Karlsruhe Series in Photonics & Communications, Vol. 26

Heiner Zwickel

Silicon-organic hybrid electro-
optic modulators for high-speed
communication systems

ST #5ihing







Heiner Zwickel

Silicon-organic hybrid electro-optic modulators for
high-speed communication systems



Karlsruhe Series in Photonics & Communications, Vol. 26
Edited by Profs. C. Koos, W. Freude and S. Randel

Karlsruhe Institute of Technology (KIT)
Institute of Photonics and Quantum Electronics (IPQ)
Germany



Silicon-organic hybrid
electro-optic modulators for high-
speed communication systems

by
Heiner Zwickel

ST bisnin



Karlsruher Institut fur Technologie
Institut fur Photonik und Quantenelektronik

Silicon-organic hybrid electro-optic modulators for high-speed
communication systems

Zur Erlangung des akademischen Grades eines Doktor-Ingenieurs
von der KIT-Fakultat far Elektrotechnik und Informationstechnik des
Karlsruher Instituts fur Technologie (KIT) genehmigte Dissertation

von Heiner Zwickel, M.Sc.

Tag der mundlichen Prifung: 3. Méarz 2020

Hauptreferent: Prof. Dr.-Ing. Christian Koos

Korreferenten: Prof. Dr.-Ing. Dr. h. c. Wolfgang Freude
Prof. Dr.-Ing. Thomas Zwick

Impressum
ﬂ(l Scientific
Publishing
Karlsruher Institut fur Technologie (KIT)
KIT Scientific Publishing

StraBBe am Forum 2
D-76131 Karlsruhe

KIT Scientific Publishing is a registered trademark
of Karlsruhe Institute of Technology.
Reprint using the book cover is not allowed.

www.ksp.kit.edu

This document — excluding the chapters 3 to 5, the cover, pictures and graphs —
B sa is licensed under a Creative Commons Attribution-Share Alike 4.0 International License

(CC BY-SA 4.0): https:/lcreativecommons.org/licenses/by-sa/4.0/deed.en

The cover page is licensed under a Creative Commons
BY__ND Attribution-No Derivatives 4.0 International License (CC BY-ND 4.0):

https.//creativecommons.org/licenses/by-nd/4.0/deed.en

Print on Demand 2024 — Gedruckt auf FSC-zertifiziertem Papier

ISSN 1865-1100
ISBN 978-3-7315-1143-4
DOl 10.5445/KSP/1000139665









Table of contents

Kurzfassung . .. ... ... ... ... . ... . . . . . ... v

Preface . . . . .. ... ... ... ... .. ... . ix

Achievements of the presentwork . . . . .. ... ... ... .. Xi

1 Introduction . . . ... .. ... .. .. .. .. .. .. .. ... 1

2 Theoretical and technological background . . . . . . . .. 7
2.1 Electro-optic interaction in silicon and hybrid silicon material

SYSEBIMS . . . L e e e e 7

2.1.1 Field-inducedeffects . . . . ... ... ... .... 8

2.1.2  Carrier-induced effects . . . . ... ... ... ... 9

2.1.3 Thermo-opticeffect. . . . . . ... ... ... ... 11

2.1.4 Hybrid silicon material systems . . . ... ... .. 11

2.2 Principle of Mach-Zehnder and IQ modulators . . . . . . . . 16

2.2.1 Push-pull operation . . . . . ... ... ....... 19

222 IQmodulator . .. .. ... ... .......... 21

2.2.3  Basic performance metrics for MZMs . . . . . . .. 22

2.3 Silicon-photonic Mach-Zehnder modulators: State of the art 27

2.4 SOH modulator device principles . . . . . . . ... ... .. 34

2.5 Transmission-line-driven electro-optic modulators . . . . . . 39

2.5.1 Electrical transmission lines . . . . . ... ... .. 39

2.5.2  Telegrapher equation and characteristic impedance . 40

2.5.3 Matrix description of transmission line . . . . . .. 42

2.5.4 Voltage along a terminated lossy transmission line . 44

2.5.5 Traveling-wave electro-optic modulators . . . . . . . 46

2.6  Optical modulation formats for digital communications . . . 49



Table of contents

3 Model of traveling-wave SOH modulators . . . . . . . . .. 55
3.1 Introduction . . . . ... ... ... 56
3.2 Device principle and model based on distributed-element

equivalentcircuit . . . . .. ... ... L. 58
3.3 Electrical characterization and fitting procedure . . . . . . . 65
3.4 Measured and modeled electro-optic response . . . . . . . . 72
3.5 Designguidelines . . . . ... ... ... 0oL 75
3.5.1 Overcoming bandwidth limitations . . . . . . . . .. 75
3.5.2 Optimized doping profiles for low-loss modulators . 81
3.6 Summary ... 86
3.7 Mathematical relations for de-embedding the radio-frequency
characteristics of on-chip modulators . . . . . .. ... ... 88
3.8 Low-frequency characteristic impedance of a transmission line 89
3.9 Loss parameter of the RC element . . . . . . ... ... .. 90

4 SOH modulators for intensity-modulation/direct-detection
links . .. .. ... 93
4.1 Introduction . . . . . . . ... .. 94
4.2  Silicon-organic hybrid Mach-Zehnder modulators . . . . . . 97
4.3 Non-return-to-zero (NRZ) on-off keying (OOK) with an SOH

MZM . . 100
4.4 Non-return-to-zero (NRZ) PAM4 signaling with an SOH MZM 103
4.5 Demonstration of three-level intensity-modulated duobinary

(DB) . . . 105
4.6 SUMMAry . . . . ... 107
4.7 Comparison of IM/DD modulation formats . . . . ... .. 108
4.8 Power consumption of SOH modulators . . . . . ... ... 113

5 Packaging of SOH modulators . . . ... ... ....... 117
5.1 Introduction . . .. ... ... .. ... ... ... . ... 118
5.2 Concept, fabrication, and assembly . . . . . . ... ... .. 120

5.2.1 SOH Mach-Zehnder modulator . . . . . ... ... 120
5.2.2 High-frequency PCB . . . .. ... ... ... ... 122
523 Assembly . . ... ..o 124
5.3 Optical, DC, and small-signal characterization of module . . 125

ii



Table of contents

5.4 Intensity-modulated and coherent signaling . . . . ... .. 128
5.5 Summary . . ... 130
6 Summaryandoutlook ... ..... ... ... ... . ... 133
Bibliography . . ... ... ... ... .. .. .. 137
Glossary . . . . .. ... ... 157
Acknowledgements (German) . . . ... ... .......... 165
List of publications . . . . . ... ... ... ... ..... 169
Journal publications . . . . . ... ... Lo 169
Conference publications . . . . . .. ... ... ... ... .. 171

iii






Kurzfassung

Der Austausch von Informationen iiber globale Kommunikationsnetze ist fiir
viele alltidgliche Lebensbereiche selbstverstindlich geworden. Die Informa-
tionen werden dabei mit immer weiter wachsender Geschwindigkeit und in
zunehmendem Umfang geteilt. Durch den enormen Anstieg des Datenverkehrs
kommt verstirkt optische Nachrichtentechnik zum Einsatz. Sie bietet gegen-
iiber elektronischen Ubertragungsverfahren entscheidende Vorteile beziiglich
der Ubertragungsdistanz und -kapazitit. Wurde optische Ubertragung zunichst
nur fiir die Kommunikation iiber weite Strecken eingesetzt, machen sich die
Nachteile elektronischer Verfahren mit dem stark anwachsenden Datenverkehr
auch zunehmend iiber kiirzere Strecken bemerkbar, sodass auch dort vermehrt
optische Kommunikationssysteme zum Einsatz kommen. Insgesamt nimmt die
Anzahl der photonischen Komponenten, die in Kommunikationsanwendungen
eingesetzt werden, dadurch rapide zu. Dies fiihrt dazu, dass die einzelnen
Bauteile kostengiinstiger, energieeffizienter sowie kompakter werden miissen.
Ahnlich zur Entwicklung in der Mikroelektronik, wo immer stdrkere Miniatu-
risierung zu einer dramatischen Leistungssteigerung bei gleichzeitiger Reduk-
tion von Kosten, Platzbedarf und Energieverbrauch gefiihrt hat, soll dies in der
Photonik durch die Anwendung von integrierten photonischen Schaltkreisen
erreicht werden.

Integrierte photonische Schaltkreise zeichnen sich durch hohe Funktionalitit
bei geringem Platzbedarf aus und ermdglichen eine kostengiinstige Massenfer-
tigung. Sie sind daher von erheblichem wissenschaftlichen, technischen und
kommerziellen Interesse. Insbesondere die Integration auf Siliziumsubstraten
verspricht dabei hohe Integrationsdichten, kombiniert mit der Moglichkeit zur
Ko-Integration photonischer und elektronischer Schaltkreise. Ein entscheiden-
der Vorteil ist dabei, dass Silizium seit Jahrzehnten das dominierende Material
in der Halbleiterindustrie und eines der haufigsten Elemente der Erdkruste ist.
Vorteilhaft ist also neben der guten Verfiigbarkeit des Materials, insbesondere
die Existenz von etablierten und zuverldssigen Prozessen aus der Mikroelek-
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tronik, speziell der CMOS-Fertigung, zur lithographischen Strukturierung. Zu-
dem bietet Silizium viele fiir die integrierte Photonik giinstige physikalische
Eigenschaften. Beispielsweise die Transparenz im fiir die Dateniibertragung
technisch relevanten Spektralbereiche im Nahinfraroten zwischen 1260 nm
und 1625 nm und einen hohen Brechungsindexkontrast zu Siliziumdioxid. Die
unter dem Begriff Siliziumphotonik zusammengefasste Technologie ist daher
eine vielversprechende Plattform fiir integrierte photonische Schaltkreise.

Eines der wichtigsten Bauteile in der optischen Nachrichtentechnik ist der
elektro-optische (EO) Modulator. An der Schnittstelle zwischen Elektronik
und Optik ist er das zentrale Element in optischen Sendern. Neben geringen
Herstellungskosten, geringem Platzbedarf und guter Energieeffizienz ist eine
hohe Modulationsgeschwindigkeit eine essentielle Fahigkeit des Modulators,
da diese hohe Bandbreiten in der Dateniibertragung ermoglicht.

Da Silizium aufgrund der punktsymmetrischen Kristallstruktur keine optische
Nichtlinearitdt zweiter Ordnung aufweist, ist in reinem Silizium kein linearer
EO Effekt (Pockels-Effekt) verfiigbar. Elektro-optische Modulatoren aus Si-
lizium basieren daher darauf, dass die Konzentration freier Ladungstriger in
einem Siliziumwellenleiter moduliert wird, was beispielsweise durch Anlegen
einer Spannung an einen pn-Ubergang realisiert werden kann. Die Anderung
der Konzentration freier Ladungstridger fiihrt dabei zu einer Variation des op-
tischen Brechungsindex (Plasmadispersions-Effekt). Dieser Effekt ist jedoch
nicht effizient, wodurch die Energieeffizienz reiner Siliziummodulatoren insge-
samt limitiert ist. Durch die heterogene Integration von Silizium mit weiteren
Materialien lédsst sich die Siliziumphotonik-Plattform erweitern. Organische
EO Materialien lassen sich durch molekulares Design gezielt auf einen star-
ken linearen EO Effekt hin optimieren. Durch die Kombination von Silizium-
Nanowellenleitern und organischen EO Materialien lassen sich Hybridbauteile
realisieren, welche wesentlich energieeffizienter als reine Siliziummodulatoren
sind. In der englischsprachigen Fachliteratur werden diese Bauteile auch als
silicon-organic hybrid (SOH) bezeichnet.

Die vorliegende Arbeit befasst sich mit SOH-Modulatoren und deren prak-
tischer Anwendung in der optischen Hochgeschwindigkeitskommunikation.
In vorausgehenden Arbeiten wurden die fundamentalen Prinzipien von SOH-
Modulatoren untersucht und deren grundlegende Einsetzbarkeit fiir die op-
tische Dateniibertragung gezeigt. Die vorliegende Arbeit baut darauf auf
und adressiert gezielt Aspekte, die fiir einen praktischen Einsatz von SOH-

vi



Kurzfassung

Bauteilen in optischen Kommunikationssystemen von grofler Bedeutung sind:
Um ein zielgerichtetes Design der Bauteile zu ermdglichen und grundlegende
Zielkonflikte im Design zu erkennen, wird ein Modell fiir das dynamische EO
Verhalten der Modulatoren entwickelt und experimentell verifiziert. Fiir die
breitbandige Aufbau- und Verbindungstechnik werden Konzepte zur elektri-
schen Anbindung schneller SOH-Modulatoren entwickelt und demonstriert.
Verschiedene Modulationsformate werden bei Bruttodatenraten von bis zu
160 Gbit/s erfolgreich getestet und demonstrieren die Eignung von SOH-
Modulatoren fiir praktische Anwendungsszenarien.

Kapitel 1 gibt eine kurze Einfiihrung in das Gebiet der Siliziumphotonik und
deren Bedeutung fiir die optische Dateniibertragung.

Kapitel 2 beschreibt die theoretischen und technologischen Grundlagen elektro-
optischer Bauteile auf Basis der Siliziumphotonik. Dies umfasst einen Uber-
blick iiber den zugehorigen Stand der Wissenschaft und Technik sowie die fiir
die nachfolgenden Kapitel relevanten Konzepte aus der Hochfrequenz- und
der Nachrichtentechnik.

Kapitel 3 fiihrt ein quantitatives Modell zur Beschreibung der dynamischen
elektrischen und EO Eigenschaften von SOH-Modulatoren ein. Das Modell
wird experimentell verifiziert und dient als Grundlage fiir verbesserte Bauteil-
designs zukiinftiger SOH-Modulatoren, mit denen sich Bandbreiten von mehr
als 100 GHz und w-Spannungen von unter 1 V erreichen lassen.

Kapitel 4 demonstriert die Eignung von SOH-Modulatoren fiir technisch rele-
vante Intensititsmodulation/Direktempfang-Verfahren (engl. intensity modu-
lation/direct detection, IM/DD), die insbesondere fiir hochgradig skalierbare
Ubertragungssysteme mit kleinen und mittleren Reichweiten (board-to-board,
rack-to-rack) interessant sind. In diesem Zusammenhang werden verschiedene
IM/DD-Modulationsformate experimentell getestet und dabei Bruttodatenra-
ten von bis zu 120 Gbit/s demonstriert.

Kapitel 5 befasst sich mit der elektrischen Aufbau- und Verbindungstechnik
fiir SOH-Modulatoren. Dies erfordert Platinen mit guten Hochfrequenzeigen-
schaften und kleinen Strukturgréfien, um eine hohe Integrationsdichte zu errei-
chen. Ein Verfahren zur Herstellung von hochfrequenztechnisch breitbandigen
Keramikplatinen mit hoher rdumlicher Auflosung wird vorgestellt. Mit Hil-
fe dieser Keramikplatinen wird ein mit Bonddréhten elektrisch angebundener
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SOH-Modulator vorgestellt und damit eine Bruttodatenrate von 160 Gbit/s de-
monstriert.

Kapitel 6 fasst die vorliegende Arbeit zusammen und gibt einen Ausblick auf
zukiinftig notwendige Schritte, um die Anwendungsreife von SOH-Modulatoren
zu erreichen. Zudem werden potentielle weitere Anwendungsfelder fiir SOH-
Modulatoren diskutiert.

viii



Preface

Information is exchanged at unprecedented speed and volume due to a growing
number of users and data-hungry applications. This leads to an increasing
use of optical communications because it offers advantages over electronic
links in terms of transmission distance and bandwidth. The vast increase in the
amount of data transmitted using optical communications leads to an enormous
increase in the number of deployed photonic components. This demands low-
cost and energy-efficient devices with small footprints. All these requirements
are expected to be met by photonic integrated circuits (PICs).

Photonic integrated circuits realized on optical microchips offer many func-
tionalities in a compact and cost-efficient way. In anticipation of mass pro-
duction and scalability, silicon photonics (SiP) is considered to be particularly
promising. Silicon has been the leading material in the semiconductor in-
dustry for decades and is one of the most abundant materials in the earth’s
crust. Mature fabrication technology developed for complementary metal-
oxide-semiconductor (CMOS) microelectronics on silicon substrates offers
large wafers and high yield, and can be used to structure photonic integrated
circuits as well.

The electro-optic (EO) modulator is a key component for EO systems and in
particular for optical communication as it translates signals from the electrical
domain to the optical domain. All-silicon modulators suffer from the lack of a
second-order optical nonlinearity in silicon which is required for a linear EO
effect (Pockels effect). Therefore all-silicon EO modulators have to rely on the
inefficient plasma-dispersion effect. This limits the energy efficiency of all-
silicon EO modulators. To make silicon more versatile, additional materials
can be heterogeneously integrated to the silicon platform. Combining organic
EO materials with silicon structures in the so-called silicon-organic hybrid
(SOH) integration approach enables high-speed, low-power EO modulators.
The silicon base structure can be fabricated in highly standardized, reliable
and scalable fabrication processes. The organic material can be molecularly-
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engineered to have a strong Pockels effect. This organic EO material can be
added to the silicon structures in a simple post-processing step and enriches the
silicon-platform by an efficient EO effect. SOH modulators exhibit excellent
energy efficiency and small footprint and outperform all-silicon modulators.

Previous work has investigated fundamental principles of SOH modulators
and demonstrated their basic usability for optical communication. This thesis
builds upon this earlier work and addresses aspects that are specifically relevant
for the use of SOH modulators in practical high-speed optical communication
systems:

Chapter 1 gives a short introduction to the field of SiP and its relevance for
optical communications.

Chapter 2 lays the theoretical and technological foundation for the following
chapters and reviews the state of the art of silicon EO Mach-Zehnder modula-
tors.

Chapter 3 introduces a quantitative model describing the dynamic electrical
and EO behavior of SOH modulators. The model is experimentally verified.
Design guidelines for future modulators with bandwidths of more than 100 GHz
and m-voltages below 1V are derived.

Chapter 4 demonstrates the suitability of SOH modulators for technically rel-
evant intensity-modulation and direct-detection (IM/DD) systems that are of
particular interest for mid-range and short-range communication. Various
IM/DD formats are investigated, and line rates up to 120 Gbit/s are experimen-
tally demonstrated.

Chapter 5 presents an electrical packaging concept for SOH modulators. This
requires high-density printed circuit boards (PCBs) capable of transmitting
high-speed radio frequency (RF) signals to interface the modulator. A man-
ufacturing process for such PCBs based on a ceramic substrate is shown. An
electrically packaged SOH modulator is demonstrated to operate at line rates
up to 160 Gbit/s.

Chapter 6 summarizes the work in this thesis and outlines further steps in
the development of SOH modulators for practical applications. Potential fur-
ther application areas beyond traditional optical communication are briefly
discussed.



Achievements of the present work

In this thesis, integrated electro-optic (EO) modulators on the silicon-organic
hybrid (SOH) platform were investigated with a focus on aspects that are
specifically relevant for the use of SOH modulators in practical high-speed
optical communication systems. A reliable model describing the electro-optic
behavior of SOH modulators quantitatively was developed and experimentally
confirmed. The model allows to identify and to overcome device limitations
and to design optimized transmission systems using SOH modulators. To
realize technically simple, power-efficient and spectrally-efficient high-speed
optical links, various intensity-modulation and direct-detection (IM/DD) for-
mats were analyzed and experimentally demonstrated using SOH modulators.
To improve the practical usability of the densely integrated modulators, a
concept for electrical packaging was developed and demonstrated.

A concise overview of the major achievements is given in the following list:

¢ Development and first experimental verification of a model of the
EO behavior of SOH modulators:
A reliable quantitative model of SOH slot-waveguide modulators that
accounts for the various bandwidth-limiting effects is formulated and ex-
perimentally verified, see Chapter 3, Section 3.2 to 3.4 [J1]. To the best
of our knowledge, this work represents the first experimental validation
of a general model of slot-waveguide modulators. This model allows
deriving electro-optic properties from purely electrical measurements,
which represents a key step towards fast and reliable wafer-level charac-
terization of SOH modulators using standard wafer prober without the
need for EO measurements.

* Model-based optimization of SOH modulators and formulation of
design guidelines for future devices with greatly improved perfor-
mance:

The model allows identifying poorly designed doping profiles as the

Xi
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Xii

main reason for a limited bandwidth. Guidelines for an optimized de-
sign, trading optical loss due to free-carrier absorption, for EO band-
width, and for m-voltage are presented, see Chapter 3, Section 3.5 [J1].
Based on the model, future devices can be expected to be shorter than
1 mm while having m-voltages of less than 1 V and bandwidths of more
than 100 GHz.

First demonstration of a data rate as high as 120 Gbit/s using IM/DD
and SOH modulators:

Various IM/DD formats are demonstrated using SOH modulators. Using
intensity-modulated duobinary (IDB) signaling allows to use the electri-
cal bandwidth of a BiCMOS signal conditioning chip efficiently. A line
rate of 100 Gbit/s is demonstrated using IDB, see Chapter 4, Section 4.5.
This represents the first demonstration of signaling using SOH modula-
tors without laboratory-style test and measurement equipment for signal
generation. Further, using a high-speed arbitrary waveform generator
(AWG), four-level pulse-amplitude modulation (PAM4) is demonstrated
with a line rate of 120 Gbit/s [J2], see Chapter 4, Section 4.4 [J2].

Highest line rate achieved with a sub-millimeter Mach-Zehnder
modulator (MZM) on the silicon photonic platform:

The line rate of 120 Gbit/s represented the highest data rate achieved
with an MZM shorter than 1 mm on the silicon photonic platform [J2].

First demonstration of a broadband electrical packaging concept
for densely integrated SOH modulators:

An electrical packaging concept enabling high-density radio frequency
(RF) interfaces between on-chip SOH modulators and external circuits
is demonstrated in a set of experiments. A fabrication process for
high-resolution Al,O3 printed circuit boards (PCBs) is presented, see
Chapter 5, Section 5.2.2 [J3].

Demonstration of the highest data rates achieved with wire-bond-
based electrical silicon-photonic modulator package:

Using an electrically packaged SOH modulator, line rates (symbol rates)
of 128 Gbit/s (64 GBd) using quadrature-phase-shift-keying (QPSK)
modulation, and line rates (symbol rates) of 160 Gbit/s (40 GBd) using
16-state quadrature amplitude modulation (16QAM) are demonstrated,
see Chapter 5, Section 5.4. This is among the highest symbol and line
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rates demonstrated so far with electrically-packaged silicon-photonic
modulators (including technically complex flip-chip approaches rather
than wire bonding). It represents the highest symbol rate of published
signaling demonstrations using a silicon-photonic modulator packaged
with wire bonds [J3].
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1 Introduction

The exchange of information across global communication networks at un-
precedented speed and volume is essential in almost every aspect of our life.
Information is generated and shared virtually instantaneously, and the number
of devices actively contributing to data traffic is growing vastly [1]. The com-
munication networks spanning the entire globe were enabled by a series of
groundbreaking technological innovations. Most important was the invention
of silica glass fibers in the 1970s' that offer low signal attenuation of approx-
imately 0.2 dB/km at the telecom wavelengths around 1.55 um [5] and tens of
THz of bandwidth. Stable operation of semiconductor lasers at room tempera-
ture was realized in the 1980s [6,7]. In addition, the maturity of erbium-doped
fiber amplifiers (EDFAs)?, reached in the 1990s [8], enabled scaling of the
network reach and capacity by supporting long-distance fiber connections and
wavelength-division multiplexing (WDM).

Already at the time those innovations happened, photonic integration was
perceived as the next technological innovation [9, 10] with the potential to
fundamentally change not only optical communications but the entire field of
photonics — much like electronic integration has changed the way we generate,
compute and store digital data. The transformative power of photonic inte-
grated circuits (PICs) lies in the potential to offer more and more functionality
in a compact and cost-efficient way, with the potential for scalability and mass
production, in analogy to Moore’s law in microelectronics [11].

"In 1966 Kao et al. suggested that losses of optical fibers could be reduced drastically by
removing impurities from silica glass [2]. He was awarded the 2009 Nobel Prize in Physics [3].
In the following years many industrial laboratories (most prominently CorNING) successfully
reduced optical losses [4,5].

2 EDFAs are good for broadband amplification in the optical C-band from 1535 nm to 1564 nm,
corresponding to 4 THz bandwidth
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However, in the early years, the internet and therefore the requirements for
hardware looked different. Web pages were static and only a very limited
number of devices was connected to the internet. Optical communication
was almost exclusively used for long-distance transmission where higher cost
and bulky devices could be tolerated. Shorter communication links were still
realized using electrical transmission lines and as a result the demand for
PICs was limited. In addition, technological limitations led only to a slow
increase in integration density and to a fragmentation in application specific
material platforms. Oftentimes, a particular technology could only be used to
build one specific component. Till today, the light sources still need direct-
bandgap III-V semiconductors. This made the III-V material InP the most
complete platform for photonic integration, offering passive components as
well as lasers, detectors and electro-optic (EO) modulators. Complex PICs
with more than 50 elementary photonic components integrated on a chip were
presented as a commercial product by INFINERA in 2005 [12]. However, the
integration density is many orders of magnitude smaller than what is achieved
in current generation electronic integrated circuits (EICs) with e.g. 18 billion
elementary elements, the transistors, in a central processing unit (CPU)3. The
technologically complex epitaxial growth process and the small wafer size are
often mentioned as the main obstacle for the scalability and the yield of the
InP platform and hinder the co-integration with complementary metal-oxide-
semiconductor (CMOS) electronics which is based on Si substrates.

However, the desire for a scalable photonic integration platform and the de-
mand for low-cost PICs is growing. With the evolution of the internet from
a network with static web pages and passive end-users to the modern web
with cloud services, user-adapted dynamic web pages, video streaming, 5G
networks, and internet of things (IoT), the bandwidth requirements increased
rapidly, in particular for short-reach links. Nowadays, service providers like,
e.g., GooGLE, FACEBOOK, AMAZON or ALIBABA operate warehouse-scale data
centers, and about 70% of the global data center traffic remains within data
centers [13]. All this requires an enormous amount of deployed photonic com-
ponents, in particular for short transmission spans, so that cost, footprint and
energy-consumption of the devices become even more crucial.

3 QuaLcomms Centriq processor, based on SamsunGs 10nm FinFET process has 18 billion
transistors on 398 mm?.
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Leveraging the mature CMOS processes, initially developed for microelectron-
ics, photonic structures on the silicon platform can be realized. This comes
with a number of outstanding advantages that lead eventually to low-cost
mass-production of high-speed, energy-efficient PICs. The high refractive
index contrast between Si and SiO; allows extremely compact waveguides
and high integration densities [14]. The transparency at telecom wavelengths
makes silicon a perfect material for optical communication devices. Most
importantly, due to the sophisticated process control of CMOS manufacturing,
PICs can be fabricated with high yield on large wafers. Large wafers and
high yield are ultimately related to low manufacturing costs. Additionally,
standardized processes enable so-called “fab-less” approaches where device
development and design is decoupled from the fabrication. The fabrication is
done in a few large, highly-developed foundries. Strictly defined design and
process parameters guarantee reliable quality and allow to provide libraries of
read-to-used devices. A broad spectrum of applications can be covered with
one single platform allowing to overcome the fragmentation into application-
specific technologies which cannot be consolidated.

Silicon-Photonics (SiP) was predicted to achieve the necessary technical break-
throughs and become an economic success for a long time [10, 15]. But only
in recent years silicon PICs have finally transitioned from a pure research topic
to commercially deployed products with both, well established companies and
start-ups, bringing products to the market*. Two major drawbacks of silicon
make it hard to implement SiP as a complete photonic platform and might have
slowed down commercial exploitation: First, the indirect bandgap of silicon
does not allow light emission. Second, silicon does not show a linear EO
effect (Pockels effect) because the centro-symmetric crystal structure leads to
a vanishing second-order optical nonlinearity. The linear EO effect, however, is
favorable for efficient control and manipulation of light. This deficiency makes
it hard to build high-speed and energy-efficient EO modulators in silicon which
are key elements in optical communication systems where an increasing level
of sophistication is used to encode information onto light. To bypass the lack
of a Pockels effect, EO modulation in silicon is most commonly achieved by
the plasma-dispersion effect [16], which is inherently limited in its efficiency.

4 e.g. INTEL, TERAXION, LUMENTUM, KA1AM, LUXTERA, AcAciA and AyARLABS
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To make silicon more versatile, additional materials can be heterogeneously
integrated on the silicon platform [17]. Bonding III-V materials, ferro-electric
Perovskites or graphene adds efficient EO activity to the silicon platform
but requires major modifications to the fabrication process. Cladding silicon
waveguides with highly-efficient, chemically-engineered organic EO materials
in a back-end-of-line (BEOL) process, however, requires no modifications of
the fabrication process. This so-called silicon-organic hybrid (SOH) approach
allows increasing the efficiency of the modulator by an order of magnitude
compared to conventional high-speed SiP modulators based on the plasma dis-
persion effect [18]. SOH modulators can be combined with the full portfolio of
SiP components available in commercial fabrication runs®. High-speed SOH
modulators with sub-millimeter device lengths were previously demonstrated
to offer line rates of 100 Gbit/s using on-off-keying (OOK) modulation and up
to 400 Gbit/s using 16QAM [19] in laboratory experiments. Recent progress in
the stability of organic EO materials in SOH modulators [20,21] makes them
a promising candidate for power-efficient, high-speed integrated modulators.

However, several aspects that are specifically relevant for the use of SOH
modulators in high-speed optical communication systems still need to be in-
vestigated. A reliable and experimentally verified model describing the SOH
modulator is still missing. High-speed signaling demonstrations were so far
based on laboratory-style test and measurement equipment rather than elec-
tronic integrated circuits (ICs) that could be integrated with the modulator.
Further, there is no practical solution for electrical packaging of densely in-
tegrated SOH modulators available. The work in this thesis addresses these
aspects concerning SOH modulators that are crucial for further development
of the devices and to ensure their compatibility with practical application
scenarios.

In Chapter 2 the theoretical and technological background is covered with an
overview of EO effects in silicon and hybrid silicon systems, followed by a brief
review of state-of-the-art silicon EO Mach-Zehnder modulators (MZMs). In
addition, physical and mathematical relations required in the following chapters
are introduced. In Chapter 3 a full model, describing the electrical and EO

5 Typically available components in SiP comprise active components such as modulators and
SiGe photodiodes as well as a number of passive structures such as waveguides, splitters, filter,
and fiber coupling structures.
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behavior of the SOH modulator is derived and experimentally verified. The
model allows identifying the key device limitations and to formulate design
guidelines for optimized performance with respect to bandwidth, operation
voltage, and optical insertion loss. Experimentally verified quantitative models
are also essential for the design and the optimization of advanced transceiver
systems where driver circuits and modulators have to be considered jointly
to achieve best system performance. Further, the model allows deriving EO
properties from purely electrical measurements, which is advantageous for
wafer level characterization using standard wafer prober. In Chapter 4 the
efficiency of the total transmission system is considered. To reduce the overall
complexity, intensity-modulation and direct-detection (IM/DD) formats with
high spectral efficiency are considered to allow the use of low-cost electronics
while maintaining a high data rate. Various IM/DD formats are investigated,
both theoretically and experimentally. Finally, the high integration density of
SOH modulators is a challenge for broadband electrical packaging, which is
investigated in Chapter 5. An electrical packaging concept that enables high-
density radio frequency (RF) interfaces between on-chip SOH devices and
external circuits is presented. This concept combines high-resolution Al,O3
printed-circuit boards with technically simple metal wire bonds. It is validated
in a set of experimental demonstrations including high-speed signaling.






