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Abstract (German)

Die vorliegende Arbeit befasst sich mit elektrooptischen Modulatoren auf der
Basis von integrierten optischen Schalkreisen auf Silizium. Dabei steht vor
allem die Manipulation des komplexwertigen optischen Feldes zur
Signalprozessierung mit hochsten Geschwindigkeiten, bei gleichzeitiger
Reduktion des Energieverbrauchs im Vordergrund. Die Silizium-Organik
Hybridintegration (SOH) wird hierbei genutzt um die Eigenschaften passiver
Siliziumwellenleiter mit einem elektrooptisch aktiven organischen Material zu
ergénzen. Mit Hilfe der SOH-Integration werden in dieser Arbeit Modulatoren
in Inphasen-Quadratur (1Q) Konfiguration hergestellt und charakterisiert. Die
Erzeugung von Datensignalen mit Datenraten Uber 100 Gbit/s wird
demonstriert, bei gleichzeitiger Reduktion des Energieverbrauchs auf nie zuvor
erreichte Werte. Nicht nur in der Telekommunikation, auch in anderen Feldern
kann die hohe Bandbreite und der geringe Energieverbrauch von SOH IQ
Modulatoren genutzt werden. Dazu wurde ein integriert-optischer
Frequenzschieber auf SOH-Basis entwickelt, der unter anderem in der
Messtechnik verwendet werden kann. Ein weiterer Aspekt dieser Arbeit ist die
Anpassung der SOH Modulatoren auf die Erfordernisse der Systemintegration.
Das Design der Bauteile wird dazu an die Standards kommerziell verfiigbarer
Fabrikationsprozesse angepasst sowie die Funktion der SOH Modulatoren bei
erh6hten Temperaturen untersucht.

Die Integration optischer Schaltkreise, verknipft mit der integrierten
Elektronik, bildet die Grundlage fur zukunftige Systeme und neue
Anwendungen in vielen unterschiedlichen Bereichen. Wahrend die integrierte
Elektronik in den letzten Jahrzehnten eine enorme Entwicklung durchlaufen
hat, stehen integrierte optische Schaltungen vergleichsweise noch am Anfang
ihrer Entwicklung. Es ist jedoch absehbar, dass auch in der Optik integrierte
Schaltungen die Systeme aus diskreten Bauteilen ablosen werden. Vor allem
die Telekommunikationsbranche ist hierbei eine Triebfeder fur die
Entwicklung: Datenverbindungen mit immer hoheren Bandbreiten erfordern
immer schnellere und energiesparendere Systeme, bei gleichzeitiger Reduktion
der GroRe.

Silizium als Fabrikationsplattform ermdglicht eine einfache Realisierung
integrierter  optischer ~ Schaltungen.  Neben guten  wellenfiihrenden
Eigenschaften des Materials kann hier auch auf die standardisierten CMOS
Fabrikationsprozesse der Elektronik zurtickgegriffen werden. Analog zu der



2 Abstract (German)

integrierten Elektronik sind schon erste kommerzielle Foundries entstanden,
die eine Fertigung von integrierten optischen Schaltungen auf Silizium nach
Kundenwunsch  ermdglichen.  Hierbei kann auf Designbibliotheken
zurlckgegriffen werden, so dass grundlegende Funktionen wie verlustarme
passive Wellenleiter, Photodetektoren auf Basis von Germanium oder auch
elektrooptische Modulatoren direkt verfligbar sind. Jedoch kdnnen noch nicht
alle Elemente auf der Siliziumplattform samtliche Anforderungen optimal
erfillen. Vor allem der elektrooptische Modulator, typischerweise durch einen
pn-Ubergang im Wellenleiter realisiert, hat nicht die gewiinschte Effizienz
welche fiir eine hohe Integrationsdichte bendtigt wird. Auch die gleichzeitige
Kontrolle der Amplitude und Phase des optischen Signals ist mit reinen
Siliziummodulatoren nicht optimal moglich.

Im Hinblick auf diese Probleme werden in der vorliegenden Arbeit 1Q
Modulatoren basierend auf der SOH Integration entwickelt und untersucht, die
verbesserte Eigenschaften beziglich Geschwindigkeit, Energieverbrauch und
gleichzeitige Ansteuerung der Amplitude und Phase bieten. Um eine breite
Nutzung der SOH Technologie zu ermdglichen, wird die Ausflhrung der
Modulatoren an die Anforderungen standardisierter Foundry-Prozesse
angepasst.

Kapitel 1 gibt eine Einfihrung in integrierte optische Schaltungen, mit
dem Schwerpunkt auf siliziumbasierter Photonik fir die Nutzung in der
Telekommunikation und als Frequenzschieber.

In  Kapitel 2 werden die theoretischen Grundlagen integrierter
elektrooptischer Modulatoren erldutert. In  kompakter Form werden
nichtlineare Effekte zweiter Ordnung sowie interferometrische Strukturen zur
Modulation des komplexwertigen Feldes diskutiert.

Kapitel 3 befasst sich mit SOH 1Q Modulatoren, welche die Erzeugung
von Datensignalen mit héchsten Datenraten bei gleichzeitiger Reduktion des
Energieverbrauchs ermdglichen. Das Konzept der SOH Integration wird im
Detail erlautert, der Stand der Technik wird diskutiert und neuartige Konzepte
fur SOH Modulatoren mit erhéhter Bandbreite werden vorgestellt. Mithilfe
von SOH 1Q Modulatoren wird bei der Erzeugung von komplexen
Datensignalen ein zuvor unerreichter niedriger Energieverbrauch von 19 fJ/bit
realisiert.

In Kapitel 4 wird ein Frequenzschieber vorgestellt, welcher ebenfalls auf
der SOH Technologie basiert. Die Grundlagen der Einseitenbandmodulation
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als Funktionsprinzip des Frequenzschiebers werden zu Beginn diskutiert und
ein neues Konzept zur Verbesserung der Signalqualitdt wird untersucht. Im
Experiment wird der integrierte SOH Frequenzschieber charakterisiert und die
Verschiebung eines optischen Tragersignals um bis zu 10 GHz demonstriert.

Kapitel 5 umfasst unterschiedliche Aspekte welche fiir eine breite
Nutzung von SOH Bauelementen und fir eine Implementation in integrierte
Systeme notwendig sind. Das Design der SOH Bauelemente wird hierzu an
die Anforderungen einer kommerziellen Foundry angepasst und die gefertigten
Bauteile werden evaluiert. Um eine groRere Stabilitit bei hoheren
Temperaturen zu erreichen werden in diesem Kapitel organische
elektrooptische Materialien im Hinblick auf ihre Temperaturstabilitat
untersucht. Mithilfe eines solchen Materials wird ein SOH Modulator
realisiert, der auch bei 80 °C Umgebungstemperatur die Erzeugung von
Datensignalen mit hochster Geschwindigkeit ermdoglicht.

In Kapitel 6 werden die Ergebnisse dieser Arbeit zusammengefasst und
die zuklnftigen Moglichkeiten und Entwicklungen der SOH Technologie
umrissen.
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Preface

Photonic integration conjoined with large scale electrical integration is a key
technology for future communication and other technological systems. The
integration of optical devices can not only play the role of supplementing the
electrical circuitry with added functionality, it can in fact enable the creation of
whole new types of systems and applications. While the field of optical
communication with its demand for an ever increasing data rate is already
heavily relying on optical technology and pushing towards photonic
integration, also other fields such as metrology, sensing or medical
applications are starting to leverage the advantages of optical integration [1].

Silicon photonics is considered to be a very well-suited candidate for such
large scale optical integration. It allows the realization of photonic integrated
circuits (PIC) with a high density, and the fabrication can rely on well-
developed CMOS processes. Furthermore, an easily accessible infrastructure
for fabrication has already emerged: commercially available foundry services
together with process design kits (PDK) allow the easy realization of custom
silicon PICs at low cost. While a large variety of optical devices such as low-
loss passives, Germanium photodiodes or electro-optic modulators are
available on the silicon photonic platform, some challenges still remain on the
path towards high-performance and high-density integration.

The electro-optic modulator is a key device for PICs since it provides a
direct interface between the electronics and the optical circuit. Furthermore,
today’s systems do not need just a simple on-off control for the light, but rely
on the modulation of both, amplitude and phase of the optical field. Silicon
itself does not provide any appreciable second-order nonlinearity due to its
crystal symmetry. Modulators based on the plasma dispersion effect are
therefore commonly used to achieve phase modulation in silicon waveguides.
Using the plasma dispersion effect for phase modulation leads, however, to
undesired amplitude-phase coupling of the optical signal and to a relatively
low modulation efficiency. A low modulation efficiency is detrimental to high
integration density: it requires a larger footprint of the device and larger drive
voltages which in turn leads to higher energy consumption. The requirements
for the next generation of silicon-based advanced modulators can therefore be
summarized as follows: low energy consumption, high bandwidth, complex
field modulation, and the ability to be fabricated in a standard silicon photonics
foundry process.
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The work in this thesis targets those issues of energy consumption, high
bandwidth and compatibility with commercial processes. Using silicon-organic
hybrid (SOH) integration, electro-optic modulators for complex signal
processing are developed on the silicon photonic platform. They provide
record-low energy consumption and can be used for optical communication at
highest data rates as well as for other applications such as frequency shifting.
To enable the implementation of SOH modulators in more complex systems,
the device design is adapted for commercial silicon-photonics foundry
processes, and organic materials are investigated which allow operation of
such devices at elevated temperatures. This thesis is structured as follows:

Chapter 1 gives an introduction in optical integration, especially silicon
photonic integration for optical communication links and frequency shifter.

Chapter 2 reviews the theoretical background of integrated modulators
based on second-order nonlinearities. The second-order nonlinear effect is
discussed, together with interferometric structures for advanced modulation.

