the
BPSK can be evaluated in terms of the Q-factor, which corresponds to the
extinction ratio in an OOK and is defined as32

Q ¼ jE2
Reð0Þj2 þ jE2

ReðpÞj2
s2
0 þ s2

p

: (3.13)

Here, s0 and sp denote signal noise deviations in the 0- and p-phase states,
respectively. The constellation diagram in Fig. 3.10 provides a Q-factor as high
as 20 dB.52 Therefore, high-precision low-error fabrication technologies on
integrated photonics platforms play a significant role in high-performance
optical modulation.

3.3 Integrated Silicon-Based Mach–Zehnder Optical Modulators

3.3.1 Optical-waveguide elements

The basic elements of integrated silicon-based MZ optical modulators are
designed and fabricated with high-index-contrast silicon optical waveguides
and their derivative structures. Some of the passive optical circuit elements are
presented in Fig. 3.11.39 Straight optical waveguides with rectangular and
rib-shaped cross-sections, optical-waveguide bends, directional couplers, and
splitters are essential to construct silicon-based MZ optical modulators. Ring
resonators, add/drop filters, and arrayed waveguide gratings (AWGs) are
useful for small-footprint wavelength-selective devices such as on-chip WDM
MUX/DEMUX circuits.57 Waveguide crossings are essential elements for
optical hybrid circuits to coherently detect quadrature optical signals.58,59

Nano-tapes are inverted taper MFCs for edge optical coupling to input/output

Figure 3.11 Passive optical circuit elements on a silicon-photonic platform.39
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optical fibers and LDs.60,61 Polarization devices are indispensable for the
PDM function in PDM IQ MZ optical modulators, as will be discussed in
this section.62

Monolithic integration on a silicon-photonics platform allows small-
footprint silicon-based integrated MZ optical modulators for digital coherent
communication. In digital coherent communication, optical data are transmit-
ted in IQ modulation formats with PDM in orthogonal linear polarization
states.63,64 Electrical data at a symbol rate of 32 Gbaud are input to an IQ MZ
optical modulator in two orthogonal polarization components, and optical data
at a bit rate of 128 Gb/s are output from a PDM IQ MZ optical modulator for
digital coherent communication. Optical data are detected with a coherent
receiver, and optical phase states are identified by a digital phase-retrieval
algorithm running on an electronic signal processing circuit.65

3.3.2 Monolithic modulator on chip

Figure 3.12 illustrates a monolithic silicon-based PDM IQ MZ optical
modulator chip. The monolithic integrated optical modulator consists of the
following three substantial units: (1) an input optical waveguide split into two
parallel waveguides with a 1� 2 multi-mode interferometer (MMI); (2) a
couple of silicon-based IQ MZ optical modulators based on nested MZ
optical modulators, each of which is connected to a respective output port of
the MMI and accommodates I and Q sub-MZ modulator units on both of the
parent MZI arms operating in transverse-electric (TE) polarization with an
electric field perpendicular to the top interface of planar substrate; and
(3) PDM optical circuit consisting of a polarization rotator (PR) to convert TE
polarization into transverse-magnetic (TM) polarization with the magnetic field
perpendicular to the planar substrate for the light beam propagated through one
of the IQ MZ optical modulators and a polarization beam combiner

Figure 3.12 Monolithic silicon optical modulator chip for PDM IQ modulation.
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(PBC) to multiplex the TE and TM light beams. Rib-waveguide-based PR in the
PDM circuit was designed with a common design rule with the rib-waveguide
phase shifter, thereby suitable for high-throughput low-cost fabrication.66 The
monolithic integrated optical modulator was fabricated in a footprint as small as
6.5� 5 mm2 with Ge PDs for performance monitoring and silicon rib-
waveguide thermo-optic (TO) p/2 shifters to hold a phase difference of p/2
between I- and Q-modulated lights emitted from a couple of IQ MZ optical
modulators, as shown in Fig. 3.12. Side slab areas of the TO shifters were doped
with P-type or N-type dopants to function as electrical resistors. Electric currents
are applied to the resistors to generate heat and sustain the
p/2 phase shift between the I and Q arms by stabilizing the MZI temperature
against a change in ambient temperature based on the silicon TO effect.67 The
small-footprint PDM IQ optical modulator chip will be well suited to
compact-form-factor digital coherent transceivers such as CFP2.

The phase shifters for high-speed E-O conversion on a chip are connected
to the straight center conductor lines of the aluminum CPW traveling-wave
electrodes disposed on the optical waveguides of the IQ optical modulators.
Electrical data for I and Q components in the orthogonal linear polarizations
are input to the contact pads on the input ends of the CPWs. The linear
polarization sites X and Y correspond, for instance, to the TE and TM modes
on the silicon PDM IQ optical modulator chip. The electrical data are
supplied to the dual arms of the I and Q sub-MZ optical modulator units for
PDM IQ optical data generation during push–pull operation. Optical
characteristics such as constellation diagrams of the PDM IQ MZ optical
modulator are presented in Chapter 7.

Monolithic integrated optical modulator chips can be obtained by
CMOS-based silicon-photonics fabrication processes using a SOI wafer with
a 200-mm-diameter starting material. Cross-sections of the building blocks for
the integrated optical modulator are shown in Fig. 3.13. The cores of the
optical waveguides are formed in the thin silicon layer on the top of the

Figure 3.13 Cross-section profiles of building blocks for monolithic integrated optical
modulators on a silicon-photonics platform.
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unprocessed SOI wafer. The cores of the optical waveguides are embedded in
silica top and bottom clads. The buried oxide (BOX) layer of the SOI wafer
works as the bottom clad. The top clad is formed by processes of chemical
vapor deposition (CVD) and subsequent planarization. The channel optical
waveguide is most extensively used as backbones of integrated MZ
modulators as straight and bent optical waveguides and base structures for
passive optical circuits such as optical couplers and filters. The rib optical
waveguide is used as the basis for high-speed PN-junction phase shifters as
well as straight and bent optical waveguides for passive optical circuits. The
optical waveguide is also used for TO phase shifters using doped silicon cores
as resistive heaters.68 The most well-known application of the slab optical
waveguide in terms of integrated MZ optical modulators is MMIs for optical
splitters and couplers, such as the 1� 2 splitter and the 2� 1 coupler
described here. Mode conversion between TE and TM polarization modes in
coupled asymmetric rib waveguides was used as a PR in PDM optical circuits.
A couple of PN-junction phase shifters were inserted into both arms of a MZ
optical modulator. The P-doped region of each PN junction was connected to
the center conductor of each CPW with a VIA, and the N-doped region of
each PN junction was connected to the common-ground plane of the CPWs on
the MZI with a VIA. The germanium PD is used for performance monitoring
in optical modulation and for optical signal detection in receivers. The active
layer of germanium was epitaxially grown on a silicon layer to form an
evanescent-coupling PD for high-efficiency optical-electrical conversion in
waveguide geometry. In advanced generation of silicon-photonics platforms,
a SOI wafer with a 300-mm diameter is used in combination with equipment
featuring a higher fabrication precision but more expensive cost. Users can
choose the fabrication processes with respect to requirements for precision
and costs.

3.3.3 Fabrication processes

The fabrication processes of the monolithic optical modulator are summa-
rized in Fig. 3.14 with a rib-waveguide phase shifter as an example. Optical
resist is spin-coated on the top silicon layer, and an optical mask is used to
mask specific areas on the resist to develop the optical resist in patterns
suitable to fabricate slab patterns after a dry-etching process. Optical-
lithography and dry-etching processes are included in (1). Slab patterns, as
shown in (2), are fabricated afterward. Rib parts can be formed in the slab
patterns during the processes in (3). Shallow etching with precise time control
in dry-etching is performed to obtain rib optical waveguides with side slabs, as
illustrated in (4) with a slab height deviation within ±5% in an advanced
fabrication process optimized for silicon photonics. Passive optical circuits
based on the channel, rib, and slab optical waveguides can be fabricated
simultaneously. Ion implantation of boron atoms is then performed in (5)
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after optical lithography to dope specified areas in the rib optical waveguides
with the P-type dopants. P-type regions of positive conductivity are formed
in the rib optical waveguides after dopant activation and defect elimination in
thermal annealing in (6). N-type doping processes are performed similarly in
(7), and PN-junctions are formed in the rib optical waveguides in (8) after a
thermal annealing process. Phosphorus atoms can be used for N-type dopants.
The order of the doping processes can be inverted between P-type and N-type
dopants. Further doping steps are included to reduce contact and series
resistances. The top silica clad is formed in (9) by CVD and planarization
processes. To connect electrical contacts to the P-type and N-type regions, VIA
holes are opened in the top clad down to the slab parts, as shown in (10).
Metallization processes are performed to fabricate VIA electrodes and top
CPWs in (11) and (12), respectively, by aluminum deposition with subsequent
optical lithography and dry etching. The monolithic integrated optical
modulator chips are thus arranged on dies on the SOI wafer. Each chip of
the optical modulator is picked up after dicing the wafer.
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sheet-resistance measurements for evaluating interface RF losses on high-
resistivity-silicon substrates,” IEEE Trans. Microwave Theory Tech. 60
(11), 3542–3550 (2012).

47. W. W. Rigrod and I. P. Kaminow, “Wide-band microwave light
modulation,” Proc. IEEE 51(1), 137–140 (1963).

48. M. Izutsu, Y. Yamane, and T. Sueta, “Broad-band. traveling-wave
modulator using a LiNbO3 optical waveguide,” IEEE J. Quantum
Electron. 13(4) 287–290 (1977).

49. R. C. Alferness, “Waveguide electrooptic modulators,” IEEE Trans.
Microwave Theory Tech. 30(8), 1121–1137 (1982).

50. K. Goi, K. Oda, H. Kusaka, Y. Terada, K. Ogawa, T.-Y. Liow, X. Tu,
G.-Q. Lo, and D.-L. Kwong, “11-Gb/s 80-km transmission performance
of zero-chirp silicon Mach-Zehnder modulator,” Opt. Express 20(26),
B350–B356 (2012).

51. J.-C. Diels and W. Rudolph, Ultrashort Laser Pulse Phenomena:
Fundamentals, Techniques, and Applications on a Femtosecond Time
Scale, Academic Press, San Diego, London, 1–21 (1996).

52. K. Goi, H. Kusaka, A. Oka, Y. Terada, K. Ogawa, T.-Y. Liow, X. Tu,
G.-Q. Lo, and D.-L. Kwong, “20-Gb/s DPSK transmission with 550-ps/nm
dispersion tolerance using silicon Mach-Zehnder modulator,” Optical Fiber
Communications Conference and Exhibition (OFC), OW4J.5 (2013).

53. M. Hochberg and T. Baehr-Jones, “Towards fabless silicon photonics,”
Nature Photon. 4(8), 492–494 (2010).

54. F. A. Kish, D. Welch, R. Nagarajan, J. L. Pleumeekers, V. Lal, M. Ziari,
A. Nilsson, M. Kato, S. Murthy, P. Evans, S. W. Corzine, M. Mitchell,
P. Samra, M. Missey, S. DeMars, R. P. Schneider, M. S. Reffle, T. Butrie,
J. T. Rahn, M. Van Leeuwen, J. W. Stewart, D. J. H. Lambert,
R. C. Muthiah, H.-S. Tsai, J. S. Bostak, A. Dentai, K.-T. Wu, H. Sun,
D. J. Pavinski, J. Zhang, J. Tang, J. McNicol, M. Kuntz, V. Dominic,
B. D. Taylor, R. A. Salvatore, M. Fisher, A. Spannagel, E. Strzelecka,
P. Studenkov, M. Raburn, W. Williams, D. Christini, K. J. Thomson,
S. S. Agashe, R. Malendevich, G. Goldfarb, S. Melle, C. Joyner,
M. Kaufman, and S. G. Grubb, “Current status of large-scale InP

47Introduction to Integrated Optical Modulators

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



photonic integrated circuits,” IEEE J. Sel. Top. Quantum Electron. 17(6),
1470–1489 (2011).

55. M. J. R. Heck, “Hybrid and heterogeneous photonic integrated circuits
for high-performance applications,” Proc. SPIE 9365, 936503-1–936503-8
(2015).

56. J. E. Bowers, T. Komljenovic, M. Davenport, J. Hulme, A. Y. Liu, C. T.
Santis, A. Spott, S. Srinivasan, E. J. Stanton, and C. Zhang, “Recent
advances in silicon photonic integrated circuits,” Proc. SPIE 9774,
977402-1–977402-18 (2016).

57. D. Dai and J. E. Bowers, “Silicon-based on-chip multiplexing technolo-
gies and devices for peta-bit optical interconnects,” Nanophotonics 3(4–5),
283–311 (2014).

58. W. Bogaerts, P. Dumon, D. Van Thourhout, and R. Baets, “Low-loss,
low-cross-talk crossings for silicon-on-insulator nanophotonic wave-
guides,” Opt. Lett. 32(19), 2801–2803 (2007).

59. P. Dong, C. Xie, and L. L. Buhl, “Monolithic polarization diversity
coherent receiver based on 120-degree optical hybrids on silicon,” Opt.
Express 22(2), 2119–2125 (2014).

60. T. Tsuchizawa, K. Yamada, H. Fukuda, T. Watanabe, J. Takahashi, M.
Takahashi, T. Shoji, E. Tamechika, S. Itabashi, and H. Morita,
“Microphotonics devices based on silicon microfabrication technology,”
IEEE J. Sel. Top. Quantum Electron. 11(1), 232–240 (2005).

61. K. K. Lee, D. R. Lim, D. Pan, C. Hoepfner, W.-Y. Oh, K. Wada, L. C.
Kimerling, K. P. Yap, and M. T. Doan, “Mode transformer for
miniaturized optical circuits,” Opt. Lett. 30(5), 498–500 (2005).

62. H. Fukuda, T. Tsuchizawa, H. Nishi, R. Kou, T. Hiraki, K. Takeda, K.
Wada, Y. Ishikawa, and K. Yamada, “Silicon, silica, and germanium
photonic integration for electronic and photonic convergence,” Proc.
SPIE 8628, 862806-1–862806-8 (2013).

63. K. Kikuchi, “Fundamentals of coherent Optical fiber communications,”
J. Lightwave Technol. 34(1), 157–179 (2016).

64. Y. Miyamoto and S. Suzuki, “Advanced optical modulation and
multiplexing technologies for high-capacity OTN based on 100 Gb/s
channel and beyond,” IEEE Comm. Mag. 48(3), S65–S72 (2010).

65. K. Roberts, D. Beckett, D. Boertjes, J. Berthold, and C. Laperle, “100G
and beyond with digital coherent signal processing,” IEEE Comm. Mag.
48(7), 62–69 (2010).

66. K. Ogawa, H. Ishihara, K. Goi, Y. Mashiko, S. T. Lim, M. J. Sun,
S. Seah, C. E. Png, T.-Y. Liow, X. Tu, G.-Q. Lo, and D.-L. Kwong,
“Fundamental characteristics and high-speed applications of carrier-
depletion silicon Mach-Zehnder modulators,” IEICE Electron. Express 11
(24), 20142010 (2014).

48 Chapter 3

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



67. K. Ogawa, K. Goi, A. Oka, Y. Mashiko, T.-Y. Liow, X. Tu, G.-Q. Lo,
D.-L. Kwong, S. T. Lim, M. J. Sun, and C. E. Png, “Design and
characterisation of high-speed monolithic silicon modulators for digital
coherent communication,” Proc. SPIE 9367, 93670C-1–93670C-8 (2015).

68. N. C. Harris, Y. Ma, J. Mower, T. Baehr-Jones, D. Englund, M.
Hochberg, and C. Galland, “Efficient, compact and low loss thermo-optic
phase shifter in silicon,” Opt. Express 22(9), 10487–10493 (2014).

49Introduction to Integrated Optical Modulators

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Chapter 4

Optical Circuits and
Waveguides in Integrated
Mach–Zehnder Optical
Modulators

Integrated MZ optical modulators are constructed with optical waveguide
circuits, which are treated simply as building blocks in the previous chapter. In
this chapter, the basic theoretical characteristics of the optical waveguide
circuits are discussed in depth. Optical layouts of integrated MZ optical
modulators exploited to generate optical data in different modulation formats
for high-capacity optical networks are summarized first. Then, an integrated
MZ optical modulator of a given layout is represented in a transfer matrix
framework using 2�2 matrices. Note that the MZ optical modulator is
mathematically equivalent to a two-port integrated MZ optical switch;
thereby the mathematical framework discussed in this chapter provides a
common theoretical platform for the design of integrated photonics devices,
such as high-port-count optical switches. The transfer-matrix framework is
useful as a tool for design and fabrication in foundries. This chapter then
describes optical waveguide systems that comprise small-footprint MZ optical
modulators. Simple mathematical analysis based on Snell’s law reveals that a
high refractive-index contrast between the core and clad leads to a low-profile
optical waveguide. Silicon optical waveguide systems are highlighted because
the high-index-contrast optical waveguides are extensively used for integrated
MZ optical modulators. The characteristics of the optical mode field and
wave propagation in optical waveguide systems are described on the basis of
computational analysis.
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4.1 Optical Circuits

4.1.1 Single Mach–Zehnder optical modulator

Figure 4.1(a) illustrates the optical circuit of a single MZ optical modulator
with one-port I/O ends, which is the same as that in Fig. 3.4. The optical
waveguide layout of the single MZI is encompassed with a square. In the OFF
state of such a one-port MZ optical modulator, the light is emitted out of the
core via radiation mode as described by the simulation results in Fig. 3.5.
A single MZ optical modulator can be represented with another optical
waveguide layout in Fig. 4.1(b), which has two-port I/O ends. In the input and
output sides, 2�2 optical couplers as depicted in Fig. 3.2 for the ring-resonator
optical waveguide layout are inserted instead of the 1�2 splitter and coupler. In
this configuration, there is no input light to port 2, and the radiation mode
corresponds to the output light from port 3. Port 1 for the CW light input and
port 4 for the optical data output are located in the diagonal positions,
respectively. The two-port optical waveguide layout is equivalent with that of a
two-port MZI optical switch.1,2 Therefore, the same process technology can be
adopted for these integrated photonic devices on a silicon-photonics platform.

Figure 4.1 (a) Optical-circuit diagram of single MZ optical modulator with one-port I/O
configuration. (b) Two-port I/O configuration.
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The advantage of the two-port optical waveguide layout is that it can be
analyzed mathematically by means of the transfer-matrix method described in
the next section.

4.1.2 Quadrature Mach–Zehnder optical modulator

In a quadrature MZ optical modulator, two units of a single MZI are inserted
as sub-MZI units for the I and Q components in both arms of the main MZI,
respectively. Its optical waveguide layout is depicted in Fig. 4.2 with a one-
port I/O configuration. Single MZIs in the configuration shown in Fig. 4.1(a)
are used. To sustain a p/2 phase difference between the I and Q components,
DC phase shifters generating p/4 and –p/4 phase shifts are also inserted into
both arms, respectively. A quadrature MZ optical modulator is utilized for
zero-chirp optical data generation in IQ modulation formats.

A quadrature MZ optical modulator can also be configured using two-
port single MZIs for I and Q components. The optical waveguide layout for
this configuration is illustrated in Fig. 4.3. Single MZIs with the layout shown

Figure 4.2 Optical-circuit diagram of a quadrature MZ optical modulator with one-port I/O
ends.

Figure 4.3 Optical circuit diagram of a quadrature MZ optical modulator with two-port I/O
ends.
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in Fig. 4.1(a) are inserted as sub-MZIs in the I and Q arms in a two-port main
MZI. Four I/O ports are set in the optical waveguide layout for mathematical
representation using transfer matrices. On the input side, CW light is input to
port 2; there are no lights input to ports 1, 3, and 4. Optical data in the IQ
components are emitted from port 7 on the output side. For the phase
difference between I and Q components, DC phase shifters are also inserted
into the I and Q arms.

4.1.3 Polarization-division-multiplexed Mach–Zehnder optical
modulator

In digital coherent communications, optical data are transmitted in
polarization-division-multiplexed (PDM) IQ formats using a PDM IQ MZ
optical modulator with an optical waveguide layout as illustrated in Fig. 4.4 in
a one-port I/O configuration. Quadrature MZIs that have the configuration in
Fig. 4.2 are inserted. An integrated MZ optical modulator constructed with
high-index-contrast optical waveguides such as silicon optical waveguides
operates in single linear-polarization mode, such as TE mode with low optical
insertion loss in a broad spectral range. Therefore, the two quadrature MZIs
in Fig. 4.2 are supposed to operate in the same linear-polarization mode. The
linear-polarization mode of light output from a quadrature MZI (in the upper
arm in Fig. 4.4) is assigned to x polarization, and the output light from the
MZI unit is assigned to the x-polarization component. The linear polarization
of output light from the other quadrature MZI is rotated to the orthogonal
linear polarization through a PR optical waveguide block, and the output
light from the MZI is assigned to the y-polarization component. The output
lights in x- and y-polarization components are multiplexed through a PBC
optical waveguide block. Designs for PR and PBC optical waveguide blocks
are elaborated in Section 4.4. A two-port configuration is also possible for a
PDM IQ MZ optical modulator using the two-port quadrature MZ optical
modulator shown in Fig. 4.3.

Figure 4.4 Optical circuit diagram of a PDM IQ MZ optical modulator.
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4.2 Transfer-Matrix Framework

4.2.1 Representation in transfer matrices

The transfer-matrix method is a versatile tool to construct mathematical
models of multi-port photonic integrated circuits by treating building blocks
such as passive optical waveguides, 2�2 optical couplers, and phase shifters in
the form of mathematical matrices. The method was incorporated into the
modeling and analysis of two-port digital ladder circuits consisting of electric
capacitors and inductors.3,4 The method was then applied to signal processing
in fiber-optic lattice circuits.5 Up to the present, extensive efforts have been
made to transfer-matrix modeling and the analysis of two-port optical lattice
circuit transversal filters in planar lightwave circuits and photonic integrated
circuits.6–9 In the framework of the method, each building block is represented
with a square matrix, and the transfer matrix of an integrated circuit as a
whole is given as a matrix product of the square matrices of all the constituent
building blocks.6 In the ideal case of no optical loss, the matrices are unitary.
Non-unitary matrices, however, are assigned to building blocks in practical
cases, where optical loss and other impairments occur due to, e.g., non-
negligible optical absorption of waveguide materials, side-wall roughness
introduced in fabrication processes, and imperfections in design and
fabrication. The transfer-matrix elements of each building block in practical
cases can be determined by numerical simulation or by optical measurement.

The transfer matrices of a passive optical waveguide pair (WG), a 2�2
optical coupler (2�2), and a phase shifter (PS) in the ideal case are written in
the following forms:

M
↔

WG ¼
�
e�ivt∕2 0
0 eivt∕2

�
, (4.1)

M
↔

2�2 ¼
�
cos u �i sin u
�i sin u cos u

�
, (4.2)

and

M
↔

PS ¼
�
e�iDf∕2 0
0 ei

Df∕2

�
, (4.3)

respectively. For passive optical waveguides in both arms of a symmetric
single MZI, there is no propagation time difference between the arms, and
thus the delay time t can be set to zero in Eq. (4.1); its transfer matrix is
thereby a unit matrix. Angle u equals p/4 for a symmetric 2�2 optical coupler
used as an optical splitter or combiner in a MZ optical modulator. Phase Df/2
denotes an optical phase shift applied to each phase shifter, as in Eqs. (3.1)
and (3.2).
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In the transfer-matrix framework, a large-scale PIC is decomposed into its
constituent building blocks. For the computational modeling and analysis of
the PIC, numerical simulation can be done for each building block to determine
matrix elements of its transfer matrix, and then the matrix product of all the
constituting transfer matrices provides the numerical characteristics of the
entire PIC. This procedure is extremely helpful with reducing computational
costs such as computational time and storage-memory capacity. Therefore,
computational performance optimization is efficient. On the other hand,
numerical simulation of the entire optical system of the MZ optical modulator
shown in Fig. 3.5, for example, takes a large simulation space and consumes a
long simulation time and significant computer memory.

The transfer-matrix framework has also practical importance for scaling
up photonic integration. Transfer matrices of the building blocks can be
stored as device libraries in process design kits (PDKs) for design and
fabrication in foundries. The arbitrary scale of a PIC can be designed and
analyzed easily by using the device libraries and transfer-matrix computation.
A computational approach based on the transfer-matrix method empowers
integrated semiconductor-photonics platforms. Proper performance of this
method follows an important design rule: each building block is terminated
with the same passive optical waveguide to ensure a common interface for
seamless connection to other blocks.

4.2.2 Transfer matrices of Mach–Zehnder optical modulators

The transfer matrix of a single MZ optical modulator with the two-port
optical waveguide layout illustrated in Fig. 4.1(b) is obtained from a matrix
product defined as

M
↔

MZ ¼ M
↔

2�2 ·M
↔

WG ·M
↔

PS ·M
↔

WG ·M
↔

2�2 (4.4)

by substituting the transfer matrices in Eqs. (4.1)–(4.3) with t¼ 0 for the delay
difference between the passive parallel optical waveguides and u¼p/4 for a
50:50 power-splitting/combining ratio of the 2�2 optical couplers; therefore,
it is expressed as

M
↔

MZ ¼ M
↔

2�2:M
↔

PS:M
↔

2�2

¼
�
1∕

ffiffiffi
2

p �i∕
ffiffiffi
2

p

�i∕
ffiffiffi
2

p
1∕

ffiffiffi
2

p
�
:

�
e�iDf∕2 0

0 ei
Df∕2

�
:

�
1∕

ffiffiffi
2

p �i∕
ffiffiffi
2

p

�i∕
ffiffiffi
2

p
1∕

ffiffiffi
2

p
�
:

(4.5)

Finally, the following equation is derived for input electric field Ein, output
electric field Eout, and electric field in radiation mode Erad:�

Erad
Eout

�
¼ M

↔

MZ:

�
Ein
0

�
¼ e�ip∕2

�
sin Df

2

cos Df2

�
Ein: (4.6)

56 Chapter 4

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Because of the diagonal symmetry between I/O ends of the 2�2 MZI, Eout

is assigned as the second element in the output field vector in Eq. (4.6). The
output electric field is essentially the same as in Eq. (3.3), omitting a time-
varying oscillating carrier component of eivt and a constant phase factor
e–ip/2. The radiation mode is orthogonal to the output field in terms of phase
difference. The radiation mode obviously corresponds to the OFF state if the
output mode is in the ON state. A deviation of the power-splitting/combining
ratio from 50:50 (e.g., u≠p/4) due to errors and imperfections in design and
fabrication leads to a reduction in the ON–OFF extinction ratio in a practical
MZ optical modulator.

The transfer matrix of the quadrature MZ optical modulator illustrated in
Fig. 4.3 is also obtained in the ideal case. The expression of the symmetric
MZI in Eq. (4.5) is substituted for the I and Q sub-MZI units in their
respective 2�2 sub-matrices, denoted with suffixes I and Q in the third matrix
from the left in the following equation:

2
6664
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0 1ffiffi
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p 1ffiffi
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p 0
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77775:
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E2

E3

E4

3
7775:

(4.7)

Here, [0] denotes a 2�2 zero matrix. The first and fourth matrices from
the left represent the input and output sections, including the 2�2 optical
couplers connected to the I and Q sub-MZI units. The second matrix from the
left is introduced to generate a p/2 phase difference between the I and Q
components. The unitary matrix representing the phase difference is replaced
with a non-unitary matrix including the optical loss and phase characteristics
of a DC phase shifter in design or fabrication, if necessary. The input and
output electric-field vectors for the quadrature optical modulator have their
matrix elements presented in the following equations:

2
664
E1
E2
E3
E4

3
775 ¼

2
664

0
Ein
0
0

3
775 (4.8)

and
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2
664
E5
E6
E7
E8

3
775 ¼

2
664
EI�rad
EIQ�out
EIQ�rad
EQ�rad

3
775: (4.9)

The I/O electric-field vectors include only one I/O electric field. In the
output vector, E5, E7, and E8 are attributed to the electric fields of radiation
mode EI-rad from the I sub-MZI unit, EIQ-rad from the quadrature optical
modulator, and EQ-rad from the Q sub-MZI unit, respectively.

The transfer matrix of the PDM IQ MZ optical modulator in the ideal
case can be obtained with two parallel quadrature MZ optical modulators in
Eqs. (4.7)–(4.9), in conjunction with the Muller matrix for a PDM optical
circuit.10

Once transfer matrices of MZ optical modulators are formulized, the next
task is to determine all of the transfer-matrix elements for the computational
design and analysis of the modulators on integrated photonics platforms.
Numerical simulation of the optical modes in optical waveguides is crucial to
perform this task. Optical modes in various waveguide-based building blocks
for integrated MZ optical modulators are studied in the following sections in
this chapter.

4.3 Optical Waveguide and Optical Mode

4.3.1 Guided wave in ray trace

The basic principle of the confinement of a lightwave in a dielectric optical
waveguide is total internal reflection (TIR) at the refractive-index boundary,
whereby the lightwave is localized in a core medium with a refractive index
higher than that of the surrounding cladding medium.11–13 Consider a 2D slab
optical waveguide with ncore and nclad for the refractive indices of the core and
cladding, as illustrated with a vertical cross-section in Fig. 4.5. The slab
optical waveguide has a symmetric refractive-index profile. The lightwave
incident to the slab optical waveguide is TE-polarized. Light refraction at a
dielectric interface between core and cladding is illustrated in the inset with

Figure 4.5 Ray traces of a lightwave input to a slab optical waveguide.
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incident and refraction angles u1 and u2. For TIR, the critical angle ucrit is
given for the incident angle as

u1¼ ucrit ¼ sin�1 nclad
ncore

, (4.10)

where the refraction angle is substituted with p/2 in the mathematical
representation of Snell’s law.14 For a silicon-slab optical waveguide with
ncore¼ 3.48 and nclad¼ 1.45, the ucrit for the core and cladding refractive
indices is 24.6°, whereas it is 83.3° with ncore¼ 1.46 and nclad¼ 1.45 for a low-
index-contrast optical waveguide such as silica optical fibers. Snell’s law also
provides an incident angle uin from air of unity refractive index in the
following form:

sin uin ¼ ncore sin ucore ¼ ncore

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin2 ucrit

q
¼ ncore

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2core � n2clad

n2core

s
, (4.11)

if TIR occurs at the critical angle, where the following condition holds:

ucore ¼
p

2
� ucrit: (4.12)

The term in the square root in the right-most term of Eq. (4.11) is the so-
called index contrast Dref, which is expressed as

2Dref ¼
�
n2core� n2clad

�
n2core

¼ 2ðncore� ncladÞ
ncore

: (4.13)

In the limit of low-refractive-index difference, the index contrast is reduced to
the mathematical form in the right-most term of Eq. (4.13).

Confined lightwaves lead to standing waves in the direction perpendicular
to the refractive-index boundaries (vertical direction) and are guided in the
slab optical waveguide along a direction perpendicular to the vertical
direction.13 Such a scheme of guided-lightwave propagation can be expressed
in a ray trace for a lightwave, as illustrated in Fig. 4.5. Total internal
reflection occurs twice in one round trip of a standing wave in the vertical
direction, and the path length in the period is twice the core height, namely,
2hcore. The path length in the round trip for the guided lightwaves in
wavelength l leads to a phase delay of

f ¼ 2 hcore kncore sin ucore (4.14)

with wavenumber k¼ 2p/l. The phase shift d produced in the TIR at a
dielectric interface is known as a phase shift in the Goos–Hänchen effect:14
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tan
d

2
¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2 ucore �

�
nclad
ncore

�
2

r
sin ucore

: (4.15)

The total phase shift F after the round trip of the standing waves is the sum of
the phase delay and twice the Goos–Hänchen phase shift:

F ¼ fþ 2 d ¼ 2hcore k sin ucore� 4 tan�1

2
64

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2 ucore �

�nclad
ncore

�
2

q
sin ucore

3
75: (4.16)

The total phase shift is quantized with respect to 2p for positive
interference to produce the standing waves, which produces the following
relationship:

2hcore k sin ucore� 4 tan�1

2
64

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2 ucore �

�nclad
ncore

�
2

q
sin ucore

3
75 ¼ 2mp (4.17)

with a zero or positive integer m. Equation (4.17) is modified into the form

tan
	
2hcore kncore sin ucore � 2mp

2



¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Dref

sin2 ucore
�1

s
(4.18)

if Eq. (4.13) is satisfied.12,13 The integer represents the mode index, whereby
zero stands for the fundamental mode and positive numbers for higher-order
modes.

The single-mode condition for the slab optical waveguide is obtained with
the constraint m< 1 for the mode index in Eq. (4.18). At the critical angle of
TIR, the sinusoidal term and the index contrast are substituted with Eqs (4.11)
and (4.13), thus reducing the right side of Eq. (4.18) to zero. The following
relationship is then derived:

hcore ,
l

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2core� n2clad

q : (4.19)

This inequality allows for a slab core height lower than 245 nm for a
single-mode silicon slab optical waveguide with ncore¼ 3.48 and nclad¼ 1.45 at
a 1550-nm wavelength. Silicon-on-insulator (SOI) wafers with a layer
thickness of 220 nm, which have been used extensively for PICs on a
silicon-photonics platform, thus serve as base wafers to fabricate silicon-based

60 Chapter 4

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



single-mode slab optical waveguides for applications involving optical
modules in spectral bands such as C and L bands.