2 Theoretical and technological
background

This chapter covers the technological and theoretical background as well as
some physical relations and their mathematical representation. It is struc-
tured as follows: In Section 2.1 the various interactions between electrical
and optical signals in Si are introduced, and their usability to build electro-
optic (EO) modulators is discussed. To overcome limitations of pure Si, it can
be combined with additional materials. These hybrid material systems are dis-
cussed as well with special emphasis on organic EO materials. In Section 2.2
the principles of Mach-Zehnder modulators (MZMs) and in-phase/quadrature-
phase (IQ)-modulators are presented along with relevant quality metrics for
MZMs. Section 2.3 gives an overview of the state-of-the-art of silicon photon-
ics (SiP) MZMs. In Section 2.4 the concept of SOH modulators is introduced
eventually. Section 2.5 covers relevant concepts of microwave engineering and
the required mathematical representations to model SOH modulators. Finally,
Section 2.6 gives a short summary of modulation formats used for optical
communications.

2.1 Electro-optic interaction in silicon and hybrid
silicon material systems

Silicon offers a number of advantageous properties to realize photonic inte-
grated circuits (PICs). Most importantly the bandgap of 1.12eV [22] makes
silicon transparent at the telecom wavelengths around 1.55 pm and 1.3 um. In
addition, the high refractive-index contrast of silicon with its oxide leads to
compact waveguides with small bending radii and is hence important for dense
integration [14]. Further, the advanced manufacturing technologies from the
CMOS microelectronics industry allow cost-efficient and scalable production
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as well as co-integration with electronic circuits [15,23-25]. However, due to
its centro-symmetric crystal structure, Si lacks a second-order nonlinearity and
therefore does not exhibit a linear EO effect (Pockels effect) [26], which is typi-
cally used in traditional EO phase modulators and Mach-Zehnder devices made
e.g. from LiNbO3. Consequently, silicon-based devices that exploit interac-
tion of electrical and optical signals in silicon have to rely on other interaction
mechanisms [27]. The following list gives a brief overview of the physical
mechanisms that allow to influence the refractive index (electro-refraction) or
the absorption (electro-absorption) by means of an applied voltage or current.
Absorption and refraction are intrinsically linked by the Kramers-Kronig rela-
tion [26]. This allows us to first consider how the absorption spectrum of silicon
is affected by a particular physical effect. In a second step, the influence on
the real part of the refractive index can then be derived using Kramers-Kronig
relations. A phase modulation which is achieved by manipulation of the real
part of the refractive index can always be converted into amplitude or intensity
modulation by using an interferometric or resonant scheme, see Section 2.3.

Subsection 2.1.1 to Subsection 2.1.3 discuss the EO interaction available in
pure Si. Subsection 2.1.4 discusses the effects that become available if Si is
combined with addition materials.

2.1.1 Field-induced effects

Field effects are generally preferred for EO modulators because they can be used
with negligible or very small current flow leading to small energy consumption
in practical devices.

e Franz-Keldysh effect: If an external electric field is applied to a bulk
semiconductor, the band edges become spatially tilted. This perturbation
in the band diagram allows tunneling of carriers between valence and
conduction band states. The wavefunctions of electrons leak into the
bandgap. Photons with energies below the bandgap energy then have a
non-vanishing probability for being absorbed and the effective bandgap
is reduced. The absorption spectrum is red-shifted [28]. However, the
Franz-Keldysh effect in Si is weak and does not contribute significantly
to electro-optic modulation in Si modulators [27,29].
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o Electro-optic Kerr effect: Crystalline silicon exhibits a third-order
optical nonlinearity. This leads to a quadratic electro-optic effect where
the optical refractive index can be modified by an external electric field.
The change in refractive index is proportional to the external field squared
[26]. The Kerr effect is weak and listed here for completeness. It cannot
be used for practical electro-optic modulators.

o Pockels effect: As discussed above, the centro-symmetry of crystalline
silicon in its natural state leads to a vanishing second-order suscepti-
bility, and therefore silicon does not exhibit a Pockels-effect. Special
fabrication techniques, however, can induce strain in the Si crystal, typ-
ically by deposition of a SiN layer onto the Si layer [30]. The induced
stress due to crystal lattice mismatch breaks the centro-symmetry and
thus strained silicon systems can exhibit a Pockels effect [31]. The
strength of the strain induced Pockels effect is still subject of ongoing
investigations [31] and too small for practical modulators.

2.1.2 Carrier-induced effects

The effects listed below contribute to the dependence of the absorption spec-
trum on the concentration of free carriers present in Si. Due to the Kramers-
Kronig relation, also the real part of the refractive index is affected by a change
in the absorption spectrum.

e Free-carrier absorption: If free carriers are present in Si, they can be
exited to higher energy states by absorption of a photon. The probability
for absorption of a photon depends on the density of free carriers and thus
the absorption spectrum depends on the density of free carriers. This
effect has the strongest contribution to the interaction between electrical
and optical signals in state-of-the-art Si modulators, see Section 2.3.

o Burstein-Moss-band-filling: Electrons in energy states in the valence
band can be exited into higher energy states in the conduction band if
they absorb a photon with energy larger than the bandgap energy. For
such an electronic transition to happen, the respective energy state in the
conduction band has to be unoccupied. The excited electrons relax into
lower-energy states in the conduction band and fill the energy states close
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to the band edge first. Therefore, photon energies higher than the band
gap energy are required for further electronic transitions in the presence
of free carriers. The absorption spectrum is blue-shifted.

e Coulomb interaction: The free carriers present in a semiconductor
interact due to the Coulomb force between the charged carriers [32]. In
addition, free carriers interact with impurities. The strength of these
interactions depends on the carrier concentration and affects the absorp-
tion spectrum. Therefore, a modification of the carrier concentration
directly changes the absorption spectrum. Soref and Bennett show that
the interaction of free carriers with impurities is most relevant and leads
to a red shift of the absorption spectrum [27].

Changes in the absorption in a semiconductor due to free-carrier absorption
can be described by a Drude-Lorenz model [33]. For a vacuum wavelength
Ao, the change in refraction An and in absorption AP due to a change
AN, in the free electron concentration N, and a change AN, in the free hole
concentration N, is given by [27]

e 2
An = 0 (ANe + AN“) 2.1)

- T 9.2 % 5
8n2cleyn \ mi m;

and

332
Ageun = S (AN‘* AN | 2.2)

An23en \ mi2 e m;ZIJh

with m; and m; being the electron and hole conductivity effective masses
and p. and u, being the electron and hole mobility. Note that oV is the
absorption parameter for power. Soref and Bennett further studied experimen-
tal absorption curves and empirically derived correction factors that need to
be applied to Eq. 2.1 and 2.2 to take all carrier-induced effects (free-carrier
absorption, band-filling, and Coulomb interactions) on refraction and absorp-
tion into account [27]. The empirical equation is in good agreement with the
Drude-Lorenz model and is widely used to model carrier-induced EO effects in
Si [29]. The simple Drude-Lorenz model, see Eq. 2.1 and Eq. 2.2, is therefore
sufficient to describe the qualitative dependencies of absorption and refraction
on the density, the conductivity effective mass, and the mobility of the carriers
in Si [16]. The combination of all carrier-induced effects is often referred

10
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to as plasma-dispersion effect. In Si EO modulators, carrier injection, car-
rier removal or carrier depletion is typically exploited (e.g., in pn-junctions
or silicon-insulator-silicon (SIS)-structures, see Section 2.3) to manipulate the
absorption and the refractive index inside an optical waveguide.

2.1.3 Thermo-optic effect

Silicon shows a very strong thermo-optic effect (the refractive index depends
heavily on the temperature), which can be exploited for achieving electro-optic
interactions by electrical heating of silicon [29]. However, the thermo-optic
effect is slow and unsuitable for realizing high-speed EO modulators [29].
Additionally, it can be difficult to reach a localized heating and to maintain
a power efficient operation of electro-optic modulators based on the thermo-
electric effect.

2.1.4 Hybrid silicon material systems

To overcome the inherent limitation of Si, it can be combined with additional
materials providing e.g. a second-order optical nonlinearity. Preferably, a
material with very high EO efficiency is chosen along with an integration
process that preserves most of the advantages of standard silicon-photonic
processes. Promising candidates for silicon-hybrid integration are:

e Inorganic dielectric crystals: LiNbO3; has been the most widely used
material for conventional EO modulators for decades [34]. It exhibits
a large second-order nonlinearity but is difficult to process, and the
fabrication of micro-structured devices is hardly possible [34]. Typically
ion indiffusion or proton-exchange is used to form optical waveguides in
the crystalline material [34, 35]. In recent years, thin films of LiNbO3
have been successfully bonded to silicon dioxide substrates leading to
compact and efficient EO modulators that could potentially be integrated
into a silicon photonic process [36]. In contrast to LiNbOj3, the material
barium titanate (BTO, chem. BaTi0O3) can be epitaxially grown on silicon
substrates [37]. Due to the extremely high EO coefficient of BTO [38], it
has emerged as a promising candidate for integrated high-performance
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Si hybrid modulators [39], see Section 2.3, but the fabrication is not
compatible with standard SiP processes.

III-V semiconductors: While III-V materials like GaAs or InP are typ-
ically used as a monolithic platform to realize EO modulators on InP or
GaAs substrates [40,41], they can also be used in hybrid silicon systems.
Hybrid III-V-silicon systems can either use Si substrates and waveguides
while the entire EO activity is provided by III-V structures [42]. In this
case, the EO activity in III-V materials often originates in a strong Franz-
Keldysh effect. Alternatively, on one side of a p-doped-intrinsic-n-
doped (PIN) modulator or a silicon-insulator-silicon capacitor (SISCAP)
modulator, the doped silicon is replaced by a III-V material [43], see
Section 2.3.

Organic EO materials: Organic EO materials can either be liquid crys-
talline (LC) materials or organic chromophores. Liquid crystals show a
large EO effect and can be integrated with silicon waveguides to form
EO modulators [44,45], but the response time is slow because of the
collective molecular mass that needs to be moved [46]. A significant in-
crease in response-time can be achieved with organic EO chromophores.
The individual chromophore consists of a donor group and an acceptor
group linked by a m-conjugate bridge. Exposed to an external vary-
ing E-field, the chromophore has a response time limited only by the
phase-relaxation time of the m-electron system which is in the order of
ten femtoseconds [46]. This allows in principle tens of THz EO band-
widths. Modern organic EO materials reach bulk EO coefficients of
r33 = 550 pm/V [47] and can be combined with silicon waveguides to
form silicon-organic hybrid (SOH) devices [48-51]. SOH integration
using chromophore-based EO materials is the approach used throughout
this thesis. This class of organic EO materials is therefore introduced
in more detail. The following paragraph is based on references [46, 52]
and [53].

EO chromophores can either be embedded in a host material or attached
to a polymer backbone to form a polymer composite material [54].
Alternatively, they can be used as high number density neat (pure) chro-
mophore material [48]. In any case, essential for the EO activity is the
existence of a donor and acceptor group in the chromophore and elec-
tron transfer between these groups to form a molecular dipole [53]. The



2.1 Electro-optic interaction in silicon and hybrid silicon material systems

molecular dipole moment p reacts to an external electric field E and can
be expressed in simplified notation for complex time-domain amplitudes
(using Einstein notation) as

pi = lji + dijEj +ﬁvijkEjEk +..., (23)

see Eq. (2.22) in [53], where /i is the electric dipole moment, ¢ the first-
order polarizability and # the second-order polarizability or first order
hyperpolarizability [46]. The indices i, j,k = {x,y,z} denote the three
orthogonal axes in a Cartesian coordinate system. The second-order
optical nonlinearity originates from the first order hyperpolarizability
5 [53]. For most chromophores in second-order nonlinear organic ma-
terials the component f3. . is dominant in a coordinate system where the
z-direction is aligned with the dipole symmetry axis of the chromophore
molecule. If all other components of 3 are assumed to be negligible,
the hyperpolarizability can be related to the macroscopic second-order

susceptibility )(g)3 by [46]

Xip = Nz (cos™ O)g. 24)
Besides the intrinsic microscopic nonlinearity of the molecules f, the
macroscopic nonlinearity y® depends on the number density N of the
active molecules ([N] = molecules/cm?), and on their average acentric
order, described by the order parameter (cos® @) , with 6 being the
angle between the z-direction in the molecular system and an external
laboratory reference system. The operator () symbolizes an ensemble
average over all chromophores. If the chromophores are completely
randomly oriented, the order parameter is zero and the contributions of
the individual chromophores cancel out. If the chromophores have an
acentric order, a net contribution remains, thus leading a non-vanishing
x?. The so-called Lorentz-Onsager local field factor g is introduced to
rescale the external field which is partially screened by charges in the
organic EO material.

The second-order susceptibility X§§)3 is linked to the widely used EO
coefficient r333 by [26]
X(Z)
r3z3z = —2ﬁ (25)

4
n



2 Theoretical and technological background

14

with the refractive index ng of the EO material along the z-direction.
Exploiting the symmetry of the second-rank tensor 7, we can introduce
a contracted notation [26] reducing the number of subscripts to two and
write the relevant component r333 as r33. The EO coefficient r33 of the
organic chromophore EO material can then be written as

r33 = =2Nfz (cos’ 6)g /ng. (2.6)

The macroscopic EO activity of the organic materials can be improved by
enhancing the hyperpolarizability /3 of the constituting chromophores,
by increasing the number density of chromophores N in the material,
and by increasing their orientational order (cos’ #). The latter is a cru-
cial step in preparing organic EO materials as the thermodynamically
favored state of the chromophore ensemble is a centric order, where the
molecular dipole moments chancel out and the energy is therefore mini-
mized [46]. This. however, would leave the material with vanishing net
bulk EO activity. To bring the chromophores into an acentric order the
material must be poled [46,48,49,52,53]. While exposed to an elevated
temperature, the chromophores become mobile and align according to
an external electric poling field. To prevent relaxation back into centric
order, the material is cooled down while maintaining the poling field.
Optimization of the parameters of the poling process, like the poling
temperature, or the poling time is one of the central engineering tasks
in improving device performance of SOH modulators [18,48,55,56]. It
remains a challenge to prevent the relaxation of the chromophore ori-
entation back in to their energetically favorable state. This thermal re-
laxation reduces device reliability and stability. The thermal relaxation
can be slowed down by designing material systems with high glass-
transition temperature 7, or by employing techniques like cross-linking
to permanently fix the chromophore orientation in a polymer matrix.
For experiments presented in the following chapters, two organic EO
material systems optimized for thermal stability were used:

Organic EO guest-host system material family SEO: For the ex-
periments reported in Chapter 4 and 5 the commercially available or-
ganic EO materials SEO100 and SEO250 (sold by SoLuxra, LLC) were
used [57,58]. Both SEO materials are guest-host systems comprising
amorphous polycarbonate and EO chromophores. The composite of
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SEO100 has a glass transition temperature 7, around 140°C, low optical
loss and is specified for stable operation at 85°C [57]. The EO coefficient
can be as high as 200 pm/V at a wavelength of 1310 nm [57] (144 pm/V
at 1550 nm). Using SEO100, high-speed operation of an SOH modula-
tor at 80°C was shown in [21]. SEO250 has the same T, as SEO100 and
while the nominal r33 is slightly higher than for SEO100, the material
shows very similar EO efficiencies in SOH modulators.

Organic EO sidechain polymer material: For the experiments in
Chapter 3, a side-chain EO material was used [20, 54, 59]. The ma-
terial is based on a methyl methacrylate (MMA) polymer backbone.
Two functional side groups are attached to the backbone [20]: a bulky
adamantyl side group which makes the polymer chain less mobile and
thus increases Ty, and a sidegroup containing a phenyl vinylene thio-
phene (PVT) chromophore that provides the EO activity. Due to the
adamantyl side group the material exhibits a high 7, of 172°C which
can be even further increased to 194°C with a slightly reduced EO ac-
tivity [60]. This material was used to demonstrate long-term thermally
stable SOH modulators in accordance with Telcordia standards [61] for
high-temperature storage [20]. In high-temperature storage experiments
at 85°C the electro-optic activity converged to a constant long-term sta-
ble level after an initial decay. Considering a burn-in time of 300 h, the
efficiency of the SOH modulator decreased by less than 15% over the
following 2400 h.

In earlier work [18] the highly efficient organic EO neat chromophore
material JRD1 [47,48] was used in SOH modulators resulting in ultra
high EO in-device efficiencies. JRD1 is the result of theory-guided op-
timization of EO chromophores [48]. The chromophore features bulky
phenyl side groups which significantly increase the intermolecular dis-
tance of neighboring chromophores. This in turn reduces the dipole-
dipole interactions between chromophores, and JRD1 chromophores
can be used in high number densities without a polymer host. This leads
to a high 3 and bulk EO coefficients of r33 = 550 pm/V [47]. However,
these materials do not yet offer sufficient thermal stability for practically
viable devices, and in this work, the more stable materials SEO100,
SEO0250 and the side-chain material with polymer backbone were used.
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In addition to reversible thermal relaxation, irreversible photo-oxidation
can degrade EO materials. This so-called photobleaching is triggered by
optical absorption and subsequent chemical reaction with oxygen [62].
While typical organic EO materials have a low absorption at the telecom
wavelength of around 1550 nm, the high optical intensities present in
nano waveguides and in particular in the nano-slot waveguides used in
SOH modulators, see Section 2.4, lead to two-photon absorption (TPA)
and consequently to photobleaching if oxygen is present. Improvements
in both, thermal stability and photo stability, are subject to ongoing
research. It is expected that techniques like cross-linking and hermetic
sealing can greatly improve the reliability of organic EO materials.

2.2 Principle of Mach-Zehnder and 1Q
modulators

Electro-optic modulators are key elements in optical communication systems.
EO modulation can be realized either by direct absorption or by phase modula-
tion. Modulators comprising embedded phase shifters are capable of sup-
porting intensity modulation and complex-valued modulation formats. By
exploiting interferometric or resonant structures, modulators based on phase
shifters can transform a modulation of the phase into a modulation of the
amplitude or intensity of the optical carrier. The present section limits it-
self to Mach-Zehnder modulators (MZMs) as this type of modulator generally
supports complex modulation formats, broadband operation in terms of the
optical carrier frequency, and broadband operation in terms of the modulating
RF signal.

An MZM is an interferometric modulator structure based on interference and
modulation of the refractive index [35]. The schematic of an MZM is depicted
in Fig. 2.1(a). A monochromatic, coherent, linearly polarized optical carrier as
input signal is split into two parallel paths, the two arms of the MZM, and then
recombined to form the output signal. In the two arms of the interferometer
a phase shift is introduced by modulation of the refractive index n in the
active section of length £. In MZMs the refractive index can be manipulated
by a control voltage us. The equivalent of this scheme as implemented in a
PIC is depicted in Fig 2.1(b). The incoming light is split by a multi-mode-
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Fig. 2.1: Modulation of an optical carrier based on a Mach-Zehnder interferometer (MZI) (a)
Schematic of an Mach-Zehnder modulator (MZM). The input signal is split into two arms
where the phase is manipulated by controlling the refractive index along an interaction
length €. When the two signals are recombined they interfere and form the output signal.
(b) Implementation of an MZM in a photonic integrated circuit (PIC). The light is split
and recombined by multi-mode-interference (MMI) splitters. The phase in each arm
is adjusted by manipulating the effective refractive index in a section of the integrated
waveguide.

interference (MMI) coupler [35, 63], propagates in two parallel waveguides
with adjustable effective refractive index and is recombined by a second MMI
coupler. The SOH modulators used in this work are derived from this scheme,
see Section 2.4.

We will now derive an expression for the optical signal at the output ports of
the MZM. In the following we use complex representations of the electric
field E such that the actual, real-valued field can be derived as R {E}. The
input signal directly at the input of the MMI coupler oscillates with the angular
frequency w and is given by Ej, = Epexp(jwt). This input signal is split into
the two arms of the MZM. Assuming a 1-to-1 splitting ratio for the MMI
(“50:50-splitter”), the field at the output of the MMI coupler in the upper arm
is given by

E = \%E exp(—i/2) @7
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and for the lower arm by
1

E, = $Em. (2.8)
The additional phase of —r/2 of the signal in the upper arm is caused by
the cross transition of the MMI [35]. After propagation through the phase
modulator PM1 and PM2 the signal accumulates a phase ¢; given by ¢; =
—(2m/Ag)n;€; with i = 1,2 indicating path 1 and 2 respectively and Ay being
the vacuum wavelength of the carrier. Additional phase shifts that accumulate
during propagation in both arms and do not lead to a relative phase difference
between the signals in arm 1 and arm 2 are omitted. The optical signals in the
arms before recombination (at the inputs of the second MMI coupler) can then
be written as

1 . .
E| = $Eme_]”/2em (2.9)
and |
E} = $Einej"’2 (2.10)

The output signals at the two output ports 1 and 2 are given by

1 . 1 1 . . .
Eout1 = 5 El + e—m/z6 Ej = 56—1"/2Ein [e#1 + ei2] 2.11)
and 1 1 |
Eout,Z = %eijﬂ/zEl/ + EEZ, = EEin [_ej‘pl + ej‘/’2] : (212)

By defining the relative phase difference Ap = ¢, — ¢; and omitting global
phase factors we can rewrite the output fields as

1 L+ . . P IS A
Eout,l = EEine'lelZ‘p2 [CJATLP + e_‘IAT‘p] = Einej‘plztp2 cos (%) (2.13)
and
1 L+ . . Lo+ A
Eows = EEmeJLz“’2 [eJAT‘p - e*JAT”"] = Ened ™7 sin (7‘"’) L (214)

18



2.2 Principle of Mach-Zehnder and IQ modulators

With the relation given by Eq. 2.13, the output field E,, can in principle
reach any point in the complex plane by adjusting the phases ¢; and ¢;. In
practical modulators, however, where the phases are typically controlled by a
voltage, it is more convenient to use the MZM in so-called push-pull operation
mode for pure intensity modulation or pure amplitude modulation. If complex-
valued output fields are required it is more convenient to configure an optical
IQ modulator based on two nested child MZM. The concept of push-pull
operation and of optical IQ modulators are briefly introduced in Section 2.2.1
and Section 2.2.2.

If a Pockels effect, see Section 2.1.4, is used for shifting the phase in the MZM
arms with a static or slowly varying external electric field Ec, we can write
the phase change d¢ caused by Eex as

1
S = —§n8r33Eextk0€, (2.15)

where r33 is the electro-optic coeflicient, ng is the optical refractive index in
the active section of length ¢, and ko the vacuum wave vector of the optical
carrier. If the modulating electric field is written as Eex = us/d , with d being
the distance between electrodes used to apply the control voltage us we can
express ¢ as

I 5 u
Sp = —zn0r33gsk0£’. (2.16)

This leads to the time dependent phase-shift d¢(z), controlled by the voltage
MS’

0p(t) oc ug(t). (2.17)

2.2.1 Push-pull operation

Simultaneous phase and amplitude modulation is generally undesired for in-
tensity or amplitude modulation systems. In intensity modulation systems,
phase modulation results in a chirp which leads to increased signal distortions
for signals propagating through dispersive media. A detailed discussion on
chirp caused by MZMs can be found in Section 4.2. In amplitude modulation
system it is often desired that the amplitude is precisely controlled without
affecting the phase, see, e.g., the IQ modulator in Section 2.2.2. Unwanted
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phase modulation can be suppressed by so-called push-pull operation where
the phase in each of the MZM arms, Eq. 2.9 and 2.10, is chosen such that
@1 = —3. The transfer functions in Eq. 2.13 and Eq. 2.14 then simplify to a
purely real amplitude transfer function and we can write

A
Eou,1 = Ejy cos (790) = Eiy cos (¢1) (2.18)
and
. (A ,
Eous = Ei sin (79”) = Esin(g)). (2.19)

The intensity transfer functions for push-pull operation are given by
A 1
|Eou 1| = |Einl” cos? (7“’) = |Enl’3 (1+ cos(Ag))  (2.20)

and
. A 1
|Eout.2|* = |Ein|? sin? (7‘*’) = |Em|25 (1 = cos(Ag)). (2.21)

The amplitude transfer function as given by Eq. 2.18 and the intensity transfer
function as given by Eq. 2.20 are shown in Fig. 2.2. For intensity modulation
the transfer function can be linearized if a small-signal modulation is applied
around the so-called quadrature point at Ap = 7 such that Ap = 7 + d¢ with
|6¢| < m/2. The so-called null point is chosen for optimum field linearity
and is given at Ap = m. Small-signal amplitude modulation is then realized
for Ap = m + d¢ with |6¢| < n. The null point is typically chosen as
operating point when realizing complex modulation formats in IQ-modulators,
see Section 2.2.2. Linearizing Eq. 2.18 and 2.20 by setting the operating point
accordingly we can use Eq. 2.17 to write

Eou o< ug (2.22)

for the amplitude modulation in the null point and
| Equl* o ug (2.23)
for intensity modulation in the quadrature point. These two expression clearly

show how an MZM can be used as EO amplitude or intensity modulator.
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Fig. 2.2: Amplitude transfer function (red) and intensity transfer function (blue) of an MZM in
push-pull configuration. For intensity modulation the transfer function is linearized if
a small signal modulation is applied around the so-called quadrature-point at Ap = 7.
The so-called null point, A = 7, is the operating point where amplitude and intensity
become zero (optimum field linearity).

2.2.2 1Q modulator

To realize complex modulation formats with independent modulation of both
amplitude and phase of the optical carrier (see Section 2.6 for an introduction
into various modulation formats) a single MZM could be used as explained
in the context of Eq. 2.13. However, to set the amplitude and phase of the
output signal, a sophisticated control of the phases ¢; and ¢, in the two arms
of the MZM is needed. In practical applications it is desired to set the in-phase
component (I-component) and the quadrature component (Q-component) of
the output signal directly by independent control signals. This can be achieved
by nesting two “child” MZMs operated in push-pull configuration and biased
at the null point, see Section 2.2.1, to form a “parent” MZM. To form an
in-phase/quadrature-phase (IQ) modulator, an additional static phase shift of
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90° between the combined signals is introduced into one arm of the “parent”
MZMs, see Fig. 2.3(a). The output signal of the IQ-modulator is given by

E.
Eout = % [cos(Apmzmi) + j cos(Apmzma)], (2.24)

with Apmzv and Apvzve being the relative phase difference in the two child
MZMs as given by Eq. 2.13. The I-component

E
1= = cos(Agnizm) (225)
and the Q-component
E
Q = > cos(Apnzno) (2.26)

can now be adjusted independently by controlling Apmzmi and Agpvzme, re-
spectively. The output field E,y can reach any point in the complex plane, see
Fig 2.3(b), and we can derive the following useful relations:

Eou = (I +jQ)e! (2.27)

and '
I+j0 = ae® (2.28)

with aig = VI? + 0% and ¢ = arg(! + jQ). For the real part of the complex
representation of the E-field at the output we can write

R {Eou} = I cos(wt) — Q sin(wt). (2.29)

2.2.3 Basic performance metrics for MZMs

This section introduces important performance metrics for MZMs. These
metrics will be used to evaluate the overall performance of modulators and
help to identify design trade-offs when developing new devices.
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Fig. 2.3: In-phase-quadrature-phase 1Q modulator: (a) IQ modulator realized with two nested
“child” MZMs in the arms of a “parent” MZM. A static phase shifter is added in one arm
to ensure that the two signals from MZM 1 and MZM 2 have a 90° phase difference upon
recombination. Both “child” MZMs are operated in push-pull configuration and biased
at the null point. (b) By adjusting the phase difference in the two child MZMs the I- and
Q-component of the output signal can be set and any point in the complex plane can be
reached.

n-voltage U,

The m-voltage U, of an MZM in push-pull configuration is the voltage that is
required to cause a relative phase shift of Ap = 7, see Eq. 2.18. It corresponds
to the voltage that is needed to bring the intensity transfer function, Eq. 2.20,
depicted in Fig. 2.2, from the point of maximum transmission to the point of
minimum transmission. Using U, Eq. 2.16 can be written as

UgTt

Ap = ——, 2.30
¥ U, (2.30)

where U, = nd/ (n8r33ko€), see Eq. 2.16. The n-voltage is a device property.
Making the interaction length ¢ of a modulator longer reduces U,. The voltage-
length-product U, ¢ is therefore often used as a length-independent metric for
the efficiency of a particular modulator scheme.

Insertion loss o™
The optical power loss in the modulator even when set to maximum transmis-

sion is given by the insertion loss (IL) a™ = 101log (P;y/Pou) with [aY] =
dB. The IL comprises losses in imperfect waveguides due to absorption
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and scattering, losses due to imperfect power splitters and combiners and
propagation losses in the active sections of the phase shifters. If the phase
shifters are lossy, reducing the modulator length leads to lower propagation
losses, however, U, is increased. A frequently used metric for modulator
concepts and technologies is the product of the voltage-length-figure of merit
(FOM) U, ¢ and the optical power propagation loss of the phase shifter apg =
434" expressed in dB/m [49]. This results in the so-called r-voltage-loss-
product apsU, ¢ with the unit dB - V and can be interpreted as the 7-voltage of
a device having 1 dB insertion loss, or as the propagation loss of a device with
Ur = 1V. For simplicity the index “PS” in apg is omitted in the remainder
of this work. In the context of the aU,{-FOM, a always refers to the optical
power propagation loss in the active section of the phase shifter.

Extinction Ratio

The extinction ratio (ER) of an MZM is defined as the ratio between the
transmitted power in the maximum transmission point and the transmitted
power in the minimum transmission point, often expressed in dB. If the phase
shifters are loss-less and the splitters split the incoming power in perfectly
equal parts, as assumed in the derivation of Eq. 2.13, the ER is infinitely large.
Due to loss or imperfect power splitters the field strength of the signals from
the two arms may differ. This results in imperfect extinction and the ER has a
finite value. Generally a large ER is desired.

Electro-Optic Bandwidth

If a time-dependent control signal is used to drive the MZM such that there
is a time dependent phase shift Ag(), the response time of the modulator is
of interest. The bandwidth of a modulator is not defined consistently in liter-
ature [64, 65]. Typically, the small-signal EO response is quantified either by
the electro-optic-electric (EOE) 3 dB bandwidth or the EOE 6 dB bandwidth,
the latter one sometimes referred to as electro-optic (EO) 3 dB bandwidth.
For intensity modulation, the EOE 3 dB bandwidth is defined by the frequency
w3gs /27 where the amplitude of the optical power modulation is reduced by
a factor of 1/V2 compared to the low-frequency limit. A detailed discus-
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sion on how to define and measure the bandwidth of a modulator is given in
Section 2.5.5 along with a discussion of bandwidth-limiting effects.