Chapter 3 introduces SOH 1Q modulators capable of generating complex
signals at highest speed and lowest power consumption. The SOH concept is
discussed, state-of-the-art devices as well as novel device concepts for highest
performance. Using SOH 1Q modulators, the generation of advanced
modulation formats is demonstrated leading to a record-low energy
consumption down to 19 fJ/bit.

Chapter 4 presents a frequency shifter realized with SOH integration. The
theory of single-sideband modulation for frequency shifting is discussed, and a
new concept to improve the signal quality by employing shaping of the drive
signal is introduced. In an experimental demonstration, frequency shifts up to
10 GHz are realized.

Chapter 5 covers different aspects needed for a system implementation of
SOH-based devices. The SOH design is adapted for fabrication in a
commercial silicon-photonic foundry and the resulting devices were
characterized. Furthermore, electro-optic materials are investigated to achieve
a higher environmental stability of the SOH devices. Experimentally, the
operation of an SOH modulator at 80 °C was demonstrated while generating
high-speed data signals.

Chapter 6 gives a summary of the work in this thesis and outlines further
steps in the development of SOH-based PICs.
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Achievements of the present work

In this thesis integrated electro-optic modulator structures were investigated
with the goal to realize high-speed processing of the complex optical field
while maintaining a low energy consumption. Silicon-organic hybrid (SOH)
integration is used to demonstrate high speed 1Q modulators with lowest
energy consumption as well as application as a broadband frequency shifter.

A concise overview of the main achievements is given in the following:

Advanced modulation with low power consumption: An SOH-based I1Q
modulator was demonstrated with a record-low energy consumption of
19 fJ/bit for 28 GBd 16QAM modulation [J7], [C16], [C30].

High speed signal generation: While maintaining a low energy consumption,
16QAM modulation was realized with symbol rate of 40 GBd, and 4ASK
modulation with a symbol rate of 64 GBd [J9], [J16], [C21], [C28], [C30].

Organic materials for SOH integration: SEO100 was introduced in the SOH
platform, providing higher temperature stability. The poling process was
optimized to achieve high efficiency in SOH devices [J16], [C28].

Operation of SOH devices at elevated temperatures: An SOH modulator was
demonstrated, capable of generating advanced modulation formats at
highest speed at an elevated temperature of 80 °C [J16], [C28].

Capacitive coupled SOH: To improve the performance of SOH devices, a hew
concept of capacitively coupled SOH modulators was developed. By
adding materials with high permittivity to the SOH platform, higher
modulator bandwidth can be achieved.

SOH devices on a commercial foundry platform: The design of SOH
modulators was transferred to meet the standards of a commercially
available 248 nm silicon photonic platform. High performance SOH
devices were realized using such a process [C34], [C37].

Design of silicon photonic PICs: Mask layouts for various photonic devices
and applications were designed and aggregated on densely integrated
silicon photonic PICs, fabricated by foundry services [C17], [C18], [C41].

Silicon photonic frequency shifter: An integrated frequency shifter was
demonstrated using SOH integration, enabling frequency shifts of up to
10 GHz [J17], [C14].

Optimized frequency shifting: Introducing temporal shaping of the drive signal
for single-sideband frequency shifter, a high conversion efficiency was
achieved while maintaining a high SMSR [J17], [C19].
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1 Introduction

The past century is often named as “century of the electron”, dominated by the
outstanding development of electronics and microelectronics with its
tremendous influence on our daily life. The current century, however, is often
dubbed as “century of the photon”, and it is expected that photonics will make
similar transforming changes to our society as electronics did in the past. And
indeed, many fields are already being transformed by modern photonic
technologies such as sensing, metrology, and perhaps most dominantly
telecommunication. Key for the development of electronics was the step from
individual components such as single vacuum tubes or single transistors to
integrated electronic circuits with nowadays billions of transistors merged on a
single chip [2]. The same process has already started in photonics: Photonic
integration is the idea to combine multiple optical elements on one monolithic
photonic integrated circuit (P1C), and thereby leveraging the advantages of size
reduction, cost reduction and monolithic fabrication to realize more complex
optical circuits in smaller devices. In photonics, an exponential increase in
integration density can already be observed [3], similar to the one described by
Moore’s law in electronics.

Different material systems are used to create photonic integrated circuits,
and each platform has its specific advantages and disadvantages. The silica-on-
silicon waveguide platform offers low-loss waveguides and easy fabrication,
but due to its low index contrast it has a rather large footprint, and the material
systems do not offer any appreciable second-order nonlinearity for phase
modulation, nor does it allow the generation or detection of light. Lithium
niobate (LiNbO3) has a moderate second-order nonlinearity but has also a large
footprint and offers no active components. Indium phosphide (InP) is maybe
the most complete photonic platform, offering active devices such as lasers and
photo detectors, absorption and phase modulators, as well as passive
elements [4]. However, the main drawback is the complicated fabrication. The
material itself is scarce and expensive, and the wafers have to be grown in a
complicated epitaxial process. Together with the relatively small wafer size
between two and four inch, it is difficult to transition to high-volume mass
fabrication [5]. Silicon-on-insulator (SOI) as photonic platform, however, can
make use of all the standard processes developed for CMQOS electronics. The
high index contrast of the SOI platform to allows for very compact devices,
and together with large wafer sizes of 12 inch and above, high volume
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manufacturing is a given. Silicon does not offer a direct bandgap, which would
be necessary to realize a laser, however, Germanium can easily be integrated in
a standard CMOS process to fabricate a detector [6]. Phase modulators are
typically realized by using the plasma dispersion effect [7]. One major
advantage of silicon photonics is the availability of foundry services. By
offering a qualified fabrication process and a whole library of standard
elements, such foundry services offer an easy entry point into photonic
integration and make it widely available [8]. Silicon photonics is therefore a
promising platform for a large variety of PICs spanning various applications.

One key element for PICs is the electro-optic (EO) modulator, it provides
the direct interface between the electrical circuits and the optical circuits.
Among those, phase modulators are the most versatile devices. When
embedded into an optical interferometer they allow to control the optical field
with electronic signals. This is important for realizing complex functionalities
on the PIC, such as advanced optical signal processing. As research is focusing
on PICs with higher speed and lower energy consumption, this directly relates
to the requirements for EO modulators: Highly efficient modulators are
paramount for a low energy consumption as well as for compact, densely
integrated devices. Furthermore, to keep up with the increasing speed in
electronics, the speed of the electro-optic modulators has to increase
accordingly.

1.1 Silicon photonics in optical communication links with
high capacity

The field of optical communication is driven by the steadily increasing demand
for high-capacity data transmission, mainly generated by today’s cloud-based
services. Large scale data centers serve hereby as central nodes of the cloud.
As reported in the Cisco global cloud index 2015 — 2020 [9], the data center IP
traffic will see a threefold increase from 4.7 ZB up to 15.3 ZB from 2015 to
2020. It is important to note that about three quarters of this traffic will stay
within the data centers. To scale the network infrastructure with this increase
in traffic, the capacity of each link has to be increased, especially within data
centers, where the physical fiber connections have already become a scarce
resource and have to be used as efficiently as possible.

Coherent transmission together with advanced modulation formats are a
good approach to increase the bandwidth of an optical link [10]. Due to its
more complex implementation of coherent transmission, it was first deployed
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in long-haul communication using discrete optical components, but it has
become more and more attractive also for medium and short-reach links [5].
Optical integration and especially silicon photonics with its dense integration
offers a great opportunity to handle the complexity of the implementation on a
PIC. Electro-optic in-phase/quadrature phase (IQ) modulators are the key
element to generate signals with advanced modulation formats and can be
realized on the silicon photonic platform with a small footprint. The CMQOS
based fabrication technology enables high-volume fabrication at low costs.

Several implementations of 1Q modulators have been already
demonstrated on the silicon photonic platform, relying mainly on modulating
the density of free carriers in an silicon waveguide to achieve an optical phase
modulation [11-13]. While the performance of those modulators is good, they
suffer from the low efficiencies, resulting typically in drive voltages of several
volt and in energy consumptions in the order of pJ/bit. As outlined above, a
low energy consumption, however, is highly important to realize a dense
integration. Especially in datacenters power consumption of the circuits and
their cooling becomes a limiting factor. These all-silicon modulators with their
comparatively low efficiency impede signal generation at highest speeds, as
electrical driver circuits, which require several volts output swing in order to
support high symbol rates, are difficult to realize, and have also a high power
consumption.

A different approach to realize phase modulators is the combination of
silicon photonics with electro-optic (EO) organic materials, so-called silicon-
organic hybrid (SOH) integration. The optical wave is still guided in the
silicon waveguide, but interacts with organic material, which has -
nonlinearity, and offers therefore a pure phase modulation [14-16]. Such
Pockels-effect modulators are ideal for Mach-Zehnder and 1Q modulators.
Using this approach, record low energy consumption could be demonstrated,
but so far only for on-off keying and therefore moderate data rates [17,18].
Furthermore, the SOH modulators realized so far are not yet ideally adapted to
the standard silicon photonic fabrication. For fabrication they are relying either
on e-beam lithography, or on a specially modified DUV lithography process.
Also the operation at higher temperatures is a non-trivial issue for organic
materials, and investigation of the performance for SOH devices at elevated
temperatures has just started.
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The work in this thesis addresses those issues of silicon-organic hybrid 1Q
modulators: By combining custom-tailored organic EO material with
optimized silicon slot waveguide structures, highly efficient IQ modulators are
realized. Sub-volt drive voltages allow to omit the driver amplifier completely,
and the resulting energy consumption for 16QAM modulation at a data rate of
112 Gbit/s reaches a record low value of 19 fJ/bit. This is more than one order
of magnitude below state-of-the-art all-silicon modulators, while maintaining a
high signal quality with a bit error ratio of 5 x 10° [C16,J7]. Using optimized
modulator structures, the data rate could be further increased up to 40 GBd
16QAM modulation with an 1Q modulator [C21,J9], and 64 GBd 4ASK
modulation with an SOH Mach-Zehnder modulator, the currently highest
symbol rate for advanced modulation formats generated on the silicon
platform [C28,J16]. To start the transition of SOH integration from pure
laboratory and research use to a broader scope, the design of the SOH
modulator is adapted, and SOH devices are successfully realized on a
commercial SOI foundry platform employing 248 nm DUV lithography.
Furthermore, organic materials with good efficiency and higher temperature
resilience are implemented in SOH devices, and high speed operation of an
SOH modulator at 80 °C and ambient atmosphere was demonstrated
[C28,]J16]. These steps enable the realization of highly complex silicon
photonic PICs for next generation data transmission by combining high-
performance SOH IQ modulators with the whole portfolio of building blocks,
which are available in a commercial silicon photonic foundry.