4.3.2 Mode field and wave propagation

Maxwell’s equations must be solved to obtain the profiles of mode fields and
the characteristics of guided lightwaves in dielectric optical waveguides for
integrated MZ optical modulators. Source-free Maxwell’s equations for the
dielectric optical waveguides are written as

~∇� ~Eðx, y, z, tÞ ¼ �m0
­ ~Hðx, y, z, tÞ

­t
, (4.20)

~∇� ~Hðx, y, z, tÞ ¼ εðx, y, z,vÞ ε0
­ ~Eðx, y, z, tÞ

­t
, (4.21)

~∇ · ½εðx, y, z,vÞ ~Eðx, y, z, tÞ� ¼ 0, (4.22)

and

~∇ · ~Hðx, y, z, tÞ ¼ 0 (4.23)

in terms of the electric field ~E and magnetic field ~H of lightwaves in the
optical-frequency domain because particle currents due to electrons and holes
are negligible, as discussed in Chapter 4.15,16 Here, x, y, and z represent the
coordinate variables of a 3D Cartesian coordinate system, and t stands for
time. The propagation direction of guided lightwaves is set parallel to the
z axis, and the cross-section of an optical waveguide is defined in the xy plane,
where the x and y axes lie along the horizontal and vertical directions,
respectively. Optical constants ε0 and m0 denote the dielectric permittivity and
magnetic permeability in vacuum, respectively; ε(x, y, z, v) is the angular
frequency; and v denotes the dielectric permittivity coefficient. Nonmagnetic
materials are assumed in the dielectric optical waveguides. For single-

frequency sinusoidal electro-magnetic waves, ~E and ~H are written as

~Eðx, y, z, tÞ ¼ ~Eðx, y, zÞ eivt (4.24)

and

~Hðx, y, z, tÞ ¼ ~Hðx, y, zÞ eivt: (4.25)

Substituting the electro-magnetic fields with the expressions in Eqs. (4.24)
and (4.25), Eqs. (4.20) and (4.21) are reduced to the following forms:
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~∇� ~Eðx, y, zÞ ¼ �ivm0
~Hðx, y, zÞ (4.26)

and

~∇� ~Hðx, y, zÞ ¼ ivεðx, y, z,vÞ ε0 ~Eðx, y, zÞ: (4.27)

Taking the curl of Eq. (4.26) and substituting ~∇� ~Hðx, y, zÞ with Eq. (4.27)
produces the following equation:

~∇� ~∇� ~Eðx, y, zÞ ¼ �ivm0
~∇� ~Hðx, y, zÞ ¼ k2 εðx, y, z,vÞ ~Eðx, y, zÞ, (4.28)

with k2¼v2ε0m0 for the wavenumber k. According to vector algebra, the left
side of Eq. (4.28) becomes

~∇� ~∇� ~Eðx, y, zÞ ¼ ~∇
�
~∇ · ~Eðx, y, zÞ�� ∇2 ~Eðx, y, zÞ, (4.29)

and subsequently, Eq. (4.28) leads to

~∇
�
~∇ · ~Eðx, y, zÞ�� ∇2 ~Eðx, y, zÞ � k2εðx, y, z,vÞ ~Eðx, y, zÞ ¼ 0. (4.30)

The first term in Eq. (4.30) is modified to

~∇½ ~∇ · ~Eðx, y, zÞ� ¼ �∇
� ~Eðx, y, zÞ · ~∇εðx, y, z,vÞ

εðx, y, z,vÞ
�

(4.31)

by the following algebra of Eq. (4.22):

~∇ ·
�
εðx, y, z,vÞ ~Eðx, y, z, tÞ� ¼ ~Eðx, y, z, tÞ ~∇ · εðx, y, z,vÞ

þ εðx, y, z,vÞ ~∇ · ~Eðx, y, z, tÞ
¼ 0.

(4.32)

Substituting the first term in Eq. (4.30) with Eq. (4.31) produces the following
differential equation:

∇2 ~Eðx, y, zÞ þ ~∇
� ~Eðx, y, zÞ · ~∇εðx, y, z,vÞ

εðx, y, z,vÞ
�
þ k2εðx, y, z,vÞ ~Eðx, y, zÞ ¼ 0.

(4.33)

The dielectric permittivity coefficient, ε(x, y, z, v) equates to n2(x, y, z, v) by
using the complex refractive index n(x, y, z, v). For low-index-contrast optical
waveguides such as silica optical fibers with standard-refractive-index profiles,
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~∇n2ðx, y, z,vÞ in the second term in Eq. (4.33) is negligible, and Eq. (4.33) is
reduced to the conventional wave equation in scalar-wave analysis,17

∇2 ~Eðx, y, zÞ þ k2 n2ðx, y, z,vÞ ~Eðx, y, zÞ ¼ 0. (4.34)

For high-index-contrast optical waveguides on a silicon-photonics platform,
on the other hand, the second term is not negligible, and Eq. (4.33) must be
solved in vector-wave analysis.16,18–21

The singularity of a mode field occurs at the corners in the core cross-
section of a high-index-contrast 3D optical waveguide, such as a channel or rib
optical waveguide on a silicon-photonics platform.18,19 The mode-matching
method has been developed as one of computational methods to solve
Eq. (4.33) in vector-wave analysis without suffering from mode-field
singularity.20–27 Rib optical waveguides with vertical and slanted side walls
were characterized computationally.24,26 In this method, the cross-section
profiles of channel and rib optical waveguides, for example, are made of
dielectric layers stacked along the vertical direction, as shown in Fig. 4.6. The
profiles are separated into film guide slices along the horizontal direction.
Mode fields in each uniform layer section in each slice are obtained as TE-/TM-
mode solutions of Eq. (4.33). The amplitude and its derivative of the mode
fields are concatenated at each interface between adjoining slices to construct
mode-field profiles across the entire cross-section.28

The mode-matching method provides electric-field profiles of fundamen-
tal mode field in a rib optical waveguide with a silicon core and silica clads at
wavelengths of 1300 nm and 1550 nm as plotted in pseudo-color scale in
Fig. 4.7.28 The rib width, rib height, and slab height are 500 nm, 220 nm and
95 nm, respectively. The more-extended mode field towards the outer clads is
confirmed at the longer wavelength.

The finite-element method (FEM), whereby Eq. (4.33) is solved by applying
the variational principle, is another computational technique to solve mode
fields in high-index-contrast optical waveguides.20,21,29–40 In FEM, a triangular
mesh is applied to discretize the computational area, and solutions in each
triangular element are expressed in polynomial expansion. Almost the same
mode profile as that produced by the mode-matching method in Fig. 4.7 is

Figure 4.6 Layer and slice arrangements in cross-section profiles of channel and rib
optical waveguides in the mode-matching method.

63Optical Circuits and Waveguides in Integrated Mach–Zehnder Optical Modulators

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



obtained also by FEM. Triangular-mesh discretization for the silicon rib optical
waveguide in FEM computation is shown in Fig. 4.8 for the left half of the rib
profile under the horizontal symmetry of the core profile.

There are computational methods available for the propagation analysis
of guided modes in a high-index-contrast waveguide. One of these is the
eigenmode-expansion method, wherein the numerical mode fields of one of

Figure 4.7 Overview and close-up electric-field profiles of the fundamental mode in a
silicon rib optical waveguide.

Figure 4.8 Triangular-mesh profile in mode computation by FEM for a silicon rib optical
waveguide.
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the computational methods described above are utilized as eigenmodes, which
form a basis set of orthogonal guided modes.41–44 A 3D optical waveguide
circuit is divided into segments along the propagation direction of the guided
modes. The segments are arranged so as not to include any internal refractive-
index interfaces along the propagation direction. In each of the segments,

solutions to the electric field ~E and magnetic field ~H are written as follows in

terms of forward and backward waves based on eigenmodes ~Ejðx, yÞ and
~Hjðx, yÞ with a mode index j¼ 0 to M� 1:43

~Eðx, y, zÞ ¼
XM�1

j¼0

h�
aj e�ikjz þ bj eikjz

�
~Ejðx, yÞ

i
(4.35)

and

~Hðx, y, zÞ ¼
XM�1

j¼0

��
aj e�ikjz þ bj eikjz

�
~Hjðx, yÞ

�
: (4.36)

Axis z goes along the propagation direction. Wavenumber kj represents the
propagation constant of each guided mode with an effective refractive index
nj. The coefficients aj and bj are determined to preserve the continuity of the
electric and magnetic fields at each interface, respectively.

The other computational methods for propagation analysis are, for
instance, the beam propagation method (BPM) and the finite-difference time-
domain (FDTD) method. The BPM, which is most computationally efficient,
has been applied to the analysis of a variety of optical waveguide circuits and
has several variant algorithms, which are suited to the various types of
optical waveguide circuits.20,21,45 The full-vector BPM has been developed
and applied to the numerical analysis of high-index-contrast optical
waveguide circuits. The BPM algorithm, however, may cause a divergence
in the transverse electro-magnetic fields and needs special attention to ensure
the accuracy of the numerical results.46 Rigorous numerical analysis of
lightwave propagation is possible with the FDTD method for the time
evolution of electro-magnetic fields at the expense of computing resources
and computing time.47

4.4 Optical Waveguide Features

4.4.1 Channel and rib waveguides

Channel and rib optical waveguides are the most basic building blocks to
construct PICs such as integrated optical modulators. In this subsection, the
computational characteristics of channel and rib optical waveguides depicted
in Fig. 4.9 are obtained by the mode-matching method. The widths of channel
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and rib optical waveguides are denoted as wch and wrib, and their top heights
as hch and hrib, respectively. The rib optical waveguide has side slab wings of
height hslab adjoined to the central rib on the both side. In integrated MZ
optical modulators with PN-junction phase shifters, the top heights equal the
thickness of the thin SOI layer, as described in Chapter 3.

Electric-field profiles of the fundamental modes in a channel optical
waveguide with a 220-nm channel height are presented in pseudo-color scale in
Fig. 4.10. These modes have a TE fraction of more than 99%. In a 3D optical
waveguide, the TE and TM components are mixed, and the guided mode is
called TE-like or TM-like because TE or TM symmetry is broken at corners
of the waveguide core. The mode field extends towards the outer cladding at

Figure 4.9 Cross-sections of channel and rib optical waveguides.

Figure 4.10 Mode-field profiles of the fundamental mode in a channel optical waveguide of
different channel widths at wavelengths of 1300 nm and 1550 nm.
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the longer wavelengths. At each wavelength, the field is more strongly localized
in the core area with increasing channel width wch. The propagation of a guided
lightwave is disturbed by side-wall roughness created during the fabrication
processes of optical lithography and subsequent dry etching. A portion of the
optical power of the lightwave is thus scattered from the waveguide via light
scattering, and the light scattering leads to optical loss in the waveguide. A
wider core width is preferred to localize the fundamental mode inside the core
more strongly given optical loss reduction caused by suppressing the light
scattering. However, higher-order modes are generated more easily with wider
core widths, and the performance of optical modulation is deteriorated. Either
the extinction ratio [Eq. (3.6)] or the optical modulation amplitude [Eq. (3.8)] in
intensity modulation, as well as the Q-factor in Eq. (3.13) in phase modulation,
are reduced by the higher-order modes.

A slice cut of the mode field along the horizontal direction in the 500-nm-
wide waveguide provides electric-field and optical-power profiles at 1550 nm
in wavelength, as plotted in Fig. 4.11. The profiles are taken across the
horizontal axis at the half height. Sharp spikes appear in the electric-field
profile at both side walls of the core because the continuity of the electric
displacement field is required according to Gauss’s law, from which Eq. (4.22)
originates. The optical power, which is obtained as a component of the
Poynting vector in the propagation of a guided wave along the z axis in the

Figure 4.11 Electric-field and optical-power profiles of the fundamental mode in a 500-nm
rib optical waveguide along the horizontal direction at a wavelength of 1550 nm.
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waveguide, yields a smooth distribution profile as expected from the
evanescence of optical power from the core.

Electric-field profiles of the fundamental mode in a rib optical waveguide
of a 220-nm rib height and 95-nm slab height appear in pseudo-color scale in
Fig. 4.12. These modes are TE-like modes with a TE fraction of more than
98%. The more extended mode field at the longer wavelength and the more
strongly localized mode field with the wide rib width are observed as for the
channel optical waveguide. The mode fields are utilized for the semi-analytical
characterization of PN-junction carrier-depletion rib-waveguide phase shifters
in the next chapter.

The effective refractive index neff is numerically calculated from the
following formula:

neff ¼
Rþ`�`

dx
Rþ`�`

dyjEmodeðx, yÞjnðx, yÞRþ`�`
dx

Rþ`�`
dyjEmodeðx, yÞj

: (4.37)

Here, Emode(x, y) and n(x, y) represent the electric-field profile of a mode
in an optical waveguide of interest and the refractive-index profile across the

Figure 4.12 Mode-field profiles of the fundamental mode in a rib optical waveguide of
different rib widths at wavelengths of 1300 nm and 1550 nm.
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cross-section of an optical waveguide. For single-mode optical waveguides for
MZ optical modulators, the fundamental mode field with mode index, m¼ 0
is taken as Emode(x, y). (Refer to the literature on the programming code of
multi-dimensional integrals in Eq. (4.37) for the numerical calculation of the
effective refractive index of channel and rib optical waveguides, as plotted in
Fig. 4.13.48) As discussed in terms of the mode fields, the effective refractive
indices are higher at shorter wavelengths and with wider channel/rib widths.
The effective refractive index of the rib optical waveguide is higher than that
of the channel optical waveguide with the same width because the rib core
with the side slab wings has a larger core cross-section than the channel core.
In integrated carrier-depletion MZ optical modulators on a silicon-photonics
platform, a PN-junction rib optical waveguide is connected with a channel
optical at each input and output end in each MZI arm. The abrupt connection
to a channel optical waveguide causes an index mismatch and hence
undesirable reflection. An adiabatic rib–channel transition using slab tapers,
as illustrated in Fig. 4.13, permits a reflection-free connection. The term
“adiabatic” implies that the fundamental mode is propagated from channel to
rib, and vice versa, without optical power leakage to higher-order guided or
radiation modes in forward propagation (and the fundamental mode in
backward propagation).49

In the rib optical waveguide, in particular, optical power transfers to
higher-order modes occur more easily than in the channel optical waveguide
via side-wall roughness or fluctuation in slab thickness because these process
imperfections induce mode coupling with higher-order modes extended in the
side slab wings. Special care must be taken to eliminate higher-order mode

Figure 4.13 Effective refractive index of fundamental modes in channel and rib optical
waveguides vs. channel/rib width at wavelengths of 1300 nm and 1550 nm, and illustration
of the rib–channel transition section.
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propagation in the rib optical waveguide. Electric-field profiles of the first
higher-order mode in a rib optical waveguide are presented in Fig. 4.14. The
first higher-order mode in a 400-nm rib optical waveguide does not form a
guided mode but rather a slab mode and is very weakly overlapped with the
fundamental mode field. Therefore, higher-order mode propagation is unlikely
in 400-nm rib optical waveguides. Field profiles of the first higher-order mode
in 500-nm and 600-nm rib optical waveguides yield the characteristics of
guided modes and more overlap with the fundamental mode fields. Therefore,
optical power transfer to higher-order modes may occur in these rib optical
waveguides, although a wider rib width is preferred with respect to optical loss
due to side-wall roughness. This point is discussed in detail and the concept of
a quasi-single mode is introduced in the next chapter.

The mode-matching method provides an effective index of 2.5772 for a
500-nm rib optical waveguide at a 1550-nm wavelength, and the FEM
produces almost the same result, neff¼ 2.5780. The latter method can also be

Figure 4.14 Mode-field profiles of the first higher-order modes in a rib optical waveguide
with different rib widths at a wavelength of 1550 nm.

70 Chapter 4

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



employed for the computational mode-field analysis of high-index-contrast
optical waveguides.

4.4.2 Optical splitter/coupler

In integrated MZ optical modulators, a 1�2 optical splitter and coupler are
indispensable to construct MZI circuits. Small-footprint 1�2 optical splitters
and couplers are available by utilizing 1�2 MMIs.50–54 To address the
theoretical characteristics of a 1�2 MMI, the optical modes in a 2D MMI, as
illustrated in Fig. 4.15, are considered. The optical modes in the main slab
section of a 2D 1�2 MMI are obtained in a ray trace model. Wavenumber or
propagation constants kx,j and kx,j of the j

th slab-guided modes in the 2D slab
section are written as52

kx, j ¼
ð j þ 1Þp
WMMI

(4.38)

and

Figure 4.15 Electric-field profiles of the lowest orders and the optical intensity distribution
in a 2D slab.
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kz, j ¼
2pneff
l

� ð j þ 1Þp2

3Lp ·MMI
, (4.39)

with neff for the effective refractive indices for the guided modes in the 2D slab
section, and WMMI for the 2D slab width along the lateral direction (x)
perpendicular to the longitudinal propagation direction (z) of the guided
modes. Here, kx,j is assumed to be much smaller than the total propagation
constant. Mode index j runs from 0 for the fundamental mode to positive
integers 1, 2, . . . for higher-order modes. Beat length Lp-MMI along the
longitudinal direction is taken for the lowest two modes as

Lp ·MMI ¼
p

kz,0 � kz,1
¼ 4 neff W 2

MMI

3l
: (4.40)

The difference in propagation constant Dkz,j is then represented as follows
by using Lp-MMI:

D kz, j ¼ kz, j � kz,0 ¼ �pjð j þ 2Þ
3Lp ·MMI

: (4.41)

The optical intensity I(x, z) with J guided modes in the 2D slab section is
obtained from linear superposition of the guided modes by substituting their
propagation constants along the longitudinal direction with Eq. (4.41):

Iðx, zÞ ¼






XJ�1

j¼0

cosðpð2j þ 1Þ xÞ cosðpjð j þ 2Þ zÞ





: (4.42)

Here, the lateral and the longitudinal coordinates are normalized with
respect to WMMI and 3Lp-MMI, respectively. The electric fields are zero on
both sides of the slab section and do not penetrate the cladding areas outside
the slab section under the assumption of strong mode confinement in a high-
index-contrast slab optical waveguide, whereby the phase shift due to the
Goos–Hänchen effect is ignored. Electric-field profiles of the six lowest even
modes and the optical intensity distribution in pseudo-color scale in the 2D
slab section are plotted in Fig. 4.15. Ten even modes are taken in the
summation in Eq. (4.42). In the 1�2 MMI, the input optical beam is launched
at the center of the input edge, and the odd modes are excluded in the
summation because the antisymmetric modes have zero amplitudes at the
center. Propagated waves in the slab section are focused in two intense optical
spots at L¼ 0.125, which corresponds to 3Lp-MMI/8, where L denotes the
length of the 2D slab section along the longitudinal direction.52,54 Two-port
optical power splitting with a 3-dB ratio is thus possible with the 2D slab of
length �3Lp-MMI/8.
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An example 3D 1�2 MMI for optical splitters and couplers on a silicon-
photonics platform is presented in Fig. 4.16. The main section is a silicon slab
optical waveguide of a horizontal area 1.8 mm wide and 3.6 mm long. A single-
silicon-channel optical waveguide 500 nm wide is connected to one side of the
slab section. A pair of channel optical waveguides of the same width are
connected to the opposing side. The input light beam is launched to the single-
channel optical waveguide and output from the pair of waveguides in a 1�2
optical splitter. In a 2�1 optical coupler, however, output light beams from both
arms of a MZI are launched to the pair waveguides and emitted from the single
waveguide. The height is 220 nm across all of the MMI sections for fabrication
using an SOI wafer 220 nm thick. The dimensions in the plan view have been
optimized computationally by using the eigenmode-expansion method.55

An example of the numerical results in computational analysis of the 1�2
MMI is presented in Fig. 4.17. The optical intensity distribution in a

Figure 4.17 Optical intensity distribution in a 1�2 MMI comprising channel and slab optical
waveguides.

Figure 4.16 Sketch and dimensions of a 1�2 MMI for a 1�2 optical splitter and a 2�1
optical coupler.
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horizontal (xz) plane at the middle of the channel height and optical power
profiles in the vertical (xy) cross-sections are plotted in pseudo-color scale.
The distribution characteristics are qualitatively similar to those in the
theoretical result for the 2D MMI described above. A light beam launched to
a single port in the input side is split into two ports on the output side due to
the self-imaging of multiple modes in the slab section.

Rib optical waveguides can be used to construct a 1�2 MMI; 500-nm rib
optical waveguides are used for the input and output sections, and a 1.8-mm
rib for the slab section. The slab length is also 3.6 mm. The optical power
distribution in a horizontal plane at the middle of the rib height and the
optical power profiles in vertical cross-sections are plotted in pseudo-color
scale in Fig. 4.18. Optical power splitting with a 3-dB ratio is verified in the
numerical result.

4.4.3 Polarization-division multiplexer

Optical waveguide circuits for PDM are required to construct integrated MZ
optical modulators operating in optical modulation formats, including two
orthogonal polarization components. The layout of a PDM optical circuit is
shown for a DP-QPSK optical modulator in Fig. 4.19. Optical signals from
two QPSK optical modulator units are guided through single-mode optical
waveguides, WG1 and WG2. Both QPSK units are identical and generate
optical signals in the TE-like polarization because the PN-junction rib-
waveguide phase shifters support the TE-like fundamental mode, as shown in

Figure 4.18 Optical intensity distribution in a 1�2 MMI comprising single-mode and multi-
mode rib optical waveguides.
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this chapter.56 An adiabatic partial-rib PR in WG2 and an asymmetric optical
waveguide directional coupler connected with WG1 and WG2 form the PDM
optical circuit.57,58

A conventional non-adiabatic PR is based on the mode interference
between two orthogonal polarization modes as for an optical half-wave plate.
An input light beam is propagated in two optical modes of polarization states
orthogonal to each other, and polarization rotation occurs with a spatial
period of a polarization beat due to the difference in propagation constants
between the two modes. Various designs have been proposed, such as
slanted-wall waveguides, asymmetrical silicon nanowire waveguides, and
asymmetric slab waveguide bends on a silicon-photonics platform.59–61 There
seems to be, however, ellipticity due to an amplitude imbalance between the
orthogonal modes generated at the interface with an input channel optical
waveguide. The temperature dependence of the beat period leads to thermal
instability of the polarization rotation. The wavelength dependence of the
period limits the spectral range of the polarization rotation.

Adiabatic polarization rotation based only on the evolution of the
polarization of the fundamental mode has been predicted and demonstrated
on a silicon-photonics platform.62–65 The adiabatic partial-rib PR, in which TE-
like polarization of the fundamental mode at the input end is rotated along
the propagation through the optical waveguide to a TM-like polarization at the
output, is also of this type and illustrated in Figs. 4.20(a) and (b), with the
computational optical characteristics in Fig. 4.20(c).57 The PR is designed with
the same rule as the rib optical waveguides in terms of rib and slab heights
(Fig. 4.19(b)) and can be fabricated simultaneously with the other building
blocks using a common optical waveguide system comprising a silicon core and
silica top/bottom cladding. Therefore, the partial-rib PR serves as a versatile
building block for a small-footprint inline PR on a silicon-photonics platform.
The eigenmode-expansion method allows for the computation of the optical

Figure 4.19 Silicon-photonics PDM using a partial-rib optical waveguide polarization
rotator.
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characteristics of mode profiles in cross-section planes (xy) and the polarization
evolution along the propagation direction (z) for the two orthogonal modes.
Polarization rotation is completed within a total waveguide length of
200–300 mm. There is no ellipticity caused by the mode-amplitude imbalance
because the fundamental mode is only involved in the adiabatic polarization
rotation. Thermally stable polarization rotation in a broad spectral range
beyond the C and L bands is also possible because of the adiabaticity.

In the PDM described above, the spectral band is limited by the
asymmetric optical waveguide directional coupler, in which the directional
power transfer of the TM-like mode from WG2 to WG1 occurs in a beat
period of interference between symmetric and antisymmetric modes in the
coupled waveguides. Therefore, the all-adiabatic PDM is desired, in particular,
for applications with integrated PDM IQ optical modulators for high-capacity
optical networks. All-adiabatic PDMs have also been analyzed, designed, and
fabricated on a silicon-photonics platform.66–69 An all-adiabatic PDM based
on silicon rib optical waveguides embedded in silica top/bottom cladding is
illustrated in Fig. 4.21(a). The PDM is also designed along with the same
design rule as for rib optical waveguides and can be simultaneously fabricated
in parallel with the other building blocks on a silicon-photonics platform.
Adiabatic mode transfer was established theoretically in coupled tapered
optical waveguides.70 The concept is extended to support the mode transfer
from the fundamental TE-like mode TE0 to the first higher-order TE-like
mode TE1 without optical power leakage to the other modes.68,71

Adiabatic mode conversion in the PDM is analyzed computationally by
using the full-vectorial BPM, which is predominant in terms of computing
speed for a large-scale coupled optical waveguide system.72 The horizontal

Figure 4.20 Adiabatic partial-rib optical waveguide polarization rotator and its numerical
characteristics.
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gap between the two parallel ribs is uniformly 300 nm. A light beam in the
fundamental TE-like mode is launched to an optical waveguide WG1 of the
coupled asymmetric rib optical waveguides in Section A. The mode is
transferred to the other optical waveguide WG2 and converted adiabatically
in TE1 mode in WG2 via mode hybridization. The higher-order mode is
further converted to the fundamental TM-like mode TM0 via mode
hybridization in a tapered-slab optical waveguide in Section B adiabatically
without any optical power transfer to the other modes. High fabrication
tolerance is achieved by exploiting TE1�TM0 conversion instead of
conventional TE0�TM0 conversion because the TE1 mode yields a lower
tangential slope and the waveguide is much wider (�660 nm) than for the case
of TE0�TM0 conversion, as evident in the mode characteristic curves in
Fig. 4.21(b). The computational characteristics associated with the sequential
mode conversion are presented in Fig. 4.22(a). Another light beam launched

Figure 4.22 Characteristics of the all-adiabatic PDM.

Figure 4.21 All-adiabatic polarization-division multiplexer.
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to WG2 in the fundamental TE-like mode is propagated as it is through WG2
Sections A and B, as evident in the characteristics in Fig. 4.22(b). The
all-adiabatic PDM is shorter than 400 mm in length. The multiplexed TE-like
and TM-like light beams are emitted from the output end of WG2. Electric
fields Ex and Ey stand for horizontal and vertical electric-field components in
cross-sectional planes.

4.4.4 Other building blocks based on optical waveguides

Inverted nano-taper MFCs such as the suspended coupler described in
Chapter 3 are the building blocks essential to low-profile edge coupling to
input/output single-mode optical fibers with low coupling loss in broad
spectral bands with weak polarization dependence.73–75 The length of a nano-
taper is a few hundred micrometers or longer for the adiabatic expansion of a
fundamental-mode beam for high-efficiency fiber coupling. The optical
characteristics of the suspended nano-taper MFC, as shown in Fig. 3.22, can
be obtained by a computational method such as the full-vectorial BPM or the
eigenmode-expansion method.

Optical waveguide bends are crucial to the connection of various building
blocks in PICs. In integrated MZ optical modulators, in particular, various
types of MZIs cannot be constructed in small footprints without high-index-
contrast optical waveguide bends. Significant footprint reduction is realized
by using silicon nanowire waveguide bends with a bending radius as short as
5 mm.76 An equivalent index profile is used to analyze the waveguide bends in
intuitive analogy with straight optical waveguides.53,77 Various theoretical
studies have been devoted to reducing optical loss in waveguide bends.
Positional offset by the lateral translation of a waveguide bend was proposed
and analyzed to reduce optical loss due to mode mismatch at the transition
interface between straight and bent optical waveguides.78 Interference with
the cladding mode has been taken into account, and the core location of the
waveguide bend has been optimized computationally in a vertical plane
perpendicular to the propagation direction of the guided mode in the
waveguide bend.79 Mode mismatches can be eliminated if a mathematical
curve called a clothoid curve is accommodated in the design of a waveguide
bend because the curvature of the clothoid curve changes linearly from
infinity to a smaller radius along the propagation direction. A clothoid-curve
waveguide bend was applied to silica planer lightwave circuits, and optical
loss reduction was verified.80 Clothoid-curve waveguide bends have also been
designed and fabricated on a silicon-photonics platform.81

Computational analysis by the full-vectorial BPM for TE-like fundamen-
tal modes generate optical-loss characteristics plotted in Fig. 4.23 for circular
and clothoid bends on a silicon-photonics platform.72 The losses are plotted
against the radius of the circle and the minimum radius of the clothoid curve,
respectively. Half-circle bends are taken in the analysis for the ease of
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comparison with measurement results in the next chapter. For each clothoid
bend, a pair of 90-deg bends are aligned and connected in mirror symmetry to
form a 180-deg bend free from mode mismatching at the input and output
ends. The total losses include mode mismatching and radiation losses. Silicon
rib bends yield higher loss than silicon channel bends. Lower optical loss is
achieved with the clothoid bends than with the circular bends.
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Chapter 5

Electronic and Opto-electronic
Properties of High-Speed Phase
Shifters

High-speed phase shifters consisting of electro-refraction optical waveguides
are the most essential functional blocks of integrated MZ optical modulators
used in high-capacity optical networks. This chapter firstly deals with the
physics of phase modulation and related matters relevant to high-speed phase
shifters. It is stated that free-carrier plasma refraction is most suitable to phase
shifters used for quasi-zero-chirp optical modulation in broad spectral ranges
without temperature regulation. This chapter focuses on high-speed carrier-
depletion phase shifters based on free-carrier plasma refraction. The plasma-
refraction phase shifters are classified primarily into two types, lateral and
vertical, according to the configuration of the PN junction. The last part of
this chapter presents the design and modeling of the carrier-depletion
PN-junction phase shifters in two schemes. The first scheme is described as a
semi-analytical method comprising the optical simulation of the mode field in a
phase-shifter waveguide (described in Chapter 4) and the analytical modeling/
calculation of the plasma refraction using the abrupt PN-junction model and
mode-field confinement factor. The semi-analytical model serves as a versatile
tool for understanding the operational principles of PN-junction phase shifters
and proofing new design concepts of phase shifters without time-consuming,
massive computing tasks. The other scheme is a computational method
performed for the accurate design and modeling of phase shifters on a silicon-
photonics platform after the proof of concept is completed.

5.1 Physics in Phase Modulation

5.1.1 Pockels effect

The Pockels effect has been used most extensively in the commercialized
optical modulators made of LN. The performance of silicon-based optical
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modulators are compared in the following chapters. The electro-optic effect is
reviewed first in Table 2.1. The displacement of ionic atoms constituting the
unit cells of a non-centrosymmetric crystal under an external electric field
causes microscopic changes in its crystallographic structure and thus a change
in the refractive index of the crystal. This physical process is known as the
Pockels effect, linear electro-optic effect.1 The linear electro-optic effect is
insensitive to temperature and occurs in a broad spectral range extending over
the visible and near-infrared bands. A single-mode electro-optic waveguide is
used to obtain a unique phase shift in response to an input electrical signal. A
phase shift in the linear electro-optic effect is proportional to the input electric
field. Therefore, the linear electro-optic coefficient has a dimension that is the
inverse of the electric field and is very often scaled to the unit of pm/V. High-
speed phase modulation beyond Tbaud is possible in principle because the
frequency response of the electro-optic effect is limited by the vibration
frequency of optical phonons in the infrared spectra around �10 THz for
most crystalline solid-state materials.2 Traveling-wave electrodes must be
integrated, of course, to avoid the electrical circuit limitation by RC
(resistance R times capacitance C) and to realize phase matching between a
guided lightwave and a high-frequency electrical signal.3

Single-mode optical waveguides made of crystalline LN have been
extensively used to fabricate high-speed optical modulators in optical-fiber
telecommunications.4–6 The most fundamental FOM to evaluate optical
modulators is the inverse of Vp · lp, where Vp is a voltage at a phase shift of
p, and lp is the phase-shifter length required to generate Vp. A higher figure
of 1/(Vp · lp) indicates higher efficiency in optical modulation. For LN optical
modulators, the Vp · lp was reported as 10 V·cm,7 which implies that Vp is 3.3
or 10 V with a physical phase-shifter length l¼ 3 or 1 cm, respectively. With
high-index-contrast LN optical waveguides, Vp · lp was lowered to 4 V · cm:
Vp is 4 V with a physical phase-shifter length l¼ 1 cm.8 A high-index-
contrast optical waveguide is essential to reduce the footprint of an optical
modulator.

Electro-optic polymers have been also used for phase-shifter media in
high-speed optical modulators. Polymers with side chains containing
polarizable nonlinear optical molecules were developed, and linear electro-
optic waveguide modulators using electro-optic polymer phase shifters were
fabricated.9 Electro-optic polymers and cladding layers were deposited on
silicon wafers by spin coating, and a poling electric field was applied to the
electro-optic polymers to induce a permanent electric dipole aligned along the
electric field and break centrosymmetry. A traveling-wave electro-optic
polymer MZ intensity modulator operating beyond 40 GHz was demon-
strated.10 A p-shift voltage and the most fundamental FOM as low as 0.8 V
and 2.2 V·cm, respectively, were reported with an electro-optic coefficient of
58 pm/V for a guest–host polymer electro-optic waveguide at a datacom
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wavelength of 1318 nm.11 Further enhancement of the electro-optic coefficient
up to 170 pm/V, which is six times larger than that of LiNbO3 was achieved at
a telecom wavelength of 1550 nm by using a suitable combination of cross-
linked polymers and electro-optic chromophores12 (Ref. 12 cites some of the
other references related to the development of electro-optic polymers).