Chirp

Unwanted phase modulation in intensity modulated signals is called chirp.
Chirp can lead to signal distortions in dispersive media. The so-called chirp
parameter © is defined as the ratio of the phase modulation strength and
the amplitude modulation strength, see Section 4.2 for a detailed discussion.
Ideally, MZMs in push-pull configuration exploiting a pure Pockels effect allow
to completely suppress any phase modulation and therefore allow chirp-free
operation, see Eq. 2.18, and a@© = 0. In real-world devices with finite ER or
with an imbalance in the phase modulation of the two arms, a residual phase
modulation leads to chip and non-zero values of the chirp parameter.

Footprint

The size of integrated EO MZMs is an important FOM because a reduction in
size leads to a reduction of manufacturing costs and allows integrating more
functionality on the same available chip area. Since the m-voltage U, of an
MZM is directly linked to the length ¢ of the active section of the phase shifters,
more efficient modulator technologies lead to a reduced size of the devices.
A short length of the modulator can also be beneficial for the achievable
modulation speed, see Section 2.5.5.

Energy dissipation

While the U,£-FOM is an essential performance metric to quantify the effi-
ciency of the MZM (the smaller the better), the energy dissipated when driving
the device with a dynamic control voltage uy is crucial when designing optical
communication systems [16]. In this case the energy dissipation does not only
depend on the EO modulator itself, but also on the surrounding electronic
circuit used to feed the modulating signal to the modulator [49]. The relevant
FOM is the energy Wy, dissipated per bit that is encoded onto the optical carrier.
For example, if we assume a binary data signal with equal probabilities for
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Fig. 2.4: Equivalent-circuit models of EO modulators to derive electrical energy dissipation. (a)
Lumped-element EO modulator represented by a capacitance. The modulator is driven
by a voltage source with internal resistance Ry. (b) Impedance-matched traveling-wave
modulator modeled by a transmission line having a characteristic impedance matched to
the source impedance Ry and the terminating impedance Ryyp.

the “on-state” (45 = uq is applied to the modulator) and “off-state” (us = 0 is
applied to the modulator), and model the modulator as a lumped element with
capacitance C, see Fig. 2.4(a), the energy dissipated per bit is given by [49,66]

C u?j
Wbit = . (23])
4

However, oftentimes MZMs are designed as traveling-wave devices, see Sec-
tion 2.5, and the modulator can not be considered as being a lumped element.
In this case the modulator can be modeled as a transmission line. For a modu-
lator with a characteristic impedance Z, matched to the source resistance R
and terminated in a matched load Ry, as shown in Fig. 2.4(b), the energy
dissipated for a binary signal with equal probabilities for “ones” and “zeroes”
is given by [49]

Wi =

) (2.32)
with Ty; being the duration of the time slot of one bit (symbol duration). A

more detailed discussion of the energy dissipation in SOH modulators is found
in Section 4.8.

Compatibility with CMOS processes

Besides performance, process compatibility of the materials and the manufac-
turing steps is an important characteristic for integrated EO modulators [16].
In particular for Si modulators the compatibility with established CMOS pro-
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cesses is important for cost efficient and scalable deployment [67]. So-called
“zero-change” processes, where photonic structures are fabricated with unmod-
ified digital electronics processes were demonstrated in recent years [68, 69].
Most SiP modulators, however, can not be directly fabricated using the very
same processes as for CMOS electronics. Generally, it is desired for a technol-
ogy to require the smallest possible modifications in the highly sophisticated
front-end-of-line (FEOL) fabrication processes, i.e. by only adding a back-
end-of-line (BEOL) process.

2.3 Silicon-photonic Mach-Zehnder modulators:
State of the art

There is a wide variety of high-speed, silicon MZMs. A comprehensive review
of state-of-the-art, high-speed silicon phase shifters is given in [16]. The goal
of this section is to shortly review and categorize all relevant Si MZM device
types, to give a comparative overview of their performance parameters, and to
provide references for putting the work presented in this thesis into perspective.

Si MZMs can be categorized into all-silicon modulators and into modulators
combining Si with addition materials, either through monolithic or through het-
erogeneous integration. All-silicon MZMs are most commonly realized either
as reverse-biased p-doped-intrinsic-n-doped (PIN) or PN diodes or as silicon-
insulator-silicon capacitors (SISCAPs). If integration with additional materials
other than pure or doped Si is employed, the same modulator structures, namely
PIN, PN and SISCAP modulators, can be used, potentially with improvements
in performance compared to all-Si implementations. Further, the availability
of materials with second-order optical nonlinearity opens the possibility to
realize true Pockels-effect modulators. Figure 2.5 gives an overview of all
of these types of Si MZMs along with a schematic cross section of the phase
shifter, Table 2.1 gives an overview of the key performance metrics for selected
modulators. A brief description of the basic modulator types is given in the
following paragraphs.

e PIN and PN modulators

In PIN phase shifters the waveguide consists of a PIN diode, most
commonly operated in reverse bias to deplete the waveguide from free
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Fig. 2.5: Overview of state-of-the-art high-speed Si MZMs. The image depicts schematic cross-
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sections of the phase shifters categorized into all-Si phase shifters and phase shifters
where Si is combined with additional materials either through monolithic or through
heterogeneous integration. (a) Conventional PN-junction, (b) vertical PIN-junction, (c)
PN-junction using a SiGe overlayer, (d) silicon-insulator-silicon capacitor (SISCAP),
(e) SISCAP with the n-doped side replaced by a III-V semiconductor, and (f) SISCAP
with the n-doped side replaced by a single graphene layer. Since Si does not exhibit a
second-order optical nonlinearity, Pockels-effect modulators have to be realized as hybrid
system using e.g. an organic material or a ferroelectric Perovskite as EO material. These
modulators can be realized as a (g) rib waveguide clad with the EO material or as a
(h) slot waveguide filled with the EO material. Waveguides guiding a hybrid plasmonic
mode (i) or a plasmonic mode in a plasmonic slot waveguide (j) are also used as hybrid
EO modulators when functionalized with EO materials. Examples and references along
with performance metrics are given in Table 2.1.
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carriers. If the intrinsic region between the n-doped and the p-doped
part is negligible, see Fig 2.5(a), these modulators are also referred to
as PN modulators. We will refer to the general modulator scheme as
P(IN as the operation principle of PIN and PN modulators is identical
if operated under reverse bias condition'. A modulation of the applied
voltage leads to a modulation of the width of the depletion region. The
resulting modulation of the free-carrier concentration inside the waveg-
uide results in a modulation of the waveguide’s effective refractive index,
see Section 2.1.2. For an efficient P()N modulator a large device capac-
itance is desired because a large number of carriers is moved into and
out of the waveguide. A large device capacitance, however, increases
the dynamic power consumption of the modulator and increases the RC
time-constant, associated with the device capacitance and resistive con-
nections to it, see Fig. 2.4. In addition, to increase the capacitance, the
width of the space charge region has to be reduced which requires higher
doping concentration and therefore induces higher optical losses due to
free-carrier absorption. The efficiency of high-speed P(I)N modulators
is therefore intrinsically limited. Best-in-class high-speed modulator
efficiencies are limited to U,¢ = 25 Vmm but reach EO bandwidths of
more than 50 GHz [70]. Optimizing the doping profile to place the free
carriers where they contribute most to the modulation and reducing their
concentration elsewhere is therefore an effective measure to improve the
overall performance. Figure 2.5(b) shows an example of a horizontal
PIN junction (in contrast to the vertical PN junction in Fig. 2.5(a)) which
is used to increase the volume in which the free-carrier concentration is
modulated. This approach leads to significantly improved efficiencies
with U,{ = 7.4 Vmm [71]. Other, more complex doping profiles, po-
tentially supported by epitaxial overgrowth steps provide a way to tailor
the EO properties of P(I)N modulators [16].

The efficiency of P(I)N modulators can be improved using integration
with additional materials. In [72] SiGe has been used to replace the
p-doped silicon, see Fig. 2.5(c). The strain induced by the lattice mis-
match between Si and Ge reduces the effective mass of the holes, thus

' PIN modulators can also be operated under forward bias condition which leads to high effi-
ciencies. This mode of operation is not suited for high-speed operation due to the long carrier
lifetime in the intrinsic region and is therefore not considered here.
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30

increasing the refractive index change, see Eq. 2.1. This leads to an
improved efficiency of U,{ = 6 Vmm and offers the advantage that Ge
is well established in CMOS processes. While this approach relaxes the
fundamental trade-off between efficiency and speed in P(DN modula-
tors, even these highly-optimized device exhibit U, {-products of several
Vmm.

SISCAP modulators

In SISCAP MZMs, the active section of the waveguide comprises a SIS
capacitor, Fig. 2.5(d). These modulators are most commonly operated
in accumulation mode, where carriers are accumulated on either side
of the insulator. As with the P(I)N modulators the modification of
the free-carrier density results in a change of the waveguide’s effective
refractive index. The accumulation of carriers of opposite polarity
on both sides of the insulator allows increasing the device capacitance
compared to P()N modulators without the need for doping. This leads
to very efficient modulators, i.e. U,¢ = 1.6 Vmm [73] without an undue
increase of optical losses. However, the high device capacitance limits
the operation speed due to an increased RC time-constant [16]. As with
P(DN modulators, the efficiency of SISCAP modulators can be improved
by adding additional materials. In InGaAsP the electrons contribute
stronger to a refractive index change than in Si [43]. This effect is used
in [74,75], where on the n-doped side of the SISCAP, Si was replaced
with n-doped InGaAsP by using direct wafer bonding. The efficiency
is thus improved to U,{ = 0.47 Vmm [75]. Alternatively, graphene has
been used to replace Si on one side of the insulator, exploiting the unique
properties of a two-dimensional semiconductor [16,76]. So far, these
heterogeneously integrated SISCAP modulators are severely limited in
at least one of the key performance metrics, see Table 2.1, and are not
considered for practical applications.

Pockels-effect modulators

Si MZMs based on carrier-induced refractive index change suffer from
the aforementioned fundamental trade-off between modulation effi-
ciency, speed and optical losses. It is furthermore impossible to decouple
amplitude and phase modulation which impairs MZM performance, see
Section 2.2.2. To overcome these limitations, a field driven EO ef-
fect is desired. Since silicon exhibits no linear EO effect, due to its
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centro-symmetric crystal structure, additional materials have to be in-
tegrated into the SiP platform [16, 17]. Substantial efforts have been
made to successfully integrate organic EO materials or ferroelectric
perovskites such as LiNbO3 [36], BaTiOsz [77] or PZT [78]. All of
those materials exhibit a Pockels effect and therefore offer pure phase
modulation which can be transformed into a pure amplitude modula-
tion in an MZM. Since the intrinsic EO efficiency of the materials is
higher than for the plasma-dispersion effect available in pure Si, the
approach of heterogeneous integration allows substantially improving
the modulator efficiency without being constrained by the efficiency-loss
trade-off as present with all-Si P(I)N or SISCAP modulators. Various
waveguide designs to combine the high index material Si with organic
or ferroelectric EO materials are found in literature. Two basic realiza-
tions are shown in Fig. 2.5(g) and Fig. 2.5(h), where the EO material
is used as cladding material of a Si waveguide or filled into the slot
of a Si slot waveguide, respectively. A central optimization strategy
when designing such hybrid Si modulators is to increase the overlap
between the optical mode and the modulating electric field. The slot
waveguide offers very good confinement of the optical mode to the slot
region and sophisticated electrode design can then lead to an almost
perfect overlap of the optical and electric modes [49]. The approach of
a slot waveguide filled with an EO material is called SOH integration
and is the modulator technology investigated and optimized in this work.
The strong intrinsic EO activity of the underlying organic material and
the good overlap due to the slot-waveguide geometry can lead to ultra
high in-device modulation efficiencies and corresponding ultra-small
m-voltage-length products U,{ = 0.32 Vmm [18]. The SOH approach
is particularly attractive since the organic material can be spun-on or
dispensed in a back-end-of-line (BEOL) process without a need to alter
conventional SiP fabrication processes. The integration of ferroelectric
materials, however, requires a dedicated, heavily modified fabrication
process. A detailed introduction into SOH modulators is given in the
Section 2.4.

Hybrid integration of Si waveguides with organic or ferroelectric EO
materials can be combined with plasmonic structures. Hybrid plasmonic
waveguides, see Fig. 2.5(i), or plasmonic slot waveguides, Fig. 2.5(j), are
used to guide a surface plasmon polariton along a metal surface which
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in turn can lead to strong interaction between optical and modulating
electric field [49]. In particular, the combination of plasmonic slot wave-
guides with organic EO materials in plasmonic-organic hybrid (POH)
devices has led to very efficient MZMs with U,¢ = 0.05 Vmm [55] and
extraordinary EO bandwidths of hundreds of GHz [79, 80]. However,
high optical losses in the metal limit the practical interaction length and
therefore constrain the achievable U, and lead to high m-voltage-loss
products of aU,¢ > 10 VdB, see Table 2.1.

A comparative overview of important MZM FOMs of selected modulators
published in literature is given in Table 2.1. With the exception of SOH mod-
ulators, neither of the technologies offers excellent efficiency along with band-
widths of the order of 100 GHz and good compatibility with standard SiP pro-
cesses. The organic EO material can be added in a BEOL-process. Therefore,
SOH modulators can be combined with the full portfolio of SiP components.
Combined with the high efficiency, large bandwidth and small m-voltage-
loss products, SOH modulators are one of the most promising candidates for
high-performance, low-cost SiP modulators. Significant improvements in the
thermal stability of the organic materials could be made recently [20]. Further
progress in terms of reliability is to be expected similar to what was achieved
with other organic technologies such as organic light-emitting diodes (OLEDs).
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2.4 SOH modulator device principles

The absence of a Pockels effect in Si is compensated by using organic EO
materials, see Section 2.1.4, to overclad Si waveguides in SOH modulators fab-
ricated in silicon-on-insulator (SOI) technology [48,49,51]. The EO activity is
then provided by the highly efficient organic EO materials with EO coefficients
of up to r33 = 550pm/V [47]. Besides a high intrinsic EO efficiency, a
good overlap between the modulating electric field and the optical mode is of
paramount importance for an efficient modulation. This can be accomplished
by using a Si slot waveguide as shown in Fig. 2.6(a), where typical dimensions
and refractive indices for the materials used refer to an operation at a vacuum
wavelength of 19 = 1.55um. The rails of the slot waveguides are attached
to thin, doped Si slabs, which allow to apply a modulation voltage. The Si
slot waveguide is filled with an organic EO material with a refractive index
much lower than the refractive index of Si. Due to the discontinuity of the
normal component of the optical electric field with a higher field amplitude
in the low-refractive-index region and due to the proximity of the two silicon
rails, the optical mode is confined inside the slot region, and most of the light
propagates inside the EO active material [82]. The dominant x-component of
the optical electric field is shown in a color-coded plot in Fig. 2.6(b). The
modulating RF voltage Upoq drops almost entirely across the insulating slot,
and therefore the associated electric RF field is confined to the slot region
as well. Fig 2.6(c) shows a color plot of the dominant x-component of the
modulating electric field. The narrow slot leads to high modulating field
strengths and to an excellent overlap of the electric mode with the optical
mode. This results in ultra-high efficiencies with voltage-length products of
only 0.32 Vmm [83]. The concept of such a slot waveguide attached to Si
slabs and clad with EO organic material was first demonstrated to work as an
EO modulator at RF frequencies by Ding et al. [SO]. While other waveguide
geometries, e.g., narrow Si waveguides with the evanescent field penetrating
into an EO cladding, might be beneficial for certain applications, the slot
waveguide is best in terms of modulation efficiency and is used throughout the
work reported in this thesis.

The basic concept [49] of an SOH MZM using over-clad slot waveguides in
each arm is shown in Fig. 2.7. The top view, depicted in Fig. 2.7(a), resembles
the schematic of an integrated MZM introduced in Section 2.2, Fig. 2.1(b).
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Fig. 2.6: Silicon slot waveguide with organic EO cladding. (a) Slot waveguide with the refractive
indices of the used materials. Thin, doped Si slabs are attached to the rails of the
slot waveguide to apply a modulation voltage Up,oq. Typical dimensions are wgor =
60...160 nm, wp,; = 200...250 nm, Ay, = 220 nm, and hg,, = 70...90nm. (b) Color-
coded plot of the dominant x-component of the optical mode. The highest intensity is
found in the slot. (c) Color-coded plot of the dominant x-component of the modulating
electric field.
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Light from the optical input is split by an MMI splitter into the two arms of the
MZM. Figure 2.7(b) depicts an artist’s view of the MZM. The cross-section
of the device with the slot waveguides in each arm of the MZM is shown in
Fig. 2.7(c). Strip-to-slot mode converters [84] connect the Si strip waveguides
with the slot waveguides of the phase shifters. This transition can be seen
in Fig. 2.7(d) that depicts a magnified artist’s view of the beginning of the
slot waveguide section with the strip-to-slot converters. Note that, for a better
understanding, in the graphical representation in Fig. 2.7(d), only one of the
phase shifter slots is filled with the organic EO material.

The modulating electric drive signal is applied via metal electrodes which are
directly deposited onto the Si slabs, see Fig. 2.7(c). In some cases, an additional
oxide over-cladding can be used to protect the strip waveguides on the chip.
This oxide cladding is then locally removed to expose the slot waveguide for
application of the organic EO material. If an oxide over-cladding is used, the
electrodes are deposited on top of this oxide layer and connect to the Si slabs
by metal vias. For a cross-section of a modulator with oxide cladding and
vias see Section 4.2, Fig. 4.1. In either way, the electrodes are arranged as a
coplanar GSG transmission line, see Fig. 2.7(a-c). The modulating RF signal
co-propagates with the optical carrier along the modulator. Typical lengths ¢ for
SOH modulators range from 250 um to 1.5 mm. To increase the conductivity
of the Si slabs, the free-carrier density can be increased by doping through ion-
implantation and/or by the formation of an electron accumulation layer at the Si-
burried-oxide-layer (BOX) interface, induced by a so-called “gate”-voltage [85]
between the slabs and the handle wafer. Increasing the slab conductivity helps
to reduce the RC time-constant associated with the slot capacitance and the
slab resistance. This RC time-constant limits the modulation speed of the SOH
MZM. A general discussion of bandwidth-limiting effects of transmission-
line-driven MZMs is given in Subsection 2.5.5. A detailed discussion of the
bandwidth of SOH modulators along with experimental investigations and with
implications for the design of SOH modulators is presented in Chapter 3.

To activate the macroscopic EO activity of the organic material, the molecular
dipoles in the material have to be oriented in an acentric order by a one-time
poling process, see Section 2.1.4. The poling procedure for an SOH MZM for
single-drive push-pull operation is illustrated in Fig. 2.8. Before the poling
process, Fig. 2.8(a), the molecular dipoles are in their thermodynamically
favored state and are randomly oriented, leading to a vanishing macroscopic EO
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(a)
Optical input © Contact pad Electrodes Optical output
al /__.</
wi A
| |
G [ Phase shifter length £ |
(b)
1
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(c) Electrodes EO material (d)

Slot waveguide

Strip waveguide

Fig. 2.7: SOH modulator concept: (a) Top-view of the modulator with optical waveguides shown
in blue, the active section of the phase shifters with the organic EO material shown in
green, and the metal electrodes shown in yellow. The electrodes form a coplanar ground-
signal-ground (GSG) transmission line. The light is split and combined by multi-mode-
interference (MMI) couplers. (b) Artist’s view of the SOH MZM. (c) Cross-section of
the SOH MZM. Thin, doped Si slabs connect the slot waveguide to the metal electrodes.
(d) Magnified artist’s view of the transition from the slot waveguide to the strip waveguide
section (strip-to-slot converter [84]). For better understanding the EO cladding (green)
is shown in one arm only. Parts of this figure were adapted with permission from [J2]
Fig. 1 ©The Optical Society.
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(a) (b)

Poling (© Push-Pull operation

.

Before poling

Fig. 2.8: Poling process and push-pull operation of SOH MZM. “(a) Prior to poling, the molecular
dipoles (green arrows) in the organic EO material are randomly oriented such that no
macroscopic Pockels effect can be observed. (b) At elevated temperatures, a poling
voltage [applied between the floating ground electrodes] induces a poling field Epo
which aligns the molecular dipoles predominantly along the electric field. This molecular
orientation is frozen when the material is cooled down to room temperature. (c) In
push-pull operation, the modulating RF voltage is applied to the center signal electrode
thereby leading to a modulating field vector Ey,oq that is oriented parallel to the poling
direction in one arm and anti-parallel in the other one. This allows a pure amplitude or
intensity modulation without residual phase modulation (chirp-free) [86].” Adapted with
permission from Fig. 1 in [J3] ©The Optical Society.

activity. For poling, Fig. 2.8(b), the modulator is first heated to a temperature
close to the glass-transition temperature of the organic material such that the
molecular dipoles become mobile. A poling voltage is then applied to the
floating ground electrodes, and the dipoles in the slot align according to the
poling field E,,. While the poling field remains applied, the modulator is
cooled well below the glass transition temperature of the organic material, and
the orientation of the molecular dipoles is thus frozen. The poling field can
then be removed and the organic material exhibits a macroscopic EO activity.
For operation of the MZM, Fig. 2.8(d), the modulation voltage is applied to
the central signal electrode such that the modulating field vector is oriented
parallel to the molecular dipoles in one arm of the MZM and antiparallel in
the other arm. This leads to phase shifts of equal magnitude but opposite sign
and hence to an intrinsic push-pull operation, see Section 2.2.1.
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2.5 Transmission-line-driven electro-optic
modulators

If the length £ of a modulator does not allow to treat the modulator electrically
as a lumped element, voltages and currents in the modulator may vary along
the devices. The metal electrodes used to apply the electrical signal are
therefore often realized as a transmission line that allows the signal to propagate
along the modulator. This section briefly summarizes the key concepts of
microwave engineering that are needed to formulate a quantitative model of
the EO behavior of such modulators.

2.5.1 Electrical transmission lines

If the physical dimension of an electrical circuit is much smaller than the wave-
length of the considered electrical signal, the components in the network can
be treated as lumped elements connected by perfect wires. However, if at high
frequencies the dimension of the network becomes lager than a considerable
fraction of the wavelength, the assumption of lumped elements does not hold
any more. Currents and voltages may vary along the network, and in general
Maxwell’s equations have to be applied rigorously to describe the network
and to calculate voltages and currents. For special cases, microwave theory
has developed simplified models that allow to use circuit theory to treat such
networks at high frequencies. One such case is the propagation of voltages and
currents along a conductor forming a transmission line, which can be modeled
by the distributed equivalent circuit shown in Fig. 2.9. The full line is described
by infinitesimally short sections of length Az, for each of which the assumption
of lumped elements can be justified again. Each section is modeled by a series
resistance R = R’Az, a series inductance L = L’Az, a parallel capacitance
C = C’Az and a parallel conductance G = G’Az. The quantities R’, L', G’
and C’ are thus differential quantities that describe the resistance, inductance,
conductance and capacitance of the transmission line per length in Q/m, H/m,
S/m and F/m, respectively. The following derivation of useful relations and
quantities describing a transmission line is based on the textbook “Microwave
engineering” by D. M. Pozar [87].
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O

z

Fig. 2.9: Equivalent circuit of a transmission line divided into infinitesimally short sections of
length Az. Each section is modeled by a series resistance R = R’Az, a series inductance
L = L' Az, aparallel capacitance C = C’Az and a parallel conductance G = G’Az. The
quantities R’, L', G’ and C’ are thus differential quantities that describe the resistance,
inductance, conductance and capacitance of the transmission line per length in Q/m, H/m,
S/m and F/m, respectively.

2.5.2 Telegrapher equation and characteristic impedance

The time dependent voltages u(z,7) and currents i(z,¢) along the transmission
line are determined by the telegrapher equations [87]:

ou(z,t) . ,0i(z,1)

e R'i(z,t) - L o (2.33)
and 0i(z,1) Ou(z,1)
l Z,l‘ u Z,l‘

=-G’ -’ ) 2.34

52 G'u(z,r)- C o1 (2.34)

For time-harmonic currents i(z,7) = R{I(z) exp(jwt)} and voltages u(z,t) =
R{U(z) exp(jwt)}, the telegrapher equations 2.33 and 2.34 simplify to

dU(z)

=—(R + jwL"I(z), (2.35)
dz
df{_(zz) = —(G' + jwCHU(z). (2.36)

Combining Eq. 2.35 and Eq. 2.36 yields wave equations of the form

d*U(z)
dz?

y*U(z) = 0, (2.37)
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d’1(z)
dz?

—y*1(z) =0, (2.38)

with the complex propagation parameter y = (R’ + jwL’) (G’ + jwC’).
These wave equations are solved by a superposition of forward and back-
ward traveling waves

U(z) = Ufe " + Uge”?, (2.39)
I(z) = Ije™"* + I; &%, (2.40)

The terms Uge™* and Ije™* describe the forward traveling waves and U, e**
and 1;e”* describe the backward traveling waves.

The propagation parameter can be written as y = « + j§, where a represents
an attenuation of the amplitude of the propagating wave® and j3 the effective
propagation index. The complex propagation parameter y describes how
current and voltage change along the transmission line. Additionally, we can
define the characteristic impedance

R +jwL’ R +jwL’
Zp = 2 TIOL J© (2.41)
y G’ + jwC’
which relates current and voltage to one another as
1
I(z) = = (Uge™* = Uy 7). (2.42)
0

Note that both y and Z are generally complex? and independent of the length
of a transmission line. They are fully determined by R’, L’, C’, and G’, which
are dictated by the physical cross-section of the transmission line. Signal
propagation along a transmission line is thus fully described by the length ¢,

2 Note that e denotes an amplitude attenuation coefficient. The corresponding power attenuation
coeflicient, in this work denoted as aP¥0) and often used in optics, amounts to 2a.

3 Oftentimes the characteristic impedance is considered in the context of low-loss transmission
lines at high frequencies so that Zy ~ 4/L’/C"’ and therefore Z; € R. This approximation does
only hold if R" < wL’ and G’ < wC’.
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the characteristic impedance Zy and the complex propagation constant y of the
line.

For a transmission line of finite length, the amplitudes of the forward and
backward-propagating waves U* and I* depend on the boundary conditions at
the start and the end of the line. In all relevant scenarios, the transmission line
with characteristic impedance Zj is not isolated but embedded in a network.
Generally, we consider an input network with the source impedance Z,. and
an output network with load impedance Zy. If Zy # Zy. and Zy # Z,
the propagating waves are (partially) reflected at the boundary to the input
network and at the boundary to the output network, respectively. The amplitude
reflection factor at such an impedance mismatch between impedance Z; and
V4 j is

Z - Z;

r=——. 2.43
Zi +Z]' ( )

2.5.3 Matrix description of transmission line

A linear two-port network can be described using a two-dimensional matrix
relating wave amplitudes at the input port to wave amplitudes at the output port.
Figure 2.10 shows a schematic of a two-port network (e.g. a transmission line)
with current /; and voltage U; at porti. The quantity U} is the amplitude of the
voltage wave incident at port i, and U} is the voltage wave emitted from port i,
including also partial reflection of the incident wave. Two-port representations
used in this work include the transfer-matrix T (often referred to as ABCD-
matrix in microwave engineering*), relating the voltages and currents at port
1 to the voltages and currents at port 2:

U T T U
o _ (T T (U2} (2.44)
I Ty Tn)\k
————
T

4 Not to be confused with the matrix used in optics for ray transfer matrix analysis.
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Fig. 2.10: Schematic representation of two-port network.

The transmission-matrix representation of a two-port is particularly useful
because a cascade of two-ports described individually by T;, Tj,...,T, can
be represented by the multiplication of all transmission matrices Tcascade =
T{T;...Th.

An alternative representation is the frequently used scattering matrix S, the
elements of which are referred to as S-parameters. The scattering matrix
relates the incident voltage waves U to the reflected or transmitted voltage
waves U;

Ur NI Uy
N b | (2.45)
Ug So1 0 S» U;
————
S
The individual matrix elements are given by
U-
Sy = oL . (2.46)

T 1UE=0 for kj

S-parameter are particularly useful because they can be easily measured using
a vector network analyzer (VNA) and they can be generalizing, using the
concept of power waves, for systems where voltages and currents are no longer
defined (e.g. hollow-core waveguides) [87, 88]. If the reference impedance
Zret Of the measurement system (usually 50 Q) is known, a transmission line
can be fully described by its S-parameters. For a transmission line of length £,
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the following relation is useful to express T in terms of the transmission lines
characteristic impedance Zj and its complex propagation parameter y [89]:

_ lcos.h()/f) Zy sinh(y?) (2.47)
7 sinh(y{)  cosh(y¢)
so that
T
4 [T (2.48)
0 T
and

1
v = zarcosh(Tl 1) (2.49)

To convert the S-matrix representation of a two-port into the equivalent T-
matrix representation, the following relations are used [87,89]:

1+81=-S»n-AS
T11= 11

PAYY

14+ 811 +S8S»n+AS

T\ = Zet -2
2521 (2.50)
T = 1 1-S811—-8»+AS
2! Zref 285
1-S811+8»-AS

Ty =

where AS = S1152, — $21512. Consequently, if a transmission line is character-
ized by obtaining S through a measurement and if both Z..f and [ are known,
the relations Eqgs. 2.50, 2.48, and 2.49 can be used to obtain Zy and vy.

2.5.4 Voltage along a terminated lossy transmission line

Figure 2.11 shows a transmission line of length ¢, characteristic impedance
Zy, and complex propagation constant y as defined in Eq. 2.40. The line is
fed with a signal from a source generating an open-circuit voltage Ugc. The
source impedance is Zg. and the line is terminated with an impedance Ziyy,.
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Fig. 2.11: Schematic representation of a transmission line of length £ connected to a source with
an internal source impedance Zg and a terminating impedance Zi,. The transmission
line has a characteristic impedance Zj and a complex propagation constant y.

The reflection coefficients as seen from the transmission line at both ends of
the transmission line are

Zirm — Z,
Tim = S22 @51)
Ztrm + Z()
and p P
Fye = e 20 . (2.52)
Zsrc + ZO

Due to reflections at both ends of the transmission line the voltage U at each
point z along the transmission line is composed of a forward-traveling® and a
backward-traveling component as in Eq. 2.39

U(z) = Ul e + Uy &%, (2.53)
with Uy = Tym Uy, so that

U(z) = Uye 7 + TymUg e~. (2.54)

To determine U, we consider U(z) at the position z = -,

Z;
Ul =Uge——m—, 2.55
( ) SIcC Zm + ZsrC ( )

5 “Forward-traveling” corresponds to a wave propagating in the positive z-direction of the axis
defined in Fig. 2.11. Note that the transmission line extends from a negative z-value at z = —¢
toz =0.
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with Z;, being the input impedance seen at z = —¢ looking into the transmission
line terminated with Zy,, see Eq. 2.90 in [87],

_ U(—l)) _ & + Tyme ¢
1(=0)

Z (2.56)

0 .
el —Tyme ™!