1.2 Silicon photonic frequency shifter

Not only optical communication benefits from optical integration, but also
other applications like distance metrology, vibrometry or heterodyne
interferometry can leverage all the advantages of photonic integrated circuits.
Especially interferometric devices such as laser Doppler vibrometers can profit
from the increased robustness which comes when shrinking the size of such
devices [19,20]. Also here, silicon photonics is an ideal platform to realize
such PICs. Again, the fabrication in silicon photonic foundries and the
availability of a large variety of building blocks create the opportunity to
realize PICs for a variety of applications without the need to maintain an
expensive fabrication line. However, frequency shifters with a high bandwidth
and high side-mode suppression ratio are still missing in the portfolio of silicon
photonics. Frequency shifters can be realized on PICs using phase modulators
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with  either serrodyne modulation [21] or single-sideband (SSB)
modulation [22]. The amplitude-phase coupling associated with typical all-
silicon phase shifters based on free carrier modulation leads, however, to
additional side modes which deteriorate the side-mode suppression ratio
(SMSR). Current realizations of frequency shifters on silicon rely therefore on
thermo-optic phase modulators which offer a pure phase shift, but the
bandwidth and therefore the achievable frequency shift of such devices is
limited to few tens of kHz [23,24].

To overcome those issues, a frequency shifter based on silicon-organic
hybrid integration is realized in this work. The pure phase modulation achieved
by the SOH devices is optimal for a high SMSR. Furthermore, because SOH
modulators have a large bandwidth, frequency shifts up to 10 GHz could be
demonstrated, orders of magnitude larger than former demonstrations of
frequency shifters on silicon [C19]. The SSB modulation used in this
experiment typically needs a trade-off between conversion efficiency (CE) and
SMSR, due to the limited linearity of the Mach-Zehnder transfer function. By
using temporal shaping of the electrical drive signal both, a high CE of -5.8 dB
and a high SMSR of 23.5 dB could be demonstrated on the SOH-enhanced
silicon platform [C14, J17].
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2 Theoretical background

In this chapter the fundamental physical relations and their mathematical
representations are described, as far as they are necessary for the understanding
of this work.

2.1 Second-order nonlinearities and the electro-optic effect

Nonlinear effects occur when the optical properties of a medium are changed
under the influence of an external electro-magnetic field. Within this work
second-order nonlinear effects within organic materials are used for the
modulation of light. In the following chapter, a focused summary of the
existing theory is given. The derivation follows the structure in [25]. An in-

depth study of nonlinear effects can be found in the book “Nonlinear Optics”
by Boyd [26].

2.1.1 Electric polarization
With an electric field E imposed on a bulk material, the response of the

—

material is denoted by the polarization P. In time domain, the spatially local
polarization can be described by a Volterra series [26],

5(?1):goTl(l)(F,t—t')E(r,t’)dt'
+50T+jpl(2)(ﬁt—t’,t—t”):E(r,t')E(r,t”)dt'dt"

—00 —00

(2.1)
+00 +00 +00
oo [ [ [ 2 (rt-tt=t t—t"J:E(r,t)E(r,t")E(r t")dtdt"dt”
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+.oy

where &, denotes the vacuum permittivity, and x™(F,t't",...t™) are the
response functions, tensors of rank n+1. Since the response of the material is
causal it follows that z™(rt',t",...,t™)=0 for t',t",t"...<0.

Eq. (2.1) can be decomposed into a sum of the linear and nonlinear
contributions to the electrical polarization.

P(rt)=P (rt)+ P (Ft)+ P (rt)+..=P" (rt)+ Pru(rt). (22)
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The linear part of the polarization can be written as
5()(r t) 8OIZ(1)(rt t)E(r,t')dt', (2.3)

and after Fourier transformation, see Appendix A.1, it reads

=@ -

P (ra)) ;(()( )E(r a)) (2.4)
for angular frequency @, introducing the first order electrical susceptibility
7% (@). Due to the causal response of the medium the real and imaginary
parts of the susceptibility are linked via the Kramers-Kronig relation [26].
Hence the susceptibility can only be constant 7 ()~ 7 (@,) =constin a
small interval o, <@, < w,. Using a constant susceptibility in the vicinity of
@y, EQ. (2.3) simplifies to a linear relation between the electric field and the
linear susceptibility,

P (rt)= 6029 JE(111). (2.5)
The electric displacement field is defined as
B(F,t)ngE(F,t)JrE(F,t), (2.6)

using Eq. (2.5) and assuming that the linear contribution of the polarization are
much larger than the nonlinear contributions, the electric displacement field
can be written as

B(F,t) =& (1+ ;_2(1) (F,a)o))E(F,t) = gogrE(F,t), (2.7)

The quantity 1 is the unity tensor, and g, is the relative dielectric permittivity
tensor. For the case of an isotropic medlum the susceptlblllty and permittivity
can be expressed as a scalar quantity ¢r =1+ y ;( , with n as the linear
complex refractive index. The real part n of the complex refractive index is
related to the change of the phase velocity of an electro-magnetic wave in the
medium while the complex part ~ denotes the material absorption.

cr=¢ —j& :(n—j/c)zznz—zfz—jZHK:ﬁ2
if «k=~0 (2.8)

i
K=—

2n

n=./¢,
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2.1.2 Nonlinear polarization and Pockels effect

Following Eqg. (2.1) and Eq. (2.2), the nonlinear part of the Polarization P
can be written as

~+00 +00

Prc(rt)=g | [ 22 (rt-t,t-t"):E(r,t)E(r,t")drdt”
+50+J?O+J?O+J?Ol(3)(ﬁt—t’,t—t",t—t”’)EE(r,t’)E(r,t”)E(r,t”’)dt’dt”dt”’ (2.9)

+....

Since we are only interested in second-order nonlinear effects, higher order
contributions to the polarization are omitted. Following the derivation in [26]
above equation can be translated in frequency domain and the second-order

.= .
polarization P; ~ is written as

—=(2) - N - = - = -
Pi(ray +on) =200 > 7 (Lo + o0, E §(F,0,)Ex(r,my,) . (2.10)
ik (nm)

;_2(2) is the nonlinear susceptibility tensor, the indices i, j,k denote the
Cartesian components and the notation (nm) indicates that the sum (@, + @)
is held fixed during summation while the frequency components @, and o,

are varying.

In the special case of the linear electro-optic effect, or Pockels effect, the
refractive index of a material changes under the influence of a low frequency
electric field with angular frequency o,, < @,, »,, 0. For the case of such a
low frequency or static electric field and a high frequency field with angular
frequency a,, and omitting the spatial dependency for readability, the second-
order nonlinear polarization can be written as

R (@) + @ = ) = 260 3 i (0 + 0 0p, @) E (@) Ey (@) . (2.11)

jk
In the following, the Einstein notation for sums is used. With Eq. (2.11), the

electric displacement can be expressed as follows [25]:
Iji (wo)zgo(5ij +}?ij(1)(a’o))|§j(a’o) 2.12)
+250;Zi(jﬁ) (0 + &y 0, O) Ej () Ek (@)

From this equation, the change of permittivity Ag, which is dependent on the
quasi-static electric field can be derived as
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Ag, ;= 2?25? Ek (@,)- (2.13)

Using the relation &, +Ae, :(n+An)2 ~n+2nAn the change of refractive
index due to the linear electro-optic effect can be described with

An; =22 E (@) (2.14)

The second-order susceptibility 7 can be easily translated into the often used

electro-optic coefficient r, according to [25] with

275
M = ——— (2.15)
n
The change of refractive index can therefore be written as
1 .
An; = - n°r E (@) (2.16)

Considering the permutation symmetry of the fields and for media where the
Kleinman symmetry is valid the independent tensor elements are reduced and
we can use a contracted notation for the indices i,j,k [26]. For the susceptibility
and the electro-optic coefficient we introduce the matrices 7 and r, which
follows.

jk: 11 22 33 2332 13,31 12,21

2.17
I: 1 2 3 4 ) 6 (2.17)



16 Theoretical background

2.2 Electro-optic modulators for advanced modulation
formats

For the modulation of light in integrated optical circuits several concepts exist
and are exploited in various devices. However, the most flexible modulator
concepts are the Mach-Zehnder modulator (MZM) and on its basis the in-
phase—quadrature (IQ) modulator. Based on an arrangement of phase
modulators which utilize the linear electro-optic effect, the amplitude and
phase of an incoming optical carrier can be arbitrarily adjusted. In the
following, a brief summary of the MZM and 1Q modulator is given, oriented
on the description in [27]. Furthermore a short introduction into the theory of
advanced modulation formats is given in this chapter.