The material system of electro-optic polymers was incorporated into a
silicon-photonics waveguide system to form silicon–organic hybrid optical
modulators.13 Fabrication processes, such as spin coating and poling of
electro-optic polymers, which are not fully compatible with the current
CMOS-based silicon-photonics fabrication processes, require further investi-
gation and study to be accommodated with a silicon-photonics platform, and
long-term stability and reliability must be ensured for mass production and
commercialization.14 Electro-optic polymers were deposited and poled in the
120-nm center gaps of silicon slot optical waveguides in IQ MZIs for
high-speed, low-voltage modulation in advanced modulation formats. Both
the optical mode field of a guided lightwave in TE mode and the electric
field of an input RF electrical signal are strongly localized in the center gap of
the silicon slot optical waveguide in a traveling-wave silicon MZ optical
modulator, as shown in Fig. 5.1, whereby efficient phase modulation is
realized.15 High-speed optical modulation with a Vp and Vp · l as low as 1.6 V
and 1 V·cm, respectively, was reported in 16 QAM at 100 Gbaud.14

5.1.2 Intraband free-carrier plasma dispersion and Drude model

The Pockels effect does not appear in centrosymmetric materials such as
crystalline silicon and germanium. Instead, intraband free-carrier plasma
dispersion has been exploited extensively for high-speed optical modulators on
a silicon-photonics platform. Refractive-index changes and thus phase modula-
tion are generated in the interaction of a guided lightwave with individual
conduction-band electrons and valence-band holes distributed in a phase-shifter

Figure 5.1 Electro-optic waveguide with (a) traveling-wave electrodes, (b) optical mode
field, and (c) RF electric field in a silicon–organic-hybrid optical modulator (after Ref. 15).
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optical waveguide. A resonant optical dipole transition in electron–hole states is
not associated with the free-carrier plasma dispersion, and thus phase
modulation in broad spectral bands over a wide temperature range is obtained.
However, the phase modulation efficiency is lower than that of interband
resonant dipole transition processes. This downside can be overcome with design
optimization to maximize the spatial overlap of the optical mode field with an
active region where the electron and hole densities change as elaborated in
Section 5.2. Here, intraband free-carrier plasma dispersion is reviewed from a
microscopic point of view.

Free-carrier plasma dispersion is the real part of the optical response
function of charged individual free carriers (electrons or holes) interacting with
the electric field of a guided lightwave.16–24 The imaginary part of the optical
response function is free-carrier absorption, which has been extensively studied
in crystalline semiconductors.25–38 The kinetic energy and velocity of the
charged individual free carriers are depicted schematically against time t in
Fig. 5.2. The velocity increases linearly while the kinetic energy increases
quadratically under a constant magnitude of the optical field applied to the
free carriers. The free-carrier plasma dispersion is suitable for optical
modulation in a broad spectral range such as the C and L bands in optical-
fiber communications because the interaction is non-resonant and occurs
irrespective of the wavelength of the electric field. Unbound individual carriers
are involved in the interaction and decrease the refractive index with respect to
an increase in carrier concentration, similar to electrons in metals.39,40

In the case of Fig. 5.2(a), where no scattering, or no dephasing in other
words, occurs, the free carriers are accelerated coherently without disruption
in oscillation according to the optical field, and the energy of the optical field
is transferred efficiently to the free carriers. The optical-to-electronic energy
transfer is inefficient, on the other hand, in the case of Fig. 5.2(b), where the

Figure 5.2 Intraband free-carrier interation with an optical field: (a) Time evolution of the
kinetic energy and velocity of charged free carriers (electrons or holes) interacting with the
electric field in the case of carrier transport with no carrier scattering. (b) The same scenario
with carrier scattering. (c) Intraband transition in the electric field.
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free carriers are not accelerated coherently due to dephasing caused by carrier
scattering. In the electronic-band picture in Fig. 5.2(c), free electrons in a
conduction band or free holes in a valence band transfer to higher-
wavenumber states within the same band in the electric field of the guided
lightwave.41,42 A large refractive-index change and a high optical absorption
are generated if the free carriers yield high mobility according to the classical
model of free-carrier transport.39–42 Electronic band engineering for higher
carrier mobility is an essential approach for a lower Vp in silicon-based optical
modulators.43

The theory of intraband free-carrier plasma dispersion was presented in
the framework of the classical Drude model for free carriers.39,44 A
description of the model starts with the following equation of motion defined
in Drude’s model:

dv
dt

þ 1
tðNÞ v ¼

eE0

m� e�ivt (5.1)

in conjunction with the average carrier scattering time t as a function of
carrier density N. In Eq. (5.1), m* and q denote the carrier effective mass and
carrier charge, respectively. Carrier velocity v includes the oscillating term
e–ivt at frequency v of the incident lightwave, and the solution of Eq. (5.1) can
be expressed as

v ¼ vðvÞe�ivt: (5.2)

Substituting Eq. (5.2) for v in Eq. (5.1) produces the following solution:

vðvÞ ¼ qtðNÞ
m�

1
1� ivtðNÞE0 (5.3)

for the velocity term v(v). The velocity term of Eq. (5.3) leads to the carrier
mobility m as a function of N in the following form:

mðNÞ ¼ vðvÞ
E0

¼ qtðNÞ
m�

1
1� ivtðNÞ : (5.4)

After substituting Eq. (5.4) for the carrier mobility, the conductivity s(v) is
written as

sðvÞ ¼ NqmðNÞ ¼ Nq2tðNÞ
m�

1
1� ivtðNÞ : (5.5)

The contribution of free carriers to the frequency-dependent term Dε(v) of the
dielectric permittivity coefficient can be derived from the following equation:
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DεðvÞ ¼ 4pisðvÞ
v

: (5.6)

The total dielectric permittivity coefficient ε(v) equals the square of the
complex refractive index with the real part nr(v) and imaginary part ni(v),
namely,

εðvÞ ¼ εB þ DεðvÞ ¼ ½nrðvÞ þ iniðvÞ�2: (5.7)

Here, εB is the background dielectric constant, which is assumed to be
constant in this model. Substituting Eqs. (5.5) and (5.6) for s(v) and Dε(v),
respectively, produces simultaneously the real part as

nrðvÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Aþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 þ B2

p
2

s
, (5.8)

and the imaginary part, which is converted to the absorption coefficient
a(v), as

aðvÞ ¼ 2
v

c
niðvÞ ¼ 2

v

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Aþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 þ B2

p
2

,

s
(5.9)

where terms A and B have the following forms:

A ¼ ½nrðvÞ�2 � ½niðvÞ�2 ¼ εB � 4pNq2

m�
t2ðNÞ

1þ v2r2ðNÞ (5.10)

and

B ¼ 2nrðvÞniðvÞ ¼
4pNq2

m�
tðNÞ
v

1
1þ v2r2ðNÞ , (5.11)

respectively. In general, the term a(v) should denote optical loss or
attenuation, which includes not only optical absorption but also optical
reflection. Optical reflection, however, is not substantial in Drude’s model,
and the coefficient a(v) can be regarded as the optical absorption coefficient
due to free carriers so long as the optical frequency is far beyond the plasma
frequency, as mentioned below.

Free-carrier plasma dispersion and free-carrier absorption can be
characterized theoretically by computing the electron and hole terms of the
optical constants of nr and a, respectively, in Eqs. (5.8) and (5.9) once
mathematical representations of the scattering time are given. Mathematical
representations of electron and hole mobilities as functions of the carrier
density N are obtained by curve fitting to the experimental electron and hole
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mobilities in silicon crystals doped with N-type and P-type impurities in
varous doping concentrations.45 Ionized impurity scattering and carrier–
carrier scattering cause dopant-concentration dependence of the carrier
mobilities. Free-carrier refraction terms Dne and Dnh for electrons and holes,
respectively, exhibit negative change with the electron and hole densities,
similar to the characteristics of electrons in metals. The absolute values of the
free-carrier refraction terms are plotted in Fig. 5.3. Absorption coefficient
terms Dae and Dah for electrons and holes, respectively, are plotted in Fig. 5.4.
In the computation, the electron- and hole-conductivity effective masses
reported in the literature are used.45 The empirical formulae presented below
are also plotted in the graphs.

Experimentally, on the other hand, the optical absorption spectra of
doped crystalline semiconductors were reported in early experimental studies.
Characterization of free-carrier absorption and free-carrier plasma dispersion
using the experimental optical-absorption spectra was performed in spectral
analysis in conjunction with Kramers–Kronig transformation.16,24,46,47

Empirical formulae were thus derived for dopant-concentration depen-
dences of the refractive index and optical-absorption coefficient Dn and Da
after spectral analysis. The latest study on silicon provided the following
empirical formulae at a wavelength of 1550 nm (an optical frequency of
193.4 THz):46

Dn ¼ �5.40� 10�22N1.011
e � 1.53� 10�18N0.838

h (5.12)

and

Da ¼ 8.88� 10�21N1.167
e þ 5.84� 10�20N1.109

h , (5.13)

Figure 5.3 Free-carrier refraction terms in absolute value vs. carrier densities.
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where Ne and Nh denote the electron and hole densities, respectively. These
empirical formulae, which are substantially valid in the entire range of
the C band, are also plotted in Figs. 5.3 and 5.4 for comparison with the
theoretical curves based on the Drude model.

There are discrepancies between the empirical and theoretical character-
istics. The discrepancies are more significant at lower electron and hole
densities. The average scattering time in the Drude model implies scattering
events occur frequently in carrier transport. Time evolution in the carrier–
light interaction shown in Fig. 5.2(b) is more valid than the no-scattering limit
in Fig. 5.2(a), whereas the latter scheme is appropriate at lower electron and
hole densities of 1018 cm–3. Therefore, a more efficient energy transfer from
the incident lightwave to electrons and holes will be achieved at the lower
electron and hole densities, where vt≫ 1, as mentioned below. In the low-
scattering regime, carrier scattering events are not regarded as a continuous
flow but as a discrete stochastic process. Theoretical modeling and analysis
including ballistic carrier transport will be necessary to achieve better
agreement with the experimental characteristics in free-carrier plasma
dispersion and absorption.48,49 High-index-contrast optical waveguides,
such as a silicon optical waveguide, has a nanometer-scale core dimension,
e.g., 500 nm wide and 220 nm high, as described in Chapter 4. The optical
power density in the optical waveguide is 10 MW/cm2 for an input optical
power of 1 mW (0 dBm). The optical power density leads to an electric field of
17 KV/cm. At a wavelength of 1550 nm (an optical frequency of 195.7 THz),
for example, individual electrons and holes are accelerated under the high
electric field in a time period as short as 5.2 fs, thereby easily reaching a
ballistic transport regime.50 Further discussion of modeling analysis, including
ballistic carrier transport, is left for future theoretical study, and the empirical

Figure 5.4 Free-carrier absorption coefficients vs. carrier densities.
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formulae are used for the modeling and analysis of high-speed phase shifters
based on the free-carrier effect throughout this book.

Note that doped semiconductors behave not as metallic materials but
rather as dielectric materials and thus can be utilized as base materials for the
fabrication of dielectric optical waveguides comprising high-speed phase
shifters, even though the carriers exhibit optical properties similar to electrons
in metals. For verification, refer to plasma frequency vp, including carrier
scattering, which is written as39

v2
p ¼

4pNq2

m�εB
� 1

t2
: (5.14)

Scattering events of individual carriers cause dephasing of the collective
plasma oscillation. Therefore, the effective density of carriers involved in
plasma oscillation is reduced. For doped semiconductors, optical frequency v
is still higher than the plasma frequency, and thus optical waveguides made of
these materials behave substantially like dielectric waveguides even with a
carrier density as high as �1019 cm–3. The plasma frequency and vt-product
of the optical frequency and carrier scattering time are listed in Table 5.1 for
crystalline silicon, which has an electron conductivity effective mass of
0.260m0 for m* and a refractive index of 3.48 for

p
ε0 in Eq. (5.14) at a

wavelength of 1532 nm (an optical frequency of 195.7 THz).42,51,52 For an
input RF electrical signal, the resonance with plasma oscillation is regarded as
the energy dissipation of the input electrical signal due to relaxation
oscillation; therefore, the plasma frequency limits the speed of optical
modulation based on carrier-density modulation.53 The frequency limit of the
optical modulation will go beyond 1 THz according to the plasma frequency
in Table 5.1. Product vt≫ 1 implies a carrier-scattering event occurs after
several periods of lightwave oscillation, and carrier scattering should be
treated as discrete processes.

5.1.3 Interband dipole transition processes

Resonant interband dipole transition processes allow high-efficiency optical
modulation with significant changes in optical constants in electro-refraction
and electro-absorption in optical spectra near the resonance wavelengths of

Table 5.1 Plasma frequency vp and frequency-time product
vt for carrier density N in crystalline silicon.

N vp vt

1.0�1017 cm–3 3.6 THz 20.8
1.0�1018 cm–3 20.3 THz 7.98
1.0�1019 cm–3 81.5 THz 3.31
1.0�1020 cm–3 304.3 THz 2.11
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the dipole transition processes under electric bias modulation. Among these,
the quantum-confined Stark effect (QCSE) of a 2D exciton in a semiconduc-
tor QW has been exploited extensively in high-speed optical modulators on
integrated photonics platforms, as described in Chapter 2. Electrons in the
conduction band and holes in the valence band are confined in very thin layers
of QWs (e.g., 10 nm thick) in semiconductor hetorostructures and obey 2D
translational motion.54 Ground-state free-electron and free-hole wavefunc-
tions in an exemplary model of QWs with and without electric bias voltage are
depicted in Fig. 5.5. The wavefunctions drawn in bold lines are computational
solutions of the Schrödinger equation by Numerov’s method.55,56 Potential
diagrams of the QW (solid lines) and ground-state energy levels for the
electron and hole (dashed lines) are also displayed. In a biased QW, the
ground-state energy levels of the electron and hole shift to lower energies than
in an unbiased QW, and a lower wavelength shift, i.e., red shift, of the band
edge of an optical dipole transition is observed in the optical absorption and
refraction spectra of the biased QWs. The oscillator strength of the optical
dipole transition is decreased due to spatial separation between the electron
and hole wavefunctions.

Two-dimensional electron–hole pairs form QW excitons, which exhibit
hydrogen-like bound energy levels below the electronic band edge of 2D free
electrons and holes in ground states. Sharp dipole-transition peaks associated
with hydrogenic energy levels appear below the band edge due to a ground-
state free electron and free hole in the optical absorption spectra.54,57 Excitons
in bulk insulators and semiconductors were studied extensively in
theoretical and experimental solid state physics.58–64 The theoretical frame-
work of the excitons was extended to describe the linear and nonlinear optical
properties of 2D excitons in QWs.65 In a biased QW, the ground-state energy
levels of the electron and hole shift to lower energies than in unbiased QW,

Figure 5.5 Solutions by Numerov’s method for electron and hole wavefunctions in a model
QW potential without and with electric bias.
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and a red shift of the electronic band edge is observed. Therefore, a red shift is
induced for the optical absorption peak of the QW exciton with a higher
electric bias, reported as the QCSE.65,66 The intensity of an incident lightwave
can be modulated via the QCSE with an electric bias signal at a wavelength
below the optical absorption peak of an unbiased QW exciton. Electro-
absorption optical intensity modulators based on the QCSE were designed,
fabricated, and characterized.67,68 Refractive index modulation is also produced
by the QCSE via the Kramers–Kronig relationship, and an electro-refraction
optical phase modulator based on the QCSE was demonstrated.69–71

Spectral characteristics of electro-absorption and electro-refraction in the
QCSE are described on the basis of optical absorption and refraction spectra
shown in Fig. 5.6. Two QW-exciton peaks, which are associated with a heavy-
hole exciton (hh-ex) and light-hole exciton (lh-ex), respectively, are observed
in the optical absorption spectra.54 The absorption spectrum in an unbiased
QW was obtained by curve fitting with the experimental absorption spectrum
of 7-nm In0.53Ga0.47As/InP QWs at room temperature.72 The other absorp-
tion spectrum in a biased QW was then produced by assuming a red shift and
line-shape broadening of the QW exciton peaks under electric bias according
to the characteristics of the QCSE.65,66,73 The absorption intensity decreases
under electric bias because of a reduction in the oscillator strength, as
mentioned above. The linewidth of the exciton absorption is broadened under
electric bias due to the field-induced dissociation and resultant lifetime
shortening of the QW exciton. At a wavelength of 1570 nm, indicated with a
dashed line in the absorption spectra in Fig. 5.6, the loss of an incident
lightwave is negligible without electric bias, whereas the loss of the lightwave
with �1000 cm–1 is produced with electric bias. Optical intensity modulation
is thus possible with the electro-absorption characteristics. Refraction spectra
are computed by numerical Kramers–Kronig transformation of the optical

Figure 5.6 Optical absorption, refraction, and electro-refraction spectra of QW excitons.
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absorption spectra. The difference between refractive-index shifts in biased
and unbiased conditions produces the electro-refraction spectrum in the
right graph of Fig. 5.6. Optical phase modulation is realized by the electro-
refraction.

Another interband dipole transition process is the FK effect, which occurs
in biased bulk semiconductors.74 Electron and hole wavefunctions in a biased
bulk semiconductor were computed by Numerov’s method mentioned above
and plotted in Fig. 5.7.55,56 The wavefunctions, which were obtained in a
limited space in one dimension, have characteristics typical of the FK effect,
although the precise computation of wavefunctions in a bulk semiconductor
requires a large computational space. In biased conduction and valence
bands, electron and hole wavefunctions extend as plane waves in opposite
sides, and the tunneling tails of the wavefunctions overlap in the same area.
Electron–hole pairs virtually excited in the forbidden bandgap by the dipole
transition are separated into electrons and holes, which tunnel to the biased
conduction and valence bands. A red shift of the absorption edge is observed
in the optical absorption spectrum because the dipole transition occurs below
the bandgap. Therefore, the FK effect also allows electro-absorption and
electro-refraction for optical modulation.65,74

The efficiency of optical modulation is higher for QCSE optical
modulators than for FK optical modulators because ofphoton-assisted
tunneling, which is a second-order optical dipole transition process, is
involved in FK effect in contrast to a first-order optical dipole transition
process in the QCSE.75 On the other hand, the design and fabrication of
optical modulators based on the FK effect are simpler than those based on the

Figure 5.7 Solutions by Numerov’s method for electron and hole wavefunctions, and
schematic flow of photon-assisted tunneling in the FK effect in a biased bulk semiconductor.
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QCSE because the design effort of band engineering for high-performance
QWs and the process effort of epitaxial growth for high-quality hetero-
structures are not required, thereby FK optical modulators are more suitable
to silicon-photonics ecosystem for low-cost high-yield production based on
CMOS-friendly fabrication processes.76 In fact, FK optical modulators that
use silicon-germanium and germanium bulk systems for the waveguide core
have been studied extensively, as described in Chapter 2.77–79

5.1.4 Spectral and thermal characteristics

Phase shifters operating in broadband spectral ranges are essential for optical-
modulator applications in high-capacity optical networks based on WDM
optical data transmission. Athermal phase shifters are important for appli-
cations such as integrated optical transceivers for datacenter networks, where
energy efficiency is crucial and stabilization using TEC should be avoided.
The wavelength and temperature dependences of the physical processes for
high-speed phase shifters are reviewed here.

Phase shifters based on the Pockels effect yield weak wavelength and
temperature dependences because the Pockels effect is produced by the
displacement of ionic atoms in electro-optic crystalline insulators such as LN.
The refractive index of LN changes from 2.1410 at a wavelength of 1400 nm to
2.1351 at 1600 nm for an ordinary wave and from 2.2208 at 1400 nm to 2.2139
at 1600 nm for an extraordinary wave at a temperature of 25°C; and it changes
from 2.1410 at 25°C to 2.1426 at 80°C for an ordinary wave and from 2.2208 at
25°C to 2.2208 at 80°C for an extraordinary wave at a wavelength of 1400 nm.80

Wavelength and temperature dependences of phase shifters based on free-
carrier plasma dispersion are basically weak because the plasma dispersion,
which is induced by intraband free electrons and holes, is observed in a broad
spectral range the bandgap from near-infrared to infrared in doped
semiconductors at various temperatures. To explain the wavelength depen-
dence of the plasma dispersion, the empirical formula of the plasma dispersion
at a wavelength of 1550 nm in crystalline silicon in Eq. (5.12) is compared
with the plasma dispersion at another wavelength (1300 nm) in the O band,
which has the following mathematical expression:

Dn ¼ �2.98� 10�22N1.016
e � 1.25� 10�18N0.835

h , (5.15)

according to the literature.46 In Eq. (5.15), the electron and hole terms are about
50% and 80% of those at 1550 nm, respectively. Therefore, sufficient optical
phase modulation based on plasma dispersion is also obtained in the O band.

The temperature dependence of the plasma dispersion is analyzed next.
The background refractive index, carrier scattering time, and carrier effective
mass depend on temperature and may affect characteristics of the plasma
dispersion against temperature. For crystalline semiconductors such as silicon,
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the temperature dependence of the refractive index n has been studied
extensively (a part of the literature is listed in the references in this chapter81–86);
it is characterized with the thermo-optic coefficient ∂n/∂T, which can be written
up to the quadratic term in absolute temperature T for silicon at a wavelength
of 1523 nm as85

­n
­T

¼ 9.48� 10�5 þ 3.47� 10�7 � T � 1.49� 10�10 � T2: (5.16)

For a temperature rise from 300 K (�25°C) to 400 K (�130°C), the
background refractive index increases by 0.02, which will not produce a
significant difference in plasma dispersion. At carrier densities of 1017 cm–3

and higher, carrier scattering is dominated by ionized impurity scattering that
remains in the regime of vt≫ 1 in crystalline silicon.45 The carrier-scattering
time due to ionized impurities increases with temperature proportional to
T–3/2.87 The temperature dependence of the scattering time is caused by the
thermally activated screening length proportional to T–1, based on the Debye–
Hückel model of classical nondegenerate electron and hole gases at high
temperature.41 The efficiency of plasma dispersion does not deteriorate at
high temperatures. As another factor affecting the plasma dispersion, the
temperature dependence of carrier effective masses also leads to temperature
dependence of the plasma dispersion.88,89 An increase in carrier effective
masses with a temperature rise from 300 K to 400 K is, however, 10% or less.
Therefore, one can conclude that temperature change does not affect the
plasma dispersion significantly. The optical modulation performance of phase
shifters based on plasma dispersion did not change within a wide temperature
range of 25–130°C, and only a 10% increase in free-carrier absorption was
predicted theoretically for crystalline compound semiconductors.90,91 As a
result, DC Vp remains 2.6–2.5 V over the temperature range.90

High-efficiency high-speed optical modulation is possible with QCSE
phase shifters with a 0.77-V drive voltage and 67-GHz modulation
bandwidth.92 In the QCSE, however, efficient electro-refraction is limited in
a narrow spectral range below the exciton resonance, as evident from the
characteristics in Fig. 5.6. In the literature, Vp changes more than twice over
the C band.93 To maximize optical phase modulation without inducing optical
intensity modulation due to electro-absorption, precise adjustment of the
electric bias is required according to the wavelength of the lightwave.93,94

The electronic band edge in crystalline-compound semiconductors that form
a QW yields long-wavelength shift (red shift) with a slope of 0.5–0.6 nm/°C with
the temperature rise.95 Crystalline elemental semiconductors also show a similar
temperature dependence of the band edge.96,97 Therefore, optical modulation
based on the QCSE at a fixed input wavelength strongly depends on
temperature and requires a thermal budget to stabilize the temperature using
TEC or compensation of optical power loss by adding an optical amplifier,
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although a resonant optical dipole transition itself is highly efficient with respect
to a reduction in power consumption.98,99 A similar discussion can be applied to
the spectral and thermal characteristics of phase shifters based on the FK effect.

5.1.5 Frequency chirping

Frequency chirping causes a deterioration of the quality of optical signals
generated in optical modulators, as described in Chapter 3, and zero-chirp
operation of an MZ optical modulator driven in push–pull mode is crucial to
data transmission in high-capacity optical networks.100,101 An integrated
MZ optical modulator in conjunction with the spectral and thermal
characteristics of free-carrier plasma dispersion as clarified above is essential
as a small-footprint zero-chirp optical modulator in a broad spectral range
over the C and L bands.102,103 One may argue that the plasma-dispersion
phase shifters are not practical for zero-chirp optical phase modulators
because simultaneous optical intensity modulation and consequent signal
distortion are inevitable due to the carrier-induced optical absorption as the
counterpart of the plasma dispersion. This is not true, however, because signal
distortion due to the intensity modulation is compensated with the opposing
signal distortion induced by the nonlinear bias voltage dependence of the
optical phase shift in the trajectories in phase shifting, as illustrated in Fig. 5.8.

Figure 5.8 Optical signal distortion processes due to (a) simultaneous optical intensity
modulation and (b) nonlinear voltage dependence of the optical phase, and (c) quasi-zero-
chirp constellation diagram.
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In the case of plasma-dispersion optical modulators, as for the single MZ
optical modulator with PN-junction phase shifters (shown in Figs. 3.6 and
3.7), RF electrical signals in opposite polarities are applied to MZI arms 1 and
2 in push–pull operation. Electron and hole densities in the phase shifters are
controlled with RF electrical signals applied to MZI arms 1 and 2 with DC
bias voltages; thus, carrier-induced changes of the refractive index and optical-
absorption coefficient Dn and Da, respectively, depend on the electrical signals
and the DC bias voltages applied to the both arms. The former distortion
trajectory in Fig. 5.8(a) is generated by asymmetric intensity modulation
between the MZI arms. The latter trajectory in Fig. 5.8(b) is generated by the
nonlinear voltage dependence of the optical phase shift and inverted against
the former trajectory because of the negative refractive-index change that
appears in the carrier-dependent term in Eq. (5.10) of the Drude theory and in
Eqs. (5.12) and (5.15) of the empirical formula. The phase nonlinearity
originates from the nonlinear voltage dependence of the refractive index
change in a PN-junction phase shifter, as elaborated later. As a compound
characteristic, quasi-zero-chirp modulation (illustrated in Fig. 5.8(c)) is
possible with plasma-dispersion MZ optical modulators. Quasi-zero-chirp
modulation in a 20-Gbaud NRZ-BPSK was verified for the integrated silicon-
based single MZ optical modulator shown in Fig. 3.10.104,105 The design effort
for lowering the free-carrier loss in PN-junction phase shifters is, nevertheless,
essential because the notion of quasi-zero chirp no longer holds with a free-
carrier loss too high to be canceled.

Phase shifters based on free-carrier plasma dispersion are the most useful
among all phase shifters based on the various physical mechanisms in light of
their energy-efficient optical modulation in a broad spectral range. The rest of
this chapter focuses on the classification, design, and modeling of plasma-
dispersion phase shifters.

5.2 Classification of Phase Shifters using Free-Carrier Plasma
Dispersion

5.2.1 Lateral PN-junction phase shifter

Phase shifters consisting of PN-junction rib waveguides on a silicon-photonics
platform have the advantage of small-footprint integrated MZ optical
modulators produced in low-cost, high-yield manufacturing because of
their simple flow of fabrication processes on large-scale wafers. Lateral
PN-junction rib-waveguide phase shifters are reviewed first. The lateral
PN-junction phase shifters have been used extensively as high-speed
integrated optical modulators (described in Chapter 3). A schematic profile
of such a lateral PN-junction rib-waveguide phase shifter is illustrated in
Fig. 5.9 with a vertical PN-junction rib-waveguide phase shifter and another
type of phase shifter for comparison. A lateral PN junction can be formed in a
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rib optical waveguide (Fig. 3.6), along with the flow of CMOS-based silicon-
photonics fabrication processes, depicted in Fig. 3.14. A reverse-bias voltage
is applied to the lateral PN junction to enhance the modulation speed.53,106 A
depletion region is formed around the boundary of the PN junction (a vertical
dashed line in Fig. 5.9) in the core of the rib waveguide under reverse bias
voltage. Electrons and holes are swept away from the depletion region under
the electric field of the reverse bias, and there are no carriers inducing free-
carrier plasma dispersion in the depletion region. The depletion region
expands wider with a higher reverse bias. The refractive index of the core can
be modulated due to the plasma dispersion with an RF electrical signal
imposed on the DC reverse-bias voltage, and the optical phase of the
lightwave wherein the mode field overlaps with the depletion region is
modulated accordingly. This is the basic scheme of optical phase modulation
in an optical modulator based on free-carrier plasma refraction.

In the PN junction, carriers travel across the depletion region with drift
velocity, which is 1�107 cm/s or even higher in the ballistic-transport regime in
crystalline silicon.50 Assuming a few hundred nanometers as the width of the
depletion region, denoted as the depletion width in Fig. 5.9, carriers travel
ballistically, and the transit time is as short as a few picoseconds or shorter. In
such a case, the speed of optical modulation is no longer determined by the
transit time but limited by the parasitic resistance-capacitance RC time
constant, as described in Chapter 6. High-speed modulation beyond 40 Gbaud
was demonstrated with the carrier-depletion phase shifters with various
arrangements of a lateral PN junction and traveling-wave electrode.107–109

Figure 5.9 Illustrated profiles of lateral PN-junction and vertical PN-junction rib-waveguide
phase shifters and silicon/oxide/silicon capacitor-waveguide phase shifter on a silicon-
photonics platform.
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Free-carrier absorption is the most dominant factor of optical loss in
PN-junction rib-waveguide phase shifters based on free-carrier plasma
dispersion.110 The design of a lateral PN junction in a rib waveguide can be
modified to reduce the carrier-induced optical loss.111,112 An FOM modified
as p/(Vp aPS lp) is more appropriate than the fundamental FOM of 1/(Vplp)
to evaluate phase-shifter performance when the optical loss of a phase shifter
aPS is crucial in terms of system performance. The modified FOM is measured
in units of rad/V/dB. The compensation-doping method is efficient in the light
of the modified FOM.112 The doped side areas immediately inside the rib side
walls, where carrier densities remained unchanged and do not contribute to
refractive index modulation under RF electrical signal, are compensation-
doped with counter dopants to eliminate the carriers. Counter-doping processes
to form compensated side regions in a rib waveguide and a compensation-
doped rib-waveguide phase shifter are illustrated in Fig. 5.10. Width of
compensated side region is approximately 100 nm. Counter-doping processes to
the P-type and N-type side regions can be inverted in order. Compensation-
doped carrier-depletion lateral PN-junction rib-waveguide phase shifters suit
small-footprint, low-loss MZ optical modulators on a silicon-photonics
platform for high-speed optical signal generation in a broad spectral range of
the C and L bands.113 The fundamental optical characteristics of the lateral
PN-junction phase shifters are discussed in the next chapter.

5.2.2 Vertical PN-junction phase shifter

A vertical PN-junction phase shifter is the other type of rib-waveguide phase
shifter; Fig. 5.9 depicts the schematic profile. For electrical contacts to the
planar traveling-wave electrodes, P-type and N-type contacts are formed in
the slab wings on the respective sides of the central rib core, just like lateral
PN-junction phase shifters. In Fig. 5.9, the junction boundary is bent like a
letter L.114,115 Boron can be implanted deeper than phosphorus because the

Figure 5.10 Counter-doping processes and compensation-doped lateral PN-junction
rib-waveguide phase shifter on a silicon-photonics platform.

102 Chapter 5

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



former dopant has an atomic mass much lighter than that of the latter dopant.
Therefore, a P-type region is placed at the bottom and an N-type region at the
top in the central rib section of the core. The order of the P-type and N-type
regions, however, can be inverted in the vertical direction according to process
limitations, performance requirements, dopant species, and so forth. The top
N-type region is supported with a N-type side pillar for electrical connection
to the slab wing doped with N-type dopants. In this configuration, most of the
PN junction is formed in the vertical direction, and its boundary is
substantially along the horizontal direction. The phase shifter is thus classified
as a vertical PN-junction phase shifter, which can be produced with CMOS-
based silicon-photonics fabrication processes with ion-implantation processes
optimized for vertical PN-junction profiles.115 Doping processes applied to
the vertical PN junction are similar to those of the lateral junction in terms of
accuracy in optical mask alignment and depth profile control in ion
implantation, although multiple N-type doping steps are required. Thus, the
fabrication yield will be almost the same as for the lateral junction. One
drawback is higher optical loss than that in a lateral-junction phase shifter.
The doping level of the N-type region contiguous to the rib side wall was
increased up to �1018 cm–3 to reduce series resistance, and the high density of
carriers in the region cause high optical loss due to free-carrier absorption.

The depletion region in the vertical PN junction occupies a much larger
area in the rib-waveguide core and overlaps with the mode field more
significantly than in the lateral PN-junction phase shifters because the optical
waveguides on a silicon-photonics platform for practical applications have
low profiles, as mentioned in Chapter 3. Therefore, the drive voltage can be
reduced remarkably in vertical PN-junction phase shifters. For a silicon-based
MZ optical modulator in which the L-shaped PN-junction phase shifters were
disposed in the MZI arms, a Vplp as low as 0.81 V·cm with 2.7-V Vp was
realized at the expense of a reduction in the modified FOM.90 The N-type side
pillar region was doped with a high concentration of N-type dopants
(>1018 cm–3) to achieve a low-resistance electrical connection to the vertical
PN junction and reduce the parasitic RC time constant for high-speed optical
modulation. Phase-shifter optical loss induced by free-carrier absorption
increases super-linearly with carrier densities in Eq. (5.13) in contrast to the
sub-linear increase in an optical phase shift caused by the free-carrier plasma
dispersion in Eq. (5.12). The modified FOM was thus decreased because of
high carrier densities even though the vertical PN-junction phase shifter is
based on a different design than its lateral counterpart and does not obey the
same scaling curve of the FOM. One can select either lateral or vertical
PN-junction phase shifters to be disposed in the MZI arms of an integrated
MZ optical modulator according to system requirements.

In addition to the vertical PN-junction rib-waveguide phase shifter described
above, different designsof verticalPNjunction formed ina ribwaveguidehavebeen
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studied.115–117 A folded PN junction, which is a mixture of lateral and vertical
geometries, was also proposed.118 Further efforts toward the design refinement of
vertical PN-junction profiles in silicon-photonics rib waveguides will improve the
modified FOM andMZ optical modulators for high performance.