From Eq. 2.54 and 2.55, we find

Ut =U. Zi 1 B Zy 1
O T Zn+ Zge @ + Tyme 7 Zo + Zge € — Tym e
in src trm 0 Src trm1 src
(2.57)
and the voltage along the transmission line is found to be
Z e Y% + [yme?*
U(2) = U5 = (2.58)

Zy + Zgc erl — 1—‘trml—‘srce_yl ‘

Note that Eq. 2.58 corresponds to Eq. 3 in [90] if the coordinate system is
transformed accordingly.

2.5.5 Traveling-wave electro-optic modulators

In a traveling-wave EO phase modulator, the modulating RF signal guided
by an electrical transmission line travels along with the optical signal. The
interaction between RF wave and optical wave depends on the propagation
speed of both the RF signal and of the optical signal. The effective optical
group index is ng op; and thus the group velocity of the optical signal is given
by Vg opt = ¢/ng opt. In an EO modulator based on the Pockels effect, the local
phase shift increases in proportion to the local modulation voltage, see Eq. 2.17.
The traveling-wave modulator can be considered as a transmission line for the
modulating voltage. If a sinusoidal voltage with angular frequency wgr is
applied, the modulating voltage along the modulator is given by Eq. 2.58. In
the following analysis, we express the total sinusoidally varying phase shift
¢(t) that an optical signal accumulates along the modulator as

o(t) = R {G(wgp)e ™'}, (2.59)
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where the complex amplitude @(wrp) contains both the frequency dependent
amplitude and the phase of the phase shift.

To calculate the total phase shift ¢(¢), the modulating voltage seen by the
optical signal has to be integrated along the phase shifter length ¢ [90]

0

4 1 1 O oo
A(wRrp)e! R o 7 / u(z,t’) dz = 7 / U(z)e! R dz, (2.60)
-

-t
where U(z) is given by Eq. 2.58 and ¢’ is a retarded time given by

¢
=t 2.61)

Vg,opt

The time ¢’ corresponds to the time at which the optical signal which has
entered the modulator at time # at the position z = —¢ reaches the position z.

We can then combine Eq. 2.58, 2.60 and 2.61 to get

P(wRp)&RF o

0

Usrc ZO 1 /(e_y +Ftrm6yz)C]wRFt

 Zo+ Zgec et = T'm srce_yf

Upe Z elrr!
- ;rc Zy +0Z el — T, et / (e + T'yme”™®) I ORFEHOVe.opt 7
SIC - trm SIc

(2.62)

Multiplying both sides of Eq. 2.62 with e 7Rt yields the complex phase
amplitude as

P(wRrE) o
0

Ugre Z 1 (efyz +T eyZ)eijF(erf)/vg,op[dZ
 Zo+ Zgc et - r‘irmrsrce_y[ o ‘

(2.63)
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The frequency response of the phase modulator ripy is given by the phase
amplitude ¢(wrp), typically normalized by ¢(0)|z,,.=z,.=z, [90]

5 a7t _ 1 g7t _q
Fipm(we) = —PWRE) (o1 pe — ], e
SO(O) |Zsrc:Ztrm =ZO q q
with

2 Z 1

q=2_% (2.65)
CZ0+ Zge 1 — 1—‘erl—‘srce_zyf

B=e¢Tym (2.66)
qg =-y+ JORE (2.67)

Vg,opt
gt =y + RE (2.68)

Vg, opt

Equation 2.64 is equivalent to the expression given in [90], Eq. 3, for a mod-
ulator in which the active phase-shifter section occupies to the entire length
I of the transmission line. Equation 2.64 generally describes the frequency
response of a traveling-wave phase modulator and comprises the bandwidth-
limiting effects of velocity mismatch, impedance mismatch and microwave
loss of the transmission line. The second expression in Eq. 2.64 describes the
contribution of a backwards-traveling wave and becomes zero for a perfectly
terminated modulator with Z, = Zp. If an MZM comprises traveling-wave
phase modulators as described by Eq. 2.64, which are additionally config-
ured in push-pull configuration and biased at the 3 dB-point, the small-signal
intensity frequency response mgog(wrr) is given by the same expression as
Eq. 2.64, see Section 3.2. For slot-waveguide-based modulators the additional
capacitive loading of the metal transmission line by the slot waveguide can
lead to a further reduction of the bandwidth. This is because the voltage that
becomes effective in the slot can deviate from the voltage U(z) across the trans-
mission line due to the reduction by the voltage divider formed by the resistive
slab and the slot capacitance [91], see Section 3.2. A detailed discussion of
the impact of velocity mismatch, impedance mismatch, microwave loss, and
RC limitation in the case of SOH modulators is given in Chapter 3.
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2.6 Optical modulation formats for digital
communications

In fiber-based optical communication, information is transmitted by encoding
data onto an optical carrier, which is then sent, e.g., through an optical fiber. For
single-mode silica fibers, the vacuum wavelength of the carrier lies most often
in the so-called C-band with wavelengths between 1.45 um and 1.65 pm [35].
The tremendous bandwidth of 25 THz available in this wavelength window
along with the low propagation loss of modern single-mode silica fibers is the
reason why optical communication is used to transmit broadband data signals.

To generate the monochromatic optical carrier with angular frequency wy,
lasers are used. To encode data, one or several of the following physical
attributes of the optical field propagating in the single-mode fiber can be used:
the intensity, the phase, and the polarization. Encoding information in the
polarization is used in so-called polarization switched modulation formats
but not considered here. The polarization degree of freedom is also used
in polarization division multiplexing (PDM) systems to increase the spectral
efficiency by transmitting independent data on two carriers with the same
wavelength but orthogonal polarization states. In the following we restrict
ourselves to linearly polarized carriers with a scalar electric field represented
by

E(1) = R {A(t) exp(jwot)} (2.69)

with a “slowly varying” and generally complex amplitude A(7). To encode
information by modulation, the laser could be directly modulated. In practice,
this allows modulating the intensity, but it gives no independent control over the
phase. Further, for directly modulated lasers, the modulation speed is limited
and phase- and amplitude modulation are inherently linked, which leads to
chirp in intensity-modulated signals [35]. External modulation of the carrier
using an MZM in push-pull configuration allows modulating the amplitude or
intensity only, without residual phase modulation, see Section 2.2.1. Using
an 1Q modulator for external modulation allows to independently control the
amplitude and the phase of the carrier, see Section 2.2.2.

In digital communications, the information is encoded using an alphabet {a }
comprising M symbols a; with & = 1,...,M. Each symbol can contain a
maximum of m = log, M bit of information. To transmit the abstract alphabet
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over a physical channel, e.g. an optical fiber, a set of analogue waveforms py ()
has to be assigned to the symbols ax. A time-continuous signal consisting of
symbols at a symbol rate f; = 1/7T; with symbol duration 7 can then be written
as

s(6)= D prat —iTL), 2.70)
and a modulator can be used to encode the signal s(¢) onto the optical carrier
such that A(¢) = s(z).

The unit of the symbol rate is “baud” (Bd), defined as 1 Bd = 1 symbol/s. If
each symbol carries m = log, M bit information, the line rate f3 in bit/s is
given by

Ja=mfs. (2.71)

In many cases of practical interest, the same analogue pulse shape is used for
all symbols, and we can write px(t) = ap(t).

We now consider the most commonly used optical modulation formats, which
can be categorized into intensity modulation formats, where information is
represented only by the intensity (power) of the optical signal, and coher-
ent modulation formats, where the phase of the optical signal is used as an
additional carrier of information.

In intensity modulation formats, different intensity levels are used to create the
letters of an alphabet. A photodiode in the receiver can then directly convert
the optical signal back into an electrical signal. Modulation formats using only
intensity modulation and direct detection by a single photodiode are therefore
referred to as intensity-modulation and direct-detection (IM/DD) formats. The
simplest case of intensity modulation is so-called “On-Off’-keying (OOK),
where 1 bit information is encoded per symbol, using a symbol represented
by a high optical intensity and a symbol represented by a low (usually zero)
optical intensity. Mathematically, the alphabet for OOK is given by

ak,0ok = {0,1}, (2.72)

which represents two states with amplitude 0 and 1. A frequently used graphi-
cal representation of the symbol alphabet is a so-called constellation diagram,
where the symbol alphabet is visualized by points in the complex plane. Fig-
ure 2.12(a) shows the constellation diagram of an OOK signal with the two
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amplitude levels given by Eq, 2.72. An example of an eye-diagram of the
corresponding optical intensity /oy is shown in Fig. 2.12(b).

To increase the number of bits per symbol, additional signal levels can be
introduced. This increases the spectral efficiency, but the noise resilience
is reduced. In four-level pulse-amplitude modulation (PAM4), four equally
spaced intensity levels are used, represented by the alphabet

1 2
ak,PAM4 = {0, \/; \/; 1} . (2.73)

The corresponding amplitude and intensity levels are shown in the constellation
diagram and eye diagram in Fig. 2.12(c) and Fig. 2.12(d), respectively.

An alternative approach to increase the spectral efficiency is the use of correl-
ative coding, where a correlation between symbols is introduced. Chapter 4
provides a detailed introduction into intensity-modulated duobinary (IDB), an
IM/DD correlative coding format. A side-to-side comparison of the three im-
portant IM/DD formats OOK, PAM4, and IDB in terms of spectral efficiency,
signal-to-noise-ratio (SNR) tolerance and technical complexity can be found
in Section 4.7.

Coherent modulation formats, encoding information in both the amplitude
and the phase of the optical carrier, are nowadays widely used to increase
the spectral efficiency beyond the limitations of the technically simple IM/DD
techniques. The use of two orthogonal attributes of the optical field allows to
double the spectral efficiency compared to intensity modulation. This comes
at the cost of a more complex system consisting of a modulator that is capable
of independent phase and amplitude modulation at the transmitter (e.g. an IQ-
modulator, see Section 2.2.2) and a coherent receiver that allows to receive both,
the phase and the amplitude of the received signal by homodyne, intradyne or
heterodyne reception.

In many cases of practical interest, so-called quadrature-amplitude modu-
lation (QAM) is used as coherent optical modulation format. It uses a two-
dimensional symbol alphabet constructed in the “quadrature space”, composed
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(b) (d) ) (h)

],

Fig. 2.12: Optical modulation formats. Intensity modulation formats encode information into the
intensity of an optical carrier. The simplest form is on-off-keying (OOK) with only
two intensity levels. (a) Constellation diagram of the corresponding two amplitude
levels. (b) The intensity eye-diagram of the OOK signal is shown for a raised-cosine
pulse shape. Increasing the number of intensity levels allows increasing the spectral
efficiency. (c) Constellation diagram and (d) intensity eye-diagram for four-level pulse-
amplitude modulation (PAM4). If information is encoded in both the amplitude and
the phase of the optical signal, the constellation becomes two-dimensional and a phase-
sensitive coherent receiver is required. (e) Constellation diagram of a quadrature-
phase-shift-keying (QPSK) modulation format and (f) the corresponding amplitude
eye-diagram for the I component. (g) Constellation diagram for a 16-state quadrature-
amplitude modulation (16QAM) format. (h) Corresponding amplitude eye-diagram for
I component of the 16QAM signal.

Eopiih Eopiih

t

Lopt Topt

from the in-phase (I) component and the quadrature (Q) component of the elec-
tric field. So-called QPSK uses four symbols given by

ag,QPSK = {1+j,—1+j,—1 —j,l —]} (274)

The corresponding constellation diagram is depicted in Fig 2.12(e). A co-
herent receiver allows separating the I- and Q-component of the signal,
and the amplitude eye-diagram of the isolated I-component is shown in
Fig.2.12(f). Analogously to the quaternary QPSK alphabet, M-ary quadrature-
amplitude-modulation (M-QAM) formats map symbols to M states in the
two-dimensional I-Q-space. The example of 16-state quadrature amplitude
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modulation (QAM) is depicted in Fig. 2.12(g) and (e) in form of the constel-
lation diagram and the amplitude eye-diagram of the I component.
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3 Model of traveling-wave SOH
modulators

This chapter reports on the formulation and the experimental verification of a
model describing the dynamic EO behavior of SOH modulators. The model
is used to extract design guidelines for SOH modulators. This chapter was
published in a scientific journal [J1]. The material from the publication was
adapted to comply with the layout and the structure of this thesis.

[Beginning of Paper [J1]. Reprinted with permission ©The Optical Society.]|
A verified equivalent-circuit model for slot-waveguide modulators
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We formulate and experimentally validate an equivalent-circuit model based on
distributed elements to describe the electric and electro-optic (EO) properties
of traveling-wave silicon-organic hybrid (SOH) slot-waveguide modulators.
The model allows to reliably predict the small-signal EO frequency response
of the modulators exploiting purely electrical measurements of the frequency-
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dependent RF transmission characteristics. We experimentally verify the va-
lidity of our model, and we formulate design guidelines for an optimum trade-
off between optical loss due to free-carrier absorption (FCA), electro-optic
bandwidth, and w-voltage of SOH slot-waveguide modulators.

3.1 Introduction

Broadband efficient EO modulators are key elements for a wide variety of appli-
cations, ranging from high-speed optical communications [40,70,71,86,92,93]
to ultra-fast signal processing [80,94] and further to optical metrology and
sensing [95,96]. Among the various technology platforms that are available
today, SiP represents a particularly promising option, exploiting mature CMOS
fabrication processes for cost-efficient mass production of densely integrated
photonic circuits [23,24,97]. When it comes to EO modulators, hybrid combi-
nations of SiP slot waveguides with highly efficient organic EO cladding mate-
rials are an attractive approach to overcome the intrinsic lack of second-order
optical nonlinearities in bulk silicon [17]. Exploiting theory-guided optimiza-
tion of organic EO materials on a molecular level [98], SOH devices primarily
stand out due to small voltage-length products down to 0.32 Vmm [18] — more
than an order of magnitude below that of conventional depletion-type SiP
modulators [16]. SOH devices have been demonstrated to offer attractive per-
formance parameters such as EO bandwidths of 100 GHz [81] as well as line
rates of up to 120 Gbit/s for intensity modulation [86,99] and up to 400 Gbit/s
for coherent 16QAM signaling [93], while supporting driver-less operation
with sub-1V drive signals obtained from binary outputs of a standard CMOS
field-programmable gate array (FPGA) [100]. However, the EO bandwidth
of these devices is still subject to large uncertainties. In addition, most of
the aforementioned experiments [81,86,93,99, 101] relied on a so-called gate
voltage that is applied across the BOX of the underlying SOI substrate to
induce a highly conductive electron accumulation layer that reduces the RC
time constant of the slot waveguide [85]. Moreover, an experimentally veri-
fied model describing the EO frequency response of SOH modulators is still
lacking, which represents a major obstacle towards a targeted design of the
modulator structures and of the associated drive circuitry.
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3.1 Introduction

In this paper, we formulate and experimentally verify a reliable quantitative
model of slot-waveguide modulators that accounts for the various bandwidth-
limiting effects. We build upon an equivalent-circuit approach proposed by
Witzens et al. [91], which relies on a distributed-element description of the
slot-waveguide structure and of the associated RF transmission line. We refine
this model and verify it quantitatively using experimental data obtained from
SOH devices. We find that the model accurately predicts the EO frequency
response of a slot-waveguide modulator based on purely electrical RF char-
acteristics of the device, which are easily accessible by measurements. Our
model allows to identify non-optimum doping profiles as the main reason for
a limited EO bandwidth of our current device generation. Based on these
findings, we extract design rules that lead to an optimum trade-off between op-
tical loss due to free-carrier absorption (FCA), EO bandwidth, and m-voltage.
Optimized device designs should lead to sub-1 mm Mach-Zehnder modula-
tors (MZMs) with w-voltages smaller than 1V, EOE bandwidths larger than
100 GHz, and FCA-induced optical losses below 0.1 dB. To the best of our
knowledge, this work represents the first experimental validation of a general
model of slot-waveguide modulators. We believe that quantitatively reliable
models represent a key step towards fast and reliable design and efficient wafer-
level characterization of slot-waveguide modulators which are embedded into
complex optical systems and RF drive circuits.

This chapter is structured as follows: In Section 3.2, we introduce the concept
of SOH modulators and formulate a model based on distributed elements. In
Section 3.3, we discuss S-parameter measurements of SOH modulators, extract
the characteristic impedance and the RF propagation parameter, and determine
the parameters of the equivalent RF circuit by a least-squares fit. In Section 3.4,
we validate the model by comparing the measured EO frequency response to
the model prediction using parameters extracted from purely electrical mea-
surements. In Section 3.5, we summarize the findings and discuss design
guidelines and achievable performance parameters of SOH EO modulators.
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3 Model of traveling-wave SOH modulators

3.2 Device principle and model based on
distributed-element equivalent circuit

The concept of a slot-waveguide SOH MZM is depicted in Figure 3.1 [49-51].
The MZM consists of two parallel phase shifter sections, which typically have a
length ¢ between 0.5 mm and 1.5 mm, see Fig. 3.1(a). The electric drive signal
is applied via a coplanar RF transmission line in GSG configuration. The device
isrealized as a traveling-wave structure, in which the modulating electric mode
co-propagates with the optical mode. Each phase shifter comprises a silicon
slot waveguide with a slot width typically between 60 nm and 160 nm, which
is filled with a highly efficient organic EO material that may offer in-device
EO coefficients in excess of 300 pm/V [18], see cross-section in Fig. 3.1(b). To
activate the macroscopic EO activity in the slot, chromophores in the organic
EO material have to be aligned in a one-time poling process, see [49, 102]
for details. The rails of the slot waveguide are connected to the metal RF
transmission line via thin, doped silicon slabs, such that the externally applied
drive voltage predominantly drops across the narrow slot. At the same time,
the optical mode is highly confined to the slot region, leading to a very strong
interaction with the modulating electric field. The EO frequency response of
SOH modulators strongly depends on the RC time constant that is associated
with the slot capacitance and the slab resistance. A two-level doping profile as
illustrated in Fig.3.1(b) can help to increase the bandwidth while maintaining
acceptable optical loss [103, 104]: In the rails and near the slot, the doping
concentration is kept low (light blue) to avoid excessive free-carrier absorption,
while a higher doping concentration (dark blue) is used further away from the
optical waveguide to increase the electric conductivity. The impact of increased
slab conductivity can also be studied by applying a DC “gate” voltage Ugye
between the substrate and the slabs. This induces a highly conductive electron
accumulation layer at the interface between the Si slabs and the BOX [85].

For a quantitative description of the electric behavior of the SOH modulator,
we adapt the model suggested in [91], which has also been adapted to model
depletion-type pn-modulators [105—111]. Reference [91] is primarily focused
on the design of phase-matched traveling-wave transmission lines, which is
key to achieve broadband operation of MZMs with rather large interaction
lengths ¢ of several millimeters. Over the previous years, however, substantial
improvements of organic EO materials and in-device EO efficiencies [18] have
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Fig. 3.1: Device concept and equivalent-circuit model. (a) Schematic top view of the Mach-
Zehnder modulator (MZM) with metal electrodes (yellow) that form a coplanar ground-
signal-ground electrical transmission line of length £. The device is equipped with
contact pads at both ends. The optical waveguide depicted in blue is split into two arms
to realize the Mach-Zehnder interferometer. (b) Cross-section of the MZM along the line
A-A’ indicated in Subfigure (a). Each arm comprises a SiP slot waveguide filled with an
organic electro-optic (EO) material. The metal electrodes are connected to the rails of
the slot waveguide via thin, doped Si slabs. A modulating voltage Up,oqg. applied to the
signal electrode, drops mainly across the narrow slot. This leads to a strong electric field
in the slot that changes the refractive index of the organic EO material and thus modulates
the phase of the optical wave. The Si slabs are doped to increase the conductivity. A
low doping concentration (light blue) is used near the slot to keep optical losses low. A
higher doping concentration (dark blue) is used further away from the slot to achieve a
low resistance of the slabs and to thus decrease the RC time constant of the modulator. In
addition, a DC “gate” voltage Ugate can be applied between the substrate and the ground
electrodes. This induces a highly conductive electron accumulation layer at the interface
between the Si slabs and the burried-oxide-layer (BOX) and thus further decreases the RC
time constant. (c) Enlarged cross-sectional view of the MZM along with the associated
elements of an equivalent-circuit representation of the modulator. The capacitance of the
slot is represented by a capacitor with capacitance Cs /2. The finite conductivity of each
slab is represented by two parallel conductances Gg puik and Gg acc that account for the
conductance of the bulk Si slab and of the accumulation layer formed by the gate voltage,
respectively. The metal electrodes have a total capacitance Ctr.
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Fig. 3.2: Full equivalent-circuit model. (a) Equivalent-circuit model of an infinitesimally short
element of the electrical transmission line formed by the MZM, shown in Fig. 3.1.
The distributed elements shown in yellow correspond to the metal electrodes. The
distributed elements shown in blue represent the additional RC shunt load formed by
the slot waveguide. (b) Telegrapher-type equivalent-circuit representation of an MZM
transmission-line element [91]. This representation is obtained by transforming the circuit
in Subfigure (a), using a frequency-dependent shunt conductance G and a frequency-
dependent shunt capacitance C see Eq. 3.2 and Eq. 3.3.

allowed to significantly reduce the interaction length. This renders phase-
matching less crucial and requires adapted design considerations that focus
on the RC time constant of the slab/slot configuration and on the associated
trade-off with respect to optical loss.

In our analysis, we rely on a distributed-element model of the underlying RF
transmission line, see Fig. 3.1(c) for a cross-sectional view with elements of
an equivalent circuit representing an infinitesimally short transmission-line
section of length Az. The full equivalent circuit is shown in Fig. 3.2(a).
First, we consider the circuit elements depicted in yellow in Fig. 3.2(a) that
describe the coplanar GSG transmission line formed by the metal electrodes
only, without the optical slot-waveguide structure. These circuit elements
comprise a series resistance R}LAz, a series inductance L}LAz, and a shunt
capacitance C%LAZ, where R}L, L%L and C%L are differential quantities that
describe the resistance, inductance, and capacitance of the GSG transmission
line per length in Q/m, H/m, and F/m, respectively. This corresponds to the
classical telegrapher circuit with negligible shunt conductance. In a second
step, we expand the equivalent circuit by the electrical representation of the
Si structure (blue) forming the optical slot waveguide. For practical doping
concentrations, the conductivity of the slabs is much smaller than that of the
metal electrodes. As a consequence, the longitudinal currents can be assumed
to be confined to the metal electrodes, whereas the currents in the silicon slabs
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3.2 Device principle and model based on distributed-element equivalent circuit

flow predominantly in the transverse (x) direction between the electrodes and
the slot. These assumptions are in accordance with findings from finite-element
simulations [91] and allow us to model the electrical behavior of the optical slot
waveguide by simply adding an RC shunt to the equivalent circuit [91,105,112].
The associated elements are the differential capacitance C¢ of the pair of slots,
the differential conductance Gé’bulk of the resistive Si slabs to both sides of each
of the slot waveguides, and the differential conductance Gé» e = gé’ ace Ugates
which accounts for the increased conductance of an accumulation layer that may
be induced by applying a gate voltage Ugae. Note that the capacitance between
center signal electrode and each of the ground electrodes amounts to Cr/2,
and that the overall shunt capacitance of the metal electrodes forming the
coplanar GSG transmission line is hence Crp, = C}LAZ. Similarly, Cs/2 is the
capacitance of an individual slot, and Cs = Cé Az represents the combination
of both slots. The quantities Gs puk = Gé’bulkAz and Gs aoc = Gé’aCCAz refer
to the slab conductance to either side of each slot, and the equivalent circuit-
element in Fig. 3.2(a) represents the combined effect of four slabs. The total

. . oy , .
differential conductance is G§ = G puk + O5.ace: The two slot waveguides

thus create a differential shunt admittance Y§ given by!

1 1 1

_I = 7 ’
ZS GS,bulk + GS,acc

3.1

+ - 7
J(‘)RFCS

For completeness, we have also indicated additional elements by dashed lines
in Fig. 3.1(c) that seem to be reasonable to include. These elements model an
additional RC shunt that accounts for the finite resistance of the handle wafer
and the capacitance created by the BOX. It turned out, however, that in our
case the impact of this additional RC circuit is negligible despite the rather low
substrate resistivity of about 20 Qcm as specified by the wafer manufacturer.
This additional RC shunt load is therefore disregarded in the following, but
could be easily included if modified device or material choices would require
an adapted model [105].

! [Note: For clarity, complex quantities are indicated by an underbar in this chapter. This symbol
decoration is omitted elsewhere for better readability.]
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3 Model of traveling-wave SOH modulators

The overall circuit shown in Fig. 3.2(a) can be transformed into the circuit in
Fig. 3.2(b) by introducing the frequency-dependent differential conductance

Gg(wrr) = R {¥¢} (3.2)

and the frequency-dependent differential capacitance

— 1
Cs(wrr) = w—RFS {rs} (3.3)

This circuit resembles that of a classical telegrapher-type transmission-line
model, and the transmission line can thus be fully described by the complex
propagation parameter y = a + jB together with the complex characteristic
impedance Z, obtained from the well-known transmission-line equations [87]

y=a+if= \/ (Rpy +joreLyy ) (Gs +jore (Cs+Cry ) G4)

R’ +jU.)RFL’
Zy= |o——— (3.5)
Gs +jorr (Cs +Cy )

Note that in these relations @ denotes an amplitude attenuation coefficient. The
corresponding power attenuation coefficient amounts to 2a.

For analyzing the EO interaction, we now consider a traveling-wave EO mod-
ulator with characteristic impedance Z,, complex RF propagation parameter
v, optical group refractive index ng op in the phase shifter, and active phase-
shifter length £. The device is connected to an RF source with impedance Z.
and terminated by an impedance Z, . Due to the Pockels effect, the local
optical phase shift increases in proportion to the local modulation voltage. If
a sinusoidal voltage with angular frequency wgr is applied to the modulator’s
signal electrode, the total phase shift ¢(r) = R {@(wgrr)e!*'} in each arm
can then be obtained from an integral of the modulation voltage seen by the
optical signal along the phase shifter length ¢, see ref. [90], Eq. 2. In this re-
lation, the complex amplitude ¢(wrr) contains both the frequency-dependent
amplitude and the phase of the sinusoidally varying phase shift ¢(¢). The
complex frequency response npy(wrr) of such a phase modulator is given by
the phase amplitude ¢(wgr), normalized to its value that would be obtained for
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3.2 Device principle and model based on distributed-element equivalent circuit

an angular frequency wgrg = O for a source and a termination impedance that
are both perfectly matched to the modulator’s characteristic transmission-line
impedance Z,, ([90], Eq. 3). This leads to

P(wrF) A A
mPH((URF) = A(O)_ = AHOpc ( — +B " , 3.6)
f Zsrufz[rmfzo Z -
where _ :
A=-—=0 , 3.7)
4 ZO + Zsrc 1- Esrcztrm exp(—2zé’)
B=exp (—215) r,.. (3.8)
L . Ng optWRF
q" ==xy +J%, 3.9
and where the reflection factors of source and termination are given by,
Z . —Z zZ -7
L, = =se =0 .nd L. = =tm =0 (3.10)
Zsrc + ZO Ztrm + ZO

The quantity Hp-(wrr) in Eq. 3.6 accounts for the fact that the voltage that
becomes effective for modulation in the slot waveguide is reduced with respect
to the voltage on the metal transmission lines through a voltage divider formed
by the slab conductance and the slot capacitance [105]. This reduction becomes
more pronounced as the frequency increases and can be written as

1

— . (3.11)
1 +Ja)RFCS/GS

Hpo(wrr) =

The frequency response of EO modulators is usually obtained from a frequency-
dependent decay of an intensity modulation rather than from a phase mod-
ulation. To connect the two quantities, we consider an MZM in push-pull
configuration, for which the phase shifts ¢ and ¢, in the two arms fulfill the
relation ¢; = —¢y = ¢. The phase difference between the two arms A is then
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3 Model of traveling-wave SOH modulators

given by Ag = 2¢1, and the intensity I, of the optical output signal is related
to the phase difference Ay by

Iopt = cos? (Ag/2) = cos? (¢1) . (3.12)

If the push-pull MZM is biased at the 3 dB point (quadrature point) and operated
under small-signal conditions, i.e., with Ap = 71/2+8¢, (|6¢| < 7/2),Eq.3.12
can be linearized and the change in optical power 0 Py is in proportion to d¢.
In characterization experiments, the optical output of the modulator is usually
coupled to a photodetector, the photocurrent I, of which is proportional to the
received optical power such that

51y o Py < 6. (3.13)

The small-signal intensity frequency response m,; of the EOE conversion is
therefore identical to the phase modulator frequency response given in Eq. 3.6,

Mg op(WRF) = Mpy (WRF). (3.14)

To quantify the bandwidth of the modulator, the 3dB corner frequency
f3dB.EOE = w3dp,poE/27m of the intensity modulation may be used. The
3 dB corner frequency wsgp gor/27 is defined as the frequency wrp/27, for
which |mEOE(wRF)|2 is reduced by a factor of two compared to @EOE(O)IZ,
which corresponds to a power decay of the associated spectral component
of the photocurrent by a factor of two. Alternatively, also the 6 dB corner
frequency fsdB EOE = WedB,EOE /27 of |m OE(wRF)I2 can be considered, which
corresponds to a decay of |mpp(wrr)|” and of the associated photocurrent
power by a factor of four and is hence equivalent to a reduction of the photocur-
rent amplitude or, equivalently, the phase modulation amplitude by a factor
of two. Both values are used in the literature to refer to the bandwidth of a
modulator [64, 65, 113], sometimes without explicitly stating which of the two
values is specified. In the following, we either specify both values or reside to
the 6 dB corner frequency for better comparability to similar investigations of
SiP EO modulators [50, 65,91, 105].

To apply the model developed here to a given device design, the complex
propagation parameter y and the characteristic impedance Z, can be directly
determined from S-parameter measurements or with numerical mode solvers.

The equivalent-circuit parameters R%L, L"i“L’C{“L ,Gé, Cé can then be obtained
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3.3 Electrical characterization and fitting procedure

by fitting Eq. 3.4 and Eq. 3.5 to the frequency-dependence of y and Z,, see
Section 3.3. If, in addition, ng op is known, Eq.3.6 allows to p?edict the EO
response of the modulator.