2.2.1 Mach-Zehnder modulator

A schematic representation of a MZM is depicted in Fig. 2.1. The incoming
optical carrier with the complex electrical field E;,(t) is fed into a Mach-
Zehnder interferometer. The carrier is split into two paths, in each arm a phase
modulator (PM) is implemented, where an applied voltage u, ,(t) produces a
phase shift ¢(t), proportional to the applied voltage. At the output the arms are
combined again and the light can interfere. The electrical field E_,(t) at the
output can be described with

1 . .
E (1) = E(e”’l‘” + el ) E, (t). (2.18)
The voltage dependent phase shifts can be described via
2 =207 ang g, (1) = 20T (2.19)
n,PM1 Un,PMZ

where U, p is the voltage which has to be applied at one phase modulator to
obtain a phase shift of n. Such a configuration of a MZM is called dual-drive
operation, because each PM can be operated independently. The MZM can be

u(t)
Ein(t) Eout(t)

u(t)

Fig. 2.1: Schematic of a dual drive Mach-Zehnder modulator. The incoming light is split in
two arms, each of which is equipped with a phase modulator. After modulation, the light is
coherently combined at the output.
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operated in a push-push mode when the same phase shift is induced in both
PMs to modulate only the phase of the output signal. If the phase shift in the
two PMs has a relative phase difference of =, i.e. @, =—¢;, push-pull
operation is obtained. The field transfer function of the MZM can then be
written as

le(em(tue—jmt)):cos Apyzm () (2.20)
E. 2 2 )

In

where Ay () =@ (t) —@, (1) =2¢,(t) is the relative phase difference
between both arms of the MZM. Relating this phase shift to a drive voltage we
can define

u(t)m

n,MZM

(2.21)

Apyzm () =

With uy(t) =-u,(t) =u(t) we can define U_ -\, as voltage which has to be
applied to the MZM in push-pull configuration in order to obtain a relative
phase difference of m between the two arms of the MZM, corresponding to
2U wzm =U,pm for a configuration as shown in Fig. 2.1. As can be seen
from Eq. (2.20), push-pull operation of a MZM has no residual phase
modulation and provides therefore a chirp-free amplitude modulation. The
intensity transfer function of a MZM in push-pull configuration can be
obtained by squaring Eq. (2.20),

IO_Ut:%+%COS(A¢MZM (t)):%+icosiﬁj. (2.22)

Iin 2 ©,MZM

Applying a voltage of u(t) =U, \;zy to the MZM in push-pull configuration
corresponds to a phase shift of @ in the power transfer function, i.e. a
transition from constructive interference to destructive interference at the
output of the MZM.

2.2.2 In-phase — quadrature modulator

By nesting two MZM an in-phase—quadrature phase (IQ) modulator can be
obtained. A schematic of such a modulator is depicted in Fig. 2.2. It consists of
two so-called ‘“child” MZM, nested within a “parent” MZM. The incoming
light is split and distributed in the in-phase (I) arm of the parent MZM, and in
the quadrature (Q) arm. Each arm comprises a MZM that modulates the
amplitude of the light. A relative phase shift of n/2 between | and Q is
induced by a static phase shifter. Due to this static phase shift, the | and Q
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= ] Du

Ein(t) =] Eou()

Ups _\\
= $ w0

Fig. 2.2: Schematic of an 1Q modulator. The incoming carrier is split in two arms. After
inducing a relative phase shift of m/2 using the static voltage ups, the in-phase and the
quadrature component can be modulated independently by two MZM in push-pull
configuration. At the output, both signals are combined. With an 1Q modulator each point in
the complex plane can be addressed.

components of the carrier are orthogonal. After modulation both arms are
combined at the output. Since the | and Q component of the carrier can be
addressed independently in such a structure, every point in the complex plane
can be reached. Both child MZM are driven in single-drive push-pull operation
and the static phase shifter is set such that a ©/2 phase shift is achieved via
Ups =U_ py /2. The field transfer function of the 1Q modulator can therefore

be written as
A t
Bouw _ 1(:os(—Ago' ® j + jlcos —(pQ( )
2 2 2 2

(2.23)

2.2.3 Advanced modulation formats

On-off keying (OOK) is the simplest modulation format. Binary information is
transmitted with every symbol. “Light on” denotes a logical “1”, and “light
off” a logical “0”. However, to achieve a higher spectral efficiency, it is
favorable to transmit more than one bit per symbol [10]. This can be achieved
by using more than two amplitude levels and/or more than two phase states per
symbol. As described in Section 2.2.2, the 1Q modulator can address arbitrary
phase and amplitude states in the complex plane, making it an ideal tool to
generate advanced modulation signals.
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Following the notation in [27], for advanced modulation formats each
symbol b, can comprise m bits, [bl,k,bz,k...bm,k]._ Furthermore, the symbol b,
can be described by a complex phasor with b, =b, + jb/. All symbols form an
alphabet A with M =2™ elements. The symbols are transmitted with the
symbol rate ry =1/T; where Tg is the symbol duration.

By utilizing only one MZM, M-ary amplitude shift keying (ASK) can be
generated. Being a one-dimensional multi-level signal, it uses only the in-
phase component of the complex symbol b, = b|‘< . To obtain the largest spacing
between the symbol states in the constellation diagram and thereby the largest
signal-to-noise ratio (SNR), the MZM s biased at the null-point, while the m
binary bits are defined to be symmetric around 0, and are normalized to unity.
With M/2 amplitude states and two phase states (0° and 180°), M symbol
states can be generated.

1 1 3 3
"k E{_(M ~1)'(M —1)}b2* e{_(M ~1)'(M —1)}’

: (2.24)
S RE T
For a single-drive MZM the electrical drive signal is thereby defined as
u(t) =U, vzm +UDZbkrect[t _TkTS j (2.25)
k S

where each symbol b, is defined for non-return to zero (NRZ) signaling within
the symbol duration Tg and U is the maximum drive amplitude. Exemplarily
the bits of a bipolar 4ASK signal with 4 equidistant levels are defined as

b, €{-1/3,1/3} and b, e{-11}. (2.26)

The constellation diagram of such a bipolar 4ASK signal can be seen in Fig.
2.3(a). Since it is symmetric around O it can also be described as combination
of a binary ASK signal with a binary phase shift keying (PSK) signal, hence it
can also be called 2ASK-BPSK. To increase the distance between the symbol
states further, one can utilize the full complex plane. Quadrature phase shift
keying (QPSK), also called 4-state quadrature amplitude modulation (4QAM)
is the most basic modulation format using | and Q component of the carrier.
QPSK signals can in principle be generated with one phase modulator or MZM
in push-push configuration when using a multi-level drive signal similar to
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(@) NGO (b) A0 (c) A0

Fig. 2.3: Exemplary constellation diagrams for advanced modulation formats. (a)
Constellation diagram of a 4ASK signal, only the in-phase component of the carrier is
modulated with a multi-level signal. (b) Constellation diagram of a QPSK signal. The in-
phase and quadrature component are each modulated with a binary signal. (c) Constellation
diagram of a 16QAM signal, the in-phase and quadrature component of the carrier is
modulated with a multilevel signal.

4ASK signals. However, when utilizing an 1Q modulator only two streams of
binary signals are needed. The symbols b, =b/ + jbd can be described by

bl =bf\ e{-11}. (2.27)

The drive signals for the 1Q modulator are then consequently

Uy () =U  vzm +U Dbe(rect(t _TkTS j
k s

(2.28)

Ug (t) =U vizm +Up D blrect (ﬂj
k TS

The constellation diagram of a QPSK signal is depicted in Fig. 2.3(b). Higher-
order QAM signals such as 16QAM or 64QAM can be also generated with an
IQ modulator by using multi-level drive signals for the | and Q component of
the 1Q modulator. Corresponding to the generation of bipolar M-ary ASK
signals each symbol component bf( and b? can represent N bits and since the |
and Q component are independent, all combinations are possible, leading to
22" =2™ =M symbol states which are represented in the complex plane. For
the case of 16QAM signals, the bits are defined in symbol states with
equidistant amplitudes

bli,k e{-1/3,1/3} and bé,k e{-11},
bﬁk e{—]/3,1/3} and bgk e{—l,l}.

For the generation of 16QAM signals, Eq. (2.28) still holds, however,
electrical multilevel signals have now to be used instead of binary signals. In

(2.29)
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Fig. 2.3(c) a constellation diagram of a 16QAM signal is depicted. The
constellation points are arranged on a regular grid. Besides using electrical
multi-level symbols driving a single 1Q modulator, 16QAM signals can also be
generated from binary driving signals using, e.g., four nested MZM or an 1Q
modulator in combination with additional phase modulators. The impact of the
different transmitter implementations on the signal quality of the generated
16QAM signals is discussed in detail in [27,28].
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3 Energy efficient high-speed 1Q modulators

3.1 Silicon-organic hybrid integration

The silicon-on-insulator platform itself does not comprise pure Pockels-effect
modulators since silicon as an inversion symmetric crystal does not feature any
;((2) -nonlinearities. The inversion symmetry can be broken by deforming the
silicon lattice by overgrowing silicon waveguides with a straining layer of
silicon nitride and thus second-order nonlinearities are induced [29,30].
However, the measured effects so far were too small for practical high-speed
devices [31]. A way to overcome these limitations of the silicon platform is the
combination of standard silicon slot waveguides with organic electro-optic
materials [14,32,33]. Silicon forms a passive waveguide, while the geometry of
the waveguides is chosen such that the optical wave can interact with the
nonlinear electro-optic material. This silicon-organic hybrid (SOH) integration
opens the path towards modulators operating at high speed and with a low
power consumption.

The following section describes the details of the SOH concept for
electro-optic modulators, and the realization of Mach-Zehnder and 1Q
modulators on the basis of SOH integration. Furthermore, the bandwidth of
different modulator concepts is discussed as well as different organic electro-
optic materials and their stability.