5.2.3 Other types of phase shifter

Another type of phase shifter is the silicon/insulator/silicon capacitor-
waveguide phase shifter (SISCAP in the literature) for small-footprint,
advanced-format optical modulators in high-capacity optical networks.119,120

A cross-section profile of the phase shifter is illustrated in Fig. 5.9. A silica
thin layer fabricated with a gate-oxide process was used as the insulator layer.
The phase shifter was driven in carrier accumulation mode. High-density
electrons and holes were accumulated at a low forward bias voltage. The
forward bias voltage was applied across the P-type and N-type silicon layers
between the gate oxide, whereby slow-speed carrier diffusion was inhibited
and high-efficiency, high-speed optical modulation was ensured: Vplp was
lower than 0.2 V·cm at a wavelength of 1310 nm with a phase-shifter length of
0.4 mm and an extinction ratio of 9 dB at 28-Gb/s on/off modulation.119 The
fabrication of optical modulators with phase shifters requires more process
steps for the gate-oxide layer and the top poly-silicon layer than in rib-
waveguide phase shifters. Additional optical loss is induced due to light
scattering at grain boundaries in the poly-silicon layer.

Another type of metal–oxide–semiconductor (MOS) phase shifter was
designed, fabricated, and characterized at 10-Gb/s on/off modulation.121,122

Gate oxidization and poly-silicon processes were also included in the fabri-
cation processes. In this phase-shifter type, a vertical MOS capacitor using a
poly-silicon gate was built in a silicon-based optical waveguide. Phase
modulation of this type is also based on carrier accumulation, and a Vplp as
low as 0.3 V·cm was reported using a MOS-capacitor phase shifter
0.2 mm long at a wavelength of 1550 nm.123

A carrier-depletion vertical PN-junction phase shifter was designed and
fabricated using the same poly-silicon process without gate oxide.124 The
bottom P-type region was formed in the SOI layer and the top N-type region
in the deposited poly-silicon layer. High-speed on/off intensity modulation at
40 Gb/s with a 3.5-V·cm Vplp was demonstrated using a 5-mm carrier-
depletion phase shifter under reverse bias.

5.3 Design and Modeling of PN-Junction Phase Shifters

5.3.1 Semi-analytical method

The voltage dependence of an optical phase shift generated in a phase shifter is
crucial for the design and modeling of phase shifters based on free-carrier plasma
dispersion. Overlap of the mode field with the depletion region dominates the
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phase shift of a lightwave propagated through a phase shifter. Therefore, the bias
voltage dependence of the depletion width is the first subject to deal with when
designing and modeling a PN-junction carrier-depletion phase shifter.

Band diagrams of a PN junction under reverse-, zero-, and forward-bias
conditions is illustrated in one dimension in Fig. 5.11.125 The band diagrams
provide energy-band profile of the lateral PN-junction rib-waveguide phase
shifter illustrated in Fig. 5.9 along a horizontal coordinate in reverse-, zero-
and forward-bias conditions. An illustration of the phase shifter is inserted
with the horizontal axis in Fig. 5.11. The depletion region is depicted so as to
have abrupt boundaries at the both sides according to the abrupt-junction
model.126 The depletion region still exists at a zero-bias voltage due to the
recombination of interdiffused electrons and holes. The junction potential at
zero bias voltage corresponds to the built-in potential Vbuilt.

A two-sided abrupt PN junction is a good analytical model to begin
deriving an approximated expression for the bias voltage dependence of the
depletion width. Depletion width Wdep in the analytical model is obtained as
the following solution of the Poisson equation:126

W dep ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4ε0
qND

�
Vbuilt � jVbiasj �

2kBT
q

�s
, (5.17)

assuming the same dopant concentration ND for P-type and N-type dopants
for simplicity. Here, q, ε0, and kB denote the electron charge, background
dielectric constant, and Boltzmann constant, respectively. The plus or minus
sign is assigned to the reverse or forward bias voltage Vbias. In Eq. (5.17), the
built-in potential Vbuilt has the following expression:

Vbuilt ¼
2kBT
q

ln
�
ND

NI

�
, (5.18)

where the intrinsic carrier density NI is written as

Figure 5.11 Band diagrams of a PN junction along the horizontal position in reverse-, zero-
and forward-bias conditions.
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NI ¼ 4.9� 1015
ffiffiffiffiffiffiffiffi
MC

p
ðgeghÞ34T 3

2e
�EG
kBT , (5.19)

with conduction band degeneracy MC; electron and hole effective density of
mass ratios ge and gh, which are 1.08 and 0.57, respectively; and bandgap EG

of 1.1 eV. Therefore, NI is �1010 cm–3 in crystalline silicon at 300 K.42,126 The
depletion width obtained analytically in Eq. (5.17) is plotted in Fig. 5.12
against the reverse-bias voltage with the dopant concentration changed from
2�1017 cm–3 to 1�1018 cm–3.

Electro-refraction due to free-carrier plasma refraction is proportional to
the mode-field confinement factor, which is defined as the mode field confined
in the depletion region in a phase shifter. Note that field confinement is
addressed instead of intensity (square of field) because of a phase shift in a
MZ optical modulator, mathematically represented in Eqs. (3.1)–(3.4). In case
of a semiconductor waveguide laser, on the other hand, a mode-confinement
factor proportional to the optical intensity in the active region is relevant
because optical power gain is most crucial in the analysis of laser
performance.127,128 The mode-field confinement factor Glateral in a lateral
PN-junction carrier-depletion phase shifter is written in the following form
using the mode field Emode(x, y):

Glateral ¼
RþWdep

2

�Wdep
2

dx
Rþytop�ybottomdyjEmodeðx, yÞjRþ`�`

dx
Rþ`�`

dyjEmodeðx, yÞj
, (5.20)

where ytop and ybottom denote the vertical top and bottom positions of rib-
waveguide core in a phase shifter, respectively. In the abrupt-junction model,
the depletion width is given in Eq. (5.17). Numerical calculation of Glateral is

Figure 5.12 Depletion width vs. reverse-bias voltage with a dopant concentration from
2�1017 cm–3 to 1�1018 cm–3 (Nd¼ 1�1017 cm–3).

106 Chapter 5

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



performed by using Emode(x, y), presented in Chapter 4, at 1300-nm and
1550-nm wavelengths for a rib-waveguide core 500 nm wide with a 220-nm rib
height and a 95-nm slab height. A computational algorithm for multi-
dimensional integrals allows for the numerical calculation of Eq. (5.20) as for
the effective refractive index in the previous chapter.129 Reverse-bias voltage
dependence of the mode-field confinement factor is shown with respect to
dopant concentration, from 2�1017 cm–3 to 1�1018 cm–3 at 1300-nm and
1550-nm wavelengths in Fig. 5.13. The mode-field confinement factor at each
dopant concentration is higher at the shorter wavelength because the mode field
is localized in the depletion region more strongly at the shorter wavelength.

Electro-refraction Dnelect(V, Ne, Nh) is then obtained as a function of
reverse-bias voltage, and V is obtained from the mode-field confinement
factor and the plasma dispersion in Eqs. (5.12) and (5.15) using the following
relationship:

DnelectðV ,Ne,NhÞ ¼
DnðNe,NhÞ

2
GlateralðVÞ, (5.21)

assuming horizontal symmetry of the mode fields over the P-type and N-type
regions and thus a 50:50 contribution of electron and hole terms in the plasma
dispersion. The electron and hole densities are assumed to be the same as ND,
namely, Ne¼Nh¼ND. The relative change in the plasma refraction from
zero reverse-bias voltage is taken into account in electro-refraction. In
Fig. 5.14, electro-refraction in absolute value is plotted with dopant
concentrations from 2�1017 cm–3 to 1�1018 cm–3 at wavelengths 1300 nm
and 1550 nm, respectively. The wavelength dependence of the plasma
dispersion provides almost the same electro-refraction characteristics at both
wavelengths in spite of the difference in the mode-field confinement factor.

In the design of electro-refraction phase shifters, the modulator drive
voltage Vmod supplied to the phase shifter must be decided first because the
drive voltage is limited by the modulator drivers in use. High-voltage

Figure 5.13 Mode-field confinement factor vs. reverse-bias voltage with a dopant
concentration from 2�1017 cm–3 to 1�1018 cm–3 at 1300-nm and 1550-nm wavelengths.
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modulator drivers can be selected for high-end applications such as integrated
optical modulators in core optical networks, whereas low-voltage modulator
drivers are selected for low-cost, energy-efficient applications such as inte-
grated optical transceivers in datacenter optical networks.

The phase-shifter length for p phase shift lp is then obtained according to
the following equation:

lp ¼ l

4DnelectðVmod,ND,NDÞ
, (5.22)

which is derived by deforming the total phase shift Df(V)¼ 4pDn(V)l/l in
push–pull modulation in Chapter 3 and substituting p for Df(Vmod) and
Dnelect(Vmod, ND, ND) in Eq. (5.21) for Dn(Vmod). The phase-shifter length is
plotted in Fig. 5.15 as a function of the dopant concentration for Vmod in a
range from 2 V to 10 V at 1300-nm and 1550-nm wavelengths. The dopant
concentration equals the electron and hole densities Ne and Nh. The longer
phase-shifter length is required for the longer wavelength because of the pro-
portionality of the phase-shifter length to the wavelength of the propagated
lightwave in Eq. (5.22).

The semi-analytical method based on the abrupt-junction model allows
semi-quantitative characterization of carrier-depletion phase shifters with a
lateral or vertical PN junction in their rib-waveguide cores. A phase shifter
with a longer length and lower dopant concentration is more suitable for an
optical modulator of lower optical loss due to free-carrier absorption. For a
push–pull modulator drive voltage of 4 V, which corresponds to an 8-V single
modulator drive voltage, the phase-shifter length increases by 43% with a
decease in electron and hole densities from 7.5�1017 cm–3 to 2.0�1017 cm–3;
thus, the optical loss due to free-carrier absorption in Eq. (5.13) is reduced by
as much as 69% at a 1550-nm wavelength. A phase shifter with a shorter
length is more suitable for an optical modulator of higher frequency response,

Figure 5.14 Electro-refraction vs. reverse-bias voltage with a dopant concentration from
2�1017 cm–3 to 1�1018 cm–3 at 1300-nm and 1550-nm wavelengths.
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as discussed in the next chapter. High dopant concentrations—namely, high
electron and hole densities—are required to shorten the phase-shifter length,
and a consequent increase in optical loss due to free-carrier absorption is
inevitable.

Compensation doping was proven to be an effective design and process
module to reduce free-carrier absorption loss in lateral PN-junction rib-
waveguide phase shifters, as described in Subsection 5.2.1. The semi-analytical
method also allows us to clarify the effect of compensation doping. Optical
loss in a lateral PN-junction phase shifter can be calculated numerically by
introducing a mode-power confinement factor Glateral

power, written as

G
power
lateral ¼

RþWdep
2

�Wdep
2

dx
Rþytop�ybottomdyjEmodeðx,yÞj2Rþ`�`

dx
Rþ`�`

dyjEmodeðx,yÞj2
, (5.23)

which is similar to the mode-confinement factor characterizing optical gain in
semiconductor waveguide lasers.127,128 Electro-absorption Daelect(V, Ne, Nh)
is defined as

DaelectðV ,Ne,NhÞ ¼
DaðNe,NhÞ

2
G
power
lateralðVÞ, (5.24)

assuming horizontal symmetry of the mode fields over the P-type and N-type
regions, and Ne¼Nh¼ND for the electro-refraction. Electro-absorption in

Figure 5.15 Dopant-concentration dependence of phase shifter length for p phase shift, lp
at modulator drive voltages from 2 V to 10 V at wavelengths of 1300 nm and 1550 nm.
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the phase shifters with and without compensation doping is obtained
as plotted in Fig. 5.16 as a function of the dopant concentration from
2�1017 cm–3 to 8�1017 cm–3 at a wavelength of 1550 nm for a push–pull
modulator drive voltage of 8 V.130 Electro-absorption is scaled in dB-unit,
which is converted from that in units of cm–1 by a factor of 4.34 dB·cm.
Applications in high-speed PSK modulation formats are anticipated for the
compensation-doped phase shifters. In contrast to the OOK format, where an
electrical modulation signal with a modulation amplitude of Vp produces
perfect on/off intensity modulation, as illustrated in Fig. 3.8, twice the Vp is
required for the modulation amplitude in PSK applications as in Fig. 3.10.

Electro-absorption is increased with deceasing p-shift length and dopant
concentration. For the phase shifter without compensation doping, electro-
absorption is higher than 4.5 dB with a length shorter than 3 mm. Electro-
absorption must be suppressed for high-quality optical signal generation in
PSK formats, although carrier-depletion phase shifters can be driven in quasi-
zero chirping as discussed in Subsection 5.1.5. Electro-absorption is
suppressed approximately by 0.8 dB at a moderate dopant concentration of
5�1017 cm–3 and by 1.2 dB at a high dopant concentration of 8�1017 cm–3.
Phase-shift characteristics are not affected by compensation doping, and a
p-shift length is common to both types of doping profile because the
compensated side regions are separated from the depletion region and do not
interfere with the depletion region in the abrupt-junction model. The concept

Figure 5.16 Electro-absorption characteristics in lateral PN-junction phase shifters with
and without compensation doping at a wavelength of 1550 nm. The phase-shifter length for
a p-phase shift is also plotted.
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of the compensation-doped phase shifter as a low-loss phase shifter to enhance
the modified FOM is thus proved in the semi-analytical moethod.

A similar discussion can be applied to a vertical PN-junction rib-
waveguide phase shifter based on the concepts of this subsection except for
compensation doping. In a vertical PN-junction phase shifter, the mode-field
confinement factor is calculated with the depletion region, which expands
along the vertical direction under reverse bias applied vertically. Due to the
specific profile of the vertical PN junction, the compensation-doping method
is not compatible with the fabrication processes of the vertical PN-junction
phase shifter. The lateral PN-junction phase shifter may thus be more
appropriate for such applications as long-reach optical fiber transmission
without an optical amplifier.

5.3.2 Computational method

The accurate design and modeling of carrier-depletion PN-junction phase
shifters is realized by means of numerical simulation based on a more realistic
model of carrier-depletion phase shifter with an expense of machine time for
the numerical simulation. Numerical simulation of silicon-based optical-
waveguide phase shifters has been one of the subjects extensively studied in
the design and modeling of PICs on a silicon-photonics platform.131–136

Optical simulation of the mode field and electronic simulation of carrier
distribution comprise the numerical simulation of the phase shifters. The
optical simulation has been described in Chapter 4, and simulated mode fields
are also used to calculate the mode-field confinement factor in the semi-
analytical method. The electronic simulation is described in this subsection for
carrier-depletion PN-junction rib-waveguide phase shifters. We start with a
lateral PN-junction rib-waveguide phase shifter that has a profile like that in
Fig. 5.17. The profile represents the lateral PN-junction phase shifter
fabricated and characterized in a 32-Gb/s OOK with an extinction ratio
higher than 11 dB.110 The donor concentration N is lower than the acceptor
concentration P to reduce free-carrier absorption loss because the loss due to
electrons is higher than that due to holes, as shown in Fig. 5.4.

Distribution profiles of electrons and holes in the lateral PN junction are
obtained by numerically solving the Poisson equation

Figure 5.17 Profile of a reverse-bias lateral PN-junction rib-waveguide phase shifter.
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∇ ·∇F ¼ � q
ε
ðp� nþND �NAÞ (5.25)

simultaneously with the current-continutity equations for electrons

­n
­t

¼ 1
q
∇ · ~Jn � ðRn � GnÞ (5.26)

and for holes

­p
­t

¼ 1
q
∇ · ~Jp � ðRp � GpÞ, (5.27)

respectively.135 Here, the drift and diffusion terms comprise current terms for
electrons

~Jn ¼ qnmn
~E � qDn

~∇p (5.28)

and for holes

~Jp ¼ qnmp
~E � qDp

~∇p, (5.29)

respectively. In Eqs. (5.25)–(5.29), F is the electrostatic potential, p and n are
the electron and hole densities, NA and ND are the ionized impurity
concentrations, Jn and Jp are the electron and hole current densities, R and
G are the recombination and generation rates, mn and mp are the electron and
hole mobilities, and Dn and Dp are the electron and hole diffusion constants.
These equations are solved numerically by computational methods such as the
finite-element method.137–140 Commercial simulation packages are available
for the numerical modeling and analysis of electronic and optoelectronic
devices in two and three dimensions.141–144 These packages can be used
without struggling through programming code for computation. Refractive-
index changes are much smaller than the refractive index of undoped silicon,
so a mode field in a silicon optical waveguide with a PN junction is
substantially the same as that in a silicon optical waveguide without the
junction as far as the both doped and undoped waveguides have the same
cross-section profile. Therefore, the numerical results on the mode fields are
applied to the computational analysis in this chapter. Equation (5.14) permits
the propagation of lightwaves free from electromagnetic interaction with the
electron and hole currents given in Eqs. (5.28) and (5.29), except for the
optical loss due to optical absorption by the individual carriers.

The profiles of the electron and hole distribution in the rib-waveguide
phase shifter at bias voltages are obtained as numerical solutions of
Eqs. (5.25)–(5.29) in steady state, where ∂n/∂t¼ ∂p/∂t¼ 0. Hole-density
profiles at zero-bias and 8-V reverse-bias voltages, for example, are presented
with mode-field profiles of the fundamental mode in the rib waveguide in
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Fig. 5.18.136 Holes populated in the N-type region are generated by intrinsic
thermal excitation over the bandgap of crystalline silicon. The holes behave as
minority carriers with a density <106 cm–3, which is much lower than the
intrinsic electron–hole pair density (�1010 cm–3) due to recombination with
the majority electrons in the N-type region. At the reverse-bias voltage, holes
are swept from the junction boundary and the depletion region is expanded
toward the P-type and the N-type-regions. In the N-type region, the majority
electrons are swept from the junction boundary, and the minority holes are
attracted by the majority electrons in the opposite charge and follow them
deep into the N-type region. Profiles of electron distribution are also obtained
in similar images but inverted around the vertical axis at the junction
boundary. Optical mode fields in the rib waveguide are imposed on the hole
density profiles in Fig. 5.18. The free-carrier plasma dispersion in the rib
waveguide is proportional to a portion of the optical mode field overlapped
with electrons and holes at each reverse-bias voltage.

Simulated profiles of the electron and the hole distributions are converted
to profiles of free-carrier plasma refraction by using the empirical formulae in
Eqs. (5.12) and (5.15) at wavelengths of 1550 nm and 1300 nm, respectively.
The profiles at reverse-bias voltages of 4 V and 10 V at a wavelength of
1550 nm are displayed in Fig. 5.19. The depletion region is extended toward
the N-type region more significantly than toward the P-type region because
the donor concentration is lower than the acceptor concentration. Free-carrier
absorption loss profiles are given in a similar manner by using Eq. (5.13).

Based on these profiles, electro-refraction and electro-absorption are
obtained at different reverse-bias voltages. The electro-refraction phase shift
and electro-absorption loss in the simulation are plotted in Fig. 5.20 in
comparison with measurement data. The measured data were acquired for a
silicon-based single MZ optical modulator that has 4-mm lateral PN-junction
rib-waveguide phase shifters in both MZI arms.53 Good agreement is

Figure 5.18 Simulated profiles of the hole density and optical mode field in the lateral
PN-junction phase shifter at zero-bias and 8-V reverse-bias voltages.
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observed between the simulated and the measured characteristics. Therefore,
the computational method described in this subsection allows us to perform
accurate design and modeling of the carrier-depletion lateral PN-junction rib-
waveguide phase shifters on a silicon-photonics platform.

High-speed performance of the phase shifter is characterized computa-
tionally by solving Eqs. (5.25)–(5.29) with the input of an electrical volt-
age pulse, as presented in Fig. 5.21. The input electrical voltage pulse in
Fig. 5.21(a) has linear onset/offset ramps in 1-ps fall and rise times and a 7-Vpp

amplitude under�1.5-V DC bias voltage.145 The onset and offset ramps to
more and less negative voltages imply carrier depletion and subsequent carrier
recovery. The input electrical pulse leads to a dynamic response of the phase
shifter in transients of effective refractive index neff in Fig. 5.21(b). The rise
and fall times tR and tF in neff are obtained as 3.2 ps and 6.6 ps, respectively,
for a 10–90% change in neff, as indicated in Fig. 5.21(c). The transients of neff
are governed by the dynamics of electrons and holes in the phase shifter.

Figure 5.19 Simulated profiles of free-carrier plasma refraction induced by electrons and
holes under reverse bias.

Figure 5.20 Simulated and measured electro-refraction and electro-absorption character-
istics of the lateral PN-junction phase shifter under reverse bias.
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The rise in neff is generated by the transport of electrons and holes swept
with drift velocities from a region around the junction boundary (carrier-
depletion process), whereas the fall in neff is produced by pumping the carriers
toward the junction boundary (carrier-recovery process). In the recovery
process, dense carriers are loaded up into the middle of core. A period of time
then elapses to relax the loaded carriers into equilibrium distribution via local
diffusion. Therefore, tF is longer than tR. The response time constants are
much shorter than 10 ps, so the lateral PN-junction carrier-depletion phase
shifter is, in principle, capable of phase modulation beyond a 100-Gbaud
symbol rate except for the limitations of RF conductor loss and parasitic
electrical resistance.

Optical eye diagrams can be generated computationally with an input
electrical bit stream for a mathematical model of a single-drive MZ optical
modulator. An optical eye diagram in 10-Gb/s NRZ-OOK is presented in
Fig. 5.22. The bit length and frequency bandwidth of the electrical signal are
500 bits and 20 GHz, respectively. White Gaussian noise is added to the
electrical signal in an amplitude signal-to-noise ratio (SNR) of 15 dB. High-
contrast NRZ-OOK modulation is observed in the simulation with clear eye
opening and an extinction ratio ER≥ 10 dB.53 The simulated optical eye
diagram can be compared with measured eye diagrams in the light of
fundamental optical characteristics in Chapter 6.

The computational approach is also effective for the accurate design and
modeling of the vertical PN-junction phase shifter illustrated in Fig. 5.9. The

Figure 5.21 (a) Input electrical voltage signal with linear ramps. (b) Simulated transient
trace of effective refractive index neff. (c) Rise and fall edges of the trace in (b).
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vertical PN-junction phase shifter has a potential of small-footprint phase
shifters used for low-voltage MZ optical modulators. The steady-state
numerical solution of Eqs. (5.25)–(5.29) provides profiles of electron and
hole distributions at reverse bias voltages as well as electron and hole
components of free-carrier plasma dispersion obtained from numerical
conversion of the carrier distribution profiles as for the lateral PN-junction
phase shifter. The profiles at zero-bias and 3-V reverse-bias voltages are
presented in Fig. 5.23. The depletion region in the phase shifter is expanded
along the vertical direction under revere bias.

Electro-refraction and electro-absorption characteristics of the vertical
PN-junction phase shifter are obtained computationally in the same
procedure as for the lateral PN-junction phase shifter. Plasma-refraction
phase shift and free-carrier absorption loss in the phase shifter are plotted
against the reverse-bias voltage in Fig. 5.24. A numerical voltage-transmit-
tance transfer curve of a MZ optical modulator is produced with the
simulated phase-shifter characteristics. A simulated output-power curve
plotted versus the reverse-bias voltage in Fig. 5.24 is obtained by adjusting
optical power levels in the on/off state of the numerical transfer curve between
Vp as fitting parameters with respect to a measured optical-power curve at a
wavelength of 1544.8 nm. The output power levels are affected by fabrication-
related imperfections such as side-wall roughness and pattern distortion, and

Figure 5.22 Input electrical bit stream (first 100 bits) and simulated optical eye diagram in
10-Gb/s NRZ OOK.
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thus should be determined empirically. The measured optical-power curve was
acquired in a spectral power transmittance experiment with a swept-bias
voltage, which is described in the next chapter.

One can see very good agreement between the simulated and the measured
characteristics with Vp as low as 2.5 V.146 This is less than half of the p-shift
voltage for the lateral PN-junction phase shifter.90 In conclusion of this
subsection, the computational method proves itself as a tool for accurate
design and modeling of carrier-depletion PN-junction phase shifters on a
silicon-photonics platform.

5.3.3 Equivalent-circuit model

Theoretical analysis based on the equivalent-circuit model allows for the
characterization of the electro-optic response of silicon-based MZ optical
modulators integrated with traveling-wave electrodes.147–150 A lumped-element

Figure 5.23 Simulated profiles of carrier distributions and spatial variation of plasma
refraction.

Figure 5.24 Simulated output-power curve generated from computational electro-refrac-
tive phase-shift and electro-absorptive loss characteristics of the vertical PN-junction phase
shifter in comparison with the measured output-power curve.
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equivalent circuit for carrier-depletion PN-junction phase shifters in traveling-
wave electrodes is presented in Fig. 5.25. The reverse-biased PN junction in a
carrier-depletion lateral or vertical PN-junction phase shifter can be represented
as the electrical capacitance C per unit length. A slab wing adjoining the central
rib on each side act as an electrical series resistance RS per unit length, which is
connected to the PN-junction capacitance. These separate series resistances are
converted to a combined series resistance of 2 RS for unit length.110,148

A lumped-element equivalent circuit of coplanar waveguide that has a center
signal (sig.) strip electrode and side ground (GND) planar electrodes includes
the electrical resistance R per unit length to represent RF conductor loss.151–155

The phase-shifter equivalent circuit is embedded between a signal line and a
ground plane in an equivalent circuit of a traveling-wave optical modulator.
A parallel electrical resistance of G–1 per unit length is inserted to deal with the
leakage current through the reverse-bias PN junction and RF absorption loss
due to carriers in the SOI layer and the silicon substrate. The lumped-element
circuit is a minimal unit and iterated along the propagation direction of guided
lightwave along the z axis over the phase-shifter optical waveguide. The lumped
elements in a microscopic length of dz along the z direction are listed in
Table 5.2. The lumped circuit element of combined series resistance is inversely
proportional to the length. For simplicity, the parallel electrical resistance is
neglected, namely, G¼ 0, in the mathematical analysis below. The lumped-
element circuit can be applied for modeling a lumped-element optical
modulator.

Table 5.2 Lumped circuit elements of a PN-junction phase shifter with a traveling-wave
electrode in a microscopic length of dz.

Inductance of Signal
Electrode

Resistance of Signal
Electrode

Capacitance of PN
Junction

Combined Series
Resistance

L·dz R·dz C·dz 2 RS/dz

Figure 5.25 Minimal unit of a lumped-element equivalent circuit for a carrier-depletion
phase shifter connected with a traveling-wave electrode.
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Kirchhoff’s voltage law yields the differential equation for AC
voltage V as156

­V
­z

¼ �ðRþ ivLÞI : (5.30)

Here, ∂/∂t is replaced with iv because of AC analysis. Kirchhoff’s current law
provides the following differential equation:

­I
­z

¼ �vC
1� iv2RSC

(5.31)

for a stationary AC current, where I approximates the voltage across the
phase shifter as V (dV omitted). The capacitance C of a PN junction is
regarded as a constant independent of the AC voltage because of small-signal
analysis. Equations (5.30) and (5.31) lead to a telegraphic equation for the AC
voltage written as

­2V
­z2

¼ G2V , (5.32)

with a forward traveling-wave solution

V ¼ V 0eGz: (5.33)

Here, factor G in the exponent is

G ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�vCðRþ ivLÞ
1� iv2RSC

s
: (5.34)

Iteration of the minimal circuit unit implies that the definite integral of
Eq. (5.32) is the limit of dz → 0. Assuming low electrical resistances, whereby
R≪vL and 2RSC≪v–1, one can derive the following result:

G ¼ iGprop � Gatten, (5.35)

with

Gprop ¼ v
ffiffiffiffiffiffiffi
LC

p
(5.36)

and

Gatten ¼ v2
ffiffiffiffiffiffiffi
LC

p
RSC: (5.37)

In the lumped-element circuit, the junction capacitor acts as a high-pass
element, and AC electrical signals in the higher frequency flow more through
the capacitor and are attenuated due to joule loss in the series resistance,
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whereby the electro-optic frequency bandwidth of the silicon-based MZ
optical modulator is limited. The transient characteristics of optical
modulation in the time domain are also limited by a time constant of 2RSC
in capacitance–resistance coupling. For a lateral PN-junction rib-waveguide
phase shifter with a 95-nm slab height and a 4-mm length, RS and C are 5.7 Ω

and 1.6 pF, respectively.148

Experimental results for the electro-optic and optical-modulation
characteristics of silicon-based MZ modulators that have lateral PN-junction
phase shifters will be presented in the next chapter. Further, the resistance R
of a traveling-wave signal electrode will not be negligible for a long phase
shifter, and the attenuation of input electrical signals due to conductor loss
will also occur.157 In such a case, computational analysis is required for
accurate characterization. More detailed equivalent-circuit models have been
proposed to include parasitic lumped elements in the peripheral area of
carrier-depletion PN-junction phase shifters.149,150

5.3.4 Remarks on designing traveling-wave electrodes

To design traveling-wave electrodes, the first thing is to lay out the signal
and ground electrodes in a cross-sectional plane to adjust the impedance of
the traveling-wave electrodes to the specified value such as 50 Ω. Triangular
mesh is adopted in modeling traveling-wave electrodes in the FEM.158 In the
case of CPW, its impedance is determined by the widths of the central signal
conductor and the gap between the signal conductor and one of the side
ground planes. The widths can be optimized in numerical calculation based
on the FEM. In the silicon-based traveling-wave modulator, the conductor
width and the gap width are 10 mm and 6.4 mm, respectively, for an
impedance �50 Ω.53

To obtain the capacitance of traveling-wave electrodes, numerical
calculation can be implemented semi-analytically by conformal mapping
and computationally by FEM simulation.158–160 In conformal mapping, the
2D cross-section of the traveling-wave electrodes is converted to a planar
capacitor by coordinate transformation with the electrode thickness neglected.
Thereby, the capacitance of the traveling-wave electrodes is obtained
analytically as the capacitance of a planar capacitor.159 The conductor width
and gap width are transformed to the width of a planar electrode of the
capacitor and the spacing between the planar electrodes, respectively. Two-
dimensional mesh is sufficient to compute the capacitance of the electrodes.
However, the inductance of traveling-wave electrodes cannot be adjusted
independently because it depends only on the conductor width. To resolve this
limitation, a silicon-based traveling-wave MZ optical modulator with lumped
inductors integrated to traveling-wave electrodes was designed and character-
ized.161 Impedance can be controlled precisely with independent adjustment of
inductance.
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Chapter 6

Optical, Electrical, and
Electro-Optical Characteristics
of Integrated Silicon-based
Optical Modulators
As discussed in the previous chapter, carrier-depletion PN-junction rib-
waveguide phase shifters are suitable for high-speed phase shifters on silicon-
photonics platforms for small-footprint integrated MZ optical modulators
operating in broad spectral ranges over the C and L bands with high
temperature stability. In this chapter, the optical, electrical, and electro-optical
characteristics of the integrated MZ optical modulators on a silicon-photonics
platform are reviewed on the basis of experimental data. It starts with a
review of the optical-loss characteristics of the building blocks in the integrated
silicon-based MZ optical modulators. Plasma-refraction phase shift in the
carrier-depletion rib-waveguide phase shifters and chromatic dispersion of
passive optical waveguides are then discussed. Chromatic dispersion in the
spectral phase of passive optical waveguides, which, in general, may deteriorate
the dynamic performance of high-speed integrated optical modulators, is
proved to be negligible in terms of inter-symbol interference. The electrical
characteristics of the phase shifters are described with respect to the electrical
and structural characterization of PN junctions in phase shifters on silicon-
photonics platforms. Electro-optic responses in the RF frequency domain and
optical modulation characteristics in the time domain, which are studied in the
last two sections in this chapter, are essential to evaluate the dynamic
performance of high-speed silicon-based integrated optical modulators.

6.1 DC Optical Characteristics

6.1.1 Optical loss

Optical losses of passive channel and rib optical waveguides are caused
mainly by side-wall roughness in the fabrication processes.1 The line-edge
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roughness of a developed photoresist is transferred to the side walls of
optical waveguides during the dry-etching process. Further roughness is also
produced during the dry-etching process. The optical transmission spectra
acquired for optical waveguides of different lengths provide the optical
propagation loss per unit length. A series of optical-transmission measure-
ments in this scheme are often referred to as cut-back measurements (after
the optical loss measurements extensively used for optical fibers), although
plural optical waveguides of specified lengths are arranged on a chip to
measure the length dependence of the optical loss of the waveguide.2 The
measurement apparatus is shown in Fig. 6.1. An optical mask pattern is
inserted as an exemplar layout of a test chip. The optical waveguides are
folded to occupy the same rectangular footprint in the test sample chip for
the ease of design layout as well as to increase the layout density. Channel or
rib optical waveguides of different lengths are aligned adjacent to each other
in each group of waveguides in a specified channel or rib width.

A single-polarization super-luminescent diode (SLD) is utilized as a low-
coherence light source. The low coherence allows ripple-free spectrum
measurement by suppressing undesired interference not essential to the
characteristics of an optical waveguide under test. Cleaved-facet or lensed-tip
fibers made of polarization-maintaining single-mode fiber (PMF) are utilized
for polarization-selective input and output optical coupling with the optical
waveguide under test. For cleaved-facet fibers, index-matching gel can be
inserted in each interface between a PMF and a sample edge facet to avoid
Fresnel reflection at the input and output interfaces. Reflection-free optical loss
measurement is possible in this case. Lensed-tip fibers are used if a tight-focused
light beam is required for optical coupling to the test optical waveguide. Fresnel
reflection from the lensed tips and from the sample facets are not negligible. The
light source is directly connected to the optical spectrum analyzer for the base
optical spectrum to extract the transmission and reflection spectra. An optical

Figure 6.1 Block diagram of the optical-transmission spectrum measurement. Circ.: optical
circulator; Pol.: polarizer.
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circulator inserted in the input fiber line allows for the acquisition of the
reflection spectrum. Transmitted or reflected light can be selected by an optical
switch. A scanning optical spectrum analyzer provides the transmission or
reflection spectrum of the test optical waveguide.