3.3 Electrical characterization and fitting
procedure

To experimentally verify the model introduced in Section 3.2, we determine the
frequency-dependent characteristic impedance Z, and propagation parameter
v of a typical SOH modulator. These parameters fully describe the electri-
cal behavior of the device and build the base for determining the frequency
response |mgog(wrr)| of the EOE conversion, see Section 3.4. To ensure com-
parability with the measurement of the EOE device characteristics, we used a
modulator with the organic EO material already applied to the slot waveguides
by means of a dispensing technique. Direct-current measurements confirm
that the organic material behaves as a dielectric with negligible parasitic cur-
rents flowing through the slot. For the devices used here, the thickness of the
BOX layer was 3 um, the device layer thickness was 220 nm, and the slot width
was 120nm. To de-embed the characteristics of the device under test (DUT)
from those of the RF contact-pad parasitics, we investigate two MZMs with
nominally identical cross sections and different active lengths ¢; = 500 um and
¢» = 750 um of the phase shifters. In a first step, we measure S-parameters
of the embedded devices using a VNA and microwave contact probes. Fig-
ure 3.3(c) shows the measured (embedded) transmission §,, and reflection
§,, of the two modulators for a gate voltage Ugye = 0 V. The reference plane
was moved to the tip of the probes using a short-open-load-through (SOLT)
calibration routine with an impedance-standard substrate. The phase-shifter
sections of both devices are thus only embedded into identical on-chip con-
tact circuits that are formed by the contact pads and subsequent transitions
on both ends of the modulator, see Fig. 3.3(a), and that are referred to as
contact fixtures in the following. Each of these fixtures is modeled by a se-
ries impedance Z and a shunt admittance Y as shown in Fig. 3.3(b), which
can be represented by electrical transfer matrices (T-matrices [87]) T, and
Ty for the left and the right fixture, respectively, see Section 3.7, Eq. 3.22
and Eq. 3.23. These T-matrices can be calculated from the measured S-
parameters S,, and S, using standard microwave theory, see Section 3.7. To
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3 Model of traveling-wave SOH modulators

de-embed the T-matrices Ty ;;p, and Ty, of the phase shifters with lengths
¢, and {,, we first extract the measured 7-matrix of the embedded modulator
T =T Toyp Ig and T, = T; Tryyrp Ty from the measured S-parameters.
Introducing the T-matrix Ty, of an £y = 250 um-long de-embedded modu-
lator section and exploiting that £; = 2{y and ¢, = 3¢y we can rewrite Ty,
and Ty 8 Ty = TpyroLpure a0 Ipyre = LpureLlpurolpure: The
T-matrix of the virtual through connection shown in Fig.3.3(b) is defined
as Ty = T; T and can then be calculated from the measured matrices as
T = Zmlzr‘nlzzmlzgézml . This allows to determine T'; and T', directly from
the measured transfer matrices T, ; and T, , and to de-embed the modulator
response by calculating 'y ;r = Z]:lzle; and Ty = Zilzmzzﬁl. Using
Eq. 3.25 of Section 3.7, we can then extract the frequency-dependent charac-
teristic impedance Z, and the frequency-dependent propagation parameter y
from the transfer matrices Ty, and Ty, of the de-embedded modulator,
see black traces in Figures 3.3(d-g). We find that the results obtained from
Tyt and Ty, show very good agreement, thereby confirming the validity
of our de-embedding approach. For comparison, we also extract Z, and y by
applying Eq. 3.24 and Eq. 3.25 directly to the measured 7-matrices 7, | and
T, of the embedded modulators, thereby ignoring the impact of the contact
fixtures. The resulting frequency characteristics of Z, and y are depicted as
blue and red traces in Figures 3.3(d-g) and show clear differences, thereby
underlining the importance of proper de-embedding.

Our results indicated that Z, has a negligible imaginary part and amounts to
approximately 50 € — except for the low-frequency region, where Z,, deviates
from its ideal low-loss and high-frequency approximation, see Eq. 3.26 in Sec-
tion 3.8. This ensures good impedance matching to typical feeding networks
and drivers. The real part @ of y, associated with RF propagation loss, in-
creases with frequency due to loss in the metal stripes and in the resistive slabs,
see the following paragraphs for a detailed discussion of the loss mechanisms.
The imaginary part 8 of y shows a linear increase indicating a low dispersion
of the RF transmission line.

The measurement of S-parameters and subsequent de-embedding and extrac-
tion of y and Z,, was repeated for a range of gate voltages Ugye between OV
and 300 V. Figure 3.4 shows the numerical values obtained from measure-
ments in blue. To determine the six equivalent-circuit parameters Ry, , L’

TL> ©TL>
C%L, Gé’bulk, G/S,acc’ and Cé, the following approach was used: First, Eq. 3.4
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Fig. 3.3: (a) Simplified electrical structure of the SOH modulators. The phase-shifter sections with
lengths £; or £, and T-matrices Ty or Ty, are electrically embedded into contact
fixtures, modeled by 7T-matrices 71, and Tr. (b) The contact fixtures are modeled by a
series impedance Z and a shunt admittance Y. (c) Amplitude and phase of measured S-
parameters for embedded MZMs with lengths £; = 500 um (red) and £> = 750 um (blue).
(d) Real part and (e) imaginary part of the characteristic impedance Z, along with (f)
real part and (g) imaginary part of the propagation constant y. Black curves indicate
values as extracted from de-embedded modulators of lengths ¢; and ;. These results
show good agreement and hence confirm the validity of our de-embedding approach.
In contrast to that, the red and blue curves correspond to values extracted from the
embedded modulators by ignoring the impact of the contact fixtures. Consequently, the
results obtained for the different device lengths are not in agreement.
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3 Model of traveling-wave SOH modulators

Table 3.1: Circuit parameters obtained by fitting Eq. 3.4 and 3.5 to the measured frequency-
dependent and gate-voltage-dependent values of y and Z,j, see Fig. 3.4.

Fit
Ry 13 Q/mm
Ly 414 pH/mm
Ci 130 fF/mm
Gé’bulk 2.76 mS/mm
gé’acc = Gls,acc/Ugate 145 uS/(Vmm)
04 160 fF/mm

and Eq. 3.5 were used to calculate R%L =R {Zoz} and L{L =9 {Zoz} /WRF

directly from y and Z,,. Using the fact that both R, and Lp; are independent
of frequency and of the applied gate voltage, the two values were calculated
for all frequencies and gate voltages and then averaged. In a second step, a
multi-dimensional multi-parameter least-squares fit was used to obtain Cy, ,
Gé’bulk, Gé’acc, and C by fitting Eq. 3.4 and Eq. 3.5 to the measured frequency-
dependent and gate-voltage-dependent values of y and Z, see Table 3.1 for the
resulting numerical values. We estimate, e.g., a differential capacitance of the
transmission line of 130 fF/mm, which compares well to the numerical result
of 151 fF/mm obtained for a similar device geometry in [91]. The fitted curves
are shown in red in Fig. 3.4 and show good agreement with the measured data.
For increasing frequencies, the characteristic impedance quickly approaches
its ideal high-frequency real value Z, = /L7, /(C§ + Cf; ) ~ 50 Q, which can
be obtained from Eq. 3.5 using R}; < wrrLy; and 5’5 < wRF(E’S + Cpp)-
The characteristic impedance Z,, as well as the imaginary part of y are rather
insensitive to the gate voltage.

In contrast to this, the losses show a strong dependence on the conductivity of
the slabs and thus on Ugye. To explain this finding, we first consider the losses
in the metal transmission line represented by Ry, , L1, and Cy; separately from
the losses in the RC element which represents the slab and the slot and which is
formed by G/S,bulk’ Gé’acc and Cg . The different loss contributions are plotted
as a function of frequency in Fig. 3.5 for three different gate voltages. Note
that the separation and the independent analysis of the two loss contributions
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Fig. 3.4: Measured values (blue) and fitted curves (red) according to Eq. 3.4 and Eq. 3.5 as
a function of both RF frequency and gate voltage Ugye for (a) the real part of the
characteristic impedance Z,, (b) the imaginary part of the characteristic impedance Z,,
(c) the real part of the complex propagation parameter y associated with loss, and (d) the
imaginary part of the complex propagation parameter y.

represents an approximation and might thus lead to small deviations from the
mathematically correct overall loss that can be obtained from the real part a
of the complex propagation parameter y according to Eq. 3.4.

For the contribution of the bare transmission line, we neglect Gé bulk? Gé ace
and Gé in Eq. 3.4, such that the loss can be written as

aTL = R {\/(R"}‘L +ijFL"i"L) ja)RFCFI"L} . (315)

For low frequencies, wrr < wtL, wtL = Ry /L7, , the loss atL increases in
proportion to \/wRF,

’ C/
aTL R % VWRE for WRF < WTL. (3 16)
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Fig. 3.5: Detailed representation of RF loss mechanisms in the slot-waveguide modulator. Blue
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data points represent measured data, and red traces correspond to the loss obtained by
calculating the real part of the complex propagation parameter y, Eq. 3.4, for the circuit
parameters obtained by the fit. The three panels correspond to three values of the gate
voltage Ugae and represent slices of the 3D plot in Fig. 3.4. Besides the gate voltage
Ugate. the associated slab conductance Gé is specified. The black dotted traces depict the
loss contribution atp, of the transmission line formed by the metal electrodes only, see
Eq. 3.15, and the black dashed traces show the loss contribution arc of the RC element
formed by the slab and the slot, see Eq. 3.18. The solid black line shows the sum of
atr, and arc, which is in good agreement with the loss obtained from the full model
represented by the red solid trace. (a) Ugae = 0'V: Except for very low frequencies, see
inset, the loss is constant with frequency. (b) Ugae = 150 V: The quadratic frequency-
dependence of agc for frequencies below the corner frequency fre = wrce/(27) of the
RC element, see Eq. 3.19, leads to a strong increase of the total loss with frequency.
At frequencies fkr = wrpr/(27) > frc the total loss approaches a constant value, see
Eq. 3.17 and Eq. 3.20. (¢) Ugae = 300 V: The corner frequency frc is further increased
compared to (b), and the total loss no longer reaches its constant high-frequency value in
the considered frequency range.



3.3 Electrical characterization and fitting procedure

For higher frequencies, wrr > wrr, the loss aty, of the bare transmission line
approaches its low-loss, high-frequency approximation [87] and is constant
with frequency,

atL ~ |Cp /L7y (R /2)  for  wrr > wrL. (3.17)

The frequency dependence of ay, according to Eq. 3.15 is illustrated in Fig. 3.5
by the dotted black lines.

For the loss contribution of the RC-element that is formed by the slot ca-

pacitance Cé and the slab conductance Gé = Gé’ we T G,S,bulk’ we derive a
relationship in Section 3.9,
2 2l
w;.CEG 1
are = REZS °S (3.18)

1+ (wreCLGE? 2R {251}

For frequencies well below the RC corner frequency wrc = G§/C§ of the RC
element, we can approximate Eq. 3.18 by
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Cg 1

2
X Whp— ———— for  WRp < WRC, 3.19
RF Gy 2R {Z1) RF RC (3.19)

@RC

leading to a quadratic increase of the losses with frequency. For frequencies
well above the RC corner frequency wgc, we obtain

1

arc ® Go———  for  wRrg > wWrC, 3.20
RC SIR (2] RF > WRC (3.20)

i.e., the losses are independent of frequency. The frequency dependence of
arc according to Eq. 3.18 is illustrated in Fig. 3.5 by the dashed black lines.
The overall loss « can be estimated by adding a1r, and agrc, leading to the solid
black lines in Fig. 3.5. These estimated losses are in good agreement with the
loss obtained from directly using @ = R {y} according to Eq. 3.4, see red lines

in Fig. 3.5.

The three panels for Fig. 3.5(a, b, ¢) correspond to different gate voltages of
0V, 150V, and 300V, respectively. For the samples used in our experiments,

71



3 Model of traveling-wave SOH modulators

the doping of the slabs is rather low, and hence the resistance Gé‘l of the
slabs is rather high in case no gate voltage is applied. This leads to a small
corner frequency wrc, illustrated by a dashed vertical line in Fig. 3.5(a), and
the loss contribution arc of the RC-element quickly reaches the frequency-
independent value given by Eq. 3.20. For low frequencies, the total loss is
dominated by the contribution ap, of the bare transmission line, Eq. 3.16,
and increases in proportion to ywgr. Small discrepancies between measured
and predicted curves can be observed for small values of Ugye and for the
frequency range beyond 40 GHz, where the measurement data become noisy.
These discrepancies may be reduced by introducing additional free parameters
into the model, thereby improving the fit to measured data, but sacrificing the
clear correlation between model parameters and physical device parameters
such as geometry and material properties, see Section 3.4 for a more detailed
discussion. If Ugye is increased, Fig. 3.5(b) and 3.5(c), wrc becomes larger
and exceeds wrr, which leads to a strongly frequency-dependent increase of
the overall loss dominated by arc o wﬁF for frequencies wrp between wrr,
and wrc. At even higher frequencies (wrr > wgrc), the total losses are
again frequency-independent, see Eq. 3.17 and Eq. 3.20. For a gate voltage
of 300V, Fig. 3.5(c), the plateau, where the overall loss becomes frequency-
independent, is no longer reached in the considered range of RF frequencies.
For the discussion of design trade-offs (Section 3.5) it is important to note that
in the range between 5 and 50 GHz, increasing the slab conductivity, in the
range considered here by changing Uy, brings the modulator from a regime
with weakly frequency-dependent loss to a regime with strongly frequency-
dependent loss and may hence limit the bandwidth of the device.

3.4 Measured and modeled electro-optic
response

With the knowledge of the six equivalent-circuit parameters R%L, L%L, C%L,
Gé,bulk’ G§ 4> Cg and of the optical group velocity vg op in the slot waveg-
uide, Eq. 3.4-3.11 can be used to predict the EO frequency response of the
SOH modulator. In the following we assume an operating wavelength of
1.55 um. Note that SOH modulators can be adapted to other wavelengths such
as 1300nm, where the electro-optic coefficient of the underlying materials

should be even higher [114]. The optical group velocity v opi = ¢/ng,opt at
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3.4 Measured and modeled electro-optic response

1.55 um is obtained by calculating the group refractive index ng ope = 3.2 by
means of a numerical mode solver. In Fig. 3.6(a), the red lines show the
EO frequency response as predicted by the model for a 750 pym-long modu-
lator terminated with a 50 Q impedance under the influence of gate voltages
between OV to 300 V. These predictions are based on the circuit parameters
listed in Table 3.1, as obtained from the purely electrical measurements of the
frequency-dependent RF scattering parameters S,, and S,,. Increasing the
gate voltage increases the bandwidth, which is mainly due to a reduction of the
RC time-constant of the slab-loaded slot waveguides. The predicted frequency
response is compared against measured values obtained by using a VNA and
a calibrated optical receiver [115], see blue traces in Fig. 3.6(a). In these
measurements, the swept-source microwave stimulus of the VNA is applied to
the modulator via microwave probes. The modulator is biased at its 3 dB point
and the microwave signals amplitude is chosen small enough for the modulator
to be operated under small-signal condition. The optical signal at a center
wavelength of 1.55 um is subsequently amplified using an EDFA, filtered by a
band-pass filter to remove out-of-band amplified spontaneous emission (ASE),
and converted back to the electrical domain using a photodiode that is con-
nected to the receiver port of the VNA. The frequency-dependent decay of the
EOE frequency response |mgog(wrr)| according to Eq. 3.14 and Eq. 3.6 can
be derived from the VNA measurement by the relation

101og (|mE0E(wRF)|2) = $21,vNA,dB(WRE) — S21,vNA dB(wRE0).  (3.21)

In this relation, S>1,vna,gg denotes the scattering parameter measured by the
VNA in dB after de-embedding from the frequency response of the photodiode
and of the microwave probe, and wrr,o is a small reference frequency that is
chosen as small as allowed by the VNA.

The different shades of blue in Fig. 3.6(a) indicate three independent measure-
ments of the same device with small statistical variations. Overall, we find
a good agreement of the measurements with the model predictions (red). In
Fig. 3.6(b), both the 3 dB and the 6 dB EOE bandwidths of the modulator are
shown for different gate voltages. For the 6 dB EOE bandwidth fsqp EoE, blue
diamonds correspond to the measured values, and the dotted red line represents
the bandwidths predicted by the model. Similarly, blue circles and the solid
red line indicated measurements and model predictions of the 3 dB EOE band-
width f3qg rog. The good agreement of the predicted bandwidths with their
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Fig. 3.6: Electro-optic-electric (EOE) frequency response |npqp(wrr)| according to Eq. 3.6 and
Eq. 3.14 of a 750 um-long SOH modulator terminated with a 50 Q impedance. (a) EOE
response for different gate voltages Ugate 0of 300V, 200V, 150V, 100V, 75V, 50V, 40V,
30V,20V, 10V, and 0V (from top to bottom). The red curve represents the prediction
of the model according to Eq. 3.4 to Eq. 3.11, and the blue line corresponds to the
measurement results, where the different shades indicate three independent measurements
of the same device. With increasing gate voltage, the frequency response flattens. (b)
3dB EOE bandwidth f3qg gog (red solid line: model; blue circles: measurement) and
6 dB EOE bandwidth fsqp ror (red broken line: model; blue diamonds: measurement)
as extracted from the curves in (a) as a function of applied gate voltage Ugye. The
predicted bandwidths agree well with their measured counterparts, thus confirming that
the proposed method allows to accurately predict the bandwidth of an SOH modulator
based on the knowledge of purely electrical characteristics.

measured counterparts validates the model introduced in Section 3.2, i.e., the
proposed method allows to accurately predict the EOE frequency response of
an SOH modulator based on the knowledge of purely electrical characteristics
along with the group velocity vg op¢ Of the optical signal in the slot waveg-
uide. Again, some discrepancies between measured and predicted curves can
be observed for small values of Ugye. We believe that our model can be fur-
ther refined by considering additional effects and/or by including additional
equivalent-circuit elements, thereby reducing the discrepancies to the mea-
sured data. As an example, we assume a simple linear relationship between the
differential conductance Gé’acc = gé,acc Ugae and the gate voltage Ugye With-
out any threshold behavior. This is to be expected for an ideal accumulation
layer of majority carriers in the slab, but the physical situation in the device
might be more complex. The benefit of our fairly simple model is the clear
correlation between model parameters and physical device parameters such as
geometry and material properties. This correlation is essential for deriving
guidelines for future device designs. The electrical characteristics are easily
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3.5 Design guidelines

accessible by either measurements in the RF domain, by simulations of the
electrical RF device characteristics, or by estimating the distributed-element
parameters from the modulator geometry and material properties. We believe
that high-throughput wafer-level testing protocols might greatly benefit from a
quantitatively verified model-based prediction of the EOE frequency response
based on easily accessible electrical scattering parameters.

3.5 Design guidelines

3.5.1 Overcoming bandwidth limitations

Having validated the model of the SOH modulator, various design parameters
can be tested for their impact on device performance. In the following, we
assume a device with transmission line parameters R}L, L%L , and C%L as
specified in Table 3.1 and investigate the impact of variations of the slot
capacitance C§ and of the slab conductance G§ on the EO bandwidth. This

leads to the following considerations:

e The slab conductance G can be adjusted by modifying the doping profile
in the slab. Increased slab conductivity will affect the electrical behavior
and thus opens a way to increase the modulators bandwidth as discussed
in detail below. As a trade-off, when increasing the slab conductivity
by an increased doping concentration, the higher concentration of free
carriers will also increase optical losses due to FCA.

e The slot capacitance C{ is mainly affected by the geometry of the slot
waveguide and can be reduced by increasing the slot width. Reduced
slot capacitance will affect the electrical behavior and thus the band-
width as discussed in detail below. As a trade-off, increasing the slot
width reduces the modulating electric RF field in the slot as well as
the confinement factor of the optical field in the slot region. This can
lead to a reduced modulation efficiency [91, 116]. However, the poling
efficiency may also be impaired by too narrow slot widths [48]. As an
example, previous investigations of SOH modulators based on the EO
material JRD1 [18] have shown that increasing the slot width to, e.g.,
200 nm does not decrease the modulation efficiency of these devices.
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Fig. 3.7: 6dB EOE bandwidth fsqg rog of a modulator only limited by the RC low-pass formed
by the slot capacitance C¢ and the slab conductance G¢. Both a reduction of C§ and
an increase of G linearly increases the bandwidth. The parameters of the devices used
in this paper for experimental verification of the model, see Table 3.1, are indicated
by a green star for the case of a gate voltage of 0V and by a magenta star for a gate
voltage of 300 V. For the parameters indicated by ®, ® and © the frequency response of
a 750 um-long modulator is exemplarily shown in Fig. 3.9.

The frequency response expressed by Eq. 3.6 considers all bandwidth-limiting
effects, namely RC limitations of the slot waveguide together with the slabs, RF
loss, impedance mismatch, and velocity mismatch. To investigate the impact
of RC limitations, we first consider a theoretical modulator only limited by the
RC-low-pass formed by the slab resistance and the slot capacitance, explicitly
neglecting impedance mismatch, velocity mismatch and RF loss. The response
of such a device is given by Hy-(wrr), Eq. 3.11. Figure 3.7 shows the 6 dB
EOE bandwidth fsgp goE for a device that is only limited by the RC-low-pass
as a function of slab conductance G and slot capacitance Cg. The parameters
of the devices used for experimental verification in this paper, see Table 3.1,
are indicated by a green star for the case of 0 V gate voltage applied and by a
magenta star for 300 V gate voltage applied. The bandwidth increases linearly
with both Gg and 1/C{ . Note that the RC limitation is independent of the
device length. Using the current devices as a reference, an increase of G¢, e.g.,
by a factor of 20, possibly combined with a slight reduction of C{ by, e.g., 40%,
would permit RC-related EOE bandwidths fsqs roE in excess of 100 GHz if the
device was only RC-limited. Increasing G by a factor of 20 can be realistically
achieved without introducing excessive optical loss by using optimized doping
profiles, see Section 3.5.2 for details.
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3.5 Design guidelines

Next, we consider the impact of RF loss, impedance mismatch, and velocity
mismatch on the modulator bandwidth. Figure 3.8(a) shows fsqs EoE Of a
750 um-long modulator limited only by RF loss, impedance mismatch, and
velocity mismatch, explicitly neglecting RC limitations. The response of
such a theoretical device is given by Eq. 3.6 for Hp(wrr) = const. For all
slot capacitances C¢, an increase in the slab conductance Gé tends to reduce
the bandwidth, see Fig. 3.8(a). This can be understood by considering that
increasing the slab conductance G initially brings the modulator from a regime
with low and frequency-independent RF loss to a regime with high RF loss
that increases with frequency, see Fig. 3.5. If the slab conductance Gy is
increased further, the RF loss and its frequency dependence are reduced again,
and the impact on the bandwidth decreases. In practical devices, however,
G{ is constrained due to optical loss caused by FCA in the highly doped slab
regions. This trade-off can be mitigated by optimized doping profiles, see
Section 3.5.2.

We further investigate the overall RF loss @ of the modulator, including both
the loss in the metal electrodes and in the RC element formed by the slot
waveguide and the slabs, as well as the associated real-part Z, of the charac-
teristic impedance Z,, and the effective RF index 7 rr. The numerical values
for @, Zy, and neg rp are shown exemplarily for an RF frequency of 50 GHz
in Fig. 3.8(b), Fig. 3.8(c), and Fig 3.8(d), respectively. While the RF loss,
Fig. 3.8(b), initially increases substantially with the slab conductance G¢, the
characteristic impedance Zy, Fig. 3.8(c), stays close to 50 Q. For the effective
microwave index ns rp, We observe a strong initial increase with the slab con-
ductance G, Fig. 3.8(d). This can be understood by considering that, for a low
slab conductivity G, the RC element is operated above its corner-frequency
wrc < 50 GHz. In this regime, the slot capacitance Cy is only partially charged
during one cycle. If the slab conductance Gy is increased, the slot capacitance
C¢§ becomes increasingly effective, and the RF wave is slowed down. For
larger values of the slab conductance G¢, the RC element is operated above its
corner frequency and the capacitor is fully charged and de-charged during each
cycle, leading to an RF index neg rr that is essentially independent of the slab
conductance. Following the same argument, it can also be understood why an
increase of the slot capacitance Cé therefore leads to an increase of neg Rrf.

To investigate the frequency dependence of the RF loss, of the characteris-
tic impedance, of the effective RF index, and of the RC low-pass as well as

77



3 Model of traveling-wave SOH modulators
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Fig. 3.8: (a) 6 dB EOE bandwidth fsqp rog of a 750 um-long modulator limited only by RF loss,

78

impedance mismatch, and velocity mismatch, explicitly neglecting the impact of the RC-
low-pass formed by C§ and G¢. For a large Cg and a low Gy, an increase of G§ leads to
a strong frequency-dependent increase of the RF loss and thus to a reduced bandwidth.
For the parameters indicated by ®, ® and © the frequency response is exemplarily shown
in Fig. 3.9. (b) RF loss for a 750 um-long modulator at 50 GHz. The RF loss initially
increases with increasing G, see Fig. 3.5(a) and Fig. 3.5(b), but decreases again for
very large values of G{, see Eq. 3.19. (c) Characteristic impedance Zj at 50 GHz. The
impedance remains close to the system impedance of 50 Q. (d) Effective RF refractive
index neg rp. For values of G ~ 50S/m and C§ ~ 130 pF/m, neg g is close to the
effective optical group refractive index of 3.2. Increasing the slot capacitance slows down
the RF wave and hence increases the RF refractive index. The detailed analysis in Fig. 3.9
shows that the bandwidth is not limited by velocity mismatch for practical values of Cg
for the considered length of the modulator. The parameters of the devices (see Table 3.1)
used in this paper for experimental verification of the model are indicated by a green
star for the case of 0 V gate voltage applied and by a magenta star for 300 V gate voltage
applied.



3.5 Design guidelines

the associated impact on the modulator bandwidth, we consider three exem-
plary C§-Gg-value-pairs for a 750 um-long device. The chosen value pairs
are marked by ®, ® and © in Fig. 3.7 and Fig. 3.8. The slot capacitance
is fixed to Cé = 100 pF/m, while the slab conductance Gé is increased from
G = 2.76 S/m (®), which corresponds to the value extracted from the device
used in our experiment, to G§ = 40S/m (®) and further to G§ = 80S/m
(©). Figure 3.9(a) shows, for the weakly conducting slab with G§ = 2.76 S/m,
the EOE frequency response |mgog(wrp)|, the RF loss «, the characteristic
impedance Z, and the effective RF refractive index neg rr, all as a function
of RF frequency up to 150 GHz. The solid red line depicts the total frequency
response. Broken lines in blue, magenta, green, and black depict the fre-
quency response by the sole contribution of the RC low-pass, the RF loss, the
impedance mismatch, and the velocity mismatch, respectively. For a weakly
conducting slab with Gé = 2.76 S/m, the total bandwidth (red line) is limited
almost exclusively by the RC low-pass (blue broken line), whereas the impact
of RF loss (red magenta broken line), impedance-mismatch (green broken
line) and of velocity mismatch (black broken line) are negligible, because «,
Zy, and nes rp show little frequency dependence. If the slab conductivity is
increased to, e.g., 40 S/m, Fig. 3.9(b), or 80 S/m, Fig. 3.9(c), the RC corner
frequency increases. However, frequency-dependent RF loss starts to become
significant and limits the overall bandwidth of the device to values smaller than
the RC corner frequency. For the increased slab conductance Gy = 40 S/m and
G¢ = 80 S/m impedance mismatch and velocity mismatch do not significantly
affect the bandwidth either. This confirms that RF loss is the most impor-
tant bandwidth-limiting effect besides the RC time constant of the slab-slot
configuration.

Finally, we consider the 6 dB EOE bandwidth fsqg ror obtained from the
full model as a function of the slab conductance G§ and the slot capacitance
Cé, taking into account all bandwidth-limiting effects, i.e., the RF loss, the
impedance mismatch, the velocity mismatch and the RC low-pass. Figure 3.10
shows fsdp.EOE as obtained by the full model for four different lengths ¢ of the
modulator. For long devices, the frequency dependence of the RF loss is more
significant, and increasing the slab conductivity G§ has a smaller impact on
the overall bandwidth than for short devices, see Fig. 3.10(a). Specifically, if
¢ is reduced to 500 um, Fig. 3.10(c), and further to 200 um, Fig. 3.10(d), the
bandwidth approaches the RC-limited case shown in Fig. 3.7. A combination
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Fig. 3.9: Electro-optic bandwidth and RF properties for a 750 um-long modulator with C§ =
100 pF/m and (a) Gé =2.76 S/m, (b) Gg =40S/m, and (¢) Gé = 80 S/m, corresponding
to the points marked by ®, ® and ©, respectively, in Fig. 3.7, Fig. 3.8(a), and Fig. 3.8(b).
The first row shows the overall frequency response |mgog(wrr)| of the modulator (solid
red line), as well as the frequency responses that correspond to the sole impact of RC
limitations (blue dashed line), RF loss (magenta dashed line), impedance mismatch (green
dashed line), and velocity mismatch (black dashed line). The second row shows the total
RF loss a. In (a) the RF loss is low and frequency-independent, see Eq. 3.17. In (b) and
(c) losses in the resistive slab are increased and the losses becomes strongly frequency-
dependent, see Eq. 3.19, thereby reducing the bandwidth to values below the RC limit.
The third row shows the characteristic impedance Z, which stays close to the system
impedance of 50 Q, except for low frequencies, where the Z deviates from its ideal high
frequency, low loss value, see Section 3.8. The last row shows the effective RF refractive
index neg rp. In (a), the RC corner frequency wgc is small and the slot capacitance is
not fully charged and de-charged as the RF wave (caption continued on next page)
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Fig. 3.9 continued: propagates along the modulator. If the resistance of the slabs is reduced,
see (b) and (c), wrc increases and the slot capacitance has a stronger impact on the RF
wave, leading to a reduced velocity. The effective RF refractive index neg rp then becomes
close to the optical group index ng opt = 3.2. Overall, impedance and velocity-mismatch
are negligible for all of the three considered cases. In (a), the device is limited by the RC
time constant of the slab-slot configuration. In (b) and (c) the RC time constant is reduced
and the associated bandwidth is increased accordingly. At the same time, the increased RC
corner frequency leads to an increased frequency-dependence of the RF loss, which causes
additional bandwidth limitations.

of reduced device length, reduced slab capacitance C¢, and increased slab
conductance Gy thus enables bandwidths well beyond 100 GHz.

3.5.2 Optimized doping profiles for low-loss modulators

To increase the bandwidth of the modulators, highly conductive slab regions are
desirable. Increasing the doping concentration near the optical slot waveguide,
however, leads to optical loss due to FCA. This effect can be mitigated by a
two-step doping profile, see Fig. 3.1(b) [91, 103, 104]. Based on this approach,
we suggest the following design procedure for SOH modulators:

(i) Given a certain EO material and a practical slot width, the targeted
m-voltage U, will determine the length ¢ of the modulator.

(ii) Based on the slot width, which determines the slot capacitance C¢, and
the length ¢ of the modulator, the targeted bandwidth determines the
slab conductance Gé, see, e.g., Eq. 3.6 and Fig. 3.10.

(iii) For a given slab conductance G, the optical loss can be minimized by
optimizing the two-step doping profile [103,104]. This optimization is
described in the following paragraph.

We exemplarily demonstrate the optimization of the doping profile for a device
with a targeted slab conductance of G§ = 102S/m and a fixed slot width
of 200nm. For this device, a slot capacitance C§ of about 100 pF/m can be
estimated by assuming a parallel-plate approximation. This assumption has
to be taken with caution since fringing fields can contribute to a significant
portion of the slot capacitance [91]. For the chosen values of G§ and C¢, a
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Fig. 3.10: 6 dB EOE bandwidth fsqp gor for modulators of different lengths £ based on the full
model considering all bandwidth-limiting effects. The color scale is the same as in
Fig. 3.7. If the length is reduced, the bandwidth of the modulator approaches the RC-
limited case depicted in Fig. 3.7. The frequency response of the 750 um-long modulator
is shown in Fig. 3.9 for the C§-G-values indicated by ®, ® and ©in (b). The parameters
of the devices used in this paper for experimental verification of the model, see Table 3.1,
are indicated by a green star for the case of a gate voltage of 0 V and by a magenta star
for a gate voltage of 300 V.
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device with length £ = 1 mm, and transmission line parameters R%L, L%L, and
Cy, as specified in Table 3.1, the model according to Eq. 3.6 would predict
a bandwidth of fsq . roE = 114 GHz. The geometry of the slot waveguide is
fixed with a slab height of hg,, = 70 nm, a rail width wy,; = 240 nm, and
a rail height of A = 240nm as shown in Fig. 3.11(a). The weakly doped
region of the slab near the slot is depicted in green, and the more heavily doped
region further away from the slot is depicted in blue in Fig. 3.11(a). As free
parameters, we can vary the resistivity ppeavy Of the heavily doped region as
well as the resistivity pweak and the width wyeqx of the weakly doped part.