3.1.1 Concept of resistively coupled SOH modulators

The SOH phase modulator as basic building block for different modulator
structures is based on a laterally extended slotted waveguide, which is
infiltrated with an organic electro-optic cladding material. The cross section of
an SOH phase shifter is depicted in Fig. 3.1. Silicon rails form the core of the
slot waveguide, the buried oxide (BOX) constitutes the lower cladding, while
organic electro-optic material is used for the upper cladding, also infiltrating
the slot. Thin, lightly doped conductive silicon slabs connect the rails to metal
electrodes. Any voltage applied to these electrodes will therefore drop
predominantly in x-direction across the slot, leading to a high field intensity of
the modulation field inside the slot. A plot of the E, component of the
modulation field can be seen in Fig. 3.1(b). At the same time, the geometry of
the slot waveguide leads to an enhancement of the optical electric field inside
the slot when operating the waveguide in quasi-TE polarization. This results in
a strong interaction of the modulating field with the optical mode in the slot,
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Fig. 3.1: Cross section of an SOH phase shifter. (a) The slot waveguide consists of two rails
(rail width w,,, , slot width w,, ), which are electrically connected to metal electrodes via
thin, lightly doped silicon slabs (height h, ). The upper cladding is formed by organic
electro-optic material which fills also the slot. To align the chromophores of the electro-
optic material, a poling voltage U, can be applied to the electrodes at elevated
temperatures. The molecules (black arrows) align along the electrical field (green arrows).
After cooling down and removing the voltage, the chromophores are locked in this
alignment. (b) Plot of the dominant E, component of the RF modulation field. Any applied
voltage drops predominantly across the slot leading to a high field intensity in the slot. (c)
Plot of the dominant E, component of the optical field. When operating the waveguide in
quasi-TE polarization the discontinuity at the interface between silicon and the organic
material leads to an enhancement of the field in the slot.

within the electro-optic material, leading to a highly efficient phase modulator.
To achieve a bulk nonlinearity of the electro-optic material, the chromophores
have to be aligned in acentric order. After deposition of the organic material,
the individual chromophores are randomly oriented, leading to a vanishing
bulk nonlinearity. By a so-called poling process, the individual chromophores
are reoriented, preferably in acentric order, to achieve a large bulk
nonlinearity, i.e. a high r3; value.

For SOH modulators, the poling process can be done in-situ. After
deposition of the material, the device is heated to the glass transition
temperature of the organic material. A voltage applied to the metal electrodes
of the device leads to an alignment of the now mobile dipoles along the field
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lines. Within the slot waveguide the dominant field component is oriented in x-
direction across the slot, leading to an acentric orientation of the chromophores
in x-direction. After cooling down and removing the poling voltage, the
molecules are immobilized again and the alignment of the chromophores is
locked. After poling a bulk nonlinearity with a significant ry; value can be
observed in the SOH phase modulator which can be used for Pockels-effect
modulation by changing the refractive index with an applied electrical field.

For a propagating wave in a single mode waveguide the change in
propagation constant 54 can be described by

T ) A6 ECy) € (x, y)dxdy, (3D

5,8 _ a)go
where P is the power in the mode, @ the frequency of the optical signal,
E(x,y) is the transversal electric mode field of the optical signal and As(x, y)
a change of the permittivity [25,34]. Using Eq. (2.16) the permittivity change
in the case of a Pockels-effect modulator can be written as

Ag(X,y) =2ngAn(X, y) = _nEO4r33(X' YEXX Y, @), (3.2)
where ry; is the bulk electro-optic coefficient, ny the refractive index of the
nonlinear material and E(X,y,®,) is the electric modulation field at the
microwave frequency .. The phase change 6¢p=-58L within an SOH
modulator of length L can therefore be written as
=1 neora (6 YE(K Y o) (x,y) £ (x, y) dxdly

a)eo L

op =
(3.3)

a)go

21 neors (W E Y, o) [E (. y)\ dxdy.

As it can be seen in Eqg. (3.3), the magnitude of the phase shift depends on
material parameters such as the refractive index ngy and the electro optic
coefficient ry;, as well as on the strength of the modulation field E(X,y,®,,)
and the overlap of the optical mode field and the modulation field.

If we approximate the slot as a parallel plate capacitor, we can use a
homogenous field with constant frequency e, within the area of the slot A
and a homogenous I,

En VXYyeAq

B y.on) = {O else . (3.4)

rs(X,y) = a3
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Using this, Eq. (3.3) can be simplified within the area of the slot. By a defining
a field interaction factor I" with

= nEO,sIot\/g J.J‘Asmt

E(X, y)‘2 dx dy

— — : (3.5)
\/;70 H Re{é’(x, y) x H(X, y)} -e,dxdy
Eq. (3.3) now reads
S = @5oN 0 stot33/ o T En L _z NE0 slot fTE. L, (3.6)

22
where A is the free-space wavelength of the optical signal. With the parallel
plate assumption, we can further approximate that the modulating field is
generated by an applied voltage with E,, =U_,/w, . We can then define the
m-voltage U, p\ as the voltage which has to be applied to the phase modulator
in order to achieve a phase shift of sp =7

_ Wslotﬂ“

= (3.7)
Fnéo,slot 3l

Un,PM
Eq. (3.7) gives a comprehensive insight on the influence of different material
and geometry parameters on the modulator. The field interaction factor I
depends strongly on the geometry of the slot waveguide. By evaluating
Eq. (3.5) with field values obtained from numerical simulations for a
parameter set of w,, W, and hy,, optimal geometries for a maximized I"
can be obtained for SOI slot waveguides with a given height of the silicon
device layer hg; =220nm [25]. In Fig. 3.2 I" is plotted for different slab
heights and slot widths. The rail width is held at w,;, =240 nm which is
approximately the optimum for a device height of hy; =220 nm. It can be seen
from the graph that both, a smaller slot width and a thinner slab height lead to
a higher field confinement. However, a slot width of approx. w, =80nm is
the fabrication limit with E-beam technology and approx. wy, =120 nmis the
smallest slot width which can be reliably fabricated with optical lithography.
Furthermore, there is a trade-off between bandwidth and efficiency. As it will
be discussed in the next section, the capacity of the slot, together with the
resistivity of the slab dictates the bandwidth of the SOH modulator. By
decreasing the slot width the capacity is increased and by decreasing the slab
height the resistivity is increased. Both lead to a lower bandwidth of the
modulator.
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Fig. 3.2: Field interaction of the optical mode with the EO material in the slot Asiot as
function of slot width at a wavelength of 1550 nm. The rail width was fixed at
w._.. =240 nm which is approx. the optimum value for a height of the silicon layer of

rail —
hg; =220 nm. Thin slabs and narrow slots lead to a high field interaction factor, however, it
has to be balanced with bandwidth requirements of the modulation.

While using parallel plate approximation is very intuitive and easy to
implement in simulation, it has only limited accuracy. For a more exact
description we can modify the field interaction factor I'". By introducing a
weighting factor

—E(X’ y) VX,V e
y(xy)=1 Ep ¥ < feo (3.8)
0 VX, Y € Acq

and using Eqg. (3.5) we can write

_Ieo mg(x, )’)‘2 7(x, y)dxdy
Tz, ” Re{g(x, y)x H(X, y)} -e,dxdy '

Thereby we weight each point within the electro-optic material with its RF
field, normalized to the homogenous field of the parallel plate approximation.
Since the information on the spatial dependent field values is represented
within the weighted field interaction factor I'", , the compact Eq. (3.7) for the
n-voltage can still be used.

(3.9)

In Fig. 3.3 the field interaction factors I", and I" are plotted for different
slot widths. It can be seen that the weighted interaction factor I', is
approximately 10% larger than the interaction factor which is based on the
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Fig. 3.3: Comparison between field interaction factor I' and weighted field interaction

factor ", for different slot widths. The slab height ishy,, =70nm, the rail width

W, =240 nm and the device heighthg; =220 nm. The weighted field interaction factor

shows approximately 10% higher value than the field interaction factor calculated only with
parallel plate assumption.

parallel plate approximation. This validates the parallel plate approximation,
however, for an precise determination of the in-device r;;, which is derived
from the measured U _, it is beneficial to use the weighted field interaction
factor T, .

With the SOH phase modulators as basic building block, Mach-Zehnder
modulators and 1Q modulators can easily be realized on the SOI platform. In
Fig. 3.4 a schematic of an 1Q modulator is depicted. It consists of two nested
Mach-Zehnder modulators, each of which contains two SOH phase
modulators, as discussed in Section 2.2. Standard SOI strip waveguides are
used to transport the optical signal. To split and combine the light, 2x2
multimode interference coupler (MMI) are used [35]. The transfer matrix for
the optical field at the 2x2 MMI can be written as

M :él(l _g (3.10)
22~ 5l 1) :

To obtain the necessary m/2 phase shift between the | and Q arm of the
modulator, an additional static phase shift is introduced in one arm of the 1Q
structure, as depicted in Fig. 3.4. The SOH MZM are implemented as single
drive MZM in push pull configuration, each MZM is connected to a
transmission line in ground-signal-ground (GSG) configuration. The push-pull
operation is realized by poling the MZM via the floating ground electrodes.

!
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Fig. 3.4: Schematic of an SOH 1Q modulator. Two MZM each with two SOH PM form the
IQ modulator. Standard SOI strip waveguides are used as access waveguides and MMIs are
used to split and combine the optical signal. The =/2 phase difference between the | and Q
arm is introduced by a static phase shift (PS). The SOH PM are connected to a transmission
line in ground-signal-ground (GSG) configuration. Push-pull operation is achieved by
applying a poling voltage across the floating ground electrodes of the MZM. Thereby the
chromophores (black arrows) align in both arms in the same direction, and when applying a
modulation signal to the GSG line, the electrical field (blue arrows) is in one arm parallel, in
the other arm antiparallel oriented.