The optical insertion loss aloss (in dB units) of the test optical waveguide is
obtained as a function of wavelength l from the following equation:

alossðlÞ ¼ �10 log10

�
I inðlÞ � I transðlÞ � I reflðlÞ

I inðlÞ
�
, (6.1)

with the input, transmitted, and reflected optical powers Iin, Itrans, and Irefl,
respectively. The propagation loss per unit length and the coupling loss for a
type of optical waveguide of a specified waveguide width, for instance, are
obtained at each wavelength as indicated in Fig. 6.2. The test optical
waveguides have a 500-nm channel width. A series of measurements of the test
optical waveguides of five different lengths provide the optical loss as a
function of length. The polarization of the launched light is in TE
polarization. Parameter fitting using a linear fitting function allows for the
measurement of the propagation loss from the slope of the line and coupling
loss from the crossing point on the loss axis at zero length.2 The propagation
loss coefficient is 0.17 dB/mm, and the coupling loss is 3.3 dB in the graph;
thus, a fiber coupling loss of �1.7 dB per facet is obtained.

The above procedure has allowed for the measurement of the propagation
loss for fabricated channel and rib optical waveguides against waveguide
widths, plotted as a loss coefficient in Fig. 6.3 and listed in Tables 6.1 and
6.2.3,4 The channel optical waveguides have a higher propagation loss
coefficient than the rib optical waveguides because the vertical side walls

Figure 6.2 Optical insertion loss of a series of test optical waveguides as a function of the
optical waveguide length.

135Characteristics of Integrated Silicon-based Optical Modulators

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



occupy wider areas along the vertical direction. The loss coefficient decreases
with an increasing waveguide width because of the weaker mode fields at the
side walls with increases in the width, as expected from the computational
mode fields presented in Chapter 4. A wider width is better for lower optical
loss but with a greater possibility of higher-order mode propagation in the
wider optical waveguide. To avoid such propagation, the widths should be set
to 500 nm. This will be about the optimal choice because the loss reduction to
increase the waveguide width from 500 nm to 600 nm is not substantial. An
almost constant loss coefficient is observed over the C and L bands, and the
channel and rib optical waveguides are suitable for building blocks of
integrated optical modulators over the broad spectral range.

Figure 6.3 Optical propagation loss coefficient as a function of the width of channel or rib
waveguides in the C and L bands.

Table 6.1 Optical propagation loss coefficient of channel or rib waveguides in the C band
(1545–1555 nm).3

Channel Optical Waveguide Rib Optical Waveguide

400 nm 500 nm 600 nm 400 nm 500 nm 600 nm
0.403 dB/mm 0.163 dB/mm 0.153 dB/mm 0.107 dB/mm 0.074 dB/mm 0.057 dB/mm

Table 6.2 Optical propagation loss coefficient of channel or rib waveguides in the L band
(1595–1605 nm).3

Channel Optical Waveguide Rib Optical Waveguide

400 nm 500 nm 600 nm 400 nm 500 nm 600 nm
0.404 dB/mm 0.147 dB/mm 0.119 dB/mm 0.084 dB/mm 0.071 dB/mm 0.055 dB/mm
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There is another source of optical loss: two-photon absorption under
intense optical light. In high-index-contrast optical waveguides on a silicon-
photonics platform, optical fields are confined inside nanometer-scale
waveguide cores to produce high optical intensity and two-photon absorption.
The latter in silicon optical waveguides has been investigated experimentally,
and Table 6.3 compares the two-photon absorption coefficient in crystalline
silicon with its counterparts in other semiconductor materials.5–10 The
coefficient in crystalline silicon is much smaller than the others and is
therefore negligible in comparison with the optical loss due to side-wall
roughness at a launched optical power level of �10 dBm. Carriers generated
by two-photon absorption cause free-carrier absorption. The optical loss due
to the free-carrier absorption induced by two-photon absorption is still lower
than the side-wall roughness loss.

Rib-waveguide phase shifters also yield optical loss due to free-carrier
absorption in a PN junction. The optical propagation loss coefficient of a
lateral PN-junction rib-waveguide phase shifter that has a 600-nm rib width is
plotted as a function of wavelength in Fig. 6.4. The loss coefficient also includes
passive optical loss described above. The loss coefficient is higher with a longer
wavelength because the free-carrier absorption is higher for longer wavelengths,
as we will learn regarding the spectral property of free-carrier absorption, which
is expressed mathematically in Eq. (5.11) in Chapter 5 within the framework of
Drude’s classical theory. A small peak around the 1510-nm wavelength is

Table 6.3 Two-photon absorption (TPA) coefficients in crystalline semiconductors.

Crystalline Material Si InP InGaAs QW

Two-Photon Absorption Coefficient ≤ 0.9 cm/GW5–8 10 cm/GW9 60 cm/GW10

Figure 6.4 Optical propagation loss coefficient of a lateral PN-junction rib-waveguide
phase shifter that has a 600-nm rib width.
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caused by optical absorption by overtones of the vibration modes associated
with hydrogen-related radicals existing in a top silica clad layer fabricated by a
CVD process.11,12 The variation of the loss coefficient is within ±0.05 dB/mm
and yields almost the same loss characteristics over the C and L bands. The loss
characteristics do not change substantially, and the above discussion is also
applied to a phase shifter that has a 500-nm rib width.

For integrated MZ optical modulators, 1�2 MMIs are essential building
blocks to construct MZIs. The optical loss of the MMIs affects the total
optical loss of the optical modulators. The imbalance in optical loss between
two ports deteriorates, in particular, the ER in intensity modulation and the
Q-factor in phase modulation, which are defined in Chapter 3. The total
optical loss (i.e., on-chip insertion loss) and loss imbalance measured for a test
sample of a 1�2 MMI, which comprises the channel optical waveguides and a
slab main section, as shown in Figs. 4.16 and 4.17, are plotted in Fig. 6.5 with
a plan-view layout and a SEM photograph, showing that the 1�2 MMI was
fabricated as designed.

The on-chip insertion loss aon-chip loss and the loss imbalance Daloss for the
1�2 MMI are derived from the following equations:

aon-chip lossðlÞ ¼ �10 log10

�
Iport1ðlÞ þ Iport2ðlÞ

I inðlÞ
�

(6.2)

and

Figure 6.5 On-chip optical insertion loss and loss imbalance of a silicon-based 1�2 MMI
with a plan-view layout and SEM photograph.
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DalossðlÞ ¼ �
�
10 log10

�
Iport1ðlÞ
I inðlÞ

�
� 10 log10

�
Iport2ðlÞ
I inðlÞ

��
, (6.3)

where Iport1 and Iport2 denote the respective optical power from output ports
1 and 2, respectively. In a spectral range over the C band, the on-chip
insertion loss obtained from spectral measurements is lower than 0.4 dB, and
the loss imbalance is within ±0.5 dB with an average on-chip insertion loss of
0.21 dB in a standard deviation of ±0.04 dB and an average imbalance of�
0.3 dB in a standard deviation of ±0.095 dB. Low-loss 1�2 MMIs have been
reported with different designs on a silicon-photonics platform.13–17 On-chip
optical insertion losses as low as 0.11 dB for TE polarization and 0.18 dB for
TM polarization were reported with a similar 1�2 MMI on a silicon-
photonics platform.16 The 1�2 MMI shown in Fig. 6.5 is suitable for small-
footprint optical splitters/couplers for low-loss, high-performance integrated
MZ optical modulators on a silicon-photonics platform. Low-reflection
MMIs were studied for high return loss.18

The adiabatic polarization rotation (PR) and polarization division
multiplexing (PDM) computationally analyzed in Chapter 4 allow low-loss
operation. The polarizer inserted in the output PMF was rotated to resolve the
linear polarization of the output light beam. Conversion efficiencies in the
partial-rib PR measured in on-chip transmission spectrum measurements are
plotted in Fig. 6.6 with launched light beams in TM-like and TE-like

Figure 6.6 Partial-rib PR conversion efficiencies in the transmission spectra.
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polarization, respectively.19 The PR provides on-chip optical insertion losses
as low as 0.5 dB and polarization extinction ratios higher than 13 dB for the
TM-like and TE-like inputs in broad wavelength over the C and L bands, the
lowest on-chip insertion loss and the widest spectral range as ever
reported.20,21 The loss is slightly higher for the TM-like input because of
higher side-wall-roughness loss for the converted TE-like polarization. A
higher electric field localized at the side walls leads to higher optical loss, as
discussed in Chapter 4. The adiabatic PR is suitable to in-line polarization
rotation for PICs such as integrated silicon-based MZ optical modulators for
digital coherent communication.22

The on-chip transmittance spectra measured with the all-adiabatic PDM
(450 mm long) are shown in Fig. 6.7.23 The transmission spectra for the TE0

guided mode launched to the first waveguide with the input beam to the above
waveguide are plotted in the left graph of Fig. 6.7. The on-chip insertion loss in
the conversion of the TE0 mode to the TM0 mode is less than 0.5 dB in the C and
L bands. The polarization extinction ratio is higher than 20 dB in the C and L
bands, which is limited by the polarization extinction ratio of the measurement
equipment. The transmission spectra for the TE0 guided mode to the second
waveguide with the input beam to the second waveguide in the bottom side are
plotted, on the other hand, in the right graph of Fig. 6.7. The on-chip insertion
loss for the unconverted TE0 mode is also lower than 0.5 dB in the C and L
bands. Thus, the all-adiabatic PDM is capable of polarization-division

Figure 6.7 On-chip transmission spectra of all-adiabatic PDM and its optical microscope
photograph.
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multiplexing for the two orthogonal polarizations with on-chip insertion loss less
than 0.5 dB with a high polarization extinction ratio beyond 20 dB in the C and
L bands. Similar all-adiabatic PDM circuits on a silicon-photonics platform have
been proposed theoretically and verified experimentally.24–26 The PDM is
suitable for small-footprint low-loss PDM circuits for integrated PDM IQ MZ
optical modulators on a silicon-photonics platform.27

Measurement data of on-chip optical insertion losses of 180-deg circular
and clothoid optical-waveguide bends are presented in Fig. 6.8 with the
computational characteristics described in Chapter 4. Measured on-chip
insertion losses agree well with the computational results in ranges of a circle
radius and minimum clothoid radius shorter than 20 mm. Measured on-chip
insertion losses are significantly higher than the computational results at radii
longer than 20 mm. A longer bending radius leads to a longer waveguide
length and thus a higher side-wall-roughness loss, which is not accounted for
in computational analysis. In the measured loss characteristics, a clothoid
bend with a 10-mm minimum radius seems to be optimal as low-loss optical
waveguide bends for PICs.

The optical loss of a silicon-based single MZ optical modulator that has a
lateral PN-junction rib-waveguide phase shifter can be estimated with the loss
data for each building block. For a 4-mm phase shifter, the optical loss is 3 dB
or lower in the C band according to the propagation loss coefficient in
Fig. 6.4. Two 1�2 MMIs lead to 0.42 dB in the C band according to the
average on-chip loss obtained above. The total length of the channel
waveguides will be 2 mm for a MZI and the input and output waveguides,
which will produce a 0.32-dB loss with a 500-nm channel optical waveguide in
the C band from the propagation loss coefficient in Table 6.1. The bending
loss using 10-mm minimum-radius clothoid will be lower than 0.1 dB for four
180-deg bends as shown in Fig. 6.8(c). Finally, by assuming a 3.3-dB coupling
loss for the input and output fiber coupling in Fig. 6.2, the total insertion
loss of a silicon-based integrated single MZ optical modulator is estimated to

Figure 6.8 (a) Mask layout example of optical waveguides including bends in a sample
chip. (b) and (c) Measured optical losses of circular bends and clothoid bends, respectively,
in comparison with computational characteristics.
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be 7.1 dB. Low-loss integrated MZ optical modulators will be realized on a
silicon-photonics platform.

6.1.2 Phase shift and chromatic dispersion

For the measurement and characterization of an electro-refraction phase shift
due to free-carrier plasma dispersion, a versatile method is the measurement
of the spectral transfer function of MZ optical modulators under a bias
voltage. The spectral transfer function under a DC reverse-bias voltage is
presented in Fig. 6.9 for an asymmetric MZ optical modulator that has
vertical PN-junction rib-waveguide phase shifters in the MZI arms.28 The MZ
optical modulator chip is inserted instead of the passive optical-waveguide
chip in the test and measurement apparatus depicted in Fig 6.1. The MZI
waveguide system has an excess length of 50 mm in each part of the channel
optical waveguide, as indicated with circles in one of the MZI arms, thus the
100-mm asymmetry of the channel optical waveguide in the MZI. Interference
fringes, which are characteristics of the asymmetry, are observed in the
spectral transfer function. The free spectral range (FSR) DlFSR of the inter-
ference fringes in a wavelength is �10 nm, which agrees very well with the
9.8-nm theoretical FSR obtained from the relationship DlFSR � l2/(neffDL),
where neff¼ 2.45 at a 1550-nm wavelength in Fig. 4.13 for a 500-nm channel
optical waveguide, and DL¼ 100 mm for an asymmetric MZI. An output
power of�15 dBm corresponds to an optical power transmittance of�15 dB
with an optical power of 0 dBm launched to the MZ optical modulator. The
interference fringes are useful measures to visualize the overall characteristics
of electro-refraction phase shift at a glance as dark contrast curves in the
pseudo-color plot at the bottom of the graph. Interference fringes are also
used to analyze the group refractive index and chromatic dispersion.5,29–34

Figure 6.9 Spectral transfer function under a DC reverse-bias voltage for an asymmetric
MZ optical modulator that has vertical PN-junction phase shifters, and a mask layout of the
asymmetric MZ optical modulator.
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Chromatic dispersion is produced by the wavelength dependence of the
effective refractive index.35,36 (Chromatic dispersion in silicon optical
waveguides is studied later in this subsection.)

One of the most essential performance factors is the voltage to produce
p phase shift, namely, Vp, as discussed in Chapters 3 and 5. The experimental
transfer function, which is obtained as a slice of the spectral transfer function
at a specified wavelength, provides Vp as a voltage difference between an
adjacent peak and bottom transmittance, as illustrated schematically in
Fig. 3.8 and indicated in Fig. 5.24. The measured Vp at room temperature is
against wavelength across the C and L bands in Fig. 6.10 with the respective
transfer functions. Wavelength dependence is not significant over the spectral
range: Vp is 2.5–2.6 V in the C band and 2.7 V in the L band.28 The slight
increase in Vp is produced by a extended mode profile of the fundamental
mode in the rib-waveguide phase shifter with increasing wavelength, as
described in Chapter 4. The wavelength dependence of free-carrier plasma
refraction is less effective than that of the mode-field profile. The MZ optical

Figure 6.10 Wavelength dependence of Vp and transfer function characteristics in the C
and L bands.
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modulator is useful for low-voltage optical modulators for high-capacity
optical networks in the C and L bands.

Phase shifts via free-carrier plasma refraction are independent of
temperature as studied theoretically in Chapter 5, and therefore the Vp of the
silicon-based MZ optical modulator will be independent of temperature. This is
verified in the characteristics of Vp plotted as a function of temperature in
Fig. 6.11.28 For a temperature increase up to 150°C, Vp is constant or even
slightly lower at higher temperatures. The refractive index of crystalline silicon
increases with temperature according to the TO coefficient in Eq. (5.16), and
thus mode fields are localized more inside silicon cores at higher temperatures,
and lead to the higher mode confinement in the depletion region, hence the
lowerVp at higher temperatures. This characteristic can be verified theoretically
by the semi-analytical and the computational methods in the previous chapter.
In summary, operation of a silicon-based MZ optical modulator without TEC
is thus permitted, and it serves as an energy-efficient optical modulator for high-
capacity optical networks in the broad spectral range.

Chromatic dispersion impairs high-capacity optical networks because it
stretches optical signals in the time domain and thus causes inter-symbol
interference.37,38 Therefore, the suppression of chromatic dispersion is crucial to
optical components in high-capacity optical networks at 100 Gb/s and beyond.
As mentioned above, spectral interference fringes of asymmetric MZ optical
modulators reflect spectral characteristics of group refractive index and
chromatic dispersion in a channel optical waveguide of excess length. Channel
optical waveguides occupy substantial portions of entire MZIs and predomi-
nate the group refractive index and chromatic dispersion. The measured
transmission spectra of test MZIs with 500-nm and 600-nm channel optical
waveguides are plotted in Fig. 6.12(a). The spectral phase is obtained from the
interference fringes in each transmission spectrum, as plotted in Fig. 6.12(b).

Figure 6.11 Temperature dependence of Vp at a wavelength of �1550 nm.
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Group refractive index and chromatic dispersion are defined as
coefficients of linear and higher-order polynomial terms of spectral phase
expanded in optical frequency.35 The coefficient of the linear term leads to the
group index; the coefficient of the second-order term leads to the most
dominant dispersion term, which is referred to as the dispersion parameter in
optical fiber communication; and the coefficient of third-order term leads to
the dispersion slope, which represents higher-order chromatic dispersion.35,39

Curve fitting with the experimental spectral phase using the polynomial terms
provides group refractive indices of 4.36 and 4.16 for 500-nm and 600-nm
widths, respectively, only for channel optical waveguides. The mode-matching
method provides computational group refractive indices of 4.18 and 4.05 for
500-nm and 600-nm channel optical waveguides, and 3.88 and 3.86 for
500-nm and 600-nm rib optical waveguides, respectively. The experimental
and computational group indices for the channel optical waveguides semi-
quantitatively agree with each other with respect to width dependence.
A discrepancy in the absolute values may be attributed to core cross-section
profile in the fabrication, such as rounded corners and slanted side walls.
Chromatic dispersion coefficients, however, cannot be determined accurately
in the curve fitting because these terms have minor portions in the spectral
phase and are affected significantly by residual errors in the curve fitting.

The chromatic-dispersion characteristics of channel optical waveguides can
be characterized by time-domain or spectral-domain interferometry meth-
ods.39–42 These methods allow accurate measurement of chromatic-dispersion
coefficients if a sample interferometer arm and a reference interferometer arm
are balanced each other in terms of pathlength. With a balanced interferometer,
the chromatic-dispersion coefficients can be determined experimentally from
spectral phase without resolution limitation by the background of linear
frequency term. A test sample chip containing folded straight optical
waveguides, as shown in Fig. 6.1, is inserted in the sample arm. In this book,
a chromatic dispersion measurement based on auto-stabilized dual-beam

Figure 6.12 (a) Measured transmission spectra of test asymmetric MZIs with 500-nm and
60-nm channel optical waveguides. (b) Spectral phases of the measured transmission
spectra and fitting curves.
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heterodyne spectral interferometry is described for silicon channel optical
waveguides of different channel widths. The apparatus of the auto-stabilized
heterodyne spectral interferometry is depicted in block diagram in Fig. 6.13.43

Chromatic dispersion characteristics of a photonic-crystal-based optical
waveguide on a silicon-photonics platform as well as optical components such
as semiconductor optical amplifiers, fiber Bragg gratings, and Fabry–Pérot
etalons have been analyzed experimentally by the auto-stabilized heterodyne
spectral interferometry in the C and L bands.44–46

A swept-wavelength single-mode laser provides a probe laser beam of
which a wavelength is swept in the C and L bands, whereas a fixed-wavelength
single-mode laser uses a phase-track laser beam for phase reference. Both of
the laser beams are launched to a PMF connected to an acousto-optic
frequency shifter (AOFS) that generates a frequency-shifter light beam for a
heterodyne beat. Here, the device under test (DUT) is a test sample chip that
includes silicon channel optical waveguides as used in the cut-back loss
measurements. The probe beam and the phase-track beam after the
heterodyne fiber interferometer are separated through a spectral channel
drop filter. The probe beam is detected with a DC PD, whereas the phase-
track beam is detected with an AC PD. The electrical PD outputs of the
former and the latter are input to a signal port and a reference port of a RF
lock-in amplifier. Detection of the differential phase between the probe and
phase-track beams at the lock-in amplifier allows accurate spectral-phase
measurement free from interferometer common-mode noise without active
stabilization of the heterodyne interferometer. A variable-delay line allows
adjustment of the reference-arm pathlength to balance both interferometer
arms at the center wavelength of the spectral phase.

Spectral-phase traces for 500-nm and 600-nm channel optical waveguides
of different lengths have been acquired by auto-stabilized heterodyne spectral
interferometry and are plotted against optical frequency in Fig. 6.14 with
the polynomial fitting curves (dashed lines) for the determination of
chromatic-dispersion coefficients. A frequency of 194.00 THz corresponds

Figure 6.13 Block diagram of a fiber-based apparatus for auto-stabilized dual-beam
heterodyne spectral interferometry.
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to a wavelength of 1545.3 nm. All of the experimental spectral-phase traces
yield a positive parabolic dependence on frequency, indicating that positive
second-order chromatic dispersion is dominant in the silicon channel optical
waveguides. The second order is the lowest-order chromatic dispersion.
Positive second-order chromatic dispersion, which is referred to as upward
chirping, implies that the lightwave in the higher optical frequency is
propagated slower in terms of group velocity than that in the lower optical
frequency.35 The channel optical waveguide of the narrower width yields the
higher chromatic dispersion because the area of the mode field depends more
strongly on wavelength and leads to higher dispersion of the effective
refractive index against wavelength. Asymmetry in the parabolic shapes is
caused by third-order chromatic dispersion. The fitting curves, each of which
comprises second- and third-order frequency terms, are fitted very well to the
experimental traces.

Second-order and third-order chromatic-dispersion coefficients obtained
in the curve fitting are plotted versus waveguide length in Fig. 6.15. The
coefficients are proportional to the waveguide length. Offsets at zero
waveguide length are attributed to a residual imbalance in the second-order
and third-order chromatic-dispersion terms in the optical system of the
measurement equipment and in some portion of the input and output nano-
taper MFCs. Chromatic-dispersion coefficients per unit waveguide length are
obtained as slopes of fitting functions, represented by solid and dashed lines in
Fig. 6.15 and listed in Table 6.4. Dispersion parameter D is related to the
second-order chromatic-dispersion coefficient in the following formula:

D ¼ � 1
L
:
v2

2pc
:
­2fðvÞ
­v2 , (6.4)

Figure 6.14 Spectral phase plotted against optical frequency for 500-nm and 600-nm
silicon channel optical waveguides.
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with waveguide length L. Positive or negative sign in dispersion parameter
implies anomalous or normal dispersion, respectively. By substituting the
second-order coefficient per unit length in Eq. (6.4) with 0.021 ps/mm for a
500-nm channel optical waveguide, we obtain D¼�0.0086 ps/nm/mm.
Assuming a wavelength bandwidth as broad as 0.8 nm, which is equivalent to
a 100-GHz frequency bandwidth in the C band, and a waveguide length as
long as 100 mm, the dispersion parameter leads to a group delay time of 0.7 ps
in absolute value. The group delay time is much shorter than a symbol
interval, which is 10 ps at a symbol rate as high as 100 Gbaud. The group
delay is regarded as a measure of optical signal broadening in the time
domain. Therefore, inter-symbol interference due to chromatic dispersion is
negligible in silicon-based PICs.

The modified FOM, defined as p/(Vp aPS lp ) in the previous chapter, has
been obtained experimentally for lateral and vertical PN-junction phase
shifters from the experimental data of optical loss and Vp. The modified FOM
obtained from the measurements is plotted in Fig. 6.16 as a function of the
reverse-bias voltage for lateral PN-junction rib-waveguide phase shifters
with a 500-nm rib width without and with compensation doping.47,48 The
higher performance of the compensation-doped phase shifter is verified at

Figure 6.15 Second- and third-order chromatic-dispersion coefficients plotted against
waveguide length.

Table 6.4 Second- and third-order chromatic-dispersion coefficients per unit length.

Waveguide Width Second-Order Coefficient Third-Order Coefficient

500 nm 0.021 ps/mm �0.00016 ps2/mm
600 nm 0.018 ps/mm �0.00020 ps2/mm
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reverse-bias voltages lower than 5 V. The junction will be fully depleted in its
central area at higher reverse-bias voltages, and there is no advantage to
compensation doping. The modified FOM for the vertical PN-junction phase
shifter, which is plotted with a larger solid circle, is lower than those of the
lateral PN-junction phase shifters. The compensation-doped phase shifter is
most suitable to an energy-efficient integrated optical modulator on a silicon-
photonics platform.

6.2 DC Electrical Characteristics

6.2.1 Current-voltage characteristics

Under a reverse-bias voltage, the direct current through a carrier-depletion
PN-junction phase shifter in the dark is dominated by the leakage current
through the PN junction. Current-voltage characteristics of lateral and
vertical PN-junction phase shifters in the dark are presented in Fig. 6.17.28,49

The absolute current through each PN-junction phase shifter under reverse
bias is substantially caused by current leakage, namely, dark current through
the PN junction. A negative DC voltage applied to the P-type region leads to a
reverse-bias voltage and thus carrier depletion. Leakage current in a lateral
PN-junction phase shifter 3 mm long is lower than 10–9 A under reverse-bias
voltages of 9 V or higher. A much higher leakage current is observed in a
vertical PN-junction phase shifter in MZ optical modulator, and junction
breakdown occurs at about 7 V.

The electric-field profiles under reverse-bias voltage, which are given by
the computational method described in Chapter 5, are also presented in
Fig. 6.17. The maximum electric field in a lateral PN-junction phase shifter
with a dopant concentration of �5�1017 cm–3 [Fig. 6.17(a)] is lower than

Figure 6.16 Modified FOM plotted against a reverse-bias voltage for lateral PN-junction
rib-waveguide phase shifters without and with compensation doping.
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6�105 V/cm, while the maximum electric field is as high as 7�105 V/cm in a
lateral PN-junction phase shifter with a dopant concentration the same as for
the lateral PN junction [Fig. 6.17(b)] and that with a dopant concentration up
to �1018 cm–3 [Fig. 6.17(c)]. The current-voltage characteristics of the lateral
PN-junction phase shifter have been acquired for the phase shifter in case (c).
Breakdown in the lateral PN-junction phase shifter occurs in the high-field
area of the PN junction.49 For a more efficient phase shift below the junction
breakdown voltage, a more uniform electric-field distribution is required to
expand the depletion region in the rib-waveguide core. Further design
refinements based on the computational method allow modification of the
doping profile generating a uniform electric field-distribution.

The temperature dependence of the absolute current at a reverse-bias
voltage of about 1 V is shown with a theoretical fitting curve in Fig. 6.18 for a
lateral PN-junction phase shifter in a MZ optical modulator with a dopant
concentration [Fig. 6.18(b)].28 The horizontal axis is scaled to the inverse of
temperature T. The dark current increases with temperature due to thermal
excitation of intrinsic carriers in crystalline silicon. In semiconductors like
crystalline silicon, of which electronic bandgap is relatively wide in energy, the
temperature dependence of the leakage current through a reverse-bias PN
junction is limited not by thermal diffusion but by thermal excitation of

intrinsic carriers.50 Therefore, the leakage current is proportional to T
3
2e�

EG
2kBT

theoretically, where EG and kB denote the bandgap energy of crystalline
silicon and Boltzmann constant, respectively. The exponential factor in the
theoretical expression dominates the temperature dependence of the leakage

Figure 6.17 Current-voltage characteristics of lateral and vertical PN-junction phase
shifters and computed electric-field profiles in (a) lateral and (b) vertical PN-junctions with a
concentration of �5�1017 cm–3, and (c) a vertical PN-junction with a dopant concentration of
�1018 cm–3.
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current, and thus the measured data are fitted by using the exponential term
with EG as a fitting parameter, as shown in Fig. 6.18. The result is 1.07 eV as
the EG in the curve fitting, which agrees very well with the reported bandgap
energy of silicon referred to in Chapter 5.51 The dark current can be a measure
of the temperature increase in a PN-junction phase shifter.

Photocurrents through the reverse-bias PN junction phase shifters in the
low-dopant concentration of cases [Fig. 6.17(a) and (b)] are clearly observed
when guided lights are launched to the phase shifters. Current-voltage
characteristics for the vertical PN-junction phase shifter with and without
photocurrent are shown in Fig. 6.19. The linear line drawn on the measured
data in the right graph has a slope of 1, implying that the photocurrent
increases linearly with the launched optical power. The source of the launched
light is a single-mode laser at a wavelength of 1550 nm, the photon energy of
which is much lower than the bandgap energy of crystalline silicon. Therefore,
there is no possibility of one-photon excitation. Two-photon excitation is also
excluded because of the linearity in the photocurrent. The absence of
two-photon excitation is consistent with the discussion in Subsection 6.1.1.

The photocurrent in reverse-bias silicon PN-junction rib optical wave-
guides has been observed and studied by several research groups.52–58 The
photocurrent phenomenon has been attributed to the photodissociation of
mid-gap defect centers such as divacancy complexes and the resultant
excitation of carriers from the defects.52,57,59,60 These defects reside in
crystalline silicon after a doping process that comprises ion implantation and

Figure 6.18 Temperature dependence of a dark absolute current through a vertical
PN-junction phase shifter in a MZ optical modulator: measurement data (solid circles) and a
theoretical fitting curve (solid line) at a reverse-bias voltage of about 1 V.
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thermal annealing for dopant activation. The idea of a defect-mediated
photocurrent is supported by the fact that the photocurrent increases with
dopant concentration from Fig. 6.19(b) to 6.19(c), as reported for other
silicon-based carrier-depletion phase shifters.55 A linear increase in photocur-
rent with launched laser power has also been confirmed in the literature.58 The
defect-mediated photoresponse in crystalline silicon has been applied to
silicon-based PDs in telecom wavelengths such as the C band.52–58

6.2.2 Microscopic imaging of the PN junction

During the fabrication of PN-junction phase shifters in integrated silicon-
based optical modulators, process simulators are used extensively to optimize
the doping conditions to achieve the desired profiles of PN junctions.61 After
fabrication, however, it is rare to implement structural inspection of the
fabricated phase shifters to characterize the PN-junction profile, including the
distribution of electrical charges. Chemical wet etching optimized for a
selective etching rate according to the species of local dopant ions was
employed to convert an invisible PN-junction profile into a visible wet-etch
profile in a SEM photograph.62 The chemical technique, however, has
technical limitations to reproducing the junction profile because etch
chemistry dominates the spatial resolution of the local dopant distribution,
and the etch profile is significantly affected by the shape of the host optical
waveguide. Recently, an all-electronic imaging method has been applied to
image local electronic charges in PN-junction phase shifters in nanometer-
scale imaging resolution.27 The method is based on scanning capacitance
microscopy (SCM), which was invented to map micro-capacitances in
electronic devices.63–67 Measurement of the AC conductance through a

Figure 6.19 (a) Reverse-bias current-voltage characteristics of a vertical PN-junction
phase shifter with and without launched guided light. (b) Launched optical-power
dependence of the photocurrent current of a vertical PN-junction phase shifter under a
reverse-bias voltage of 3 V in a log–log plot.
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nano-probe, such as an atomic-force-microscopy nano-tip capacitively
coupled to a surface of the DUT, allows accurate visualization of the local
distribution of electrical charges when the nano-tip is scanned over the
surface. Positive and negative charges are discriminated directly as positive
and negative signs in the conductance, respectively. Junction profiles of the
active regions in semiconductor LDs have been characterized by this
method.68,69 Cross-section images of vertical and lateral PN-junctions in
silicon rib-waveguide phase shifters have been acquired by SCM and are
presented in pseudo-color scale in Fig. 6.20.

The depletion region between P-doped and N-doped areas is clearly
displayed in the electronic charge profile. A TEM cross-section photograph of
a host rib optical waveguide is presented for reference. Analysis services based
on SCM are available commercially.70–72 One can verify with the SCM
images that the vertical and lateral PN junctions have been formed as
designed in the phase-shifter waveguides. The imaging method, therefore,
serves as an useful tool for the inspection and characterization of PN junctions
formed in phase shifters on a silicon-photonics platform. The image resolution
in SCM is better than 5 nm because of the nano-probe method. Dopant
concentration, however, cannot be measured accurately because the level of
AC current is affected by the condition of the sample surface, and so on.
There is also some trade-off between the dynamic range of the AC current and
the image resolution.

6.3 RF Frequency Characteristics

6.3.1 S-parameter characteristics

Electro-optic bandwidth is a major performance factor to evaluate high-speed
optical modulators and can be obtained in S-parameter measurement. The

Figure 6.20 Measured profiles of vertical and lateral PN-junctions in rib-waveguide phase
shifters by the SCM method based on nano-probe imaging.
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electro-optic response of an optical modulator is represented as a 2�2

S-matrix S
↔
, which has the following form:

S
↔
¼

�
S11 S12
S21 S22

�
, (6.5)

with S-parameters S11, S12, S21, and S22. Forward and backward
electromagnetic waves a1 and b1 at port 1 and a2 and b2 at port 2 are related
via S-matrix as73–77

�
a2
b2

�
¼ S

↔
�
a1
b1

�
: (6.6)

A block diagram of the S-parameter measurement apparatus for the
characterization of a silicon-based integrated optical modulator is depicted
in Fig. 6.21. In the characterization of electro-optic response S21, which
provides the optical wave output from the modulator with the RF wave input
to a traveling-wave electrode connected to a phase shifter in a MZI, is most
essential. The output optical power is detected with a high-speed PD and
converted to the electrical voltage output from the PD. The magnitude and
phase of the output electrical wave are detected as electro-optic S21 with a
vector spectrum analyzer. The electrical wave reflected from the traveling-
wave electrode is detected as S11.