For simplicity, we choose a fixed resistivity pyeax Of the weakly doped section in
afirst step, here pyeax = 5.5% 1 0~* Qm. For atarget conductance Gé =102 S/m
of the slab, Fig. 3.11(b) shows the required bulk resistivity ppeayy Of the heavily
doped region as a function of its width wpeay. To reach the overall target
conductance of G§ = 102 S/m, the width wyeax of the heavily doped region
must stay below 1.16 um. The bulk resistivity in the weakly and heavily doped
regions can be translated into optical loss parameters using the experimentally
obtained relations published in [117]. Figure 3.11c shows the bulk power
absorption coefficient as;. Note that ag; refers to the optical power — in
contrast to the RF attenuation coefficient a, specified in Eq. 3.4., which refers
to the amplitude. The underlying model for the optical power absorption
coefficient assumes a linear increase of the optical loss with the electrical
conductivity in Si [117]. This assumption is only valid as long as the electrical
conductivity is not limited by electron-impurity-scattering [118]. To translate
the bulk absorption coefficient into a waveguide-loss parameter, we compute
the optical mode in the slot waveguide and the overlap with the doped silicon
region [49] using a vectorial mode solver. The resulting power absorption
coefficient awg for the optical waveguide mode is shown in Fig. 3.11(d). If
the weakly doped region is narrow, the heavily doped section comes close to
the slot region leading to high optical loss. If the heavily doped section is far
away from the slot waveguide, the conductivity has to be increased to maintain
a given overall conductance G, which again increases the optical loss. A
minimum excess loss of approximately 0.048 mm~' (0.2 dB/mm) is found for
a weakly doped region with an intermediate width of wye,x = 1um and a
medium resistivity of the heavily doped section of ppeayy = 1.43 X 1074 Qm.
Note that this doping-related excess loss does not significantly change the
overall propagation loss of practically used slot waveguides, which is of the
order of 0.5dB/mm [119]. Note that these loss figures are still dominated
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Fig. 3.11: Optimization of the doping profile in the slab-waveguide region to minimize optical
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loss. (a) Cross section of the slot waveguide and the adjacent slab: A low doping
concentration is chosen for the rails of the slot waveguide and for the adjacent region
of the slab (depicted in green), which interact strongly with the guided light. The
doping is increased in the slab region that is further away from the rails (depicted in
blue). We consider a waveguide with rails having a width of wy,; = 240nm and a
height of hn; = 220nm. The slabs have a height of Ag,, = 70 nm and a width of
Wglab = 1.66 um. The width of the slot is 200 nm. For a fixed resistivity of the weakly
doped silicon (here pyeax = 5.5 X 10* Qm), wyeqx and Pheavy can be varied to realize
the target conductivity of the slab (here Gé = 102S/m). (b) Bulk resistivity ppeayy in
the heavily doped slab regions that is required to reach the target conductivity, specified
as a function of wyq for fixed values of pyeax = 5.5 X 10™* Qm and wgp = 1.66 pm.
(c) Corresponding material absorption coefficient in the doped silicon. Note that as;
refers to the power attenuation coefficient for the optical wave, whereas the symbol
in Eq. 3.4 refers to the amplitude attenuation coefficient of the corresponding RF wave.
(d) Power loss coeflicient experienced by the guided optical mode, obtained from the
numerically calculated optical mode field and its overlap with the doped silicon regions.
An optimum in terms of optical loss is found for an intermediate extension of the heavily
doped section in combination with a medium resistivity.



3.5 Design guidelines

by the imperfections of the silicon slot waveguides and not by the organic
EO cladding. The bulk absorption of the EO material is of the order of
0.1 dB/mm, and only a fraction of the optical mode propagates in the slot such
that the contribution to the overall loss should be even smaller.

So far, we have only considered a fixed resistivity pyeax = 5.5% 107* Qm of the
weakly doped section. Varying this resistivity allows to further increase the
bandwidth of the device or decrease its optical loss. This degree of freedom
becomes particularly important when the length of the modulator is varied.
For a quantitative analysis, we have repeated the optimization exemplarily
described in the previous paragraph for devices of different lengths £ = 0.2 mm,
0.5mm, and 1.0mm and for different resistivities pyeak = 5.5 X 1074 Qm,
16.5x 107* Qm, and 49.5 x 10~* Qm of the weakly doped region. Figure 3.12
shows the resulting optical excess loss caused by absorption in the doped
silicon regions for modulators of different lengths ¢ as a function of their
total bandwidth fsqg og. In this plot, the trade-off between the modulator
figures of merits U, o £~! , bandwidth and insertion loss becomes evident.
The numerical values presented in Fig. 3.12 suggest that it will be possible
to realize SOH devices with a length of, e.g., 0.5 mm, having a bandwidth
of fsas.ror = 100 GHz while keeping the doping-related optical excess loss
below 0.1 dB. Using highly efficient EO polymers [18], such a device would
have a m-voltage of less than 1 V. The detailed device parameters leading to the
results shown in Fig. 3.12 are depicted in Fig. 3.13. Figure 3.13(a) shows the
relationship between the device bandwidth and the overall slab conductance
G for the three different modulator lengths £ considered in Fig. 3.12. The
graphs are obtained from the full model according to Eq. 3.6 in combination
with a slot capacitance of C§ = 100 pF/m and the transmission line parameters
RY,, Ly, and Cp; as specified in Table 3.1. Figure 3.13(b) specifies the
optimized resistivity ppeayy Of the heavily doped slab region along with the
associated width wyeax of the weakly doped region, see Fig. 3.13(c), and the
associated power absorption coefficient awg for the optical waveguide mode,
see Fig. 3.13(d), considering three fixed values of pyeasx = 5.5 X 1074 Qm,
16.5x 107 Qm, and 49.5 x 10™* Qm.

85



3 Model of traveling-wave SOH modulators

3.6 Summary

We formulate and experimentally validate an equivalent-circuit model of SOH
slot-waveguide modulators based on distributed elements that describe the
electric properties of the device. The model parameters can be extracted from
purely electrical measurements, that provide the frequency-dependent scatter-
ing parameters of the traveling-wave device. With these parameters, we can
accurately predict the small-signal EO frequency response of the modulators,
as confirmed by direct measurements of the EO frequency response. We fur-
ther formulate design guidelines that lead to an optimum trade-off between
EO bandwidth and optical insertion loss of SOH slot-waveguide modulators.
We find that proper choice of doping concentrations and geometrical device
parameters can enable SOH modulators with lengths of 0.5 mm and 6 dB EOE
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Fig. 3.12: Optical excess loss caused by absorption in the doped silicon regions for modulators of
length £ = 0.2mm, 0.5 mm, and 1 mm as a function of the total 6dB EOE bandwidth
JodB,EOE- For each length, we consider three different resistivities pyeax of 5.5 X
104 Qm, 16.5 x 10~ Qm, and 49.5 x 10~ Qm. The parameters Ppeayy and Wyeqi are
then optimized according to the procedure described in Fig. 3.11. For a given length of
the modulator, there is a trade-off between electro-optic bandwidth and optical insertion
loss. For a given bandwidth, optimizing the doping profile can lead to a reduction of
optical loss. Data points are connected by interpolated lines as guide to the eye.
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Details of the optimized SOH modulator design for the modulators of length £ = 0.2 mm,
0.5 mm, and 1 mm considered in Fig. 3.12. For each length, we consider three different
resistivities pyeax of 5.5 x 1074 Qm, 16.5 x 107 Qm, and 49.5 x 107 Qm. The
parameters Ppeayy and Wyeqi are then optimized according to the procedure described
in Fig. 3.11. (a) Relationship between device bandwidth fsqp ror and overall slab
conductance Gé for three different modulator lengths. (b) Optimized width wyeax of
the weakly doped region, (c) the associated resistivity ppeayy of the heavily doped slab
region, and (d) the associated power absorption coefficient for the optical mode in the
doped region of the silicon, all as a function of slab conductance G¢, considering the
three fixed values of pyeak. Data points in all subfigures are connected by interpolated
lines as guide to the eye.
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bandwidths of more than fsqg ror = 100 GHz while maintaining mr-voltages of
less than 1V and while keeping the optical excess loss caused by free-carrier
absorption in the doped silicon regions below 0.1 dB.

3.7 Mathematical relations for de-embedding the
radio-frequency characteristics of on-chip
modulators

[This section was published as Appendix A of [J1]]

Transfer matrices of contact pads

The transfer matrix (7-matrix) of the left-hand-side contact pad including the
subsequent transition to the modulator electrodes, see Fig. 3.3(a), is modeled
by a series impedance Z and a shunt admittance ¥

r, =" O)" E=] % (3.22)
Ty 1flo 1) |y yz+1) '

Similarly, the T-matrix of the right-hand-side contact pad including the sub-
sequent transition to the modulator electrodes is modeled by the same series
impedance Z and a the same shunt admittance Y

1 z\[1 o) (rz+1 Zz
o 1)\y 1/ \ v 1]

T, =

g (3.23)
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3.8 Low-frequency characteristic impedance of a transmission line

Conversion between S-parameters and 7-matrix parameters For conver-
sion between S-parameters and electrical T-matrix parameters, we use the
following relation [87,89]:

1+8,,-8,,-AS

T, =
PAYY
1+8,+8,,+AS
T,=2 75
=21 (3.24)
T 1 1-8,-8,+AS
Ly = 75—
! Zref 2§21
1-8,,+5,,-AS
122 = 28
D71

In these relations, AS = §,,5,, = 3,,5,, , and Z_; is the reference impedance
of the measurement system.

Transfer matrix of a transmission line The transfer matrix of a transmission
line of length £ with propagation parameter y and characteristic impedance Z,
is given by [87,89]

cosh(zé’) Zy sinh(z€)
Ziosinh(zt’) cosh(yt) |

(3.25)

3.8 Low-frequency characteristic impedance of a
transmission line

[This section was published as Appendix B of [J1]]

The characteristic impedance given in its standard form by [87]
Z, = V(R + jwrrL’)(G’ + jwgrrC’) is oftentimes considered for low-loss
transmission lines at high frequencies only, where wrpL’ > R’ and wrpC’ >
G’ holds. The characteristic impedance can then be approximated by a real-

valued constant
Ll
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3 Model of traveling-wave SOH modulators

Note that this approximation is not valid for the low-frequency region where
Z,, can be complex and frequency-dependent and the real and imaginary part
may diverge for wrr — O.

3.9 Loss parameter of the RC element

[This section was published as Appendix C of [J1]]

In this section we derive the RF amplitude attenuation parameter arc associated
with the loss of the RC element formed by the slab resistance Gé‘l and the slot
capacitance Cg following the approach in [91]. The active power dissipated in
the RC element of an infinitesimally short section of the transmission line is
linked to the real part of the complex line admittance Y .dz

= -R{|U*Ype} dz, (3.27)

where U denotes the voltage phasor and where the admittance Y. of the RC
element is given by

-1 R R

v _(1 1 ) _ wppCyGg ]
=—RC — Gl - 2
1+ (wreCyGy )

— - (3.28)
s JwrrCg

The actlve power that is transported on the entire transmission line is given by

such that the ratio of the power lost in the RC element and the
total power enterlng the infinitesimally short section is given by
dP wRFC/ZG 1 1

@ 3.29
P 1+(wRFC G2 R{Z, 1} (329

This differential equation is solved by P = Pyexp(—2agrcz), where the ad-
ditional factor of two in the argument arises from the fact that arc refers to
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3.9 Loss parameter of the RC element

the amplitude rather than the power attenuation. The amplitude attenuation
parameter can thus be written as

2 -1
are = ©irCs Cs ! (3.30)
1+ (wrrC{GE'? 2R {Z,'}

[End of paper [J1]]
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4 SOH modulators for intensity-
modulation/direct-detection
links

This chapter reports on the demonstration of SOH modulators in data transmis-
sion experiments using intensity-modulation and direct-detection (IM/DD). It
was published in a scientific journal [J2]. The material from the publication
was adapted to comply with the layout and structure of this thesis.

[Beginning of Paper [J2]. Reprinted with permission ©The Optical Society.]|

Silicon-organic hybrid (SOH) modulators for intensity-modulation / direct-
detection links with line rates of up to 120 Gbit/s
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4 SOH modulators for intensity-modulation/direct-detection links

High-speed interconnects in data-center and campus-area networks crucially
rely on efficient and technically simple transmission techniques that use IM/DD
to bridge distances of up to a few kilometers. This requires electro-optic
modulators that combine low operation voltages with large modulation band-
width and that can be operated at high symbol rates using integrated drive
circuits. Here we explore the potential of SOH MZMs for generating high-
speed IM/DD signals at line rates of up to 120 Gbit/s. Using a SiGe bipolar
CMOS (BiCMOS) signal-conditioning chip, we demonstrate that IDB signal-
ing allows to efficiently use the electrical bandwidth, thereby enabling line
rates of up to 100 Gbit/s at bit error ratios (BER) of 8.5 X 107>, This is the
highest data rate achieved so far using a silicon-based MZM in combination
with a dedicated signal-conditioning IC. We further show PAM4 at lines rates
of up to 120 Gbit/s (BER = 3.2 x 1073) using a high-speed arbitrary wave-
form generator (AWG) and a 0.5 mm-long MZM. This is the highest data rate
hitherto achieved with a sub-millimeter MZM on the silicon photonic platform.

4.1 Introduction

High-speed optical communication links in data-center and campus-area net-
works urgently call for efficient high-speed EO modulators that can be densely
integrated at low cost. This need is, e.g., witnessed by the Ethernet Alliance,
creating "The Holy Grail of 100GbE SFP+"-challenge that targets a single-
wavelength 100 Gbit/s transceiver in a 1.5 W SFP+ package (SFP: small form
factor pluggable) [120]. This competition was driven by the expectation that
grouping of 100 Gbit/s lanes will enable interface rates of 400 Gbit/s, 0.8 Tbit/s
or 1.6 Tbit/s that are already foreseen for future Ethernet standards [121]. To
meet the associated scalability challenges, system complexity must be kept low
by using simple transmission schemes based on IM/DD as opposed to more
demanding coherent communication schemes. In addition, due to growing
areal network extension, the transmitters must be able to generate data signals
with low chirp that can be sent over distances of up to a few kilometers. This
rules out direct modulation concepts using, e.g., compact and efficient vertical-
cavity surface-emitting laser (VCSEL) [122], and requires external modulation
of continuous-wave carriers.

94



4.1 Introduction

External modulation schemes can rely on MZMs or on electro-absorption
modulators (EAMs). EAMs have been demonstrated both on the InP and the
silicon photonic platform, enabling line rates of up to 100 Gbit/s with SiGe
BiCMOS signal-conditioning chips [123,124]. However, EAM-based schemes
generally suffer from a trade-off between ER and chirp, with typical chirp
parameters o' of experimentally generated data signals exceeding |¥] > 1
for an ER of 10dB [125]. In contrast to that, MZMs may feature arbitrarily
high ER while allowing for push-pull operation with zero chirp. High-speed
IM/DD transmission has previously been demonstrated using an MZM based
on an organic EO polymer for 100 Gbit/s OOK [126, 127]. While this device
exploits the Pockels effect in the EO polymer to provide a negligible chirp
parameter of a(®) = —0.02, it still features a large length in excess of 6 mm,
dictated by the comparatively low EO coefficient of 33 = 86 pm/V as well as by
the rather large optical mode field and the associated spacing of the microstrip
transmission line electrodes. The device length can be slightly reduced to
approximately 4 mm by using high-speed InP-based MZMs [128, 129]. These
devices, however, still have rather high voltage-length products of more than
5 Vmm [130], and rely on fabrication processes that are rather expensive and
limited in scalability as compared to CMOS-based silicon photonic integration.
Silicon photonic depletion-type pn-modulators have been shown to support
PAM4 signaling at impressive line rates up to 168 Gbit/s [92]. These devices,
however, are subject to the intrinsically limited efficiency of the underlying
phase modulators, featuring voltage-length products U, L in excess of 6 Vmm
for optimized devices [72] and in excess of 30 Vmm [131] for the 4.8 mm-long
high-speed MZM used in [92]. This leads to large device lengths and high drive
voltages, which require dedicated amplifiers. Moreover, free carriers in the
pn-junction do not only modulate the real part of the refractive index, but also
the imaginary part, thereby leading to amplitude-phase coupling and hence to
nonzero chirp parameters of, e.g., |@®)| = 0.8 even for well-balanced push-pull
devices [132]. Another approach to realize high-speed MZMs relies on the
concept of POH integration [133]. POH MZMs combine ultra-small footprint
[134] with unprecedented modulation bandwidths that enable data rates of
up to 120 Gbit/s for PAM4 signaling [135]. These devices, however, suffer
from an inherent trade-off between insertion loss and operation voltage [49],
requiring peak-to-peak voltage swings of 8 V,,, that become effective when
applying a 4 V,;, drive signal to an unterminated MZM [135]. In addition, with
the exception of the all-polymer device [126, 127], all signaling experiments
of high-speed MZMs have relied on drive signals generated by benchtop-
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4 SOH modulators for intensity-modulation/direct-detection links

type laboratory test equipment [128, 129, 135, 136]. The associated electronic
circuits feature high power consumption and are unsuited for integration into
small form-factor packages.

In this paper, we present a series of IM/DD transmission experiments, showing
that these limitations can be overcome by highly efficient SOH MZMs, which
can be operated by BiCMOS signal-conditioning chips. SOH modulators
rely on silicon photonic slot waveguides that are embedded into organic EO
cladding materials, thereby combining the advantages of large-scale CMOS
fabrication with the wealth of optical properties obtained by molecular en-
gineering of organic materials [48,49]. The devices feature small footprints
along with low modulation voltages, quantified by small voltage-length prod-
ucts down to 0.32 Vmm [56, 83] — more than an order of magnitude below
those of conventional depletion-type pn modulators [72]. We characterize our
SOH modulators with respect to ER and chirp and show that the devices can
be operated with negligible chirp parameters of |a(®)| = 0.09. Moreover, ex-
panding on earlier work [137], we demonstrate IDB as a way to relax the band-
width requirements for driver electronics, modulators and receivers in IM/DD
transmission schemes. We demonstrate 100 Gbit/s IDB transmission over a
dispersion-compensated link of 5km of standard single-mode fiber (SSMF)
by operating an SOH MZM with a 130 nm SiGe BiCMOS signal-conditioning
chip. We measure a bit error ratio (BER) of 1.6 x 1073 (8.5 x 107>) for the
fiber transmission (back-to-back reference), which is well below the thresh-
old of hard-decision forward-error correction (FEC) with 7% overhead [138].
This represents, to the best of our knowledge, the highest data rate that has
been achieved with a silicon-based MZM operated by a dedicated signal-
conditioning chip. Moreover, we demonstrate generation of PAM4 signals
at line rates (symbol rates) up to 120 Gbit/s (60 GBd) using a silicon-based
modulator [139]. Despite the small device length of only 0.5 mm, the modula-
tor’s energy consumption amounts to Wy = 100 fJ/bit, which is significantly
smaller than the 410 fJ/bit demonstrated for a 4.8 mm long depletion-type mod-
ulator at a comparable PAM4 line rate of 112 Gbit/s [92]. To the best of our
knowledge, our demonstration corresponds to the highest data rate hitherto
achieved using a sub-millimeter MZM on the silicon photonic platform. The
MZMs are fabricated in a commercial silicon photonics line and along with
the full portfolio of standard silicon photonic devices.
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4.2 Silicon-organic hybrid Mach-Zehnder modulators

This chapter is structured as follows: Section 4.2 introduces the SOH device
concept and reports on the characterization of the MZM with respect to chirp.
In Section 4.3, we explore OOK using SOH modulators in combination with
integrated BiICMOS signal-conditioning chips, achieving error-free transmis-
sion at data rates of 50 Gbit/s. As a straightforward way to increase the data
rates, we use PAM4 signaling at line rates of up to 120 Gbit/s. These ex-
periments, reported in Section 4.4, however, rely on a high-speed AWG that
generates the multi-level drive signals. Section 4.5 finally introduces IDB as
an alternative path towards high-speed signaling. IDB significantly relaxes
the bandwidth requirements of the driver electronics, enabling data rates of
up to 100 Gbit/s IDB with BiCMOS signal-conditioning ICs. Details on the
modulation formats and the experimental methods are given in Section 4.7 and
4.8.

4.2 Silicon-organic hybrid Mach-Zehnder
modulators

The basic concept of an SOH MZM fabricated in SOI technology is shown
in Fig.4.1. Each arm of the modulator consists of a silicon photonic slot
waveguide, comprising two 240 nm-wide and 220 nm-high silicon rails which
are separated by a 120 nm to 160 nm-wide slot. The modulating drive signal is
guided by a coplanar GSG aluminum (Al) transmission line. The modulating
RF signal co-propagates with the optical carrier along the (0.5...1.1) mm-long
modulator. The electrodes are connected through Al vias to the silicon rails
of the slot waveguide by 70 nm-thin conductive n-doped silicon slabs. The
electrical RF voltage drops mainly across the narrow slot where the light is
highly confined, thus leading to a strong overlap of the optical mode and the
modulating electric field — a key advantage in comparison to conventional
organic electro-optic modulators [126, 127]. The device is functionalized by
filling and coating the slot waveguide with an EO organic cladding material.

This strip-loaded slot waveguide design clad with EO organic material was first
demonstrated to work as an EO modulator at RF frequencies by Ding et al. [50].
We use the commercially available EO material SEO100 which combines a
large EO coeflicient of r33 = 144 pm/V with good thermal stability. Using
this material, high-speed operation of an SOH modulator at 80°C has been

97



4 SOH modulators for intensity-modulation/direct-detection links
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Fig. 4.1: Device concept of an silicon-organic hybrid (SOH) Mach-Zehnder modulator (MZM). (a)
The device is fabricated in a standard commercial fabrication run on a silicon-on-insulator
wafer. (b) Shows a top view of the electrodes with contact pads in ground-signal-ground
configuration. The light is split by a multi-mode-interference (MMI) coupler into the two
arms of the MZM. (c) Shows the cross section of the SOH MZM. Each arm comprises
an optical slot waveguide filled with an electro-optic organic cladding material. The GSG
transmission line for the electrical signal is connected to the rails of the slot waveguide by
thin conductive n-doped silicon slabs and aluminum (Al) vias through the protective oxide
cladding. During the poling process, a direct current (DC) voltage Uy, (green circuit)
is applied across the floating ground electrodes at an elevated temperature of the device.
The molecules align according to the poling voltage and remain in that orientation (green
arrow) after cooling down the device. A modulating voltage Uy applied to the signal
electrode induces an electric field in the slot (red arrow) that is anti-parallel (parallel) in
the left (right) arm of the MZM leading to push-pull operation. Due to the high overlap
of the RF electric field (d) and the optical mode (e) in the slot waveguide the modulation
is highly efficient.
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demonstrated previously [21]. To activate the macroscopic y®-nonlinearity,
the microscopic molecular dipoles in the organic material need to be aligned
in a dedicated one-time poling process. To this end, a poling voltage Upol
is applied across the (floating) ground electrodes at an elevated temperature
to align the EO-active chromophores. At the operating temperature and after
removal of the poling voltage, the molecule orientation remains in the aligned
state indicated by green arrows, Fig.4.1(c). The modulating field (red arrows)
induced by the RF drive voltage Uy is oriented parallel to the chromophore
alignment in one phase modulator and antiparallel in the other phase modulator,
which results in a push-pull operation of the MZM. In the devices used for the
transmission experiments, we measure an MZM voltage-length product U, L
of 1.1 Vmm at DC. This value can be reduced to 0.5 Vmm or below by using
more efficient EO materials [56,83]. Our devices were fabricated in a standard
248 nm deep-UV (DUV) process on a commercial platform, which offers a
full portfolio of silicon photonic devices and SiGe detectors.

SOH MZMs exploit the Pockels effects in the organic cladding and should
hence allow for chirp-free modulation provided that perfectly balanced push-
pull operation is achieved. To experimentally confirm this aspect, we char-
acterized the chirp properties of an SOH MZM. In general, signal chirp is
quantified by the chirp parameter (®), which relates the modulation of the
phase ¢ to the modulation of the time-dependent power P of the optical signal
averaged over a few optical cycles,
() - ppdo/dt

a _2PdP/dt' 4.1
For a direct measurement of the chirp parameter, we exploit the fiber re-
sponse peak method [140]. To this end, we use a network analyzer to measure
the small-signal intensity modulation transfer function of the modulator con-
nected to a 75 km-long fiber span and a calibrated photodiode [99]. The
measured frequency response is shown in Fig. 4.2(a). The product of the
square of the resonance frequency f, and the fiber length L is plotted ver-
sus the dip order u in Fig. 4.2(b). The chirp parameter a(® and the fiber
dispersion D can then be extracted from the slope and from the vertical off-
set of a straight line fitted to the data points by using the simple relation
2L = ¢/(2DA%) (1 + 2u — 2 arctan(e®)/x) with A being the wavelength of
the optical carrier and ¢ denoting the vacuum speed of light [140]. Our mea-
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Fig. 4.2: Chirp characterization of an SOH MZM using the fiber response peak method [140]. (a)
Transfer function for small-signal intensity modulation of the SOH MZM connected to
a 75 km-long fiber span. Dips in the transfer function originate from fiber dispersion.
(b) For data evaluation, the product of the square of the resonance frequency f;, and the
fiber length L is plotted versus the dip order u. The chirp parameter @(®) and the fiber
dispersion D can then be extracted from the slope and from the vertical offset of a straight
line fitted to the data points [99, 140]. We find a chirp factor of |a(®| ~ 0.09.

surements lead to a dispersion coefficient of 16.8 ps/(nm km) and a small but
nonzero chirp parameter of |®)| = 0.09, which is attributed to a slight imbal-
ance of the two MZM arms evidenced by a finite static ER of 31 dB, see [99].
The measured chirp parameter is well below the value of |a(®| = 0.8 found for
pn-type MZMs [132] and significantly below the chirp parameters |a(®)| > 1|
that are expected for EAMs at reasonable extinction ratio [125].

4.3 Non-return-to-zero (NRZ) on-off keying
(OOK) with an SOH MZM

In a first set of transmission experiments, we explore the potential of simple
non-return-to-zero (NRZ) OOK as a modulation format. For generating the
data signal, we bias the MZM at its quadrature point and apply a drive voltage
with a swing of U,. For rectangular pulses the data rate fy equals the sym-
bol rate f;, and the required bandwidth is f; (see Section 4.7)). While the
electrical circuit to drive the MZM is relatively simple, OOK is demanding
in terms of bandwidth so that it is challenging to move to high symbol rates.
Recently, the generation and transmission of NRZ-OOK data at 100 Gbit/s
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Fig. 4.3: Experimental setup for data transmission with an SOH modulator and a BICMOS signal-
conditioning IC: The signal-conditioning chip is fed by 4x12.5 Gbit/s or 4x25 Gbit/s
pseudo-random binary sequences (PRBS) to generate a 50 Gbit/s OOK signal or a
100 Gbit/s duobinary (DB) signal. The output of the IC connects via a coaxial cable
to an RF amplifier and a microwave probe to the SOH MZM. The modulator is termi-
nated by a 50 Q impedance. Light from a laser source is coupled to the silicon chip via
grating couplers. After modulation, the optical signal is amplified, optionally transmitted
over a 5km long fiber and detected on a photodiode. The PD can be connected to a bit
error ratio tester (BERT), a sampling oscilloscope and a real-time oscilloscope.

using SOH modulators could be shown, where high-performance laboratory
equipment controlled the modulator [136]. While this demonstration showed
that SOH modulators outperform all alternative semiconductor based modula-
tors in terms of speed and drive voltage, the implementation in a transmitter
is rather complicated. First, the generation of electrical 100 Gbit/s signals
requires components with high bandwidth. Second, the imperfect signal trans-
mission (e.g. dispersion) requires error correction in the form of FEC, and this
asks for digital signal processing (DSP).

In our experiment the 50 Gbit/s OOK signal is conditioned by an integrated
circuit which comprises a 4:1 serializer, a 6-tap feed-forward equalizer, and an
output stage delivering a voltage of up to 1 V,,. The IC is fabricated in a 0.13-
um SiGe BiCMOS technology. The FFE is realized as a tapped delay line with
around 9 ps to 10 ps spacing. More information on the signal-conditioning
IC can be found in [124] and [141]. The experimental setup is depicted in
Fig. 4.3. A PRBS(length 27 — 1) is generated in an FPGA and feeds the signal-
conditioning chip which is embedded in a connectorized testboard. The outputs
of the board are connected to an RF amplifier with a bandwidth of 70 GHz,
which finally drives the SOH MZM via microwave probes. The modulator is
biased at its quadrature point and terminated with an external 50 Q impedance.
An external cavity laser (ECL) provides the optical carrier at a wavelength
of 1550 nm. A band-pass filter with a 1.5 nm-wide passband removes out-of-
band ASE noise. The photodiode (PD) receives the transmitted signal. The
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PD output is connected to a BERT, to a sampling oscilloscope, or to a 62 GHz
real-time oscilloscope. In our experiment, the optical signals are coupled
to and from the silicon chip via grating couplers and single-mode fibers.
The fiber-to-fiber insertion loss of 18 dB is compensated by an EDFA. This
insertion loss is caused by non-optimized grating couplers, imperfect strip-to-
slot waveguide transitions, and by waveguide losses. The on-chip loss amounts
to approximately 9 dB, of which a total of approximately 2.5 dB is attributed to
access waveguides, two MMI couplers, and four strip-to-slot converters. The
remaining approximately 6.5 dB of loss are caused by the 1.1 mm-long slot-
waveguide sections in each arm. With improved processes, the on-chip loss can
be significantly reduced: Slot waveguides can be fabricated with propagation
losses as low as 0.65 dB/mm [119], and an optimized doping profile can reduce
the doping-related losses to below 1 dB/mm [21]. Note that this performance
can well compete with the most advanced depletion-type pn modulators. First,
the voltage-length product of UL = 1.1 Vmm is significantly lower than
U, L-products of 6 Vmm that have been reported for advanced depletion-type
pn-modulators. Moreover, despite the high slot-waveguide propagation losses
of the current device generation, SOH modulators can well compete even with
the most advanced depletion-type pn modulators in terms of the voltage-length-
loss product aU, L, where a denotes the waveguide loss coefficient in the phase
shifter section: Best-in-class depletion-type pn modulators feature aU,L-
products down to 12dBV [72], whereas 6.5dBV are obtained for the SOH
devices used in the current experiment, with the potential to reduce this value
further to below 1 dBV. Regarding device capacitance, values of 400 fF/mm
have been demonstrated for SOH modulators [56], which is clearly below the
830 fF/mm measured for highly efficient depletion-type pn devices [142]. This
in combination with the higher modulation efficiency leads to clear advantages
in terms of the charge that needs to be transferred to the device to achieve a
certain phase shift, see [49] for a more detailed discussion.