Thereby the chromophores are aligned in both arms in the same direction
(black arrows in Fig. 3.4). When applying a modulation signal to the GSG the
electric field (blue arrows) is in one arm parallel, in the other arm antiparallel
to the alignment of the chromophores, generating a push-pull signal.

3.1.2 Capacitively coupled SOH modulators

The SOH integration relies on the strong overlap of the optical field and the
modulation field in the organic electro-optic material. For the resistive coupled
SOH modulator described in Section 3.1.1 the optical field is confined to the
slot due to the refractive index contrast of the silicon waveguide, while the
confinement of the electrical wave is due to the resistive coupling of the rails
via doped silicon slabs to the metal electrodes. While this configuration
ensures a high field intensity in the slot which is filled with EO material, the
resistive slab has the disadvantage that conductive areas have to be in close
proximity to the guided optical wave. This can lead to an increase of the
optical losses, furthermore, the bandwidth of the device is limited by the slab
resistance, as explained in the next section. As alternative to the resistive slab,
the modulation field can be confined to the slot via dielectric materials with
high permittivity at the modulation frequency a,,, so called high-K materials.
In Fig. 3.5 a cross section of a capacitive coupled slot waveguide is depicted.
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Fig. 3.5: Cross section of a capacitive coupled SOH phase shifter. (a) The slot waveguide
consists of two rails (rail width w,,, , slot widthw,,, ). Between the electrodes and the rails
is material with high permittivity for RF frequencies (high-K) deposited, which has a lower
refractive index at the wavelength of the optical carrier. The upper cladding is formed by
organic electro-optic material which fills also the slot. (b) Plot of the dominant E,
component of the RF modulation field. Due to the discontinuity of the permittivity, any
applied voltage drops predominantly across the slot leading to a high field intensity in the
slot. The silicon rails are undoped and modeled as dielectric. For the high-K material a
permittivity of & =200 is used. (c) Plot of the dominant E, component of the optical field.
When operating the waveguide in quasi-TE polarization the discontinuity at the interface
between silicon and the organic material leads to an enhancement of the field in the slot, the
refractive index of the organic material is modeled with n., =1.7, the material with high

permittivity with npg  =2.3.

A silicon slot waveguide on the SOI platform defines the core of the optical
waveguide, the buried oxide defines the lower cladding while organic electro-
optic material defines the upper cladding of the waveguide and infiltrates the
slot. Metal electrodes are defined laterally along the waveguide, outside of the
influence of the optical field. Between metal electrodes and the silicon rails
high-K material is deposited. The material is chosen such, that the refractive
index for the optical wave is smaller than the index of the core. E.g. titanium
dioxide or barium titanate, have refractive indices of n=2.1..25 at a
wavelength of 4 =1550 nm, while the permittivity is &, =100...500 for RF
frequencies in the GHz-range. The discontinuity at the interface between the
silicon and the EO material leads to a field enhancement of the optical mode
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within the slot. Similarly, the discontinuity at the interface between the high-K
material and the silicon slot waveguide leads to an enhancement of the
modulation field within the slot. In a lumped element approximation, the
device can be modeled as a slot capacitance C,, which is coupled to the
electrodes via the coupling capacitance Cpgn.« , defined by the material with
high relative permittivity, see Fig. 3.5(a). If the material exhibits a large
enough permittivity, we can neglect the contribution of Cy;y, . placed in
series to the slot capacitance Cg . In that case any applied RF signal drops
mainly across the slot of the slot waveguide, leading to a high overlap between
the optical field and the modulation field. A plot of the dominant E,
components of the RF field and optical field is depicted in Fig. 3.5(b) and (c).

As described in Section 3.1.1, an important figure of merit is the field
interaction factor I". Also for the capacitively coupled SOH modulator we can
define a weighted field confinement factor r, as

_Neo jﬂé(x, Y)‘Z 7ee (X, y)dxdy
= Z J.J. Re{g’(x, y) x H(X, y)} -e,dxdy ’

(3.11)

the weighting factor y.. relates now the strength of the modulation field
E.(x,y) for a given configuration to the field strength in a parallel plate
approximation E for the same slot width,

E(x,y)
V(X ¥) =1 Ep Vhyeho (3.12)

0 VX, Y € Ao

This ensures that the field interaction factor of the resistively coupled slot
waveguide and the field interaction factor for a capacitively coupled slot
waveguide can be directly compared.

Besides the geometrical considerations like slot width, which are
discussed in Section 3.1.1, the dielectric properties of the high-K material are
of importance for the capacitive coupled SOH modulator: The refractive index
at the optical wavelength of 21 =1550 nm influences the confinement of the
optical mode in the slot, while the relative permittivity at RF frequencies in the
GHz regime defines the confinement of the modulation field. In Fig. 3.6 the
calculated field interaction factor is plotted for different refractive indices at
A=1550nm and different relative permittivities at f,=20GHz. A low
refractive index leads to a high confinement of the optical mode within the
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Fig. 3.6: Calculated field interaction factor r, of a capacitively coupled SOH phase
modulator with for different dielectric parameter of the high-K material. The rail width is
Wiz = 240 nm, the slot width is w,, =120 nm and the height of the high-K material is

slo
hhigh-x =300 nm. The amplitude of the modulation field is normalized to the parallel-plate

approximation, therefore the values are dircetly comparable to the values of I', in Fig. 3.3,
for 120 nm slotwidth.

slot, thereby leading to a high field interaction factor. At the same time a high
relative permittivity at the modulation frequency leads to a strong confinement
of the modulation field within the slot and thereby to also to a large field
confinement. For an efficient modulator, a material is needed which combines
those two properties. An example of such a material would be BaxSr;«TiO3
with a refractive index of nsg,,,, =2.0 [36] and having a permittivity of more
than &, =300 [37].

3.1.3 Bandwidth of SOH modulators

The bandwidth of the SOH modulator is predominantly influenced by the RC
limitation of the slot capacitance, which is charged and discharged via the
electrodes, by the losses of the transmission line, and by the walk off between
the optical and electrical wave in a travelling wave configuration. In the
following section the bandwidth of the device is derived according to the
lumped element model in[25] and extended to capacitively coupled
modulators.
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Fig. 3.7: Equivalent circuit of an SOH phase modulator in a lumped element approximation.
The source is described with the open loop voltage U, and the source resistance Ry, -
The modulator is modeled as RC element with the resistance R, for both silicon slabs and
the capacitance of the slot C
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. The device is terminated with R
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3.1.3.1 Bandwidth of a resistive coupled SOH modulator

As depicted in Fig. 3.1, the slot of a resistively coupled SOH phase modulator
forms a capacitance C,, which is charged and de-charged via the thin silicon
slabs with resistance R,,. For small modulation frequencies, the SOH device
can be treated as lumped element. For terminated operation, the equivalent
circuit diagram is depicted in Fig. 3.7.

Since the modulation dependents on the field within the slot, the phase shift is
proportional to the voltage across the slot waveguide @ ocUy,(@y,)-
According to the equivalent circuit in Fig. 3.7 it can be expressed as

Lot (wm)
Rslab + Zslot (a)m)

—U (Rslab + Zslot (a)m)) Rterm| (3.13)

° |( Rslab + Zslot (wm)) Rterm + (Rslab + Zslot (a)m) + I:aterm ) Rsource|

Zslot (a)m) .
Rslab + Zslot (a)m)

|Uslot| = |U D (a)m)|

For a matched system with R4 = Ryouee EQ- (3.13) can be written as

|U | t| —U, |Rs|ab + Zgjot (a)m)| . |ZSIOt (a)m)|
" |2Rslab +2Z g1 () + Rterm| |Rslab + Lot (a)m)| (3.14)
|Zslot (a)m)|

—_— O .
|2Rslab + ZZslot (a)m) + Rterm|

The frequency dependent phase shift for one phase modulator can therefore be
written as
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2|Zslot (a)m)|
|2Rslab + ZZslot (a)m) + Rterm|

1 (3.15)

1+ Rslab + Rterm/z‘
Lot (a)m)

A factor of 2 is introduced so that for a modulation frequency of @, =0 the
phase shift is dp(0) = d¢,. As it can be seen in Eq. (3.15) the bandwidth of the
SOH phase shifter is limited by the finite resistivity of the silicon slabs and the
source and termination resistance of the RF system.

5§0(a)m) = 5¢0

Additional limitations are the velocity mismatch of the electrical and
optical wave, as well as the microwave loss on the transmission line. For the
frequency dependent losses of the transmission line the loss parameter a(aw,,)
can be used, comprising the Ohmic and dielectric power loss in the
transmission line. An effective length is introduced, it is defined as the length
L Of an phase matched and lossless transmission line for a phase modulator,
which gives the same modulation as a lossy transmission line of length L [38].