The optical power is detected with the PD, which is a square detector; thus,
the output voltage from the PD must be divided by 2 at the dB scale to obtain
the electro-optic S-parameter that equals the electrical S-parameter.75–77

The magnitude of the electro-optic S-parameter |S21| is plotted in Fig. 6.22
for silicon-based MZ optical modulators that have 3-mm and 5-mm lateral
PN-junction phase shifters in different bias conditions. The shorter phase
shifter yields the higher electro-optic 3-dB bandwidth, �33 GHz, under a
reverse-bias voltage of 5 V.

Figure 6.21 Block diagram of the S-parameter measurement apparatus for a silicon-based
integrated optical modulator.
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6.3.2 Effect of parasitics

According to the lumped-element circuit model in the previous chapter, electro-
optic bandwidths of the modulators are limited by joule loss of input RF wave
in the series resistances in the PN-junction phase shifter. The shorter phase-
shifter length leads to the lower joule loss during the propagation of the input
electrical waves in the resistance-coupled traveling-wave electrode. Joule loss is
evident in the RF transmission characteristics of the traveling-wave electrode
connected to the PN-junction phase shifter (with PN) in comparison with the
traveling-wave electrode not connected with the PN-junction phase shifter
(without PN), as shown in Fig. 6.22. Impedance of the traveling-wave electrode
with a PN-junction phase shifter at a reverse-bias voltage of 5 V is lower
because of the junction capacitance, whereby the RF wave is pulled into the
shunt path. In addition to the joule loss in the phase shifters, RF absorption by
carriers due to residual dopants and intrinsic thermal excitation in the SOI layer
and the silicon substrate also causes attenuation of the RF wave. A high-
resistivity silicon substrate is crucial to reduce loss by eliminating residual
dopants.78–80 Intrinsic thermal excitation is essential and unavoidable. Thinning
the substrate thickness by mechanical polishing or chemical etching is effective
at reducing RF absorption due to intrinsic thermal carriers in the substrate.

If the reverse-bias voltage increases, the depletion region expands and the
junction capacitance decreases. A reduction in the junction capacitance leads
to lower AC coupling with the input electrical waves and hence lower joule
loss in the series resistance. The electro-optic bandwidth is thus increased by
increasing the reverse-bias voltage, although a higher junction capacitance
allows more efficient carrier depletion, and hence a lower Vp and higher
FOM. Enhancement of the electro-optic bandwidth and modulation speed of
silicon-based MZ optical modulators can be achieved by reducing RS.

Figure 6.22 Normalized electro-optic |S21| of a silicon-based carrier-depletion MZ optical
modulator and the RF characteristics of traveling-wave electrodes.
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Another factor limiting high-speed response is velocity mismatch, namely,
refractive index mismatch.76,82–86 The group refractive index of optical signal
waves must equal the phase refractive index of the input electrical signal wave
to avoid walk-off between optical and electrical signals in the time domain for
efficient optical modulation.76 An electrical signal wave is applied over an
optical wave packet in a symbol slot, and thus the group velocity of the optical
waves is involved.82 The group refractive index of a 500-nm silicon rib optical
waveguide, for instance, is 3.88 as the numerical group refractive index quoted
in Subsection 6.1.2. The phase refractive index of the traveling electrode, on
the other hand, is 3.2 in computational analysis based on FEM electro-
magnetic simulation. The roll-off frequency at 3-dB attenuation due to
velocity mismatch f3dB is obtained as85

f 3dB ¼ clight
2jnNW � nG-Optjl

: (6.7)

Here, clight, nMW, nG-Opt, and l denote the light velocity in free space, phase
refractive index of the traveling-wave electrode, group refractive indices of the
rib optical waveguide, and phase-shifter length, respectively. The phase
velocity of the input electrical signal is determined by nMW, and the group
velocity of the propagated optical waves is determined by nG-Opt. After
substituting nMW with 3.2 and nG-Opt with 3.88 in Eq. (6.7), the roll-off
frequency is as high as 150 GHz and 88 GHz with phase-shifter lengths of
3 mm and 5 mm, respectively. The effect of the velocity mismatch is,
therefore, less significant than the joule loss and the RF absorption.

6.4 Transient Characteristics

6.4.1 Response limitation by RC time constant

Two approaches are available to reduce series resistance: increase the height of
the side slab wings in the rib-waveguide core, or increase the dopant
concentration in the slab wings. The latter produces higher optical loss in the
phase shifter than the former because optical loss due to free-carrier absorption
increases superlinearly with dopant concentration, as shown in Eq. (5.13). The
former approach has been taken, and the slab height has been increased from
60 nm to 95 nm, as illustrated in Fig. 6.23. An increase in the slab height leads
to more stable propagation of higher-order modes, which are, however,
extended toward the heavily doped contact areas (Pþ and Nþ in Fig. 5.17) and
attenuated substantially due to high optical absorption in the contact areas.
Therefore, a quasi-single mode is achieved for rib-waveguide phase shifters with
a 95-nm slab height. Enhancement of the high-speed response due to a
reduction in the 2RSC time constant is evident in time-domain waveforms of
optical signals from the carrier-depletion MZ optical modulators with 4-mm
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lateral PN-junction phase shifters that have 60-nm and 95-nm slab heights in
Fig. 6.23. The series resistance is reduced from 8.2 Ω with a 60-nm slab height to
5.7 Ω with a 95-nm slab height. The junction capacitance is 1.6 pF at a reverse-
bias voltage of 5 V. The 2RSC time constant is thus reduced from 26 ps with a
60-nm slab height to 18 ps with a 95-nm slab height.87

Launched electrical signals are periodic square electric pulse trains with a
20.8-ps rise time and 21.4-ps fall time from a pulse pattern generator (PPG).
A change in the rise and fall times in the output signal waveforms of
modulated light is consistent with the estimation based on the equivalent
circuit model comprised of the parasitic elements. The series-resistance
reduction is remarkable in terms of the enhancement of the modulation speed
of a silicon-based integrated MZ optical modulator.

6.4.2 Intensity modulation characteristics at various modulation
speeds

High-contrast on/off intensity modulation in NRZ-OOK format has been
verified with 4-mm carrier-depletion lateral PN-junction rib-waveguide phase
shifters with a 95-nm slab height at bit rates up to 32 Gb/s in eye diagrams for
231 – 1 electrical PRBS data from the PPG, as presented in Fig. 6.24.3,87 The
apparatus shown in Fig. 6.23 has been used for eye-diagram measurements.
The extinction ratio is as high as 13.9 dB at 10 Gb/s and decreases to 11.3 dB.
Defined as ERdB in Eq. (3.7), an extinction ratio as high as 10 dB has been
confirmed at 40 Gb/s for a carrier-depletion MZ optical modulators with
3.5-mm self-aligned lateral PN-junction rib-waveguide phase shifters.88

Lateral PN-junction rib-waveguide phase shifters are, therefore, suitable to
low-loss integrated MZ optical modulators on a silicon-photonics platform
for high-capacity optical networks.

The high-speed performance of silicon-based MZ optical modulators is
verified in the results of eye-diagrammask tests in Fig. 6.25. A Bessel–Thomson

Figure 6.23 Block diagram of a time-domain optical-waveformmeasurement apparatus and
waveforms of an input electrical signal and the output optical signals from carrier-depletion
MZ optical modulators that have 600-nm lateral PN-junction rib-waveguide phase shifters.
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low-pass filter has been applied for the mask tests. Two types of mask have been
applied: a 10GBE mask commonly used in datacom networks, and a STM-64/
OC-192 mask, a standard mask in optical transport systems in telecomm
networks. Extinction ratios are slightly lower than the above data because of
the low-pass filtering for the mask tests. The mask margin is 10% or larger, as
summarized in Table 6.5.

Figure 6.24 Extinction ratio vs. bit rate.

Figure 6.25 Eye diagrams with a Bessel–Thomson low-pass filter for mask test.

Table 6.5 Extinction ratio and mask margin at 10.3�11.3 Gb/s.

Bit Rate 10.3 Gbps 10.7 Gbps 11.3 Gbps
Extinction Ratio (ERdB) 11.3 dB 11.6 dB 10.8 dB
Mask Margin (Mask Type) 27% (10GBE) 16% (STM-64/OC-192) 10% (STM-64/OC-192)
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6.4.3 Intensity modulation characteristics at high temperatures

High-speed optical modulation without TEC is essential for low-power optical
transceivers in energy-efficient high-capacity optical networks. Electrical
power consumption in compact-form-factor optical transceivers is a critical
issue. Operation of a silicon optical modulator without TEC allows the
electrical power reduction to meet the requirement for further electrical power
reduction in transceivers such as CFP2. Currently, III-V QCSE optical
modulators have been used in CFP2, in which electrical power is allocated to
thermo-electric control of the temperature-sensitive modulators. Modulation
characteristics of a silicon-based carrier-depletion MZ optical modulator that
has rib-waveguide phase shifters with a 1.5-V·cm VpLp in 10-Gb/s and 25-Gb/s
NRZ-OOK were studied at temperatures from 25°C to 55°C.89 At higher
temperatures up to 130°C, TEC-free optical modulation using a silicon-based
carrier-depletion MZ optical modulator having 3-mm vertical PN-junction rib-
waveguide phase shifters with Vplp as low as 0.81-V·cm has been demonstrated
in 10-Gb/s NRZ-OOK.28 The extinction ratio is higher than 10 dB in eye
diagrams and clear eye opening is observed over the entire temperature range
studied as presented in Fig. 6.26. The apparatus is essentially the same as that in
Fig. 6.23 except for the heater setup. A sample chip that includes the silicon-
based MZ optical modulator was attached to the top surface of a copper base
mount with a thermistor. A heater was set under the back surface of the metal
mount. An increase in the dark current through the phase shifter with the
monitored temperature of the thermistor in Fig. 6.18 proves an modulator
temperature that almost equals the base mount temperature. Peak-to-peak
voltage of the input electrical signal is 3.3�3.6 VPP, which is higher than the DC
Vp because of RF loss in the conductor electrode and the doped silicon areas.
Copper traveling-wave electrodes (instead of aluminum) are effective at
reducing the conductor loss and hence the peak-to-peak modulation voltage.90

Figure 6.26 Block diagram of an eye-diagram measurement apparatus and eye diagrams
at temperatures from 26°C to 130°C.
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6.4.4 Phase modulation characteristics and chirp parameter

A silicon-based MZ optical modulator can be used as a chirp-free phase
modulator in high-capacity optical networks. For phase modulation in the
BPSK format, for instance, phase shifters in bothMZI arms are driven in push–
pull mode to suppress frequency chirping, as described in Chapter 3.91–95

A block diagram in Fig. 6.27(a) indicates the setup for NRZ-BPSK modulation
using a silicon-based single MZ optical modulator. Complementary electrical
data are launched to the traveling-wave electrodes in the MZI arms. Output
optical signals from the phase modulator are received by coherent detection
with an optical modulation analyzer for constellation diagram measurement.
A discrete or accommodated single-mode tunable laser is utilized as a local
oscillator (LO) light source for coherent detection.96,97 A constellation diagram
in BPSK format for a carrier-depletion silicon-based single MZ optical
modulator that has lateral PN-junction phase shifters is shown in Fig. 6.27(b)
with a Q-factor defined in Eq. (3.13) as high as 20 dB.93 The MZ modulator is
driven in parallel push–pull mode.76 Schemes of push–pull modes will be
discussed in the next chapter.

Figure 6.27 (a) Block diagram of a push–pull MZ optical modulator and BPSK
constellation measurement. (b) 20-Gb/s NRZ-BPSK constellation diagram. (c) Histogram
of the a-parameter in a BPSK. (d) Characteristics of the BER of silicon and LN MZ
modulators.
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The modulator a-parameter (also known as the modulator chirp
parameter) is obtained experimentally by using Eq. (3.10) from the
constellation diagram and shown in histogram in Fig. 6.27(c). The average
modulator a-parameter is 0.05, and thus the silicon-based MZ modulator is
almost zero chirped. In Fig. 6.27(d), the BER for a silicon-based MZ
modulator is plotted as a function of the optical signal-to-noise ratio
(OSNR) and compared with the BER characteristics of an LN MZ
modulator. The penalty in the OSNR for the silicon modulator is lower than
1 dB at a BER of 10–11, and almost the same BER performance is achieved as
with the LN modulator. Silicon-based MZ optical modulators are suitable to
small-footprint zero-chirped phase modulators in high-capacity optical
networks.
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Chapter 7

Transmission Characteristics
of Integrated Silicon-Based
Optical Modulators

Integrated silicon-based MZ optical modulators are used in a variety of
optical-network domains. Applications in various modulation formats at
100 Gb/s and beyond are classified with respect to the transmission distance,
and the usage of silicon-based optical modulators is discussed in this chapter.
Then, the transmission characteristics of silicon-based optical modulators are
reviewed in terms of modulation formats such as NRZ-OOK and PAMn in
intensity modulation; BPSK, QPSK, DP-QPSK, and PDM nQAM in phase
modulation; and DMT in sub-carrier modulation. Characterization of
transmission performances is essential to evaluate optical modulators for a
given application. The apparatus for transmission characterization of silicon-
based optical modulators and their characteristics is described with respect to
the modulation formats. This part can be used as a reference document to
conduct transmission measurement of modulators. With the transmission
characteristics described there, the reader can verify that integrated silicon-
based optical modulators are suitable to a wide range of applications in high-
capacity optical networks.

7.1 Applications in Optical Network Domains at 100 Gb/s
and Beyond

Applications in optical-network domains are classified with respect to the
transmission distance (Fig. 7.1). Different applications in intensity-modulation
and phase-modulation formats are listed. Optical modulators are key
components for E-O conversion to generate optical signals in a variety of
modulation formats. Types of eligible optical modulators are indicated in the
applications in Fig. 7.1. Here, Si and III-V indicate integrated MZ optical
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modulators on silicon-photonics and III-V platforms, respectively, and LN
indicates a discrete LN MZ optical modulator.

The onboard optical interconnect application has the shortest reach with a
maximum distance of �1 m. A parallel optical interface provides an optical
interconnect between processors and memories on PCBs. The small footprint of
optical modulators is crucial for compact optical I/Os on PCBs. A intra-
datacenter rack-to-rack interconnect extends up to �1 km in distance. The
typical modulation format in these applications is NRZ-OOK in parallel fiber
channels. Four fiber channels, or four cores in a single fiber as shown in
Fig. 2.5, with 25 Gb/s NRZ-OOK per channel allow multiplication to 100-Gb/s
data throughput. In a LAN, optical signals are transmitted with a maximum
distance of 10 km in NRZ-OOK, PAM4, or DMT in WDM of an optical fiber.
Transmission at 25 Gb/s and 100 Gb/s in each of the four wavelength channels
allows 100 Gb/s and 400 Gb/s throughput, respectively. Compact optical
transceivers allow high-density optical interconnects of computers and servers
in datacenters and LANs.

In applications with a longer reach, where optical signals are transmitted
through optical amplifiers to compensate attenuation due to optical loss in a
transmission optical fiber, the OSNR of the optical signals is crucial because
the optical noise level is increased in optical amplifiers. Therefore, the lower
optical loss is required in the longer transmission span. The modulation speed
pertaining to the baud rate is also crucial to high-capacity transmission in
longer-reach applications because of serial transmission in the limited number
of transmission optical fibers installed in underground and undersea
pathways.

Figure 7.1 Classification of applications with respect to the transmission distance in
optical-network domains.
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In longer-reach applications, optical signals are transmitted in phase-
modulation formats in spite of the complicated optical-circuit layouts of phase
modulators because phase modulation with differential detection has the
advantage of a high OSNR, as described in Chapter 3. Photonic-integration
platforms enable the design and fabrication of small-footprint phase
modulators. In an inter-datacenter network (such as an application of growing
importance, DP-QPSK), 4QAM (100 Gb/s) in each of the four-wavelength
channels and 16QAM (200 Gb/s) in each of the two-wavelength channels are
employed as the major modulation formats, allowing 400-G DCI up to a
maximum distance of 120 km.1–4 In metro applications with a span of 80 km to
�1000 km, DP-QPSK and 16QAM are also used in 100 Gb/s and 400-Gb/s
networks, respectively. In a long-haul core network beyond 1000 km, in which
LN optical modulators have been used extensively, DP-QPSK is preferred if the
OSNR is critical, whereas 16QAM is used if a lower OSNR is allowable.

7.2 On–Off Keying and Pulse Amplitude Modulation

7.2.1 Apparatus and device for OOK transmission

The apparatus for optical data transmission in an optical fiber link with the
NRZ-OOK format at a bit rate of 11 Gb/s is depicted in Fig. 7.2. A parallel
push–pull carrier-depletion silicon-based single MZ optical modulator chip,
described in Chapters 3 and 6, mounted on a metal chip carrier is utilized for
optical-data generation with chirp-free transmission. Complementary electri-
cal signals DATA and DATA in 231�1 PRBS are applied to the input signal
ports of the traveling-wave electrodes on both MZI arms, respectively. The
output signal ports are terminated with 50-Ω resistors to eliminate back
reflection of the electrical signals. Lateral PN-junction rib-waveguide phase
shifters with a 600-nm rib width and 4-mm phase-shifter length are disposed in
the arms of the MZI of the MZ optical modulator driven in carrier-depletion
mode under DC reverse bias.5 The wavelength of the input CW light from a

Figure 7.2 Apparatus for OOK transmission measurement with a push–pull silicon MZ
optical modulator.
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single-mode laser was 1545.7 nm. The CW light was input to the silicon MZ
optical modulator chip in TE polarization with a lensed PMF. Modulated
light from the modulator was launched to a transmission optical fiber link by
optical coupling with a lensed fiber made of a standard-dispersion single-
mode fiber (SMF). The insertion loss of the modulator is lower than 10.5 dB
in the C band, including fiber coupling on both ends.

The transmission optical fiber link is SMF or dispersion-compensation
fiber (DCF) in different spans. The latter fiber, which yields chromatic
dispersion with the sign opposite that of the former fiber, has been introduced
in commercialized optical fiber transmission links extensively to achieve zero
accumulated dispersion and hence eliminate symbol interference in commer-
cial fiber links. By using SMF and DCF in different spans, transmission
performance metrics such as BER and optical path power penalty can be
characterized accurately. Variable optical attenuator 1 (VOA1) has been
inserted to adjust the optical power level of transmitted optical signals with
respect to the optical noise level of amplified spontaneous emission (ASE) in
EDFA. The spectral bandwidth of the optical noise has been limited within
0.1 nm around the optical signal spectrum through an optical bandpass filter
(BPF).6,7 In the eye-diagram measurement of transmitted optical signals, the
output fiber port of the link was connected to a high-speed optical receiver
module in a sampling oscilloscope for eye-diagram measurement and to a
high-speed PD connected to a BER tester (BERT) for BER measurement,
respectively. The optical power level input to the sampling oscilloscope or the
PD was adjusted to a specified level with VOA2.

In a parallel push–pull modulator, the phase shifters in the MZI arms are
electrically isolated from each other. Electrical signals DATA and DATA in
opposite polarities are applied separately to the respective arms.5,8,9 In this
configuration, the dual electrical outputs from a modulator driver are used to
generate the complementary electrical-signal pair, and therefore the voltage
amplitude from each driver output port is used only to modulate each PN-
junction phase shifter. Coplanar waveguides, which comprise traveling-wave
electrodes in the parallel push–pull optical modulator, have wide ground
planes suitable to RF signal isolation and yield characteristic impedance with
weaker dependence of the RF frequency than those of other traveling-wave
electrodes, such as coplanar strip lines.10 In contrast, a single electrical output
can drive the phase shifters in the both of MZI arms for series push–pull
optical modulators including compound-semiconductor QCSE MZ optical
modulators.11–15 In this configuration, two phase shifters in the MZI arms are
connected electrically in series. The voltage amplitude from a single driver
output port is required to produce twice that in the parallel push–pull
configuration. Coplanar-strip or slotline-type traveling-wave electrodes are
utilized instead of coplanar waveguides for electrical-circuit compatibility,
although the number of bonding wires for RF signals can be reduced by half.
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Silicon-photonics platform with common theoretical and experimental
analysis tools can be applied to integrated silicon-based optical modulators
in the both configurations. Therefore, the design, fabrication, analysis, and
characterization methods discussed in this book can also be applied to series
push–pull modulators without loss of generality.

A single-drive push–pull design can be used if the packaging footprint is
critical: planar space, such as for contact pads of the traveling electrodes on
the modulator chip and transmission RF lines on PCB, is reduced. The cost
for a single-end electrical driver may be lower than that for a dual-end
electrical driver with a circuit converter to isolate the dual ends. The single-
drive modulator, however, will suffer from the parasitic effect of PN-junction
capacitance, which limits the modulation speed more seriously than the dual-
drive modulator because dual phase shifters are connected in parallel to the
signal electrode and the junction capacitance is doubled in the single-drive
configuration. A lumped-element silicon-based MZ optical modulator, on the
other hand, can be driven directly with the digital outputs of electrical ICs
without electrical drivers. The phase shifters are much shorter than 1 mm in
length to suppress the traveling-wave effects at symbol rates of 25 Gbaud and
higher. Thus, high doping to the PN-junction phase shifters is required to
enhance the modulation efficiency with a drive voltage of �1 VPP, and the
optical loss of the phase shifters is significant. The lumped-element
modulators can be used mainly in onboard and intra-datacenter domains,
where the OSNR is not crucial.

7.2.2 Characteristics of OOK transmission

Measurements based on the apparatus above provide transmission character-
istics presented in Fig. 7.3. With increasing span from back (B)-to-back (B),
that is 0-km transmission, to 80-km transmission through SMF, the BER
increases and a higher OSNR penalty is imposed. Transmission through
DCFs provides similar BER characteristics. The optical path power penalty,
which is defined as the OSNR penalty at a BER of 10–3, is plotted as a
function of the accumulated dispersion and compared with that of a push–pull
LN MZ optical modulator.6 Positive accumulated dispersion is produced in
SMFs of different spans, whereas negative accumulated dispersion is
produced in DCFs of different spans. Dispersion tolerance is measured at
an optical path power penalty of 2 dB and leads to more than ±950 ps/nm for
a silicon-based modulator, which is comparable with that of the LN
modulator plotted in Fig. 7.3.16,17 The silicon-based optical modulator can
be used for transmission in NRZ-OOK at 11 Gb/s. The dispersion tolerance is
limited by residual frequency chirping, which causes distortion of optical
signals and hence inter-symbol interference, as shown in Fig. 7.3.

The transmission characteristics in NRZ-OOK can also be measured in
non-push–pull modulation with a single-arm drive, as shown with transmission
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eye diagrams in Fig. 7.4. A silicon-based single MZ optical modulator
packaged in an 18�14�8-mm3 ceramic-based metal housing has been utilized
in transmission measurements.18,19 (The package will be described in the next
chapter as an example of photonic-electronic packaging.) The thermal
expansion coefficient of crystalline silicon is 4.2 ppm/K, compared to the
6.9 ppm of ceramic. This value leads to a deformation of <1 mm with a chip
length of 5 mm and a temperature rise from 25°C to 80°C. The ceramic-based
metal housing is, therefore, suitable to high-reliability photonic-electronic
packaging on a silicon-photonics platform. Passive V-groove alignment to a
PIC on a ceramic base has been investigated.20

Figure 7.3 Transmission characteristics of a push–pull silicon MZ optical modulator in
NRZ-OOK.

Figure 7.4 Non-push–pull silicon MZ optical modulator in a ceramic-based metal package;
S-parameter characteristics; and transmission eye diagrams in 11-Gb/s NRZ-OOK.
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The extinction ratio of a silicon-based modulator operated under a DC
reverse bias of 10 V is as high as 13.7 dB in a back-to-back (BTB) eye diagram
of 11-Gb/s NRZ-OOK. Eye opening is still observed in the eye diagram after
transmission through a 100-km SMF of �1600-ps/nm accumulated disper-
sion. The electro-optic 3-dB bandwidth of the reverse-bias modulator is
12.5 GHz in S21 of the S-parameter characteristics. The voltage reflectance of
the input electrical signal is �9 dB at maximum.

The optical path power penalty of the package modulator is plotted in
comparison with that of a LN MZ optical modulator in the Fig. 7.5(a). The
optical path power penalty reaches a minimum at a positive accumulated
dispersion of about 500 ps/nm, which corresponds to �30-km transmission
through SMF in a dispersion parameter defined in Eq. (6.4) of 16 ps/nm/km.
This makes a significant difference qualitatively from the characteristics in the
zero-chirped push–pull NRZ-OOK in Fig. 7.3, where the minimum of optical
path power penalty occurs at zero accumulated dispersion. To understand the
reason why the minimum appears in positive accumulated dispersion, one
should note measured transfer characteristics as a function of reverse bias
voltage in the right graph of Fig. 7.5 and recall that carrier densities decrease
with the reverse-bias voltage in carrier-depletion PN-junction phase shifter,
thereby refractive index of the PN-junction phase shifter increases with
reverse-bias voltage due to free-carrier plasma refraction as we have studied in
Chapter 5. Positive accumulated dispersion in SMF is cancelled with a
negative modulator a-parameter.

The measured transfer curve yields a transmittance minimum at a reverse-
bias voltage of 7 V. The modulator thus operates in a high-voltage regime
over the voltage of the transmittance minimum. In this regime, both the
refractive index of the phase shifter and the output optical intensity from the
modulator increase with an increasing applied voltage, whereas both values
decrease with a decreasing applied voltage. Therefore, an increase in the
optical intensity leads to phase retardation and thus low-frequency shift,

Figure 7.5 Optical path power penalty and bias-dependent a-parameter of a non-push–pull
silicon MZ optical modulator in 10-Gb/s NRZ-OOK.
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whereas its decrease produces phase acceleration and high-frequency shift.21

The theoretical modulator a-parameter defined in Eq. (3.10) is expected to
be negative in this regime but positive in a low-voltage regime within the
voltage of the transmittance minimum. Experimentally, a modulator
a-parameter has been obtained by optical phase-delay measurement in RF
sinusoidal modulation that agrees with the theoretical discussion above.22 The
measured amod is �0.6 at a reverse-bias voltage of 10 V. Characteristics of
frequency chirping have been studied extensively for MZ optical modulators,
including silicon-based MZ optical modulators.23–29 In an LN MZ optical
modulator, amod of �0.7 has been reported.24 Silicon-based modulators yield
a transmission performance sufficient for onboard, intra-datacenter, and
LAN applications.

The feature described above for the modulator a-parameter allows
chromatic-dispersion compensation with a prechirped optical signal using a
simple configuration of a single-arm driver circuit at a specified transmission
span of optical fiber with a preconditioning reverse-bias voltage. Such a
method of precompensation has been shown to be useful on the basis of
theoretical analysis of optical pulse propagation and the equivalent circuit
analysis of semiconductor MZ optical modulators.29,31 The method can now
be exploited for transmission using silicon-based MZ optical intensity
modulators that have a dispersion tolerance of �80 ps/nm to 1240 ps/nm,
which is almost the same as that obtained for the LN modulator. Therefore,
the silicon-based optical modulator in the package is a candidate for
prechirped small-footprint MZ optical modulator as well as a zero-chirped
MZ optical modulator in NRZ-OOK transmission.

7.2.3 PAMn scheme

In PAMn fotmat, output optical intensity is modulated at multiple intensity
levels. In particular, PAM4 (where n¼ 4) has been extensively interested with
respect to high-capacity datacenter and various datacom applications.31 An
apparatus for PAM4 using a high-speed EML is presented, for example, in
Fig. 7.6.32 For generation of electrical signals in multiple levels, digital signal
processors are used instead of PPGs in binary modulation, and digital-to-
analog converters (DACs) allow electrical signal conditioning for PAM4 in
conjunction with linear voltage amplifiers. A back-to-back eye diagram in
56-Gbaud (112-Gb/s) PAM4 using an EML of 31-GHz electro-optic 3-dB
bandwidth is presented in Fig. 7.6. Four wavelength channels consisting of
equivalent setups are multiplexed to generate 400-Gb/s optical signals.
Silicon-based carrier-depletion MZ optical modulators that have lateral
PN-junction rib-waveguide phase shifters have been used to generate PAM4
optical signals at 100 Gb/s and beyond.33–35 Energy-efficiencient PAM4
modulation has been demonstrated at drive voltages from 1.2 V to 2.4 V at
36 Gb/s.36
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7.3 Phase-Shift Keying

7.3.1 Apparatus and device for PSK transmission

In PSK formats, there are basically two types of optical signal detection:
digital coherent detection with a local oscillator (LO) and direct detection
using a one-bit delayed interferometer without LO.16,37–43 The former scheme
requires high-speed digital signal processors for ultra-low-latency digital phase
retrieval routines and subsequent signal decoding processes.44–46 In the early
stages of PSK transmission, when high-speed digital processors were not yet
available commercially, the latter scheme was adopted in conjunction with
differential coding, whereby signals are encoded with reference to each
previous bit in the transmitter side, and thus a one-bit delayed interferometer
is essential for decoding without coherent detection using LO on the receiver
side. The detection scheme with differential coding is called direct detection or
delayed self-homodyne detection in modulation formats such as differential
phase-shift keying (DPSK) and differential quadrature phase-shift keying
(DQPSK), which accommodate BPSK and QPSK formats in conjunction
with the differential coding, respectively.38,43 A one-bit delayed interferometer
can be constructed by using an asymmetric MZ interferometer with two
output ports. An apparatus for BPSK with coherent detection or DPSK with
direct detection is depicted in Fig. 7.7. The silicon-based carrier-depletion
single MZ optical modulator chip driven in the parallel push–pull
configuration is used as a DUT for optical transmission performance in the
apparatus.6 Inline optical modules, VOA1, EDFA, BPF, and VOA2 are

Figure 7.6 Apparatus for 56-Gbaud PAM4 characterization with a 31-GHz EML.32
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installed for the same purpose as in the transmission measurement apparatus
in NRZ-OOK.

An optical hybrid circuit that comprises a passive 2�2 or 1�2 MMI as a
building block allows two optical outputs in mutually orthogonal phase states
of 90-deg-separated I and Q components.47–53 In the coherent detection
with LO, a 2�2 MMI is used for the 90-deg optical hybrid circuit, whereas an
asymmetric 1�2 MMI is used in the direct detection. These MMIs can be
designed according to the computational methods presented in Chapter 4.

Multi-level modulation formats such as QPSK and DQPSK in orthogonal
phase space have been employed extensively to increase the transmission
capacity without increasing the symbol rate. A quadrature optical modulator
that comprises I and Q sub-MZIs nested in a main MZI allows zero-chirp
generation of multi-level signals in the orthogonal phase components. Multi-
level optical signals are generated in 2D phase spaces spanned with I and Q
component axes, as shown in Appendix A.1, and each phase state is well
isolated from each other. Therefore, it is easier to achieve a low BER with IQ
modulation formats than with 1D multi-level intensity modulation. Integrated
small-footprint quadrature optical modulators on a silicon-photonics
platform have been reported with various designs of phase shfiters.54–57 A
silicon organic quadrature modulator has been also reported.58 A parallel
push–pull integrated silicon-based carrier-depletion quadrature MZ optical
modulator in a chip footprint as small as 3.5�2.9 mm2 is shown in Fig. 7.8
with an optical-waveguide layout and characteristics of integrated TO phase
shifters to generate a 90-deg I–Q phase difference and compensation of static

Figure 7.7 Apparatus for BPSK or DPSK transmission measurement with a push–pull
silicon MZ optical modulator.
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phase errors in each MZI. push–pull electrical driver circuits are shown only
to the Q-component. Quadrature MZ optical modulators have low-loss
compensation-doped lateral PN-junction rib-waveguide phase shifters with a
Vp of 8 V under 5-V reverse bias.56

Traveling-wave electrodes are of minimal length: Straight coplanar signal
electrodes on phase shifters are directly connected with contact pads on the chip
edges to avoid RF loss due to intrinsic carriers in the substrate and SOI layer.
The input and output optical waveguides are thus bent and laid underneath the
RF contact pads. Input and output MFC edge couplers are disposed on the side
facets to avoid interference with RF bonding wires. High-index-contrast silicon
channel optical waveguides allow strong mode confinement in the channel cores
and low optical bending loss and low optical absorption by electrode metals. The
optical insertion loss is 9–10 dB over the C band and L band using a lensed PMF
for TE-polarized CW input light and a lensed SMF for modulated output light.

Figure 7.8 Integrated silicon-based quadrature MZ optical modulator with optical-
waveguide layout and TO phase-shifter characteristics.
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Rib-waveguide phase shifters with a resistive heater in the side slab areas
have been reported as a small-footprint high-efficiency low-loss TO phase
shifter.59 The rib-waveguide TO phase shifters are integrated in line in the
arms of the main MZI to sustain a 90-deg (p/2) I–Q phase difference and in
the sub-MZIs to compensate static phase errors. Static phase errors in a sub-
MZI are generated by permanent fluctuations of the effective refractive
indices along the optical waveguides that comprise the sub-MZI.60,61 These
permanent fluctuations are caused by imperfections in fabrication processes
and in variations in the SOI layer thickness. In silicon-based carrier-depletion
MZ optical modulators in push–pull operation, all of the DC bias voltages to
the phase shifters are adjusted to optimize the modulation bandwidth and
modulation efficiency, and TO phase shifters are essential to cancel the static
phase errors independently. A low electrical current of 4.5 mA to the doped
resistive side-slab areas, which are electrically connected to each other in series
with a metal line in each TO rib optical waveguide, generates a 90-deg phase
shift. A dynamic TO response measured in the electrical current switching
yields rise and fall times of �10 ms. The TO phase shifters serve as an efficient
adaptive phase controller against ambient temperature fluctuations in
conjunction with the monitor PDs (described in Chapter 8). One of the two
TO shifters in each MZI is selected for modulator stabilization, although the
TO phase shifter is placed in each arm with the aim of achieving optical-path
symmetry of the MZI.