Figure 4.4 shows eye diagrams recorded with a sampling oscilloscope. The
BER is measured with a BERT. At 50 Gbit/s we find no errors in the data
transmitted over a Skm dispersion-compensated fiber link (evaluating 5 X
10'9bit, BER< 2 x 107?). From the eye diagram we extract the quality factor
(Q-factor) which is Q = 7.0. For a back-to-back measurement we find no
errors in a data stream of 3.4 x 102 bit (BER< 3 x 10~1) and a Q-factor
of O = 10.3. The energy consumption of the modulator is estimated to be
73011/bit, see Section 4.8. Note that the modulator itself would allow even
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Fig. 4.4: Eye diagrams and BER for 50 Gbit/s OOK signaling. (a) Back-to-back (b2b) configuration
(b) Transmission over a 5 km-long dispersion compensated fiber.

higher data rates in the range of 100 Gbit/s if larger BER can be tolerated [136],
and also the SiGe BiCMOS circuits can be pushed by a better optimization of
the feed-forward equalizer (FFE) coefficients [123]. However, in an integrated
system, the electro-optic bandwidth will eventually be limited by the parasitic
effects of the RF packaging and assembly concepts. In the subsequent sections,
we therefore explore two bandwidth-saving modulation formats for increasing
the data rate.

4.4 Non-return-to-zero (NRZ) PAM4 signaling
with an SOH MZM

To relax bandwidth requirements for the transmitter and the receiver, multilevel
signaling can be employed. With PAM4, four signal levels are used to encode
two bit into each symbol. For the same data rate fj, the symbol rate and hence
the bandwidth can be reduced by a factor of two as compared to OOK (see
Section 4.7). The required electronic circuitry for PAM4 is, however, more
complex than for OOK due to multiple signal levels. For a proof-of-concept
demonstration, we use an AWG rather than the BiICMOS IC.

The experimental setup is depicted in Fig. 4.5. The electrical drive signals are
generated in a 92 GSa/s AWG (Keysight M8196A). An RF amplifier boosts
the output to a peak-to-peak voltage of 2.1V, which is fed to the Si chip
using microwave probes. We use a PRBS with a length of 2! — 1 along with
sinc-like pulse shapes featuring a raised-cosine spectrum with a roll-off factor
BT =0.35. A pre-compensation flattens the end-to-end frequency response
of the setup. As with the previously described experiment, an external 50 Q
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Fig. 4.5: Experimental setup for PAM4 signal generation: The electrical drive signals are generated
in an arbitrary waveform generator (AWG), amplified in a radio frequency (RF) amplifier,
and fed to the modulator via microwave probes. The modulator is electrically terminated
with an external 50 Q impedance. Light from a laser source is coupled to the chip via
grating couplers. After modulation, the optical signal is amplified, band-pass filtered and
detected on a photodiode (PD) connected to a high-speed oscilloscope.

impedance terminates the electrical transmission line of the modulator. The
optical carrier with a wavelength of 1550nm is provided by an ECL and
coupled to and from the 0.5 mm-long SOH MZM via grating couplers. A
subsequent EDFA compensates the modulator’s fiber-to-fiber insertion loss,
and a 0.6 nm optical bandpass filter is used to remove the out-of-band ASE
noise of the EDFA. The signal is detected by a photodiode having a bandwidth
of 50 GHz. The data are then recorded by a real-time oscilloscope having a
32 GHz analog bandwidth. The BER is directly measured.

We demonstrate PAM4 modulation for symbol rates up to 60 GBd. The mod-
ulator is 0.5 mm long, biased at its quadrature point and driven with a voltage
of 2.1Vp,. Figure 4.6 shows the recorded eye diagrams with symbol rates
of 28 GBd, 40 GBd, 56 GBd and 60 GBd. For the 28 GBd signal, no bit er-
rors could be measured in our 78 us long recordings, which corresponds to a
BER < 2.29x 1073, For 40 GBd, 56 GBd, and 60 GBd, the BER was measured
to be 2.4 x 104, 9.1 x 107* and 3.2 x 1073, respectively. The BER increases
with increasing symbol rate because the pre-compensation of the low-pass
characteristic of driver electronics and modulator emphasizes high-frequency
noise. For all symbol rates, the BER is below the threshold 4.4 X 1073 of hard-
decision FEC with 7% overhead [138]. The maximum line rate is 120 Gbit/s,
which corresponds to a net data rate of 112 Gbit/s. Atthe time of initial publica-
tion [139], this experiment represented the highest IM/DD data rate achieved
on the silicon photonic platform. Despite the small device length of only
0.5 mm, the modulator’s energy consumption amounts to Wy = 100 fJ/bit,
see Section 4.8. This is significantly smaller than the 410 fJ/bit demonstrated
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28 GBd 40 GBd 56 GBd 60 GBd
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Fig. 4.6: PAM4 eye diagrams for symbol rates of 28 GBd, 40 GBd, 56 GBd and 60 GBd along
with the measured bit error ratio. At 28 GBd, no bit error was found in our recording.
The BER increases with the symbol rate because the pre-compensation of the low-pass
characteristic of driver electronics and modulator emphasizes high-frequency noise. For
all measured symbol rates, the BER stays below 4.4x 1073, which represents the threshold
for hard-decision forward-error correction with 7% overhead.

for a 4.8 mm-long depletion-type modulator at a comparable PAM4 line rate
of 112 Gbit/s [92]. Note that even higher data rates can be achieved by using
coherent transmission schemes along with advanced modulation formats such
as 16QAM [101, 143, 144]. However, the associated transmitter and receiver
circuitry is technically much more demanding than the rather simple IM/DD
scheme used here, which does not require powerful DSP or coherent receivers.
While the pre-emphasis used in our PAM4 demonstration as well as the coding
and decoding of the four-level signal requires some DSP, the processing effort
is much reduced compared to coherent modulation formats.

4.5 Demonstration of three-level
intensity-modulated duobinary (IDB)

PAM4 signal generation and equalization requires complex signal processing
schemes which prevent the construction of simple integrated driver chips. The
data rate achieved with OOK, on the other hand, is limited by the bandwidth
of the modulator and the driver electronics. To increase the line rate for a
given bandwidth, we explore the bandwidth-saving duobinary (DB) modula-
tion format as alternative to PAM4, see Section 4.7. With a setup change of the
BiCMOS signal-conditioning chip in Fig. 4.3, three-level duobinary signals are
generated. As with OOK, the modulator is biased at its quadrature point and
driven with zero, positive and negative voltages. This leads to three optical
power levels, which correspond to the signal levels (0, A/2, A) used in the
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Section 4.7. We refer to this format as intensity-modulated duobinary (IDB).
Note that IDB is different from optical duobinary (ODB) [145], where the
modulator is biased at the null-point, and the peak-to-peak drive signal swing
U, is twice the m-voltage U, of the MZM. In ODB, the electrical three-level
drive signal is converted into one zero and one non-zero optical power level,
with a phase modulation of 0 and 7 for the non-zero levels. In contrast to
ODB, the IDB signal is not optimum in terms of signal-to-noise power ratio
and reach, but it allows bandwidth-saving signal processing in the electrical
part of the transmitter and receiver.

Using the same devices as for the 50 Gbit/s OOK transmission, IDB transmis-
sion is demonstrated at a line rate of 100 Gbit/s. After opto-electric conversion
with a photodiode, the received signal is recorded with a real-time oscilloscope
at a sampling rate of 160 GSa/s. The BER is measured off-line without any
equalization on the receiver side. Figure 4.7 shows the eye diagrams generated
from the recordings for a back-to-back measurement, Fig. 4.7(a), and for trans-
mission over a 5 km fiber link, Fig. 4.7(b). For the back-to-back measurement,
the BER as extracted from the recordings is 4.3 x 10~#, which can be improved
to 8.5 x 107> by using a gate field of 0.1 V/nm to increase the conductivity
of the doped silicons slabs of the SOH MZM [81]. In the current design,
the gate field of 0.1 V/nm is created by a voltage that is applied to the silicon
substrate and drops across the well-isolating, thick buried oxide layer. This
requires a high static voltage of 200 V to maintain the gate field. The gate
voltage can be reduced by using dedicated gate electrodes [85] or may even
be completely omitted by using optimized doping profiles, both of which were
not available for our experiments. Note that the gate voltage is not associated
with any measurable current flow and does hence not lead to additional power
dissipation in the device. After transmission over 5 km, the measured BER is
1.6 x 1073, clearly below the hard-decision FEC threshold 4.4 x 1073 for 7%
overhead. The estimated energy consumption of the modulator is 190 fJ/bit,
assuming that the electrical energy is dissipated in the terminating resistor (see
Section 4.8). The signal-conditioning chip requires a power of 700 mW (incl.
4 x 25 Gbit/s multiplexer and 6-tap FFE) corresponding to 7 pJ/bit. Previously
we showed that SOH modulators can be operated with peak-to-peak voltages
well below 1V, [100]. In a fully integrated package, the additional external
drive amplifier can hence be omitted, and the total power consumption for the
100 Gbit/s transmitter will stay below 1 W. This is well compatible with the
power ratings of highly compact SFP+ packages. Note that for our OOK and
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100 Gbit/s DB (b2b) 100 Gbit/s IDB (5 km)
BER=85x10" BER=1.6x10"

Fig. 4.7: Eye diagrams for 100 Gbit/s IDB signaling. The BER values stay below the FEC threshold
4.4 %1073 for 7% overhead. (a) Back-to-back (b2b) measurement (b) Transmission over
a 5 km long dispersion-compensated fiber link.

IDB experiments, signal processing comprises low-pass filtering performed by
an “analog” equalizer that is directly implemented into the signal-conditioning
IC and does not require digital operations, leaving aside any coding and decod-
ing. The processing effort and the associated power consumption are hence
expected to be much reduced compared to coherent modulation formats.

4.6 Summary

Figure 4.8 recapitulates the BER for all performed experiments. Due to band-
width and equipment limitations the BER increases with the line rate. PAM4
presents a viable method to push the line rate beyond 100 Gbit/s when power-
ful signal processing is available. In contrast to that, the simplicity of OOK
and IDB modulation is attractive for integrated driver electronics that are sub-
ject to reasonable performance limitations. The excellent energy efficiency of
SOH modulators and SiGe BiCMOS driver electronics holds promise for low
cost and low power 100 G transmitters with small form factors. At 50 Gbit/s,
error-free transmission could be demonstrated. No FEC is needed, which
greatly simplifies the transceiver architectures. For 100 Gbit/s transmission
using IDB modulation, the BER is below the threshold for hard-decision FEC
with 7% overhead. The receiving circuit for IDB is comparatively simple and
can be easily co-integrated with the modulator driver on a common transceiver
chip [124]. Competing modulator concepts based on conventional pn-type
silicon photonic devices, which are currently under development in the indus-
try, struggle to fulfill the stringent requirements with respect to footprint and
energy consumption that are associated with small formfactor pluggable (SFP)
modules. In contrast to that, the results of our 100 Gbit/s IDB experiments
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Fig. 4.8: Overview of all measured BER values for comparison. Dots represent the back-to-back
(b2b) results for OOK (e black), PAM4 (e blue) and IDB (e red). For OOK and IDB the
modulators were operated by a BICMOS signal-conditioning IC and transmission over
a 5km dispersion compensated fiber link is shown (¢/4 diamonds). Due to bandwidth
limitations of the used components the BER increases with the data rate. All measured
BER values stay below the threshold for FEC with 7% overhead. OOK at 50 Gbit/s is
found to be error free.

indicate that SOH modulators could be operated by integrated driver chips and
allow for IM/DD transmission with disruptive power consumption of less than
1 W. This represents an important step towards silicon photonic 100 Gbit/s and
400 Gbit/s transmitters compatible with SFP+ packages.

4.7 Comparison of IM/DD modulation formats

[This section was published as Appendix A of [J2]]

In this section we discuss three IM/DD modulation formats, namely non-
return-to-zero on-off-keying (NRZ-OOK), 4-level pulse amplitude modulation
(PAM4), and the duobinary (DB) format. We compare these modulation
formats in terms of two main criteria: Spectral efficiency for a given bandwidth
which is limited by optical and electronic components, and complexity of the
required system, in particular the required electric circuitry and the bandwidth
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of the components, which has a direct impact on cost, scalability and energy
consumption.

In the following discussion we consider rectangular non-return-to-zero (NRZ)
pulses with identical peak signal level A. This signal can e.g. refer to a voltage,
to a current, or to the envelope of an optical power or intensity. A random bit
stream is encoded into a sequence of pulses with a maximum height A.

Figure 4.9(a) shows an exemplary waveform for OOK. The pulse duration
T is given by the symbol rate f; = 1/T. Each symbol contains one bit of
information, therefore the data rate fy equals the symbol rate f;. The spectrum
of the random sequence of rectangular pulses is shown in Fig. 4.9(d) and is
given by a sinc’-function sinc?(f/ fy). The first zero fy = 1/T of the power
spectrum defines the bandwidth B = fy for the OOK signal. The level spacing
of the signal equals A. The components at the receiver and transmitter side can
be very simple as only binary signals are used. However, these components
need to operate at high symbol rates, and therefore require a bandwidth in the
order of fj.

To relax bandwidth requirements, one can use multilevel signaling such as
PAM4 where four signal levels are used to encode two bit into each symbol.
Figure 4.9(b) shows the waveform of the same bit stream as in Fig. 4.9(a),
now encoded with four signal levels 0, A/3, 2A/3 and A, using Gray coding
to map bit pairs into signal levels. For the same data rate f3 as with OOK,
the symbol rate is now reduced by a factor of two. Because the pulse width
doubles, the bandwidth of the sinc®(f/(fj/2) decreases to B = f3/2 (see
Fig. 4.9(d)). However, the level spacing reduces by a factor of three and
leads to a smaller eye-opening and more stringent signal-to-noise-ratio (SNR)
requirements. While for PAM4 the electronics operates at half the OOK speed,
the circuitry becomes significantly more complicated. On the transmitter side,
binary inputs have to be converted into a four-level signal requiring a more
complex equalizer and a linear driver. On the receiver side, three level slicers
and a multi-level clock-and-data-recovery have to convert the signal back into
a binary data stream.

An alternative approach to narrow down the spectrum without decreasing
the symbol rate is the use of partial response (PR) signaling. In PR signaling
schemes, the data to be transmitted are distributed over multiple symbols [146].
A particularly interesting PR format is duobinary modulation (DB) as presented
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Fig. 4.9: Comparison of non-return-to-zero (NRZ) modulation formats and associated power spec-
tra of random pulse sequences with a fixed data rate fj. Because rectangular pulses are
assumed, all spectra have a sinc-shape. Discrete spectral lines are disregarded. (a)
Non-return-to-zero on-off keying (NRZ-OOK), (b) 4-level pulse amplitude modulation
(PAM4), and (c) three level duobinary (DB), assuming rectangular pulse shapes and
identical peak levels A. While OOK and DB operate at the same symbol rate f; = 1/T,
PAM4 encodes two bit per symbol so that the symbol rate can be halved, f; = 1/(2T).
Duobinary signaling works with three signal levels and a (precoded) binary bit stream
is encoded with a, e.g., delay-and-add-circuit. Therefore, starting from rectangular NRZ
pulses the DB correlation time is doubled as compared to OOK, and the bandwidth is
halved. Since for the same average power the distance between neighboring PAM4 and
DB levels is reduced as compared to OOK, the noise tolerance is reduced.

by Lender [147] and Sekey [148]. This format operates at the full OOK
symbol rate but encodes one bit per symbol into three levels. A logical “0” is
represented by the middle level; and a logical “1” is represented by either the
upper or the lower level, depending on the number of logical “0” between two
logical “1” [147]: If a logical “1” is represented by an upper (lower) level and
an odd number of logical “0” follows, then the next logical “1” is represented
by the lower (upper) level. If the number of logical “0” between two logical “1”
is even, then the subsequent logical “1” is represented by the previous “1” level.
The procedure introduces a correlation between two consecutive symbols, and
for a random sequence, the correlation time 27 is doubled as compared to
OOK with a correlation time of 7. The power spectrum of a random data
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sequence is again a sinc2-function, but with a bandwidth B = fa/2 [148].
This statement holds for rectangular symbols. The DB spectrum shown in
Fig.4.9(d) is identical with the PAM4 spectrum of the PAM4 signal at the same
data rate.

The DB coding can be realized by a pre-coded binary bit stream and a simple
delay-and-add circuit, or by a low-pass filter with a bandwidth that resembles
the same frequency response as the delay-and-add circuit [146, 149]. Duobi-
nary coding is easy to implement, and even the low-pass characteristic of the
transmission channel itself can be used to convert a (precoded) OOK signal into
a DB format [149]. Thus, the advantage of a reduced transmission bandwidth
does not come at the cost of complicated electronics as with PAM4. At the
transmitter, the natural frequency roll-off, often combined with an equalizer
can be used to generate the DB signal from an OOK signal. At the receiver two
slicers and an XOR-circuit are sufficient to recover the binary data stream [146].
The DB level spacing is A/2 and therefore DB is less noise tolerant than OOK,
but more resilient than PAM4.

A special case of DB often employed in optical transmission systems is most
commonly referred to as optical duobinary (ODB). In ODB, the three levels in
the electrical signal are modulated onto an optical carrier such that the optical
signal has two intensity levels like OOK, but an additional phase modulation.
This gives an advantage in SNR but restricts the bandwidth saving effect of DB
to the transmitter. In contrast to that, our experiment relies on three signal levels
that are represented by three optical intensities, and we refer to the scheme as
intensity-modulated duobinary. We feel that this nomenclature is more precise
than the often used naming electrical duobinary (EDB). Intensity-modulated
duobinary is advantageous because the electro-optic modulator requires only
half the drive voltage swing than with ODB, and because electronic bandwidth
requirements are relaxed both at the transmitter and at the receiver side.

As an alternative to the presented modulation formats, it is possible to exploit
multicarrier formats such as discrete multitone transmission, also known as
orthogonal frequency multiplexing, in an IM/DD transmission scheme [150].
While the spectral efficiency would be better, these schemes require high-
speed DACs, ADCs and DSP, which are associated with significant power
consumption and technical complexity. Such schemes and are not considered
in our work, which focuses on cost and power-efficient solutions for short reach
optical interconnects.
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Table 4.1: Comparison of OOK, PAM4 and IDB modulation formats

Modulation Pros Cons
Format
OOK e Simple modulator drive electronics e Demanding bandwidth requirement

for electronics
e Simple receiver architecture (1 slicer)

e Large eye opening

PAM4 e Reduced bandwidth requirements e Complex drive and receiver
electronics (3 slicers)

e Operation at half the OOK symbol rate e Reduced eye opening (1/3 of OOK)

IDB e Reduced bandwidth requirement e Operation at full OOK symbol rate

e Simple drive and receiver electronics e Reduced eye opening (1/2 of OOK)

Table 4.1 summarizes the key advantages and disadvantages of OOK, PAM4
and IDB. We show that SOH modulators are suited for all three formats.

To get a more quantitative idea about the SNR tolerance of the three modulation
formats we estimate the BER of a rectangular NRZ signal. To this end, we
consider the voltage after detection with a photodiode. The lowest signal
voltage is 0 and the highest voltage is A as depicted in Fig. 4.9. We assume
equidistant signal levels, and Gray coding for the case of PAM4. The decision
thresholds are placed in the center between two adjacent levels. Further, we
assume additive white Gaussian noise with an average electrical power P = o2
equal to the noise variance o2 for all signal levels. The following BER result:

1 A
BER, = —erfc , 4.2)
oo = e
3 A 1 3A 1 5A
BERpaMs = —erfc ( ) + —erfc( ) — —erfc (—)
8 6\20 4 6\20 8 6V20 (4.3)
Y 3erfc ( A ) |

8 620 '
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4.8 Power consumption of SOH modulators

A 1 A A
BERpg = Eelrfc — | — —erfc 3— =~ Eelrfc —. “4.4)
4 MN20 4 MN2o 4 MN\2o

The complementary error function is defined by erfc = (2/+/7) /Z * exp(—12)dt.
We compare these modulation formats for identical optical average powers
which happen to result in identical optical peak powers and therefore identi-
cal electrical peak powers A2. However, the average electrical signal power
measured after the photodiode differ,

2 2 3 A2
P =—, P =—, P = —. 4.5

S.00K = — SPAM4 = ¢ S.IDB = —¢ 4.5)

We define the electrical signal-to-noise power ratio by SNR = Pg/Pn . Fig-

ure 4.10 shows a plot of the BER as a function of the SNR. The modulation

format with the widest level spacing (OOK, level spacing = A) is most toler-

ant to noise. As the signal spacing is reduced for IDB (level spacing= A/2)

and for PAM4 (level spacing= A/3), the probability to receive erroneous bits
increases, and the BER for a given SNR becomes larger.

4.8 Power consumption of SOH modulators

[This section was published as Appendix B of [J2]]

To estimate the power consumption of the SOH modulator, we assume that the
traveling-wave electrodes are represented by ideal transmission lines which are
perfectly matched at both ends. The terminating AC-coupled load resistance
is R. The applied drive voltage drops across the terminating resistor, and the
modulation signal power is entirely dissipated in the load. The modulator bias
voltage fixes the MZM operating point at the quadrature point and is irrele-
vant for energy considerations because of the AC-coupling of the terminating
resistor R. The drive voltage supplied by the amplifier was either directly mea-
sured or estimated from the specifications of the amplifier. This estimation
of the energy consumption takes only account of the energy dissipated in the
modulator’s terminating resistor.
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Fig. 4.10: Bit error ratio (BER) calculated by Eq. 4.2, 4.3, and 4.4 for the modulation formats
on-off-keying (OOK), four-level pulse-amplitude modulation (PAM4), and intensity-
modulated duobinary (IDB) signaling as a function of the electrical signal-to-noise-
ratio (SNR). Equal electrical peak powers are assumed, leading to the best noise
tolerance for two level OOK. The level spacing becomes smaller for IDB (three signal
levels) and PAM4 (four signal levels), and the noise tolerance worsens. For PAM4 we
use Gray coding.

For OOK with a data rate rook, with binary rectangular signals, equiprobable
“ones” and “zeros”, and for a DC-free electrical drive signal with a peak-to-
peak voltage swing Uy, we write for the energy dissipated per bit

(Ua/2 1
50Q roo](.

Whit, o0k = (4.6)

The 3-level signal for intensity-modulated duobinary is made up from a state
with U = 0, corresponding to a representation of a “zero” of the binary signal
and U = +Uy4/2 representing a “one”. For the energy dissipated per bit we
therefore find the expression

1(Ug/2)? 1
Wi =_ <= - 4.7
BB = 537500 g 4.7

The 4-level PAM4 signal consists of the equiprobable states U = +Uq/2 and
U = +Uy/6. The energy consumption per bit is

1[(Ua/2)"  (Ug/6)*] 1
Wi == . 4.8
biLPAMA = 5 | = + 509 | roas (4.8)

114



4.8 Power consumption of SOH modulators

Table 4.2: Overview of modulator data for three experiments. A DC voltage in the range O V..U
for setting the operating point was applied in all measurements.

Line Rate Modulation ~ Modulator nm-Voltage Peak-to-Peak Energy/bit

Format Length Voltage
50 Gbit/s OOK 1.1 mm 1.2V 2.7Vpp 730 fJ/bit
100 Gbit/s IDB 1.1 mm 1.2V 2.8 Vpp 190 fJ/bit
120 Gbit/s PAM4 0.5mm 22V 2.1Vpp 100 £J/bit

Table 4.2 gives a summary of the modulator data for the various experiments
including the energy consumption per bit.

[End of paper [J2]]
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5 Packaging of SOH modulators

This chapter reports on electrical packaging of SOH modulators and was
published in a scientific journal [J3]. The material from the publication was
adapted to comply with the layout and structure of this thesis.

[Beginning of Paper [J3]. Reprinted with permission ©The Optical Society.]

Electrically packaged silicon-organic hybrid (SOH) I/Q-modulator for
64 GBd operation

Optics Express, Vol. 26, Issue 26, pp. 34580-34591 (2018)
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Silicon-organic hybrid (SOH) electro-optic (EO) modulators combine small
footprint with low operating voltage and hence low power dissipation, thus
lending themselves to on-chip integration of large-scale device arrays. Here
we demonstrate an electrical packaging concept that enables high-density radio
frequency (RF) interfaces between on-chip SOH devices and external circuits.
The concept combines high-resolution Al,O3 printed-circuit boards with tech-
nically simple metal wire bonds and is amenable to packaging of device arrays
with small on-chip bond pad pitches. In a set of experiments, we characterize
the performance of the underlying RF building blocks and we demonstrate the
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5 Packaging of SOH modulators

viability of the overall concept by generation of high-speed optical communica-
tion signals. Achieving line rates (symbols rates) of 128 Gbit/s (64 GBd) using
quadrature-phase-shift-keying (QPSK) modulation and of 160 Gbit/s (40 GBd)
using 16-state quadrature amplitude modulation (16QAM), we believe that our
demonstration represents an important step in bringing SOH modulators from
proof-of-concept experiments to deployment in commercial environments.

5.1 Introduction

Efficient broadband EO modulators are key components in microwave photon-
ics and in optical communication systems. Over the last decade, the footprint
of EO modulators has been radically reduced, moving from centimeter-long
LiNbOs3-devices to millimeter- or sub-millimeter components that exploit high-
index-contrast waveguides on semiconductor substrates [40—42, 151]. In this
context SiP has emerged as a particularly promising platform, exploiting ad-
vanced CMOS processes for high-yield mass production of modulators — either
as standalone devices or as parts of more complex PICs [15,23-25]. To improve
the performance of SiP modulators, silicon nanowire waveguides can be com-
bined with highly efficient organic EO materials that have been engineered
on a molecular level [48,49]. This so-called silicon-organic hybrid (SOH)
approach allows to reduce the voltage-length product of EO modulators to
0.32 Vmm [18] — more than an order of magnitude below that of conventional
depletion-type SiP modulators. SOH integration allows to realize high-speed
modulators with sub-millimeter device lengths. The modulators offer line rates
up to 120 Gbit/s for IM/DD [86], and up to 400 Gbit/s for coherent 16QAM
signaling [93].

However, while reducing the on-chip footprint of EO modulators increases inte-
gration density as well as modulation speed, electrical packaging of the devices
becomes increasingly difficult [152]. One of the main problems is the vast size
mismatch between the ultra-fine features that can be realized by advanced deep-
UV lithography on the silicon chip and the much larger dimensions of RF traces
that are commonly available on printed circuit boards (PCBs) or interposers.
This often results in a mismatch of bond pad pitch, which impedes high-density
packaging of large-scale device arrays and must be overcome by excessively
long metal wire bonds with limited performance in terms of bandwidth and
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signal fidelity [153]. In the field of microelectronics, flip-chip bonding is often
used for broadband connections between interposers and densely integrated
on-chip circuits [154]. This approach has been recently transferred to packag-
ing of advanced SiP transceivers [155-157], enabling transmission of optical
signals with data rates of up to 136 Gbit/s using 16QAM signaling at a symbol
rate of 34 GBd [157]. However, flip-chip bonding of PICs blocks access to
the chip surface and thus complicates optical packaging, often leaving edge
coupling to actively aligned optical fibers as the only option [158]. Moreover,
flip-chip bonding of photonic devices often requires dedicated processes that
need to be adapted to specific optical components in terms of thermal budget or
with respect to the deployed flux chemicals [153, 159]. In contrast to flip-chip
bonding, accessing high-density PIC by metallic wire bonds leaves the top
surface of the chip free and thus offers high flexibility with respect to optical
packaging [79, 160-167], exploiting, e.g., highly efficient SiP grating cou-
plers [168], photonic wire bonds [169], or facet-attached micro-lenses [170].
However, published signaling demonstrations using SiP modulators accessed
by metal wire bonds have so far been limited to symbol rates of 28 GBd. More-
over, none of the aforementioned approaches have so far been applied to SOH
devices.

In this paper, we demonstrate an electrically packaged SOH EO modulator that
exploits simple metal wirebonds in combination with a high-resolution ceramic
PCB to establish broadband connections from standard coaxial connectors to
sub-mm on-chip devices. Our approach allows to adapt the bond-pad pitch
on the PCB to that of the PIC, thereby permitting connections through short
parallel metal wire bonds that are amenable to broadband packaging of large-
scale device arrays. In a set of experiments, we expand upon our earlier work
[171] and demonstrate line rates (symbols rates) of 128 Gbit/s (64 GBd) using
QPSK modulation, and line rates (symbol rates) of 160 Gbit/s (40 GBd) using
16QAM. This is among the highest symbol and line rates demonstrated so far
with electrically packaged SiP modulators. In addition, our devices feature a
voltage-length product of only U, L = 0.9 Vmm, which is well below that of
packaged SiP devices that were previously demonstrated. When combined with
recent progress in improving thermal stability of organic EO materials [60]
and of SOH modulators [20] as well as with novel technologies for hybrid
photonic integration [172], we believe that our demonstration represents an
important step in bringing SOH modulators from proof-of-concept experiments
to deployment in laboratory and commercial environments.
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5 Packaging of SOH modulators

5.2 Concept, fabrication, and assembly

This section introduces the concept of SOH modulators, reports on the fabrica-
tion and characterization of the high-frequency PCBs, and shows the assembly
of the electrically packaged modulator.