Lo (wm):jo e dz=m 1-e . (3.16)

The factor 1/2 in the exponent stems from the fact that «(w,,) is a power
attenuation factor and for a Pockels-effect modulation the attenuation of the
field is of relevance. The velocity mismatch is represented by

L
At
o(oy,1) = 5(polj.cosla)m [ om 7 —thz
Ly L

sn sm(a)mt)—zltn(aa);n(t _Ato,m))’

o,m%m

(3.17)

where At is the temporal walk off between the optical and the electrical
wave, described by

L L

Vg,m

L
~Ehn
C

Ato,m = 9,0 _ng,m" (318)

Vg,o

where vy, and vy, is the group velocity of the modulation signal and the
optical signal, respectively, and ny, and ny ,, the corresponding group index.
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Taking into account the individual contributions, the frequency dependent
phase shift of an SOH phase modulator can be expressed as

sin(aw.t)—sin{w,(t— At
@(a)m 1) = 5@0 1 Letr (a)m) ( m ) ( m( o,m )) (319)
1+ Rslab + Rterm/z‘ L Ato,ma)m
Zslot (a)m)

If the temporal walk off can be neglected for small device lengths, Eq. (3.19)
can be simplified to

_ 1 Let (@) 3.20
P(@n) = 6pq  Rm t R 2‘ - (3.20)
Zyot (a)m)

In the case of a single-drive MZM in push-pull configuration, where two SOH
phase shifter are driven in parallel with the same source and termination
resistance, the equation changes to

1
Pvzm (@) = 69 Lett () ' (3.2)
1+ Rslab + Rterm L
Zyot (w)

The electro-optic response of a MZM, defined by its linear small-signal
intensity modulation, can therefore be written as

Sy1,e0 (@) =10l0gy, ( 5; I(Z;;) J =10logy, (&P%(O(;)m)j . (322

3.1.3.2 Bandwidth of a capacitive coupled SOH modulator

For the case of a capacitively coupled SOH modulator, the resistive slabs are
omitted. Instead, a high-K dielectric is introduced between the slot and the
electrodes. Similar as in Section 3.1.3.2 the bandwidth of such a structure can
be described with a lumped-element approach. The equivalent circuit of a
capacitive coupled phase modulator is depicted in Fig. 3.8. Instead of the slab
resistance Ry, the capacitance Cy;q, couples the drive voltage to the slot
capacitance.
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Fig. 3.8: Equivalent circuit of a capacitive coupled SOH phase modulator in a lumped
element approximation. The source is described with the open loop voltage U, and the
source resistance R, - 1he modulator is modeled as capacitor comprising the capacitance
Chigh.x for both silicon slabs and the capacitance of the slot C,, . The device is terminated
with R
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term *

Using the impedance

1
Zhighk =~ (3.23)

Ja)mChigh-K ’
the frequency dependent voltage U (@,,) can be described as
‘Zhigh-K (0n) + Zgjor (a)m)‘
*[2Z1igh 1 (@) + 2Z 400 (@) + Regrm|
. |Zslot (a)m)|
‘Zhigh-K (W) + Zgot (wm)‘

_ UO |Zslot (a)m)| _
‘Zzhigh-K (a)m) + 2Zslot (a)m) + Rterm‘

|U5Iot (wm)| =U

(3.24)

Analogous to Eq. (3.15) for R, = Rerm, the frequency dependent phase
shift for a phase matched phase modulator can be written as

2|Zslot (a)m)| I-eff (a)m)
ZZhigh-K (W) + 2Zgor (W) + Rterm‘ L
1 Letr (@) (3.25)
Zpigh-k (@) N Rierm /2 L
Zoot(@n)  Zgot (@)

To achieve a good field confinement for a capacitively coupled SOH
modulator, it is beneficial to have a material between the electrodes and the
slot with a permittivity at least an order of magnitude higher than for the

5¢(wm) = 5@0

1+
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material within the slot. This leads to a large capacitance Cy;yn i > Cyq - Using
this assumption Eq. (3.25) reads
Zgot>Lpigh-k 1 o
Splon) = S, it (). (3.26)
1+ Rterm/z
Zslot (wm)
Analogous for a single drive MZM in push-pull configuration we find
Zgot>Lhighk 1 L..(w
0mzm (@) = oy Eﬁl(_ ) - (3.27)
1+ Rterm
Zslot (a)m)

The bandwidth of a capacitive coupled SOH modulator is only determined by
the capacitance of the slot and the source and termination impedance in the
feeding network. For a proper choice of the device parameters this leads to a
larger EO bandwidth. Furthermore, as the capacitive coupled design can omit
the resistive silicon slabs, the Ohmic losses of the transmission line are
reduced, which increases the bandwidth of the device further [38].

3.1.4 Organic electro-optic materials

As described in Section 2.1.2, for a Pockels-effect modulator, light must
interact with a material with non-vanishing y®-tensor. It can be shown that
this can only be obtained in materials which have a non-centrosymmetric
structure [26], which can be fulfilled in various crystalline structures. Lithium
niobate (LiNbO3) is the most prominent example and can provide moderate
nonlinearities around r;; =30 pm/V. Besides such crystalline materials,
nonlinear organic materials are of highest interest for technical applications.
They can provide high nonlinearities up to ry; =500 pm/V, an intrinsic
bandwidth of tens of THz [39], and they offer good processability since they
can be easily combined with other material systems. In the following section, a
brief overview is given on the background and the theory of organic nonlinear
materials. The presentation follows the explanation in [39] and [40], which
give detailed insight in those materials.

Nonlinear organic molecules, or chromophores, usually consist of a donor
and an acceptor part, which is connected via a n-conjugated electron bridge.
Such a structure has a high dipole moment and allows an easy polarization of
the delocalized electron density. The polarization of a single molecule via an
external electric field can be described with the molecular dipole moment p
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which is induced by the electrical field E. Similar as for the bulk nonlinearity
it can be represented by a power series expansion with

where ¢;; describes the linear polarizability, 5, is the first-order and y;y, is
the second-order hyperpolarizability. The indices i, j,k ={x,y,z} give the
orthogonal coordinate axis with respect to the molecule. For a donor-acceptor
system with a rod-like shape only a single element of the hyperpolarizability
tensor is significant. If we define the local coordinate system to such, that the
chromophore is elongated along the z-axis, the axis of the dipole moment, the
significant tensor element is f,, To obtain a second-order nonlinearity in
bulk, it is not only necessary to break the symmetry by dipolar, hence
asymmetric molecules with a hyperpolarizability f,,,, but also the ensemble of
those chromophores has to be non-centrosymmetric. This requires an
alignment of the chromophores in so-called acentric order and the second-
order susceptibility tensor Z;?S(a)) for bulk can then be written as

(2)
Z33(@) = N B, () (c0s° 6) g (@) . (3.29)
Here N is the chromophore density, <cos30> the average acentric order
parameter, which describes the orientation of the molecular z-axis with respect
to the polarization of the external field. g(w) is the Lorentz-Onsager field
factor, correcting for partial screening of the applied field. Using Eqg. (2.15),
the nonlinearity parameter ry; (@) can be described with
278 2NBu(@){eos’0)g(w)

33 n4 n4

(3.30)

While the chromophores account for the electro-optic activity, those dipole
molecules are normally either embedded into an often polymeric matrix
material or are engineered such that molecular side groups prevent direct
dipole-dipole interaction [39]. The properties of such a material system are
therefore not only determined by the electro-optical core but also to a large
extend by the matrix in which it is embedded.

3.1.4.1  Stability of organic electro-optic materials.

The temporal and thermal stability of electro-optic material systems is of large
interest for practical applications. The bulk nonlinearity parameter ry; depends
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as described in Eg. (3.30), on the chromophore density N and the average
acentric order <cos,3 9>, both of which can be strongly dependent on time.

The photon induced degradation of organic EO molecules, or
photobleaching, is a main contributor to the reduction of the density of the
active chromophores N. The underlying mechanism of photo bleaching is
dominated by oxidation of the EO molecules via singlet oxygen which is
formed in excited triplet states of the molecules. Following the explanation
in [41], the bleaching process can be described as follows: Photons excite the
organic molecules from their singlet ground state S, into the first excited state
S;. From the excited state S; significant inter system crossing into the
energetically close triplet state T, can occur, from which it decays again with
an inter system crossing into the ground state S,. Those inter system crossings
processes S; —» T, and T; — S, interact with the dissolved oxygen, resulting in
the formation of singlet oxygen, which is much more reactive than oxygen
molecules in their triplet ground states. Organic molecules in the ground state
S, can now react with the singlet oxygen forming a peroxide and thereby
losing the EO properties. Both, high light intensity and the availability of
oxygen is needed for the photo bleaching to occur [41,42]. While for
experimental investigations often visible light, within the absorption band of
the EO molecule is used, also near infrared light can contribute to photo
bleaching. While infrared light may be outside of the absorption band of the
molecule, still excitation into higher states can occur due to two photon
absorption, inducing the bleaching process. To obtain a significant contribution
of the two photon absorption to the photo bleaching, a high intensity within the
organic material is needed. However, in silicon photonic waveguides with very
compact cross section high intensities in the range of MW/ cm? can easily be
reached, even when using moderate optical powers in the order of few mW.,
Therefore photo bleaching cannot be neglected when considering SOH devices
operated at a wavelength around 1550 nm

In addition to possible photo bleaching, the alignment stability is key for a
stable <cos3 0> and hence a stable nonlinearity over time. For chromophores
embedded in an amorphous matrix materials the thermal properties of the
matrix material define the alignment stability. The glass transition temperature
T, is the temperature at which the matrix material undergoes the transition
from liquid state into a glassy state. While for poling the material is normally
heated at or above the glass transition temperature to facilitate the alignment of

the organic molecules, the matrix should be as rigid as possible for operation.
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A detailed study and modelling of various matrix materials was conducted
in [43] with respect to relaxation at various temperatures. The relaxation
processes w(t) follow typically a stretched exponential function, or
Kohlrausch-Williams-Watts function [44] which has the form of

w(t) = exp[—(t/r)b} . (3.31)

where 7 is the relaxation time constant and 0<b <1 the stretching parameter.
Using this approach, ideal parameters for a matrix material can be
extrapolated: To obtain a material which loses on 5% of its nonlinearity over a
time period of 5 years at 80 °C, the glass transition temperature must be in the
order of 270 °C [43].

Besides amorphous materials which rely only on their glassy state to
freeze the orientation of the chromophores, one can also use modified
materials or chromophores which bear cross linking agents for post-poling
lattice hardening [39]. For this approach additional chemical bonds are formed
after poling in order to lock the chromophores in ideal orientation. Typically,
the process is not reversible and offers therefore a high degree of orientational
stability. For nonlinear organic materials the crosslinking is often based on
Diels-Alder reactions [45-47]. Engineered chromophores allow in-situ cross
linking and result in EO material stable up to 200 °C [48].