A block diagram of an apparatus for QPSK/DP-QPSK transmission
measurement is presented in Fig. 7.9. The apparatus for transmission in
QSPK is essentially the same as that for BPSK except it has a quadrature MZ
modulator instead of the single MZ modulator. A one-bit delayed
interferometer and balanced PDs are equipped for the I and Q components
for transmission in DQPSK. The other items are the same as for those in
NRZ-OOK and BPSK/DQPSK.

Figure 7.9 Apparatus for QPSK/DQPSK transmission measurement with a push–pull
integrated silicon-based quadrature MZ optical modulator.

180 Chapter 7

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



7.3.2 Characteristics of PSK transmission

The transmission performance of the silicon MZ optical modulator, just like
the one utilized in NRZ-OOK, is measured in the apparatus with a BPSK
measurement setup with coherent detection. In all of the PSK formats
throughout this book, NRZ coding is also selected. First, a back-to-back
constellation diagram in 11-Gb/s BPSK is compared with that in 11-Gb/s
NRZ-OOK, as presented in Fig. 7.10. The NRZ-OOK constellation diagram
has been acquired with the same apparatus and the same silicon-based MZ
optical modulator as in the BPSK modulation. Conditions of DC reverse bias
voltage and electrical signals in push–pull operation can be determined
according to the manner described in Chapter 3 in conjunction with the
schematic transfer characteristics in Fig. 3.8 for NRZ-OOK and in Fig. 3.10
for BPSK. The voltage amplitude required for 0-to-p phase modulation in
BPSK is twice as high as that required for on–off modulation in OOK. The
average optical power levels were adjusted as with VOA2 in constellation
diagram measurements in both types of modulation format. Signal voltage
amplitude in balanced detection in BPSK is theoretically twice as high as that
in single-end unbalanced detection in OOK as indicated in Fig. 7.10. Signal/
noise voltage amplitudes are indicated with the arrows and denoted as VOOK/
dVOOK in NRZ-OOK and VBPSK/dVBPSK in BPSK, whereby OSNR in BPSK
is coarsely estimated to be twice higher than that in NRZ-OOK. Optical data
in NRZ-OOK are received and converted to output electrical data by
unbalanced single-end detection, whereas those in BPSK are done by
balanced detection with two-port balanced PDs. Therefore, the detection
sensitivity in BPSK is theoretically predicted to be twice as high as the
sensitivity in NRZ-OOK with the expense of input electrical voltage
amplitude twice as high as that in NRZ-OOK.37 The measured constellation
diagrams yield experimental OSNR characteristics consistent with theoretical
predictions. The silicon-based single MZ optical modulator can be deployed
in high-sensitivity BPSK optical networks.

Optical-data transmission in transmission optical fiber using the silicon-
based MZ optical modulator chip has been performed in 20-Gb/s BPSK.62,63

Eye diagrams after transmission in SMFs and DCFs are presented in

Figure 7.10 Constellation diagrams of NRZ-OOK and BPSK at 11-Gb/s.
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Fig. 7.11. Similar shapes of optical signals in SMFs and DCFs imply that
optical signals launched to the transmission optical fibers are zero chirped.
Clear eye opening is observed in the transmission with accumulated dispersion
beyond 330 ps/nm in magnitude.

Computational analysis based on the nonlinear Schrödinger equation for
optical pulse propagation under slowly varying envelope approximation
provides numerical results for transmission eye diagrams.64–66 Computational
analysis based on the differential equation allows the numerical solution for
the transmission of optical signals in an optical fiber transmission link by
taking into account the theoretical performance characteristics of photonic
and electronic components, such as optical modulators and data-processing
electronic circuits. Commercialized simulation packages are available to
perform the computational analysis and provide numerical eye diagrams in
20-Gb/s BPSK (see Fig. 7.12).67 The numerical eye diagrams agree well with
the measured eye diagrams. Thus, integrated carrier-depletion MZ optical
modulators on a silicon-photonics platform can be added as modules of
photonic component library in design and analysis toolkits for high-capacity
optical networks.

Transmission characteristics in 20-Gb/s DPSK have been characterized in
terms of BER and optical path power penalty as shown in Fig. 7.13.
Measurement setup based on one-bit delayed interferometer for direct
detection in Fig. 7.7 has been utilized. The optical path power penalty
obtained as a OSNR penalty at a BER of 10–3 with respect to the back-to-
back OSNR yields dispersion tolerance in a range of �270 �þ280 ps/nm,
namely, a full span of 550 ps/nm. This is close to a theoretical estimate of
�730 ps/nm for NRZ-DPSK, which is extrapolated from the reported

Figure 7.11 Transmission eye diagrams of a push–pull silicon MZ optical modulator in
20-Gb/s BPSK.

Figure 7.12 Computational eye diagrams in 20-Gb/s BPSK.

182 Chapter 7

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



theoretical dispersion tolerance using a theoretically ideal optical modulator
at 42.7 Gb/s according to the quadratic dependence on bit rate.16

There seems to be a noise floor in the BER in 20-km SMF transmission.
In the direct-detection scheme, intensity noise of propagated optical data leads
to nonlinear phase noise due to optical nonlinear processes such as self-phase
modulation in addition to the linear static phase error, and impairs the BER
performance in optical-fiber transmission systems.39,68–71 The observed noise
floor may be caused by these phase noises.

Back-to-back constellation diagrams in 32-Gbaud QPSK in the C band
and L band with an electrical signal amplitude of 7 VPP to each phase shifter
are presented in Fig. 7.14. The constellation spot in each bit state is not
circular-symmetric but distorted due to imbalanced nonlinearity in the

Figure 7.13 Transmission BER and optical path power penalty of a push–pull silicon MZ
optical modulator in 20-Gb/s DPSK.

Figure 7.14 32-Gbaud QPSK constellation diagrams in back-to-back configuration.
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voltage-power transfer curve in each sub-MZ modulator, as discussed in
Chapter 5. This distortion is eliminated by a finite impulse response (FIR)
filter in digital signal processing, and clear constellation diagrams are
obtained. The integrated silicon-based quadrature MZ optical modulator can
be used for optical data transmission in QPSK.

Optical data transmission with the silicon-based quadrature modulator
has been characterized in 28-Gbaud DQPSK as back-to-back BER
characteristics and optical path power penalty in Fig. 7.15. The optical path
power penalty yields a minimum near zero accumulated dispersion, implying
that optical signals generated with the quadrature modulator are almost zero
chirped.

7.4 Polarization-Division-Multiplexed Quadrature Phase-Shift
Keying

7.4.1 Apparatus and device for PDM IQ transmission

In optical data transmission in PDM IQ formats such as nQAM including
DP-QPSK, a pair of quadrature MZ optical modulators are required to
generate optical data in two orthogonal linear polarization states and a PDM
optical circuit to multiplex optical data in both polarization compo-
nents.37,44,45 Silicon-photonics platforms allow integrated PDM IQ MZ
optical modulators in small footprints, as presented in Fig. 3.12 building
blocks for MZI and PDM optical circuits based on high-index-contrast
optical waveguides as studied in Chapter 4. Two examples of parallel push–
pull silicon-based carrier-depletion integrated PDM IQ MZ optical mod-
ulators are presented below. One of them has reverse-bias lateral PN-junction
rib-waveguide phase shifters with an 8-V Vp in the MZI arms.19 The adiabatic
partial rib polarization rotator and the directional coupler polarization

Figure 7.15 Transmission characteristics in 28-Gbaud DQPSK.

184 Chapter 7

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



combiner are integrated on chip with quadrature MZ modulator units for
x- and y-polarization components. Four high-speed modulator drivers, each
of which produces complementary electrical signal outputs DATA and
DATA, are required to feed amplified electrical signals to eight phase shifters
and were copackaged with the modulator chip in a ceramic-based metal
housing, as shown in Fig. 7.16. Electrical signals with voltage amplitudes of
3.3 VPP are applied to the phase shifters. With these voltage amplitudes, the
PDM IQ modulator allows optical data transmission up to 1000 km, although
the modulator is not operated at maximum transmittance.

In transmission up to 1000 km, a 100-km SMF loop circuit is connected to
the main transmission line with a 3-dB 2�2 SMF coupler.19 For example, in
1000-km transmission a burst packet of PRBS optical data is generated by
switching on and off an inline optical switch (SW) before the 3-dB coupler,
and another SW in the loop is synchronously switched off after the packet
travels ten turns through the loop. To recover optical loss in transmission
optical fiber, EDFAs are installed in the main transmission line before the first
SW and in the loop circuit. An optical modulation analyzer includes optical
and electrical instruments for the polarization demultiplexed coherent
detection of I and Q components and subsequent offline digital signal
processing.

The other modulator has reverse-bias vertical PN-junction rib-waveguide
phase shifters with a Vp of 2.5–2.6 V in the MZI arms. The low-voltage
modulator can be driven directly with PPGs in DP-QPSK or DACs in other
modulation formats, such as PDM 16 or 32QAM.68 The all-adiabatic PDM

Figure 7.16 Apparatus for DP-QPSK transmission using silicon PDM IQ modulator
copackaged with modulator drivers.
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circuit is integrated on chip with the quadrature MZ modulator units. The
modulator chip only was packaged in a ceramic-based metal housing, as
shown in Fig. 7.17. The voltage amplitudes of electrical signals from PPGs
and DACs are 1 VPP and 0.7 VPP, respectively, in each phase shifter. The
transmission fiber link with a 100-km SMF loop, as explained above, has been
employed in optical data transmission up to 1000 km in 32-Gbaud DP-QPSK.

7.4.2 Characteristics of PDM IQ transmission

Constellation diagrams in optical data transmission with the former carrier-
depletion PDM IQ modulator with the lateral PN-junction phase shifters are
presented in Fig. 7.18 with BER measured in the real-time oscilloscope. The
lowest detectable BER is 10–5 due to limited memory capacity for data storage
in the oscilloscope. In the constellation diagrams, OSNR is reduced and BER
is increased with increasing transmission span. Assuming soft-decision
forward error correction (FEC) with a 20% margin of data capacity, errors
can be eliminated as far as BER is lower than the threshold of 2.4�10–2.73

Therefore, error-free transmission is possible at a total SMF span of 2000 km
and beyond in DCI and metro networks.

For the latter carrier-depletion PDM IQ modulator with the vertical
PN-junction phase shifters, back-to-back constellation diagrams in 16-Gbaud
PDM 32QAM, 32-Gbaud PDM 16QAM, 32-Gbaud DP-QPSK and
48-Gbaud DP-QPSK are presented in Fig. 7.19.72 Clear constellation
diagrams are verified in all of the modulation formats investigated. Each
constellation diagram is highly symmetric, implying that there is no power
imbalance between the I and Q sub-MZI optical modulator units in

Figure 7.17 Apparatus for PDM IQ transmission using a low-voltage silicon PDM IQ
modulator without modulator drivers.

186 Chapter 7

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



x and y polarization states. The constellation spots are equally spaced along
I and Q axes in both of PDM 16QAM and PDM 32QAM; therefore, the PDM
IQ modulator has a high-linearity response to the RF drive voltage in this
voltage regime. The BERs are sufficiently below the FEC threshold. High-
capacity optical data generation beyond 100 Gb/s is realized with an energy-
efficient PDM IQ modulator. The highest symbol rate in DP-QPSK is almost
50 Gbaud. In digital coherent communication, digital-signal-processing algo-
rithms can be used to reduce receiver bit errors due to impairments such as timing
jitter and de-synchronization of sampling. To eliminate these impairments, a 1/2
fractionally spaced frequency-domain equalizer and carrier-frequency-offset

Figure 7.18 Constellation diagrams in 32-Gbuad DP-QPSK transmission.

Figure 7.19 Back-to-back constellation diagrams in PDM IQ formats.
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estimator have been implemented in digital-signal-processing algorithms.74,75 In
the equalizer, a 512-point FFT has been employed with tap weights based on the
minimum mean square error criterion.

The transmission characteristics of the PDM IQ modulator has been
characterized in 32-Gbaud DP-QPSK. Figure 7.20 depicts constellation
diagrams and BER characteristics of transmission optical fiber with spans up
to 2000 km. Clear constellation spots are observed in the diagrams, indicating
error-free transmission. The averaged BER over x- and y-polarization
components is plotted as a function of SNR per bit, which is converted from
the measured OSNR through the formula given in the literature.76 The
theoretical BER curve for QPSK (plotted as a dashed line) is based on
Appendix A.1. The measured BER can be well fitted with the theoretical BER
curve with a SNR penalty of 5.5 dB. Note that the modulator is evaluated
with a single performance parameter: the SNR penalty can be a FOM to
evaluate the dynamic link loss budget of the integrated silicon-based PDM IQ
modulator in high-capacity optical data transmission.

Optical transmission characteristics of a lateral PN-junction carrier-
depletion PDM IQ modulator monolithically integrated with PDM 90-deg
optical hybrids and balanced PDs in a PIC have been reported. Error-free
transmission has been verified in DP-QPSK with dual PICs at a combined bit
rate of 200-Gb/s in transmission-fiber spans up to 3000 km.77 Optical
modulation in PDM 8QAM and 16QAM have been demonstrated at a
symbol rate of 25 Gbaud. A silicon-based photonic–electronic integrated chip,
in which a linear BiCMOS modulator driver is integrated on a silicon optical
modulator chip by flip-chip bonding, has been reported, and error-free
modulation in 321.4 Gb/s (40.175 Gbaud) PDM 16QAM has been
demostrated.78 Capacitor-type carrier-accumulation phase shifters described

Figure 7.20 Experimental BER characteristics in 32-Gbaud DP-QPSK transmission
compared with the theoretical characteristics.
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in Subsection 5.2.3 are integrated in PDM IQ optical modulators on the
silicon optical modulator chip.

7.5 Discrete Multi-Tone Scheme

7.5.1 Apparatus for DMT transmission

A high transmission capacity is achieved in optical data transmission in DMT
format, as described in Appendix A.1 for short-reach applications.79 A non-
push–pull silicon-based carrier-depletion MZ optical modulator in a package,
which has an electro-optic bandwidth of 12.5 GHz and utilized in 11-Gb/s
NRZ-OOK (as shown in Figs. 7.4 and 7.5), has been exploited for DMT
transmission with the apparatus presented in Fig. 7.21.80 Electrical signals in
DMT format are generated digitally in a control PC, converted to analog
voltage signals by a 64-GSa/s DAC, and input to the reverse-bias lateral PN-
junction rib-waveguide phase shifter in the first MZI arm of the modulator.
The bias voltage to the phase shifter in the second MZI arm is adjusted to
cancel the static phase errors. Optical data in DMT format is launched to the
SMF up to 10 km. The transmitted optical power is directly detected with an
unbalanced single-end PD and output from a trans-impedance amplifier (TIA).
The output electrical signals are converted to digital data by a 64-GSa/s ADC
and demodulated in the control PC. The format is also classified as one of the
schemes based on IM-DD, and the transmission apparatus is simple and similar
to that for NRZ-OOK except for the high-speed electronics ICs of DAC and
ADC to convert between digital and analog data.

7.5.2 Characteristics of DMT transmission

Figure 7.22 presents the SNR and bit-allocation characteristics of the
respective sub-carrier components in DMT after 10-km SMF transmission
with different a-parameters. The reverse-bias voltage is adjusted to obtain a

Figure 7.21 Apparatus for DMT transmission.
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specific a-parameter according to the characteristics plotted with the transfer
curve as a function of reverse bias voltage in Fig. 7.5. In a negative a-parameter
of �0.72, a higher SNR and thus a higher bit allocation are achieved than in a
positive a-parameter ofþ0.64 because of the dispersion compensation with pre-
chirped optical signals as described for 11-Gb/s NRZ-OOK transmission using
the non-push–pull silicon-based optical modulator in Subsection 7.2.2. In
contrast to a data capacity of 66.3 Gb/s with a positive a-parameter, a data
capacity as high as 107 Gb/s is achieved with a negative a-parameter in 10-km
SMF transmission.

In Fig. 7.22, the BER for the silicon-based modulator in SMF transmission
with a negative a-parameter is plotted against transmission capacity.
Transmission in 2-km SMF yields almost the same BER as that in the back-
to-back counterpart. Therefore, a transmission capacity of more than 130 Gb/s
is verified in SMF transmission shorter than 2 km at a BER of 3.0�10–3,
the FEC threshold in DMT. This result leads to a transmission capacity of
116 Gb/s for 100-GbE payloads with a 12.5% FEC margin in a LAN
application. High-capacity optical data transmission at 100 Gb/s and beyond in
DMT format in IM-DD is realized by using a silicon-based optical modulator
designed and fabricated for 11-Gb/s NRZ-OOK. 100-Gb/s single-side-band
DMT transmission in 80-km SMF at a bit rate of 56 Gb/s using a silicon-based
MZ modulator and four-channel 100-Gb/s DMT transmission using integrated
DWM silicon-based modulators have also been reported.81,82

7.6 Note on Transmission Characteristics

The transmission performance of silicon-based MZ optical modulators
designed and fabricated for the intensity-modulation and phase-modulation
formats has been described with an emphasis on BER characteristics
because the BER limits are specified for the operation of optical modulators
in the practical optical network domains in Fig. 7.1. Optical, electrical, and

Figure 7.22 Transmission characteristics in DMT.
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electro-optical characteristics discussed in Chapter 6 are not sufficient to
evaluate silicon-based optical modulators in the optical-network applications.

In legacy optical networks, the BER is specified to be lower than 10–9.83 A
BER lower than 10–12 is required for the physical layer in optical ethernet.84

Silicon-based modulators with the BER characteristics in this chapter meet
these criteria. In the optical path penalty obtained from the BER
characteristics in 11-Gb/s NRZ-OOK, the silicon-based optical modulator
retains a power penalty nearly as low as that of the LN MZ optical
modulator. Further reductions in the optical loss in the PN-junction rib-
waveguide phase shifter, and hence a higher OSNR of the silicon-based
optical modulator, by a few decibels will lead to BER characteristics even
better than the LN modulator. Adjustments to the doping profile of the
PN-junction phase shifter are essential to reduce optical loss.

In the advanced phase-modulation formats of nQAM, a BER threshold of
2.4�10–2, more than several magnitudes of order higher than those of
NRZ-OOK, are accepted with a boost of digital signal processing such as FEC
and electrical signal equalization. 256-Gb/s optical signal generation below the
BER threshold has been confirmed in 32-Gbaud 16QAM format. A few-
decibels reduction in the phase-shifter loss will allow 512-Gb/s optical signal
generation in 32-Gbaud 32QAM, thereby application to 400G DCI.
Enhancement of the modulation speed of the phase shifter up to 64 Gbaud
allows optical signal generation toward 1 Tb/s in 64-Gbuad nQAM formats.
A silicon-based phase shifter with length <2 mm will generate 64-Gbaud
nQAM signals with an electro-optic bandwidth of 40 GHz or higher according
to estimations based on the electro-optic characteristics in Fig. 6.22. A higher
modulation efficiency than the present efficiency of silicon rib-waveguide phase
shifter is, however, essential to realize a phase shifter of such short length.
Silicon–germanium-alloy crystal is promising as a core material of high-
efficiency phase shifters because of its small effective masses, high mobilities of
carriers, and higher plasma-dispersion effect.85 A reduction in the series
resistance R in the phase shifter also allows enhancement of the modulation
speed. A couple of solutions have been devised to lower series resistance: design
modifications to shorten the lateral slab length, and silicon–germanium phase-
shifter design with a low series resistance.
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Chapter 8

Photonic–Electronic Integration
with Silicon-Based Optical
Modulators

Photonic–electronic integration is attracting more interest from scientists and
engineers in photonics because of its significance in the design and fabrication
of small-footprint optical I/Os and compact optical transceivers. In this
chapter, photonic–electronic integration is discussed with respect to two
aspects. The first aspect covers the technologies for integration with electronic
and photonic devices such as modulator drivers, TIAs, PDs, and laser diodes.
The integration technologies are classified according to integration methods
of devices from monolithic to package levels. Optical waveguides for vertical
coupling are also discussed in terms of 3D photonic integration. Emerging
photonic–electronic integration for optical performance monitoring is
discussed in the second aspect. Such monitoring is significant in fault
management for optical data transmission, and therefore, the integration of
optical performance monitoring in a small footprint is crucial for compact
optical transceivers. In this chapter, the forefront of photonic–electronic
integration for optical performance monitoring in optical modulators is
discussed.

8.1 Integration with Electronic and Photonic Devices

8.1.1 Monolithic integration

Monolithic integration technologies have been developed on III-V photon-
ics and silicon-photonics platforms. Although the silicon-photonics plat-
form emerged after 2002 (much later than the III-V photonics platform,
according to the literature), it has grown much more rapidly by taking
advantage of CMOS-based commercialized fabrication technology and has
now overwhelmed the III-V photonics platform in terms of the number of
integrated components per PIC.1–3 Monolithic integration technology on a
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silicon-photonics platform is more scalable and more suitable to roadmaps for
optical transceivers and AOCs of small or compact form factors. For instance,
PDM IQ MZ modulators, coherent-detection optical circuits, and high-speed
PDs have been integrated monolithically as a sub-assembly on a silicon-
photonics platform in applications for 400ZR compact pluggable coherent
optical transceivers in DCI and LAN domains at 400 Gb/s.4 Silicon-photonics
platforms have been combined with III-V photonics platform to fabricate
large-scale on-chip PICs.5 On the basis of these technological backgrounds,
the rest of this chapter focuses on integrated silicon-based MZ optical
modulators and their design and fabrication technologies on silicon-photonics
platforms.

Electronic circuits such as modulator drivers and trans-impedance
amplifiers for PDs can be monolithically integrated with photonics circuits
such as optical modulators and PDs, as illustrated in the front-end integration
shown in Fig. 8.1.6 Active transistor channels in electronic circuits are formed
in the thin silicon layer on the same SOI wafer as that of optical modulators.
The electron microscope photograph in Fig. 8.2 provides cross-sections of a
germanium PD and silicon–germanium transistor co-integrated on a SOI
wafer as an example of monolithic photonics and electronics integration.7,8

Monolithic integration of MZ optical modulators with electronic driver
circuits on a SOI wafer was also reported.9 In monolithic integration,
photonic circuits and electronic circuits must be designed under common
design rules to co-integrate both types of circuits in the same fabrication

Figure 8.1 Schemes of photonic and electronic integration.6

Figure 8.2 Cross-section TEM photograph of photonic and electronic devices in monolithic
integration.7
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process flow. This co-integration is sometimes a technological challenge
because the feature sizes and layer structures of photonic circuits and
electronic circuits are very different, and the differences cause trade-offs
between phonic and electronic circuits with respect to the adjustment of
fabrication-process conditions. The other two integration schemes in Fig. 8.1
can be also adopted for photonics and electronics integration if the restrictions
on the process adjustment cannot be eliminated or if some other device blocks
such as LDs are required. These schemes are described in the next couple of
subsections.

8.1.2 Wafer-bonding integration: silicon on silicon

The separate fabrication of photonic circuits and electronic circuits on
different wafers is easier than monolithic photonic–electronic integration on a
single wafer because different design rules can be adopted for these circuits
separately to adjust the fabrication processes of different feature sizes and
layer structures. A photonic wafer is obtained by the monolithic integration
described above. An electronic wafer is obtained by the most advanced
fabrication processes for a cutting-edge CMOS node. After the separate
fabrication, both wafers with the same diameter are stacked face to face and
then bonded with a thermal treatment to provide an integrated photonic–
electronic wafer, as illustrated in Fig. 8.3 with a top-view photograph of the
integrated photonic–electronic wafer and an electron microscope cross-section
of bonded VIAs through the photonic layer to the electronic layer.10

Photonic–electronic integration is similar to the back-end integration shown
in Fig. 8.1. Drawbacks include increased complexity, reduced yield in back-
end processes, and additional parasitic capacitances, inductances and
resistances that affect the electrical performance.

8.1.3 Die-bonding integration: III-V on silicon

For a higher degree of integration to realize further reductions in footprint
and profile, heterogeneous integration is exploited for photonic integration by
using wafers made of different material species. This scheme has been applied
to the fabrication of on-chip LDs on a silicon-photonics platform.5,11

Crystalline III-V compounds based on indium phosphide are most suitable
for long-wavelength LDs in spectral ranges such as the O, C, and L bands
covered in high-capacity optical networks because of high optical gain due to
a direct interband dipole transition in the spectral ranges.12 Crystalline group-
IV elements such as silicon and germanium, on the other hand, have indirect
bandgaps and generate electro-luminescence that is too weak to generate
optical gain.13 For on-chip LD integration, a III-V compound wafer is
separated into unit dies because the diameter of the III-V wafer is much
smaller than that of an SOI wafer and only a small portion of the SOI wafer is
used if wafer-to-wafer bonding is employed instead of die-to-wafer bonding.
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The III-V compound dies are bonded to form multiple QW gain media and
evanescently coupled to laser-resonator cavities made of passive optical
waveguides on the SOI wafer, as shown in Fig. 8.4.5

Die-bonding integration of novel III-V membrane LDs on silicon wafers
was reported, and room-temperature CW operation was confirmed.14,15 The
LDs were integrated on silicon wafers by means of die bonding using spin-
coated benzocyclobutene (BCB) as an intermediate adhesive.14 The structure
of a distributed feedback (DFB) membrane LD, in which the active region
consists of five GaInAsP QWs in a Bragg grating cavity with lateral current
injection, is shown in Fig. 8.5. The fabrication and integration processes of the
membrane LD include three-step regrowth to form a laser-cavity optical
waveguide with a lateral PIN structure, BCB bonding to the Si host wafer,
evaporation of current-injection electrodes, and formation of a surface Bragg
grating pattern, as presented in Fig. 8.6.14

High contrast of the refractive index in the vertical direction using the
silica bottom cladding leads to high optical intensity confined in the laser
cavity. Thus, the thin-film LD yields an external differential quantum

Figure 8.3 Integrated photonic–electronic wafer with face-to-face wafer stacking and
bonding.10

202 Chapter 8

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Figure 8.4 Photograph of III-V compound dies bonded on an SOI wafer and schematic
illustration of an active optical waveguide in heterogeneous integration.5

Figure 8.5 Illustrated and SEM images of a DFB membrane LD (image reprinted courtesy
of N. Nishiyama, Tokyo Institute of Technology).

203Photonic–Electronic Integration with Silicon-Based Optical Modulators

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 23 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



efficiency as high as 35% with an injection current as low as 1.7 mA.16 The
current was injected in the lateral PN diode though the electrodes formed on
both sides of the cavity. A single longitudinal mode of CW laser light was
generated with a side-mode suppression ratio of 40 dB.16 The membrane LD
can be coupled to silicon-photonics circuits such as integrated silicon-based
MZ optical modulators via vertical optical interconnect described in
Subsection 8.1.5. The membrane LD is eligible for high-efficiency integrated
laser sources in optical I/Os and compact optical transceivers with a high
packing density. The heterogeneous die-bonding methods serve as versatile
design and fabrication platforms to integrate laser diodes for one-chip optical
transceivers in small footprints and low profiles.

8.1.4 Hybrid integration

The third approach of photonic–electronic integration shown in Fig. 8.1 is
hybrid integration based on flip-chip bonding. The electronic chip and
photonic chip, as shown in Fig. 8.7, are fabricated in separate lots based on
different design rules and process conditions.17 The chips are then flip-chip
bonded with copper-pillar micro-bumps by die-bonder equipment. An electric
connection between the photonic and electronic chips is achieved by flip-chip
bonding. In the fabrication of electronic wafers, the most advanced silicon
platform for the cutting-edge CMOS node can be applied to create small-
footprint, energy-efficient electronics circuits. For monolithic photonic
integration, on the other hand, a silicon-photonics platform that uses

Figure 8.6 Fabrication and integration processes of a DFB membrane LD (image reprinted
courtesy of N. Nishiyama, Tokyo Institute of Technology).
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fabrication equipment for legacy CMOS nodes can be used for monolithic
photonic integration. Flip-chip bonding is more established than monolithic
integration and wafer/die-bonding integration. (The silicon PIC presented in
Fig. 2.5 was fabricated by flip-chip bonding.)

Photonic-electronic integration by flip-chip bonding has been applied to a
variety of applications.6,17,18 A parallel-channel silicon-photonics interposer
designed for on-chip optical interconnects, like that shown in Fig. 8.8, has
been fabricated by flip-chip bonding.6

8.1.5 Optical coupling and packaging

Coupling to I/O optical fibers is required to modularize the monolithic optical
modulators in photonic–electronic packaging with fiber pigtails. There are

Figure 8.7 (a) Electronic chip and (b) photonic chip are flip-chip bonded face to face with
(c) copper-pillar micro-bumps.17

Figure 8.8 Silicon-photonics interposer for on-chip optical interconnects.6
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three methods for the packaging: (1) spatial lens coupling, (2) butt-joint edge
coupling, and (3) direct-contact surface coupling.

1. Spatial lens coupling is the most mature traditional method for the
optical coupling of planar optical waveguides and I/O optical fibers. An
example of photonic–electronic packaging using spatial lens coupling is
presented in Fig. 8.9. The integrated MZ optical modulator chip shown
in Fig. 3.7 was mounted on a ceramic-based metal chip carrier and
connected to high-frequency feed-through electrodes and 50-Ω termi-
nators on the chip carrier.19 A pair of aspheric singlet lenses for beam
collimation and focusing were set in each side facet of the chip for
coupling to the I/O pigtails of a PMF for input and an SMF for output.
The chip and the chip carrier were accommodated in a metal housing
hermetically sealed in a package 28 mm long, 10 mm wide, and 8 mm
high, including two screw-mounting flange pieces. The transmission
characteristics of the packaged silicon-based MZ optical modulator in
10G OOK are described in Chapter 7.

2. For butt-joint edge coupling, MFCs that include nano-tapers can be
used.20–22 An example nano-taper MFC is presented in Fig. 8.10. The

Figure 8.9 Photonic–electronic packaging of an integrated silicon-based MZ optical
modulator chip using spatial lens coupling to I/O fiber pigtails.

Figure 8.10 Suspended nano-taper MFC for low-loss edge coupling.
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MFC is suspended in air with silica side beams supporting silica
cladding.22 The nano-taper was formed using a silicon rib optical
waveguide, and thus it has the shape of stepped tandem tapers to
prevent radiation escaping from the MFC. Light propagated through a
silicon photonic circuit is emitted from the nano-taper, confined inside
the suspended silica clad, and propagated through the cladding as the
propagated field plotted in pseudo-color scale in Fig. 8.10. Therefore,
the suspended silica cladding also serves as an outer silica core. At the
edge facet, the output mode field is expanded over the outer silica core
in 9-�6-mm2 cross-section. The suspended MFC shown in the SEM
photograph allows coupling efficiencies as high as 80% and 70% for
TE- and TM- polarization modes and fiber-alignment tolerances as
large as ±2.8 mm and ±2.1 mm at 1-dB excess optical loss in horizontal
and vertical directions, respectively.22 High-efficiency, large-tolerance
I/O fiber coupling has been achieved with the suspended MFC.

The butt-joint edge coupling allows low-profile photonic-electronic
packaging as presented in Fig. 8.11. The PDM IQ MZ optical
modulator chip in Fig. 8.11 was accommodated in a ceramic-based
metal housing with modulator drivers, bias tees, and 50-Ω termina-
tors.19 Differential dual-end electrical drivers commercialized for
32-Gbaud LN MZ optical modulators were utilized as modulator
drivers. To convert the differential dual-end outputs from the driver to
the isolated single-end inputs to the modulator, a planar converter
circuit was copackaged and wire-bonded to the contact pads of the
traveling-wave electrodes on the modulator. For the butt-joint edge
coupling, fiber-guiding grooves such as V-grooves were formed in front
of the I/O suspended MFCs on the chip, as shown in the optical-
microscope photographs in Fig. 8.11, by a deep-trench wet etching
process after the monolithic integration processes summarized in

Figure 8.11 Low-profile photonic–electronic packaging of an integrated silicon-based PDM
IQ MZ optical modulator chip with butt-joint edge coupling to I/O fiber pigtails.
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Fig. 3.14. The I/O pigtails of the input PMF and output SMF were butt-
joint coupled to the suspended MFCs with index-matching gel coatings
on the cleaved facets of the I/O fibers. The outer dimension of the
hermetically sealed metal housing is 35�15�4.5 mm3. The height of
4.5 mm includes a top metal lid, which is not shown in Fig. 8.11. The
low-profile small-footprint photonic-electronic packaging is suitable
for compact-form-factor optical transceivers such as the CFP series for
high-capacity data transmission in advanced modulation formats in
metro-area optical networks and datacenter interconnects at a bit rate
of 100 Gb/s or beyond per wavelength channel. The transmission
characteristics of integrated silicon-based PDM IQ MZ modulators in
photonic–electronic packaging are described in Chapter 7.

Butt-joint edge coupling to I/O MFCs along the fiber-guiding
grooves in Fig. 8.11 allows photonic–electronic packaging in a profile
as low as 4.5 mm, as described above. The modulator chip and the
modulator drivers have been assembled within a housing footprint of
15�35 mm2. The small-footprint, low-profile photonic–electronic
packaging is suitable to pluggable optical transceivers such as the
CFP-series modules described in Chapter 1.