5.2.1 SOH Mach-Zehnder modulator

The concept of a strip-loaded SOH MZM [49-51] is depicted in Fig. 5.1.
The basic optical waveguide structure is fabricated on a standard 220 nm SOI
wafer using 248 nm deep-UV lithography. The MZM consists of two parallel
0.6 mm-long phase shifter sections. Each phase shifter comprises a silicon slot
waveguide filled with an EO organic material. The slot has a width of 120 nm.
The 240 nm-wide Si rails of the slot waveguide are connected to the electrodes
with thin, doped Si slabs and Al vias. The device is realized as traveling-wave
modulator where the optical mode in the slot waveguide co-propagates with
the electric (modulating) mode. Both phase shifter sections share the central
signal electrode which, together with the outer ground electrodes, form a
coplanar ground-signal-ground transmission line. Aluminum vias connect the
electrodes to bond pads of the top metal layer at both ends of the transmission
line. The electrical RF voltage drops mainly across the narrow slot where
the light is highly confined, thus leading to a high overlap of the modulating
electric field and the optical mode and a high modulation efficiency. As an EO
material, we use the guest-host material SEO250, which is locally deposited
on the slot waveguides by a high-resolution dispensing technique. To activate
the macroscopic y®-nonlinearity, the microscopic molecular dipole moments
of chromophores in the organic EO material need to be aligned in a one-
time poling process. To this end, a poling voltage Uy is applied across the
(floating) ground electrodes at an elevated temperature for aligning the EO
chromophores. After cooling the device down, the poling voltage is removed,
and the molecular orientation is frozen as indicated by the green arrows in
Fig. 5.1 (e-3). The modulating field Ep,,q induced by the RF drive voltage is
oriented parallel to the chromophore alignment in one arm of the MZM and
antiparallel in the other arm, which leads to chirp-free push-pull operation.
The PIC used in this work contains an array of MZMs that are configured as
nested pairs to serve as [Q-modulators. Alternatively, the unused ports of the
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Fig. 5.1: Device concept and operation of an SOH Mach-Zehnder modulator (MZM). (a) Artist’s
view of the MZM: The organic electro-optic (EO) cladding (green) is shown in one arm
only. Aluminum vias connect the doped thin Si slabs to the traveling-wave electrodes
and to the bond pads on the top metal layer. (b) Schematic of traveling-wave MZM with
electrodes that form a ground-signal-ground coplanar transmission line having bond pads
at both ends. (c, d) Color plot of the dominant x-component of the RF electric field and
the optical electric field. The strong overlap leads to efficient modulation. (e-1) to (e-3):
Poling of the modulator. (e-1) Prior to poling, the molecular dipoles (green arrows) in
the organic EO material are randomly oriented such that no macroscopic Pockels effect
can be observed. (e-2) At elevated temperatures, a poling voltage induces a poling field
Epo1 which aligns the molecular dipoles predominantly along the electric field. This
molecular orientation is frozen when the material is cooled down to room temperature.
(e-3) In push-pull operation, the modulating RF voltage is applied to the center signal
electrode thereby leading to a modulating field Ey,,o4 that is oriented parallel to the poling
direction in one arm and anti-parallel in the other one. This allows for pure amplitude or
intensity modulation without residual phase modulation (chirp-free) [86].

MZM can be accessed directly via attached grating couplers, which allows to
use the devices individually for amplitude or intensity modulation.



5 Packaging of SOH modulators

5.2.2 High-frequency PCB

The PCB traces are realized as 50 Q coplanar ground-signal-ground (GSG)
transmission line (TL). To facilitate electrical board-to-chip connections with
short wire bonds and to enable the integration of densely spaced modulator
arrays, the spacing of the board-level RF traces must be matched to the pitch of
the bond pads on the silicon chip, which is chosen to be 100 pm to save chip area
while enabling reliable placement of metal wire bonds. At the same time, the
board-level RF traces must allow for easy interfacing to discrete devices such as
coaxial connectors or surface mount devices (SMDs), which feature millimeter-
size contact spacing. To this end, we use tapered sections of RF traces with
impedance-matched transitions between RF traces of different dimensions.
Fabrication of the underlying PCB requires structuring techniques that combine
micrometer resolution with the ability to process boards with centimeter-scale
overall dimensions. To this end, we have developed a direct-laser write (DLW)
fabrication process which allows for flexible mask-less fabrication at low cost.
The process starts from square 100x100 mm? Al,O3 ceramic substrates which
are covered by a 3 um-thick electroplated Au layer. The substrates are coated
with a positive-tone photoresist (AZ1500) and patterned with a Nd: YAG laser.
After development of the exposed structures, the Au layer is wet-etched using
a KI solution, and the resist mask is removed.

The performance of the RF building blocks is characterized using dedicated
test structures. Figure 5.2(a) shows the TL near the chip edge, Fig. 5.2(b)
displays the taper section, and Fig. 5.2(c) illustrates the TL near a coaxial
connector. For the characterization, the TL as used near the chip edge is
contacted on both sides using GSG microwave probes, and the S-parameters
are measured using a VNA. The reference planes are moved to the probe tips
by using a short/open/load/through (SOLT) calibration routine with a proper
calibration substrate. Using the method described in [173], we extract the
characteristic impedance Zj and the power loss coefficient @ from the measured
S-parameters, Fig. 5.2(d). The characteristic impedance Z is well matched to
the system impedance of 50 Q over the entire measurement range. The power
loss coefficient a, presumably dominated by conductor loss, increases with
frequency due to the skin effect, but stays below 2 dB/cm, which compares
well to the losses achieved on state-of-the-art calibration substrates [174]. The
characteristic impedance and the power loss coefficient shown in Fig. 5.2(d)
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Fig. 5.2: Characterization of the RF building blocks. (a) Micrograph of a coplanar TL with
dimensions matching the bond pads on the Si chip. The TL has been fabricated on gold-
plated ceramic substrates using direct laser writing and wet etching. (b) Micrograph of a
tapered section of the TL. The left-hand side corresponds to the TL shown in (a), the right-
hand side matches the TL shown in (c). (c) Test structure to characterize the transition
from a surface-mounted coaxial connectors to a TL. (d) Characteristic impedance Zy
(dark red: mean value from a set of 10 measurements, light red: corresponding standard
deviation) and power propagation loss a (light blue dots: measurement data; blue line:
moving average as a guide to the eye) extracted from S-parameters of TL with the small
cross-section shown in (a). The characteristic impedance Z is well matched to 50 Q,
and the losses stay below 2dB/cm. (e) S-parameters of a test structure comprising a
9 mm-long TL with large cross section as shown in (c), terminated by a pair of tapers as
shown in (b). The measurements exhibit the high transmission and reflection quality of
the tapers. (f) S-parameters obtained from a test structure comprising a 7.8 mm-long TL
terminated by a pair of coaxial SMP-M connectors as shown in (c). The measurement
also comprised the influence of two semi-flexible cable assemblies converting from the
1.85 mm VNA connectors to the SMP-M interface.

were extracted from a set of 10 different TL, all of which yield comparable
results.

The transition between TL of different cross sections is realized by an
impedance-matched linear taper. Figure 5.2(e) shows the measured S-parameters
of the corresponding test structure comprising two tapers at both sides of a
9 mm-long TL section as in Fig. 5.2(b). The 3 dB bandwidth extracted from
S»1 is larger than 60 GHz, and the reflection as expressed by Si; stays below
—-15dB.
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To feed the signal from coaxial cables to the PCB, surface-mounted coaxial
connectors are soldered to appropriate pads connected to the centimeter-scale
transmission line. Measured S-parameters of a structure comprising two such
connectors (surface-mounted type SMP-M) at the ends of a 7.8 mm-long TL
indicate good performance up to 20 GHz. However, the increase of the power
reflections limits the performance in the 25...40 GHz range, see Fig. 5.2(f).
The reduction in transmitted power beyond 25 GHz is attributed to losses in
the coaxial connectors and the transition to the on-board pads. Note that our
measurements with SMP-M connectors include the influence of two semi-
flexible cable assemblies converting from 1.85 mm VNA connectors to the
SMP-M interface, which we could not isolate because we lack an SMP-M cali-
bration kit. These assemblies are specified to have a 3 dB bandwidth > 65 GHz
such that we do not expect any significant distortions of our measurements.

5.2.3 Assembly

Figure 5.3 shows the module assembly. The SiP chip is glued on a metal
sub-mount using a conductive epoxy adhesive, Fig. 5.3. After poling the mod-
ulators, two identical ceramic PCB are placed on both sides of the Si chip and
are glued to the same metallic sub-mount (see Fig. 5.3(a) and Fig. 5.3(c)). By
precise machining of the sub-mount, the surfaces of the Si chip and the PCB
are brought to approximately the same height to allow for short wire bonds. To
avoid excitation of unwanted substrate modes, the sub-mount features a void
below the RF traces, see Fig. 5.3. The traveling-wave electrodes of the modu-
lators are connected to the PCB traces at both ends using Au wires attached by
wedge-to-wedge bonding. Wedge bonding was chosen because the wire lengths
can be kept shorter than with ball bonding. A short bondwire connection is
desirable for high-frequency operation. Surface-mounted GPPO-compatible
SMP-M receptacles and coaxial cables are used to connect to the signal source
at one end of the transmission line and to a terminating resistor at the other
end. The module contains two MZMs that can be used either individually for
amplitude or intensity modulation, or, by using a different optical input/output,
as two nested MZMs which form an 1Q-modulator. Figure 5.3(c) shows an
image of the module, and Fig. 5.3(d) displays a micrograph of the bonded chip.
Light is coupled to and received from the chip using on-chip grating couplers.

124



5.3 Optical, DC, and small-signal characterization of module

(a)

RF Signal

RF Connector
Ceramic PCB
Submount

Fig. 5.3: Electrical packaging. (a) Artist’s view of the module connecting two SOH MZMs to
surface-mounted SMP-M connectors on a ceramic PCB. The external electrical circuit
used for experiments is depicted schematically in red for one of the MZMs (b) Two
MZMs, connected by bond wires. (c) Image of the complete module. (d) Micrograph
of the SiP chip. Wire bonds are used for connecting the chip to the traces on the two
ceramic PCBs.

5.3 Optical, DC, and small-signal
characterization of module

To measure the optical transmission spectrum of the electrically packaged
MZM, we use a tunable laser. The static extinction ratio of the modulator
exceeds 30 dB. The fiber-to-fiber insertion loss is 11.6 dB. This includes overall
fiber-chip coupling losses of 8.9 dB caused by the two grating couplers, as well
as an on-chip device loss of 1.3 dB, caused by passive components, namely two
MMI splitters (0.37 dB each), input/output access waveguides (0.2 dB in total),
and mode converters at the strip-slot waveguide interface (0.4 dB in total). The
remaining 1.4 dB are attributed to slot waveguide loss in the phase shifter
sections, which leads to an estimated propagation loss of @ = 2.3 dB/mm. The
m-voltage U, of the MZM is measured by applying a low-frequency (< 1 kHz)
electrical signal, and by recording the applied voltage and the transmitted
optical power using an oscilloscope. The m-voltage U, corresponds to the
voltage that needs to be applied to the center electrode of the MZM in the
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low-frequency limit to induce a relative phase shift of 7 between the two
arms of the device. We find U, = 1.5V, leading to a modulation efficiency
of the 0.6 mm-long MZM of U,L = 0.9 Vmm and a x-voltage-loss product
aUpL = 2.1dBV - the best value so far achieved in SOH modulators using
an EO material with a high glass transition temperature 7,. Note that this
m-voltage-loss product is significantly smaller than the best value achieved in
high-speed depletion-type SiP modulators, which amounts to 12 dBV [72]. The
low U, L-product of the SOH modulator results from the high EO activity of
the organic cladding material in combination with the slot-waveguide geometry
of the phase shifter [49], which leads to a good overlap of the optical mode
and the modulating RF field. To improve the EO modulation bandwidth of
the MZM, the conductivity of the doped silicon slabs can be increased by a
gate voltage applied between the ground electrode and the Si substrate [81].
This leads to an accumulation layer of electrons at the interface of the doped
Si slabs and the buried oxide, thereby increasing the slab conductivity. In the
experiment, we use a gate field strength of 50 V/um, which increases the loss
of the slot waveguide only moderately by 0.2 dB. This setting was used for
the dynamic analysis shown below, and for the data generation (Section 5.4).
Note that the gate voltage can be reduced by using a gate electrode [85] or
even omitted by using optimized doping profiles. The dynamic behavior of
the MZM is characterized for the small-signal case using a VNA. First, the
electrical S-parameters of the unpackaged MZM are measured using microwave
probes at both ends of the modulator’s coplanar TL. The result is shown in
Fig. 5.4(a) along with the S-parameters of the electrically packaged modulator,
which were measured by connecting the VNA ports directly to the SMP-M
connectors on the ceramic PCB. The package has a significant influence on the
electrical transmission spectrum at frequencies larger than 20 GHz. This is in
agreement with the finding from Fig. 5.2(f), where a drop of the transmission
in the transition to the surface-mounted connectors limits the performance
beyond 20 GHz. In the low-frequency range, no significant impact on the
EO performance is expected. This is confirmed by a second experiment, in
which the electro-optic-electric (EOE) bandwidth is measured using a VNA
and a calibrated photodiode. Figure5.4(b) shows the EOE responses of the
electrically packaged and unpackaged MZM. As expected, the EOE responses
are comparable up to a frequency of 20 GHz, with a rather modest frequency
roll-off beyond that frequency. There is even a slight improvement of the
frequency roll-off in the low-frequency range for the packaged MZM with
respect to the unpackaged device. This observation is attributed to resonant
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Fig. 5.4: Small-signal characterization of the MZM module. (a) Electrical S-parameters of the
unpackaged modulator measured with microwave probes (dashed line), and of the elec-
trically packaged modulator measured by connecting the VNA ports directly to the
SMP-M connectors on the ceramic PCB (solid lines). (b) Electro-optical-electrical EOE
bandwidth of the unpackaged modulator (dashed line), and of the electrically packaged
modulator (solid line). Both S-parameters traces are normalized to the respective value
measured at 40 MHz. At frequencies beyond 20 GHz, a slight roll-off is observed for
the packaged device with respect to the unpacked device. The electro-optic 3 dB (6 dB)
bandwidth for the electrically packaged modulator is 21 GHz (31 GHz). [Note: The 3 dB
EO bandwidth defined here corresponds to the 6 dB EOE bandwidth defined in Section 3.2

as fsdB,EOE-]

peaking caused by imperfect impedance matching. The electro-optic 3 dB
(6 dB) bandwidth for the electrically packaged modulator is 21 GHz (31 GHz).
At frequencies between 20 GHz and 30 GHz, only a slight roll-off is observed
for the packaged device with respect to the unpacked device. Beyond 30 GHz,
the roll-off of the packaged device is more pronounced, thus limiting the
achievable symbol rates in comparison to earlier transmission demonstrations
that were performed with unpackaged devices contacted by high-frequency
microwave probes.

Note that the response of the Pockels-type EO material in the modulator is ultra-
fast and would in principle allow for THz modulation bandwidths. In real SOH
devices, however, the speed is limited by the capacitance of the slot waveguide
that needs to be charged and discharged via the resistive doped silicon slabs
[49]. This effect can be mitigated by an improved doping profile for the silicon
slabs, which reduces the resistivity and the associated RC time constant and
therefore improves the bandwidth of the modulator without an undue increase
of the optical loss. In addition, we may improve the bandwidth of the packaged
module by using a more elaborate design of the critical transition between the
coaxial connector and the coplanar transmission line on the PCB. Note that,
besides the EOE bandwidth itself, the characteristic of the transfer function
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beyond the corner frequency is also important. As an example, a modulator
with a bandwidth of 25 GHz but with a moderate roll-off can easily support a
100 Gbit/s OOK modulation [99].

5.4 Intensity-modulated and coherent signaling

Using a single MZM, intensity-modulated signals are generated in a first set of
experiments. Four channels of a pulse pattern generator (PPG) are serialized
in an electrical 4x1 multiplexer (MUX) to generate a PRBS with a length of
231 — 1. The output of the MUX delivers a voltage swing of 2 Vp, and is
directly connected to the input of the module. Light is coupled to the device
using grating couplers. After the modulator, the optical signal is amplified
by an EDFA. Out-of-band ASE noise is removed using an optical band-pass
filter. The signal is detected using a photodiode connected to an equivalent-
time sampling oscilloscope (Agilent 86100C), exploiting the repetitive nature
of the test pattern for broadband electrical acquisition. Recorded eye diagrams
at 20 Gbit/s and 40 Gbit/s are shown in Fig. 5.5(a) and Fig. 5.5(b), respectively.
At 20 Gbit/s (40 Gbit/s) the measured Q-factor amounts to 9.8 (4.1). Neglect-
ing inter-symbol interference (ISI) and assuming additive Gaussian noise as
the only signal distortion, a BER of BER, = 5.6 x 10723 at 20 Gbit/s is esti-
mated [175], and a BER. = 2.1 x 107> at 40 Gbit/s. Note that the underlying
assumptions might not hold exactly, especially at 40 Gbit/s where ISI might
start to play a role. Still, without claiming exact quantitative accuracy of the
estimated BER, values, we are confident that the true BER falls well below the
FEC threshold of 4.40 x 1073 for less than 7% overhead [176].

In a second set of experiments, an arbitrary waveform generator (AWG,
Keysight M8196A) replaces the PPG, and a real-time sampling oscilloscope
(Keysight DSO-X 93204 A) replaces the equivalent-time sampling oscilloscope
of the previous experiment. In a first step, we generate intensity-modulated
two- and multilevel signals, record the received data, and apply DSP for equal-
ization and analysis of the received signal. The AWG generates a PRBS with a
length of 2! — 1. The resulting pulses are shaped to have a root-raised cosine
spectrum. Figure 5.5(c) shows the eye diagram of a 40 Gbit/s OOK signal,
generated with a roll-off factor 8™ = 1, after applying an adaptive equalizer
to flatten out the end-to-end frequency response of the system using an over-
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Fig. 5.5: Optical signaling using various modulation formats. (a) Eye diagrams for 20 Gbit/s OOK
and (b) 40 Gbit/s OOK without pre-compensation or post-processing using a pulse-pattern
generator and an equivalent-time sampling oscilloscope. (c) Eye diagrams for 40 Gbit/s
OOK with an adaptive equalizer applied on the recorded data using a real-time sampling
oscilloscope and oftfline DSP. Pulses with a raised-cosine spectrum and a roll-off factor of
B = 1 were used. (d) Eye diagram for 40 GBd (80 Gbit/s) PAM4 using pulse shaping
with B(“’) = 0.3 and offline DSP. (e-h) Constellation diagrams for (e) 28 GBd 16QAM,
(f) 40 GBd 16QAM, (g) 56 GBd QPSK and (h) 64 GBd QPSK.

sampling factor of ten. Here, the SOH MZM was driven with a peak-to-peak
voltage swing of 1.4V, at the input coaxial connector of the module. No
errors were found in our 62 us-long recording (2.48 x 10° measured bit), which
confirms that the BER is below 4 x 107, For OOK at a line rate of 56 Gbit/s
and using 8 = 0.1, a BER,, = 1.96 x 10~ is measured (not displayed in the
figure). Figure 5.5(d) shows the eye diagram for a PAM4 modulated signal,
generated using 8 = 0.3, at a symbol rate of 40 GBd (corresponding to a
line rate of 80 Gbit/s). The BER is measured to be BER,, = 1.63 x 107%, well
below the 7% overhead FEC threshold.

The IM/DD data generation is complemented by the generation of QAM sig-
nals, driving the electrically packaged SOH IQ modulator by a two-channel
AWG and detecting the signal by a coherent receiver. Figure 5.5(e) shows the
constellation diagrams for a 28 GBd 16QAM signal. The BER is measured to
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be BER,, = 7.87 x 10~*. For 40 GBd, see Fig. 5.5(f), the BER increases to
1.31 x 1072 but stays below the threshold of soft-decision FEC codes with a
20% overhead [176]. This results in a line rate of 160 Gbit/s and a post-FEC net
data rate of 133 Gbit/s on a single polarization. Using QPSK signals, symbol
rates of 56 Gbd and 64 GBd were generated with a BER below the threshold
for a hard-decision FEC with 7% overhead, see Fig. 5.5(g) and Fig. 5.5(h).
Note that at a symbol rate of 64 GBd, we used a PRBS of length 2'! — 1 due to
hardware limitations of our AWG. In all data generation experiments, a gate
field of 50 V/um has been applied to the modulator substrate [85].

These results compare well with previously published signaling demonstrations
using SiP modulators accessed by metal wire bonds, for which 16QAM symbol
rates of 28 GBd and line rates of 112 Gbit/s were demonstrated for a single
polarization. Relying on the published state-of-the art, we believe that our
demonstrations of 64 GBd QPSK and of 40 GBd 16QAM correspond to the
highest symbol rate and the highest line rate achieved so far with a wire-bonded
SiP modulators [166] and that the approach can well compete with more
complex packaging concepts based on flip-chip bonding [157]. In comparison
to earlier demonstrations of packaged pn-depletion-type MZMs, our SOH
device features a significantly lower voltage-length product of only U,L =
0.9 Vmm, well below that of best-in-class depletion-type SiP modulators with
UrL = 6Vmm [72].

5.5 Summary

We demonstrate for the first time that electrical packaging of high-speed SOH
modulators is possible without significantly degrading the performance of the
devices. To this end, we developed a dedicated packaging concept that uti-
lizes technically simple metal wire bonding for packaging of highly compact
SOH devices. The concept relies on high-resolution ceramic PCBs that allow
to adapt the interposer bond-pad pitch to that of the PIC, thereby permitting
connections through short parallel metal wire bonds that are amenable to broad-
band packaging of densely integrated device arrays. The modulators feature
a m-voltage-length product of U,L = 0.9 Vmm and a n-voltage-loss prod-
uct of aU,L = 2.1dBYV, thereby outperforming conventional depletion-type
pn-modulators. In our experiments, we demonstrate generation of intensity
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modulated signals with line rates of up to 80 Gbit/s as well as of QPSK and
16QAM signals with symbol rates up to 64 GBd and line rates up to 160 Gbit/s,
respectively. In combination with recent progress regarding EO material sta-
bility [20] and novel technologies for hybrid photonic integration [172], our
concept builds upon the intrinsic efficiency and performance advantages dem-
onstrated for die-level SOH devices and allows to exploit them on the level of
electrically packaged communication modules.

[End of paper [J3]]
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Silicon photonics exploits highly sophisticated fabrication processes developed
for the CMOS microelectronics industry and stands out due to high integration
densities, high yield, and scalable low-cost manufacturing. As electro-optic
(EO) modulators translate electrical signals into the optical domain, they are
key components in optical communication systems. However, the energy
efficiency even of highly-optimized all-silicon EO modulators is moderate
due to the limited efficiency of the underlying plasma-dispersion effect. This
can be overcome by combining the silicon platform with advanced organic EO
materials that offer EO coefficients in excess of 300 pm/V. The resulting silicon-
organic hybrid (SOH) EO modulators offer high energy efficiency combined
with ease of fabrication, high modulation speeds and small footprints. In this
work, aspects that are specifically relevant for the use of SOH modulators in
high-speed optical communication systems were addressed.

For an accurate understanding and a quantitatively reliable description of the
dynamic EO properties of SOH modulators, a model that accounts for the var-
ious bandwidth-limiting effects was formulated and experimentally verified.
To the best of our knowledge, this represents the first experimental verification
of a general model of slot-waveguide modulators. Based on this model, design
guidelines for optimized modulators trading optical loss due to free-carrier
absorption, for EO bandwidth, and for energy efficiency were derived. The
model allows to derive EO properties from purely electrical measurements,
which is key for fast wafer-level characterization of SOH modulators. To test
SOH modulators with technically relevant intensity-modulation and direct-
detection (IM/DD) formats, a number of experimental demonstrations was per-
formed. Intensity-modulated duobinary (IDB) signaling with electrical drive
signals generated by a BICMOS signal conditioning chip was demonstrated
with a line rate of 100 Gbit/s. The demonstration based on the BiCMOS chip
represents the first demonstration of signaling using SOH modulators without
laboratory-style test and measurement equipment for signal generation. Using
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four-level pulse-amplitude modulation (PAM4), a line rate of 120 Gbit/s was
demonstrated using a modulator of only 0.5 mm in length. This represented
the highest line rate achieved with a sub-millimeter Mach-Zehnder modula-
tor (MZM) on the silicon photonic platform. To enable electrical packaging
of densely integrated SOH modulators, an electrical packaging concept based
on high-resolution ceramic printed circuit boards (PCBs) was developed. This
concept was validated by demonstrating line rates up to 160 Gbit/s using an
electrically packaged SOH in-phase/quadrature-phase (IQ) modulator.

The experimental and theoretical findings of this work advance the SOH tech-
nology and are of relevance for bringing SOH modulators from a pure research
topic closer to practical application. The work documented in this thesis will
have to be complemented by a few further steps to bridge final gaps towards
practical deployment. As an example, the performance of the modulator can
be further improved. Based on the theoretical model derived in this work,
optimized designs can be fabricated and a larger space of parameter variations
could be explored experimentally. Theoretical considerations in this work sug-
gest that SOH modulators with w-voltages smaller than 1 V, EOE bandwidths
larger than 100 GHz and low optical losses should be feasible with devices
shorter than 1 mm.

Additionally, future work will focus on testing and demonstrating improved
thermal and photo-chemical stability. While there has been remarkable
progress in terms of reliability of organic EO materials in recent years, more
extensive testing has to be done to fulfill industrial requirements. Further, for
practical applications and potential commercial use, fabrication, packaging
and testing processes have to be developed and improved.

If these steps are successful, SOH modulators have great potential to be used
in commercial communication, metrology and sensing applications. Beyond
these more traditional applications, SOH modulators are promising candidates
for the emerging fields of quantum computing and quantum communications,
as well as for low-temperature microwave experiments and for cryogenic com-
puting. Here, broadband links with high thermal isolation are required to
transport data from low-temperature regions, e.g., from superconducting cir-
cuits operating at 4K or less, to room-temperature receivers connected to
conventional electronic circuits. Optical links are the ideal solution to this
problem because glass fibers offer large bandwidths and low thermal conduc-
tivity. However, the optical transmitter in the cryostat has to be extremely
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6 Summary and outlook

power-efficient to avoid any detrimental thermal load. Conventional all-Si EO
modulators have limited efficiency and suffer from carrier freeze-out if oper-
ated at cryogenic temperatures. In contrast, SOH modulators exploiting the
Pockels effect show excellent energy-efficiency along with low optical loss and
could fulfill all of these requirements ideally.
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Glossary

List of Abbreviations

16QAM
ADC
ASE
AWG
b2b
BEOL
BER
BERT
BiCMOS
BOX
BTO
CMOS
CPU
DAC
DB

DC
DLW
DMT
DOI
DSP

16-state quadrature amplitude modulation
digital-to-analog converter

amplified spontaneous emission

arbitrary waveform generator
back-to-back

back end of line

bit error ratio

bit error ratio tester

bipolar CMOS

burried-oxide-layer

barium titanate BaTiO3

complementary metal-oxide-semiconductor
central processing unit

digital-to-analog converter

duobinary

direct current

direct laser writing

discrete multitone

digital object identifier

digital signal processing
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Glossary

DUT device under test

DUV deep-UV

EAM electro-absorption modulator
ECL external cavity laser

EDB electrical duobinary

EDFA erbium-doped fiber amplifier
EIC electronic integrated circuit

EO electro-optic

EOE electro-optic-electric

ER extinction ratio

FCA free-carrier absorption

FEC forward-error correction

FEOL front end of line

FFE feed-forward equalizer

FOM figure of merit

FPGA field-programmable gate array
GSG ground-signal-ground

IC integrated circuit

IDB intensity-modulated duobinary
IL insertion loss

IoT internet of things

1PQ Institute of Photonics and Quantum Electronics
1Q in-phase/quadrature-phase

ISI inter-symbol interference

IM/DD intensity-modulation and direct-detection
KIT Karlsruhe Institute of Technology
LC liquid crystal

158



Glossary

MMA
MMI
MUX
MZI
MZM
NRZ
ODB
OFDM
OLED
00K
PAM4
PCB
PD
PDM
PIC
PIN
POH
PPG
PR
PRBS
PVT
PZT
QAM
QPSK
RF
SFP

methyl methacrylate
multi-mode-interference
multiplexer

Mach-Zehnder interferometer
Mach-Zehnder modulator
non-return-to-zero

optical duobinary

orthogonal frequency multiplexing
organic light-emitting diode
on-off-keying

four-level pulse-amplitude modulation
printed circuit board

photodiode

polarization division multiplexing
photonic integrated circuit
p-doped-intrinsic-n-doped
plasmonic-organic hybrid

pulse pattern generator

partial response

pseudo-random binary sequences
phenyl vinylene thiophene

lead zirconate titanate

quadrature amplitude modulation
quadrature-phase-shift-keying
radio frequency

small formfactor pluggable
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Glossary

SI International System of Units (abbreviated from the French
Systeme international (d’unités))

SiP silicon photonics

SIS silicon-insulator-silicon

SISCAP silicon-insulator-silicon capacitor

SMD surface mount device

SNR signal-to-noise-ratio

SOH silicon-organic hybrid

SOI silicon-on-insulator

SOLT short-open-load-through

SSMF standard single-mode fiber

TL transmission line

TPA two-photon absorption

™ traveling wave

VNA vector network analyzer

VCSEL vertical-cavity surface-emitting laser

WDM wavelength-division multiplexing

List of symbols

Uppercase

A(t) complex amplitude

BER bit error ratio

C capacitance

C’ capacitance per infinitesimal length Az; C’ = C/Az
D dispersion coefficient

E electric field

G conductance

160



Glossary

G’ conductance per infinitesimal length Az; G' = G/Az
I current or I-component of an 1Q-signal

I, photocurrent

Iop: intensity of an optical signal

L inductance

L’ inductance per infinitesimal length Az; L’ = L/Az
M number of symbols

N number density of chromophores

N, free electron concentration

N, free hole concentration

P power

O Q-factor or Q-component of an 1Q-signal

R ohmic resistance

R’ resistance per infinitesimal length Az; R” = R/Az
Rym terminating resistance

R source resistance

S S-parameter matrix

SNR signal-to-noise power ratio

T transmission matrix (ABC D-matrix)

T, glass-transition temperature

U voltage

U, m-voltage of an MZM

Whie energy dissipated, e.g. in an EO modulator, per bit
Y admittance

Y’ admittance per infinitesimal length Az; Y' =Y /Az
Zy characteristic impedance

Zin input impedance

71, load impedance

Zf reference impedance (usually 50 Q)

Zse source impedance

Zym impedance of termination
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Glossary

Lowercase

a™™ optical insertion loss expressed in dB

a power propagation loss expressed in dB/m

ax symbol

¢ speed of light in vacuum (SI defined constant)
d distance between electrodes

e elementary charge (SI defined constant)

fa datarate

g Lorentz-Onsager local field factor

fs symbol rate

m number of bits

m;, electron conductivity effective mass

.
m, hole conductivity effective mass

n refractive index

ng ope effective group-refractive index of a waveguide mode

% reduced Planck constant (SI defined constant)

i time dependent current

j imaginary unit

k wave number, k = 27/1

¢ length of a transmission line or a traveling wave modulator

mpy frequency response of a phase modulator

mpog small-signal intensity frequency response of an MZM modulator
p molecular dipole moment

p(t) time-domain pulse shape

r33 EO coefficient

s(t) signal

¢t time

u time dependent voltage

vg group velocity
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Glossary

Greek symbols and variables

a real part of propagation parameter y

™) power attenuation parameter expressed in 1/m, o) = 2

a'© chirp parameter

o™ fine-structure constant, o™ = e? /4neyhic

a first-order polarizability

B imaginary part of propagation parameter y

S microscopic nonlinearity of EO molecules

BT roll-off factor

v complex propagation parameter (propagation “constant”), y = @ +jf8
I' reflection coefficient

€ vacuum electric permittivity constant (electrical constant), €y = 1/ ,uoc2
A medium wavelength

Ao vacuum wavelength

Mo vacuum magnetic permeability constant (magnetic constant),
wo = 4na™n/(e?c)

HUe electron mobility

un hole mobility

£t molecular electric-dipole moment

m "pi", Archimedes’ constant

p electrical resistivity

¢, ¢ phase

¢ complex amplitude of time dependent phase shift
¥ nth-order susceptibility

w angular frequency

wrr angular frequency of an RF signal
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