3. Grating couplers, as shown in Fig. 8.12, enable direct-contact surface
coupling to I/O fibers in photonic–electronic packaging.9,23–26 The
advantages of the grating couplers are a large fiber-alignment tolerance
and the ability to conduct on-wafer optical testing without dicing.
Alignment tolerance larger than ±2 mm at 1-dB excess optical loss was
reported inmeasurements, andmore than ±2.5mmat 0.5-dB excess optical
loss in numerical analysis.27,28 Photonic-electronic packaging based on
the surface coupling was implemented for a QSFP module for AOC
application as presented in Fig. 8.13. An array of I/O fiber ribbon was
directly contacted and glued to the surface of an array of grating couplers.17

Figure 8.12 Grating coupler for direct-contact surface coupling.11
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The emission or incidence angles of the grating couplers are determined by
the diffraction angles of gratings patterned in their slab optical waveguides
because the grating couplers are essentially diffraction gratings.23,24,29 This
implies that the optical coupling efficiencies of the grating couplers depend
strongly on the wavelengths of light emitted from or incident to the grating
couplers. Therefore, butt-joint edge coupling using nano-taper optical
waveguides is more suitable to optical coupling in photonic–electronic
packaging of integrated optical modulators for optical transceivers with low
profiles and compact form factors in broadband WDM transmission of high-
capacity optical networks.

In high-capacity optical networks, the SMF, which transmits an optical
mode that has a mode-field diameter of �10 mm, has been used extensively.
For high-efficiency optical-fiber coupling, the optical mode field with a sub-
micron diameter must be expanded up to 10 mm by using MFCs in the above
methods. This is a challenging task for edge couplers in particular because
the top silica layer of an MFC must be deposited in thickness more than
several micrometers to expand the mode field closer to that in an SMF. Such
a thickness is far beyond the allowable thickness of the silica layer deposited
in the ordinary CMOS process and makes silicon-photonics fabrication
processes cumbersome. Therefore, small-core single-mode fiber supporting a
mode field with a diameter of �4 mm or smaller has often been used instead of
an SMF for the edge coupling.20 In this case, the top silica layer, which is a
few microns thick and can be deposited on the basis of CMOS fabrication
processes, allows high-efficiency coupling to the small-core fiber. To establish
fiber coupling using small-core fiber as a practical method in photonic–
electronic packaging on a silicon-photonics platform, a reduction in mode-
mismatch loss in splicing the SMF and small-core fiber remains an issue. This
issue has been resolved recently by applying a heat gradient in the splicing
process to produce a profile of tapered, thermally expanded core along the
light-propagation direction in small-core fiber, as illustrated in Fig. 8.14.
A fiber-coupling loss of 1.5 dB or lower, including a splice loss <0.2 dB,

Figure 8.13 Photonic–electronic packaging of an integrated silicon-photonics optical
transceiver chip in a QSFP module using direct contact surface coupling.17
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has been realized in edge coupling with a nano-taper MFC.30 Very high-
efficiency edge coupling with a loss lower than 1 dB will be possible with the
latest high-efficiency, suspended nano-taper MFC fabricated by high-
resolution photolithography developed for the latest CMOS node.31

There is another aspect to optical coupling with respect to optical access
in a PIC on a silicon-photonics platform. For complex layouts in on-chip
photonic–electronic integration (illustrated in Fig. 8.15), vertical optical
couplers allow 3D optical interconnections to access multiple PIC layers
stacked vertically on each other.32 The membrane LDs integrated by the die-
bonding method can be optically coupled by vertical optical couplers. Two
types of vertical optical-coupler waveguides have been designed, fabricated,
and characterized for 3D optical access on a silicon-photonics platform.32

Figure 8.14 Schematic cross-section of tapered, thermally expanded core in small-core
fiber spliced to an SMF.

Figure 8.15 Illustration of a 3D PIC, and illustrated and SEM images of grating couplers for
vertical optical interconnection on a silicon-photonics platform (image reprinted courtesy of
N. Nishiyama, Tokyo Institute of Technology).
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One of them is layer-to-layer grating-coupler pair with back-side metal
mirrors in Fig. 8.15. A hydrogenated amorphous silicon layer of 220-nm
thickness deposited by plasma-enhanced CVD, as well as a 220-nm-thick
crystalline SOI layer, provides the core materials for the grating couplers.
A grating coupler is 5 mm wide and �13 mm long (640 nm�20 periods).
A vertical coupling efficiency up to 85% per grating coupler pair was obtained
with gold mirrors in both sides opposite the emitting faces.32

The other type is an adiabatic waveguide coupler using a pair of nano-
taper optical-waveguide MFCs, as shown in Fig. 8.16. The amorphous silicon
layer and the SOI layer have also been used also for the nano-taper MFCs as
the core materials. A vertical coupling efficiency as high as 87% was obtained
with a pair of cascaded, double linear nano-taper MFCs 190 mm long. The
nano-taper MFC pair can be used as a high-efficiency vertical optical
interconnect without back-side metal layer deposition but in a larger footprint
than that of the grating coupler pair.32

8.2 Integration of Optical Performance Monitoring

8.2.1 Technical background

Optical performance monitoring plays a crucial role in the fault management
of optical data transmission.33–36 The optical characteristics of the ER and
OMA of the optical intensity modulators and the Q-factor of the optical phase
modulators affect the performance of the optical networks in which the
modulators are deployed via the BER and OSNR. With respect to silicon-
based MZ optical modulators, the temperature dependence of the refractive

Figure 8.16 Nano-taper optical-waveguide MFCs for vertical optical interconnection on a
silicon-photonics platform (image reprinted courtesy of N. Nishiyama, Tokyo Institute of
Technology).
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index of host materials such as crystalline silicon causes temperature dependence
of the static phase errors and thus a temperature-dependent imbalance in the
MZIs, whereby all of the optical characteristics above deteriorate due to drift in
the ambient temperature. The temperature dependence of the refractive index
also influences the deviation of the I–Q phase difference from 90 deg and causes
a BER due to crosstalk between the I and Q components. All such impairments
lead to faults in optical data transmission.

To recover error-free transmission, the TO phase shifters must be
controlled adequately to generate phase offsets counter to the static phase
errors and the deviation of the I–Q phase difference. For this purpose, it is
necessary to monitor the phase states in MZIs in the operational optical
modulators. A simple monitoring method applies small-amplitude pilot
electrical signals, which are single-frequency trigonometric, saw-tooth, or
square-wave signals superimposed on input electrical data, to the RF phase
shifters in the MZIs to be controlled; after that, a portion of the output optical
power is monitored by photodetection and then the phase states of the MZI
with phase comparators are extracted with reference to the phase of the
original pilot signals. Monitor PDs are thus integrated with the optical
modulators for performance monitoring.

8.2.2 Conventional approach

In conventional approach to integrate monitor PDs with optical modulator,
discrete PDs are copackaged with optical modulators.37,38 In the off state
of a single MZ optical intensity modulator consisting of straight optical
waveguides and a Y-branch splitter/coupler, for example, the output light is
not launched to the output optical waveguide but emitted out of the Y-branch
coupler as a radiation mode (see Chapters 3 and 4). A fraction of the optical
power of the radiation mode is incident to a monitor PD placed beside the
Y-branch coupler, as illustrated in Fig. 8.17, and the phase of the MZI is
detected with reference to the original phase of the pilot electrical signal.37

Figure 8.17 Optical-waveguide layout diagram of a single MZ optical modulator with a
monitor PD.
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8.2.3 Optical layout for integration

In integrated silicon-based MZ optical modulators, 1�2 MMIs are used for
MZI splitters and couplers. In contrast to a Y-branch coupler, the output
light in the OFF state is not coupled to the radiation mode but to the first
higher-order mode of the output optical waveguide after the small-footprint
2�1 MMI coupler on a silicon-photonics platform. Propagation in the
first higher-order mode in the output optical waveguide will be verified
experimentally with the near-field mode profile of the output light in the
OFF state in the following subsection. Performance-monitoring circuits for
integrated silicon-based MZ optical modulators thus comprise monitor PDs
and passive monitor optical waveguides that are coupled to the output
optical waveguides to extract the first higher-order mode from the output
optical waveguides. Selective optical coupling to the first higher-order
mode in the OFF state with a monitor optical waveguide is schematically
shown in Fig. 8.18.39

In the ON state, the output light is coupled to the fundamental mode
m ¼ 0 of the output channel optical waveguide due to constructive
interference and is launched to the output optical fiber. In the OFF state,
however, destructive interference leads to the generation of radiation-like
output light, which is not coupled to the fundamental mode but to the first
higher-order mode m ¼ 1 because its mode-field profile overlaps efficiently
with the field profile of the OFF-state light. The OFF-state light is therefore
propagated as the first higher-order mode in the output channel optical
waveguide. To suppress the first higher-order mode and support only the
fundamental mode in the output optical waveguide, the width of the channel

Figure 8.18 Selective extraction of the first higher-order mode in the OFF state with
monitor optical waveguide.
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waveguide is narrower than 450 nm. Optical loss due to the side-wall
roughness is, however, higher with a waveguide width narrower than
450 nm, according to the width dependence of optical loss (see Chapter 6).
A significant portion of the mode field of the first higher-order mode is
distributed in the silica cladding region and efficiently coupled to the
monitor channel optical waveguide placed in a side of the output channel
optical waveguide. The both waveguides in the parallel layout form a
directional coupler. The spacing between the output and monitor
waveguides is 500 nm, which is too wide for the fundamental mode to
transfer from the output waveguide to the monitor waveguide. The first
higher-order mode is selectively extracted from the output channel optical
waveguide. The width of the monitor waveguide is 600 nm, wider than the
output-waveguide width, and thus the higher-order mode is more tightly
confined as shown in Fig. 8.18 and propagated in the monitor waveguide
stably. This scheme of the first higher-order mode transfer is regarded as
adiabatic mode transfer, analogous to the adiabatic-mode conversion
discussed in Chapter 4.40

One may argue that more straightforward circuit design of optical
performance monitor is possible if 2�2 MMI is employed for the combiner,
where the two output ports are allocated both to optical signal output and
optical performance monitoring. Structural symmetry of a 1�2 MMI,
however, allows a constant and stable optical power-splitting ratio between
the optical signal power output and the optical performance monitoring
against change in a wavelength channel over the wide range of temperature
without electrical power consumption for active tuning of the power-splitting
ratio. Thereby, an optical performance monitoring circuit using a 1�2 MMI is
suitable for compact transceivers such as CFP series, for which electrical
power consumption is critical.

Monitor PICs, each of which comprises a passive monitor channel optical
waveguide and a monitor PD, as described above, can be monolithically
integrated with MZ optical modulators on a silicon-photonics platform. The
monitor PICs integrated with a PDM IQ optical modulator on a silicon-
photonics platform is presented with an optical-waveguide layout diagram in
Fig. 8.19.41 Six monitor PICs are integrated beside the output optical
waveguides of sub-MZ optical modulator units and I and Q quadrature
optical modulators as white circles in the top-view microscope photograph.
The locations where the monitor PICs are integrated are shown in the
schematic layout of the optical waveguides that compose the modulator. The
modulator chip is the same as presented in Fig. 3.12. The monitor PICs are
embedded in the small footprint with germanium PDs.

Extensive research and development have been devoted to germanium PDs
for many decades. Early efforts on discrete germanium PDs for high gain-
bandwidth optical detection in long-wavelength optical-fiber communications
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were reviewed.42 Research and development efforts for germanium PDs on
crystalline silicon wafer started in the 1980s, where germanium active layers
grown on crystalline silicon contained dislocations and defects induced by strain
due to a mismatch in the lattice constants between silicon and germanium.43

Strained Si1�xGex superlattices on crystalline silicon were also introduced to
manage strain and attain high photodetection responsivity in the near-infrared
spectral region.44 Strained superlattices were used as buffer layers for strain
relaxation, vertical incidence germanium PDs were studied, and high-speed
photodetection was demonstrated.45–48

Strained germanium PDs on an SOI platform without buffer layers have
now been studied and exploited to PICs on a silicon-photonic platform
extensively because of its high compatibility with silicon-photonics optical
waveguide systems designed and fabricated on SOI wafers.49–51 Strained
germanium PDs with PIN junctions allow high-responsivity photodetection
in a long wavelength extending to the L band because of efficient
photocarrier extraction in PIN junctions and a bandgap reduction under
tensile strain.49,51 Evanescently coupled optical-waveguide germanium PIN
PDs are most suitable to applications such as monolithic silicon-photonics
PICs.52–57 High-speed PDs and integrated balanced PD units were developed
on the basis of PD technology on silicon-photonics platforms.58,59 Germanium
avalanche photodiodes (APDs) were developed for silicon-based PDs with a
high gain-bandwidth product in optical data transmission.60–63 Extensive
research and development on the germanium PDs are reviewed in the
literature.56,64,65 To enhance responsivity in the L band and further spectral
extension to the mid-infrared region, a germanium–tin alloy and crystalline
silicon doped with deep-level impurities such as zinc atoms have been
applied.66,67

Figure 8.19 Monitor PICs integrated with a PDM IQ optical modulator on a silicon-
photonics platform.
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8.2.4 Photonic integrated performance-monitoring circuit

The operational principle of performance monitoring based on the selective
extraction of the first higher-order mode has been proved experimentally with a
PIC device specially designed for proof of the principle.39 A passive monitor
optical-waveguide circuit for the first higher-order mode extraction is shown in
Fig. 8.20 with a near-field image of optical modes from the output and monitor
optical waveguides. An asymmetric single MZI and a monitor optical waveguide
coupled to an output optical waveguide comprise the passive optical-waveguide
circuit as shown in the plan-view microscope photograph in the top. The
monitor optical waveguide is coupled to the output optical waveguide with a
coupling section as short as 9 mm, as depicted in the optical-mask layout
drawing in the middle. The near-field image at the bottom was captured with
broadband light from an ASE source in the C and L bands launched to the input
optical waveguide of the asymmetric MZI. Some portions of the broadband
light, which satisfy constructive interference in the asymmetric MZI, are
propagated in the fundamental mode through the output optical waveguide,
while the rest portions, which cause destructive interference in the asymmetric
MZI are propagated in the first higher-order mode and transferred to the
monitor optical waveguides with transmission characteristics in Fig. 8.21. The
double-peak profile in the near-field image is characteristic of the first higher-
order mode propagated in the monitor optical waveguide. Counter phases in the
spectral fringes of the transmission spectra imply interference condition, namely
constructive or destructive interference, which is reversed between the output
lights from these waveguides, according to the principle described above.

Various types of strained germanium PDs have been reported, such as an
evanescently coupled PD in waveguide configuration, normal-incidence
metal–semiconductor–metal PD, and normal-incidence APD, as shown in
Fig. 8.22.57 An evanescently coupled germanium PD is most suitable to

Figure 8.20 Silicon-based asymmetric MZI with a monitor optical waveguide and near-field
image of the output optical power profiles.
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monitor PICs on a silicon-photonics platform. As illustrated in Fig. 8.23, the
germanium photoconductive layer is grown on an SOI layer, both of which
act as the core of the PIN-junction PD optical waveguide connected to a
front-end PIC. Guided lightwave propagated through the PD optical
waveguide is evanescently coupled to upper germanium layer and photoelec-
tric conversion occurs along the propagation direction the PD waveguide.56

Photocurrent characteristics of evanescently coupled germanium PDs are
presented in Fig. 8.23. The peak responsivity is about 0.6 A/W at a wavelength
of 1540 nm for an isolated, evanescently coupled germanium PD connected
with a single straight channel optical waveguide. The responsivity of the PD is
higher than 0.2 A/W even at the longer wavelength edge of the L band because
of the red shift of the electronic bandgap under tensile strain in crystalline
germanium and the enhanced long-wavelength optical absorption in the
evanescent PD as long as 60 mm. The photocurrent is more than three order
higher than the dark current at a DC reverse bias of 5 V or lower with an
optical power of 0 dBm (1 mW) launched to the single straight channel optical

Figure 8.21 Transmission spectra in output and monitor optical waveguides.

Figure 8.22 (a) Evanescent waveguide-type germanium PD, (b) normal-incidence metal–
semiconductor–metal germanium PD, and (c) normal-incidence germanium APD.57
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waveguide. The evanescently coupled germanium PIN-junction PD has been
integrated with the passive optical-waveguide circuit of the test monitor PIC
described above, and the operation of the monitor PIC is been verified with the
spectral response of photocurrent in Fig. 8.23.39 The maximum photocurrent is
4�10–5 A with 0-dBm optical power launched to the test PIC. The first higher-
order mode propagated though the monitor optical waveguide in the OFF state
is efficiently converted to photocurrent with an ON/OFF photocurrent contrast
higher than 10 dB. Thereby, the monitor PIC with the evanescently coupled
germanium PD is suitable to performance monitoring in small-footprint
integrated optical modulators on silicon-photonics platforms.

8.2.5 All-silicon performance monitoring

Photocurrent is also generated in reverse-bias vertical PN-junction rib-waveguide
phase shifters, as shown in Chapter 6, although the level of photocurrent in the

Figure 8.23 Responsivity spectrum, current-voltage characteristics, and spectral response
of photocurrent in a test monitor PIC.
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phase shifter is one order lower than in a germanium PD.68 Therefore, the phase
shifters in the MZI, as shown in Fig. 8.24, can be used as monitor PDs built
in integrated MZ optical modulators. The phase shifters allow simultaneous
monitoring of the optical power from input CW LDs for performance
monitoring. Separate monitor PDs are required to sustain input optical power
and accurately control emission wavelength.69 The built-in monitor function
in the phase shifters will open a way to advanced packaging of LDs with
integrated optical modulators on a silicon-photonics platform with reduced
photonic components such as discrete PDs. All-silicon performance monitoring
is possible. In addition to performance monitoring, a high-speed response in the
photocurrent detection is verified, which indicates the potential of vertical
PN-junction phase shifters for the high-speed detection of transmitted optical
data in 10-Gb/s and 32-Gb/s NRZ OOK in the C and L bands as eye diagrams
(Figs. 8.24(a)–(d), which have been acquired in 10-km SMF transmission).
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Appendix

A.1 Bit Rates and Modulation Formats in High-Capacity Optical
Networks

A.1.1 Bit rates

Transmission capacity is measured as the bit rate, as mentioned in Chapter 2.1

Bit rate is the total number of bits contained in the symbols transmitted per
second. The number of bits per symbol depends on the modulation format
selected in the optical networks in which optical data are transmitted. Bit rate is
measured in various units, such as 1 b/s, with a unit prefix (as listed in Table A.1)
according to the transmission capacity of the optical network involved.

One byte contains eight bits. A Blu-Ray disc, for instance, accommodates
digital content up to 50 GB in dual layers (25 GB per layer), and thus 400 Gbit
in dual layers. All of the contents can be transmitted in 4 s in a 100-Gb/s optical
transmission system and in 1 s in a 400-Gb/s optical transmission system.

A.1.2 Formats in intensity modulation

The most basic format in intensity modulation is binary modulation, called
on–off keying (OOK) or amplitude-shift keying (ASK), in which each symbol
contains one bit of information in IM-DD transmission systems.2 The optical
modulator in use has the highest power transmission Ton in the ON state “1,”
whereas it has the lowest power transmission Toff in the OFF state “0.” Eye
diagrams generated in two OOK formats are illustrated in Fig. A.1. One is
non-return-to-zero (NRZ) format, and the other is return-to-zero (RZ)
format, respectively. The former format is more extensively used than the
latter because slower electronics can be used for electrical on–off signal
generation and higher spectral efficiency can be achieved with the narrower
modulation frequency bandwidth of the NRZ-OOK format. The latter format
is employed if symbol interference in the time domain is an issue. The both
formats yield schematically the same constellation diagram, which is a graphic
representation of the modulated signals in a complex electric-field plane
spanned with the real axis of the in-phase (I) component and the imaginary
axis of the quadrature (Q) component, respectively.
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Multi-level intensity modulation formats, called pulse amplitude modula-
tion (PAMn), have been employed to increase the number of bits per symbol,
i.e., bit rate. Here, a numeric n stands for the number of modulated intensity
levels, and n ¼ 2Nbit with the number of bits Nbit. If the letter is 4, which
represents the format of PAM4, one symbol contains four intensity levels,
namely two bits (Nbit¼ 2). An eye diagram and a constellation diagram in
PAM4 are shown in Fig. A.2. This format has been developed for high-
capacity WDM datacom links such as 400-Gb/s ethernet.3 The multi-level
intensity modulation formats are more sensitive to noise than OOK because
fractional intensity levels are assigned to the modulation bits.

A.1.3 Formats in phase modulation

Binary phase-shift keying is the most fundamental modulation format in
phase-shift keying (PSK).2 The schematic optical power and envelope field eye

Table A.1 Bit rates with unit prefixes.

1 megabit per second, 1 Mb/s¼ 106 b/s
1 gigabit per second, 1 Gb/s¼ 109 b/s
1 terabit per second, 1 Tb/s¼ 1012 b/s
1 petabit per second, 1 Pb/s¼ 1015 b/s
1 exabit per second, 1 Eb/s¼ 1018 b/s
1 zettabit per second, 1 Zb/s¼ 1021 b/s
1 yottabit per second, 1 Yb/s¼ 1024 b/s

Figure A.1 Eye diagrams of NRZ-OOK and RZ-OOK, and a constellation diagram in both
formats.

Figure A.2 Eye diagram and constellation diagram in PAM4.
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diagrams are presented in Fig. A.3 with a schematic constellation diagram in
BPSK. One symbol in this format contains one-bit data of 0 and p.
Experimentally, the field diagram can be acquired in differential voltage
outputs from a photoreceiver. Zero-chirp modulation using a push–pull MZ
optical modulator is anticipated. An intensity dip observed in the power eye
diagram in PSK is caused by a bit transition between 0 and p levels,
characteristic of push–pull modulation. (See Chapter 3 for more details on the
operational principles of push–pull optical modulators.) This format allows
for an improvement in receiver sensitivity in comparison with OOK, whereby
the SNR in signal detection is increased.4

Quadrature phase-shift keying (QPSK) is more suitable to high-capacity
optical networks because one symbol contains two bits, one bit in the I
component and another bit in the Q component.3 Power and envelope field eye
diagrams and a constellation diagram are shown schematically in Fig. A.4.
Four states of carrier phase are separated by p/2 between adjacent phase states.
Two levels are observed in an intensity dip according to two types of trajectory
paths. One type of trajectory goes through the origin in transition between
p/4- and 5p/4-phase states or between 3p/4- and 7p/4-phase states. The other
type of trajectory between adjacent phase states does not go through the origin
but provides a half-intensity dip. The I and Q components are orthogonal, and
so these components can be represented mathematically with cosine and sine
trigonometric functions, respectively. A push–pull quadrature optical modula-
tor is used for optical signal generation in this format. In digital coherent
communication, which is the most advanced communication system in optical
transport networks, data in the QPSK format are multiplexed in two
orthogonal linear polarization states. The format with PDM is called dual-
polarization quadrature phase-shift keying (DP-QPSK), which is the most
fundamental modulation format in PDM IQ schemes.5,6

Figure A.3 Eye diagrams, constellation diagram, and time-domain waveform in BPSK.
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Quadrature amplitude modulation (QAM) accommodates multi-level
intensity modulation in conjunction with QPSK.5 The number of signal levels
in QAM is denoted as a numeric in front of QAM (nQAM). Similar to PAMn,
n ¼ 2Nbit , whereby nQAM contains Nbit per symbol. Schematic envelope field
eye diagrams and a constellation diagram in the case of four bits per symbol
(e.g., 16QAM) are presented in Fig. A.5. The minimum number of bits is two,

Figure A.4 Eye diagrams, constellation diagram, and time-domain waveform in QPSK.

Figure A.5 Eye diagrams and constellation diagram in 16QAM.
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which implies that 4QAM is equivalent to QPSK. This format is most suitable
to increase transmission capacity with an increase in the bit multiplication of
optical intensity. However, noise is more serious, and a higher SNR is
required with an increased number of bits, similar to PAMn. Polarization
multiplexing of the nQAM data is also exploited in digital coherent
communication. Details on the transmission characteristics associated this
type of modulation formats is described in Chapter 7.

A theoretical BER has been derived for nQAM including QPSK on the basis
of Gray coding under additive white Gaussian noise.7 The BER is plotted in
Fig. A.6 as a function of the SNR from QPSK (Nbit¼ 2) to 256QAM (Nbit¼ 8).
One can verify that a higher SNR per bit is required with increasing multiplicity
to sustain a specified BER. Square QAM with even Nbit is more efficient than
rectangular QAM with odd Nbit in terms of SNR. This difference is qualitatively
explained on the basis of schematic constellation diagrams in 8QAM (Nbit¼ 3)
and 16QAM (Nbit¼ 4). In the rectangular QAM, there are unused states as
indicated with white circles, and the space is not filled sufficiently with signals.

A.1.4 Format in sub-carrier modulation

A discrete multi-tone (DMT) has been exploited for digital subscriber metal-
cable lines and further developed for high-capacity WDM datacom links as
400-Gb/s ethernet. This format is classified as a sub-carrier modulation format
based on IM-DD.9 The modulation scheme is illustrated in Fig. A.7 according
to Ref. 9. Signals in a DMT comprise the sub-carrier components, and the
modulation format of each sub-carrier component is determined by the
response of the transmission line at the center frequency of each component.

Figure A.6 Theoretical BER characteristics of nQAM.
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Transmission capacity is increased by allocating a higher degree of multi-level
modulation format to a sub-carrier component exhibiting a better response.

A.2 Kramers–Kronig Transformation

A.2.1 General principle

A mathematical formula based on the Kramers–Kronig transformation allows
converting the optical absorption spectrum into the refraction spectrum and
thus has been extensively used to characterize the dispersive characteristics of
various optical materials and structures.10,11 The dispersion relation has derived
from the causality of the linear response of polarizability to an external field,
and mathematically from Cauchy’s theorem on the complex analytical function
and also his principal value integral. The Kramers–Kronig formula has been
obtained simply with two steps that comprise a Fourier transform of the
causality step function and then a Fourier transform of the convolution integral
in the linear response including the causality step function.12 These steps lead to
the well-known formulae written as10–12

xRðvÞ ¼
2
p
P
Z

`

0
dv0 v

0xIðv0Þ
v02 � v2 (A.1)

and

xIðvÞ ¼ � 2v
p

P
Z

`

0
dv0 xRðv0Þ

v02 � v2 (A.2)

for the real and imaginary parts of polarizability xR and xI. Refractive index
n0þDn(v) and absorption coefficient a(v) are related with the polarizability
terms through the relation

xRðvÞ þ ixIðvÞ ¼
�
n0 þ DnðvÞ þ i

caðvÞ
2v

�
2
: (A.3)

Here, n0 and Dn(v) denote the background refractive index and refractive
index term, respectively, related to the source of the optical response causing

Figure A.7 Modulation schematic in DMT.9
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the optical absorption. The refractive index term and optical absorption
coefficient are analytic functions, thus producing the following formulae:13

DnðvÞ ¼ c
p
P
Z

`

0
dv0 aðv0Þ

v
02 � v2

(A.4)

and

aðvÞ ¼ � 4v2

pc
P
Z

`

0
dv0 DnðvÞ

v
02 � v2

: (A.5)

A.2.2 Computational method

The refractive index term defined in Eq. (A.4) can be produced computation-
ally by implementing a numerical algorithm of Cauchy’s principal value
integral.14,15 The dispersive lineshape plotted in Fig. A.8 is a numerical result
of the refractive index term obtained from the mathematical function of the
Lorentzian peak for the optical absorption spectrum. The dispersive lineshape
agrees well with the mathematical form of the refractive index term in the
classical theory of a damped harmonic oscillator driven under an AC electric
field. The computational method is applied to derive the numerical electro-
refraction spectrum from the experimental optical absorption spectrum
associated with electronic states in biased semiconductor quantum wells.

Figure A.8 Computational optical-absorption and refraction spectra for a Lorentzian
absorption peak.
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a-parameter, 37

A
absorption coefficient, 235
active optical cable (AOC), 18
avalanche photodiode (APD), 218

B
backplane, 18
baud rate, 12
beam propagation method (BPM),
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beat length, 74
Bessel–Thomson, 160
binary phase-shift keying (BPSK),
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bit error rate (BER), 13, 35
bit rate, 12, 230
buried oxide (BOX), 42

C
carrier scattering, 101
C form-factor pluggable (CFP), 2,
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chemical vapor deposition (CVD),
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chromatic dispersion, 147, 148, 150
clothoid, 144
compact-form-factor optical
transceiver, 1

compensation doping, 112, 113
complementary metal–oxide–
semiconductor (CMOS), 3

constellation diagram, 36

coplanar waveguide (CPW), 32
current-continutity equations, 115
cut-back measurement, 137

D
dark current, 152
datacenter, 18

interconnect (DCI), 9
depletion region, 104, 106, 109, 113,
153, 156, 158

dielectric permittivity, 63, 64, 93
digital-to-analog converter
(DAC), 179

directly modulated laser (DML), 14
discrete multi-tone (DMT), 234
dispersion parameter, 150
Drude model, 92, 95
dry-etching, 42
dual-polarization quadrature phase-
shift keying (DP-QPSK), 232

E
effective refractive index, 70
eigenmode-expansion
method, 66

electro-absorption optical
modulator, 25

electro-magnetic simulation, 28
electro-optic (E-O)

bandwidth, 156
conversion, 35
polymer, 89
response, 157

electro-refraction, 110, 145
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electro-refraction optical
waveguide, 27

equivalent-circuit model, 120
exciton, 16, 26, 97
externally modulated laser (EML), 26
extinction ratio, 35

F
fabrication, 42
ferroelectric lithium-niobate
(LiNbO3, LN), 15

figure of merit (FOM), 89, 105, 106,
151

finite-difference time-domain
(FDTD) method, 67

finite-element method (FEM), 65,
72, 115, 123

Franz–Keldysh (FK) effect, 5, 16,
26, 99

flip-chip bonding, 207, 208
forward error correction (FEC), 189
free carrier

absorption, 16, 26, 91, 93
plasma dispersion, 91, 93
plasma refraction, 146, 147
refraction, 94

free spectral range (FSR), 145
frequency chirp, 29, 36, 102
fundamental mode, 68, 70

G
germanium, 17
Goos–Hänchen effect, 61
grating coupler, 211, 214
group refractive index, 148, 159

H
high-index-contrast optical
waveguide, 3

I
III-V compound, 16
impedance, 33, 158

integrated MZ optical modulator, 51
intensity modulation, 29, 34
intensity modulation and direct
detection (IM-DD), 25

intensity modulator, 26
interband dipole transition, 96
intraband electro-refraction effect, 4

K
Kirchhoff’s current law, 122
Kirchhoff’s voltage law, 122
Kramers–Kronig transformation,
16, 94, 235

L
lateral PN junction, 103, 112
leakage current, 152
lithium niobate (LN), 88
local oscillator (LO), 180
Lorentzian peak, 236

M
Mach–Zehnder (MZ), 4

interferometer (MZI), 17, 28,
30, 81

optical modulator, 25, 52, 56
mask margin, 161
Maxwell’s equations, 63
mode field, 70, 71, 106
mode-field converter (MFC), 17

nano-taper, 81, 209
mode-matching method, 65, 72
modulation format, 12
monitor photodiode (PD), 14
monolithic integration, 202
multi-mode interferometer (MMI), 40

N
non-return to zero (NRZ), 230

O
onboard optical interconnect, 173
on-chip insertion loss, 141
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on–off keying (OOK), 230
optical circuit, 52
optical eye diagram, 118
optical insertion loss, 138
optical interconnect, 18
optical modulation amplitude, 35
optical modulator, 1
optical path power penalty, 178
optical performance monitoring, 214
optical signal-to-noise ratio
(OSNR), 164
penalty, 176

optical waveguide, 4–6

P
phase modulation (PM), 38
phase shifter, 29, 107

length, 111
phase velocity, 34
phase-shift keying (PSK), 180,
184, 231

photocurrent, 154, 220, 221
photon-assisted tunneling, 26
photonic integration platform, 2, 15
photonic integrated circuit (PIC),
17, 67, 81
monitor, 217

plasma dispersion, 16, 100, 101
plasma frequency, 96
PN junction, 26, 108
Pockels effect, 15, 16, 88, 90
Poisson equation, 114
polarization beam combiner
(PBC), 40

polarization division multiplexing
(PDM), 54, 77, 142

polarization extinction ratio, 143
polarization rotation (PR), 40,
78, 142

print circuit board (PCB), 18
process design kit (PDK), 56
pseudo-random bit stream
(PRBS), 38

pulse amplitude modulation
(PAMn), 231
PAM4, 179

push–pull operation, 29, 30, 36, 102

Q
Q-factor, 39
quad small-form-factor pluggable
(QSFP), 18

quadrature, 53
amplitude modulation (QAM), 233
phase-shift keying (QPSK), 232

quantum-confined Stark effect
(QCSE), 5, 16, 26, 97, 98, 101

quantum well (QW), 16
quasi-single mode, 159

R
refractive index, 235
return to zero (RZ), 230
reverse bias, 158
rib, 32
ring optical waveguide, 27
ring resonance, 27

S
scalar-wave analysis, 65
scanning capacitance microscopy
(SCM), 155

signal-to-noise ratio (SNR), 118
silicon-on-insulator (SOI), 17, 62
silicon-photonics platform, 25
slab, 32
Snell’s law, 61
spectral phase, 147
symbol rate, 12

T
thermo-electric cooling (TEC),
13, 100

thermo-optic coefficient, 101
total internal reflection (TIR), 60, 61
transfer function, 35
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transfer matrix, 58, 60
method, 53, 55

transmission capacity, 12, 230
transverse-electric (TE)
polarization, 40

transverse-magnetic (TM)
polarization, 40

two-photon absorption (TPA), 140

V
vector-wave analysis, 65
vertical PN-junction, 105

W
wavelength-division multiplexing
(WDM), 9
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