3.2 State of the art silicon based 1Q modulators

3.2.11Q modulators based on the plasma dispersion effect

Electro-optic 1Q modulators integrated on the silicon platform are key
elements to realize optical data links with high data rate, low power
consumption and compact footprint. Various concepts emerged to realize
phase modulators, the building blocks of an 1Q modulator, on the silicon
platform. The most common approach to introduce a phase change in a silicon
photonic waveguide relies on the modulation of free carriers in the silicon, the
plasma dispersion effect, which changes the phase and also the amplitude of
the optical signal [49]. They can be grouped in three basic types [7]: The
carrier depletion modulator, where a p-n-junction is placed within the
waveguide and operated under reverse bias. A modulation of the applied
voltage leads to a slight modulation of the carriers within the p-n-junction and
therefore to a modulation of the phase. In a carrier injection modulator a p-i-n-
junction is placed within the silicon waveguide and it is operated under
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Fig. 3.9: Cross section of different silicon modulator types based on the plasma dispersion
effect. (a) Depletion type modulator. A lightly doped p-n-junction is placed within the
silicon waveguide core, by modulating the reverse bias voltage, the carrier density within
the depletion zone can be modulated. (b) Carrier injection modulator. Next to the
waveguide core the silicon is p and n-doped, while the core is intrinsic. Carriers are injected
in the waveguide via forward bias. (c) A thin insulation layer is placed within the
waveguide core, carriers injected via the doped regions can accumulate in this capacitor
structure.

forward bias. The third variant is the carrier accumulation modulator, similar
to the carrier injection modulator but with an insulating layer between the p
and n section within the waveguide. A sketch of the different modulator types
is depicted in Fig. 3.9. For high-speed operation typically carrier depletion
modulators are used. The p-n-junction is operated in reverse bias to reduce the
lifetime of the carriers within the waveguide and achieve high modulation
speeds. However, the modulation efficiency of those devices is usually limited
to a voltage length product of around 10 Vmm [50]. Devices for practical
applications therefore need rather high drive voltages and lengths in the order
of several mm. Various demonstrations of depletion type 1Q modulators have
been done, ranging from QPSK modulation up to 56 GBd [51] over 16QAM
modulation at 28 GBd [11] up to 64 QAM modulation at 30 GBd [13].
However, due to the drive voltage of up to 5V needed for operation, the
energy consumption of those modulators is typically around 1 pJ/bit.

Carrier injection modulators have a higher efficiency and voltage length
products well below 1 Vmm but speed is limited by the carrier lifetime within
the p-i-n-junction [52,53]. Furthermore, the forward bias operation lead to a
significant current flow and therefore a high energy consumption.

Carrier accumulation modulators, often realized in a MOS-structure [54],
do not feature a static current flow during operation due to the insulating layer.
This design can also reach low voltage length products in the order of 1 Vmm
and 1Q modulators capable of QPSK and 16QAM modulation at a symbol rate
of 28 GBd have been demonstrated [12,55]. But still, the energy consumption
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of these devices is comparatively high. The thin insulation layer leads to a low
drive voltage, but also to a large capacitance, which has to be charged and
discharged during operation. The associated current flow again increases the
energy consumption and the electric drive circuit has to be adapted in order to
feed a large capacitance.

Since plasma dispersion modulators all rely on the same physical effect,
the energy consumption is basically given by the fact that for a certain phase
shift a certain amount of carriers have to be moved in and out of the optical
wave guide. The different modulator concepts can therefore only trade drive
voltage for drive current, as always roughly the same amount of carriers have
to be moved [56].

3.2.2 1Q modulators based on SOH integration

As discussed in Section 3.1, phase modulation in silicon-organic hybrid
devices relies on a pure field effect and therefore many of the disadvantages
from plasma dispersion modulators can be avoided. The first generation of
SOH phase modulators only achieved comparatively low electro-optic
coefficients and hence a high voltage length product around 5 Vmm [14,57].
Furthermore, high-speed operation was initially only demonstrated in a single
phase modulator [15,58]. More recently, Mach-Zehnder modulators have been
demonstrated with high efficiency and very low energy consumption in the
fJ/bit range [17,18]. This could be achieved by using a new generation of
organic electro-optic materials such as DLD164 and the binary chromophore
glass YLD124/PSLD41. However, for those experiments with simple OOK
modulation, the modulator was driven without termination to leverage the open
circuit voltage of the source and to achieve lowest energy consumption. But
when using advanced modulation formats in 1Q modulators termination is still
needed to maintain a linear frequency response at highest modulation speeds.
So far 1Q modulators using SOH integration were therefore limited to symbol
rates of 28 GBd at 16QAM with an energy consumption of 0.64 pJ/bit and a
BER around 1x107 [16].

Within the work of this thesis, those issues were addressed in order to
demonstrate 1Q modulators with highest performance and lowest energy
consumption. The modulators described in the following are able to generate
16QAM at 28 GBd with an energy consumption two magnitudes lower and at
the same time a BER about two magnitudes lower than previous SOH 1Q
modulators. Furthermore, the symbol rate for 16QAM could be increased up to



42 Energy efficient high-speed IQ modulators

40 GBd. This could be achieved mainly by adapting the SOH modulator
structure such that it is well matched to a 50 Ohm transmission line and by
combining the 1Q structure with novel electro-optic organic materials.

3.3 Fabrication of SOH IQ modulators

The devices described within Chapter 3 were fabricated in cooperation with
AMO GmbH in Aachen. An SOI wafer with 220 nm crystalline silicon and
3 um buried oxide is used as substrate. The definition of the silicon waveguide
structure is done via E-beam lithography. Hydrogen silsesquioxane (HSQ) is
used as negative-tone resist to define the waveguide layer and subsequently the
silicon is etched 150 nm. Without removing the first HSQ layer, another layer
of HSQ is applied and defined via E-beam lithography to protect the silicon
slab from the subsequent 70 nm silicon etch. This ensures a precise definition
of the slot waveguide, since the process is self-aligned. After the waveguide
definition the HSQ is stripped. To define the areas of low concentration doping
in the waveguide region and high concentration doping in the contact areas,
optical lithography via an I-line stepper is used. The devices are then n-doped
with a standard ion implanter and activated through a subsequent annealing
step. The aluminum electrodes are deposited via a lift-off process.

Electro-optic organic material is deposited on the SOI structures via spin-
coating process under cleanroom conditions according to the corresponding
recipe of the material. The remaining solvent in the organic coating is removed
by heating the device under vacuum. The devices are then ready for poling and
can be directly used in different experiments.

3.4 Generation of advanced modulation formats at low
power consumption

The ability to operate an 1Q modulator with sub-volt driving voltages has
significant advantages compared to the several volts needed in conventional
devices. Besides the direct reduction of the power consumption within the
modulator, it allows also to omit a RF driver amplifier completely, using only
the output stage of the signal generator. This further reduces the power
consumption and furthermore, it allows for a higher signal quality, as the noise
contribution of the electrical amplifier can be omitted. In the following an
SOH modulator is described which enables sub-volt operation at high speed
and with high signal quality. This is achieved by exploiting a narrow slot
waveguide with an 80 nm slot width, combined with highly efficient electro-
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optic materials and an impedance matched travelling wave electrode. This
section was published in a scientific journal [J7].

[start of paper]

Low-power silicon-organic hybrid (SOH) modulators for
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We demonstrate silicon-organic hybrid (SOH) electro-optic modulators that
enable quadrature phase-shift keying (QPSK) and 16-state quadrature
amplitude modulation (16QAM) with high signal quality and record-low
energy consumption. SOH integration combines highly efficient electro-optic
organic materials with conventional silicon-on-insulator (SOI) slot
waveguides, and allows to overcome the intrinsic limitations of silicon as an
optical integration platform. We demonstrate QPSK and 16QAM signaling at
symbol rates of 28 GBd with peak-to-peak drive voltages of 0.6 Vp,. For the
16QAM experiment at 112 Gbit/s, we measure a bit-error ratio of 5.1 x 107
and a record-low energy consumption of only 19 fJ/bit.
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1. Introduction

Electro-optical in-phase and quadrature (1Q) modulators are key elements for
spectrally efficient coherent transmission in high-speed telecommunication
links [59] and optical interconnects [60]. As key requirements, the devices
must combine small footprint and high electro-optic bandwidth with low drive
voltages and therefore low power consumption. In principle, silicon photonics
is a particularly promising platform for realizing such devices, offering high-
density photonic-electronic integration at low cost by exploiting large-scale
high-yield complementary metal-oxide-semiconductor (CMOS) processing.
However, bulk silicon does not feature any second-order optical nonlinearities
due to the inversion symmetry of the crystal lattice. Strain can be used to break
the crystal symmetry of silicon and to allow for nonzero y@-coefficients [29]
which have been exploited to realize Mach-Zehnder modulators [61], but the
reported modulation efficiencies are still comparatively low. As a
consequence, current silicon-based modulators have to rely on free-carrier
depletion or injection in p-n, p-i-n, or in metal-oxide-semiconductor (MOS)
structures [7,53,54]. This leads to various trade-offs, particularly when
realizing fast and energy-efficient 1Q modulators. An all-silicon dual-
polarization 16QAM modulator was demonstrated recently [11] using
conventional depletion-type p-n-phase shifters. Operating the device with a
peak-to-peak drive voltage of 5V, at a symbol rate of 28 GBd, an energy
consumption of 1.2 pJ/bit and bit error ratios (BER) between 1 x 1072 and
2.4 x 1072 have been achieved. These are remarkable results, but the potential
for further optimization towards lower drive voltages, reduced energy
consumption and smaller footprint seems to be limited by the intrinsically
rather low modulation efficiency of depletion-type phase shifters — the
voltage-length product of the device [11] amounts to U,L =24 Vmm. Drive
voltages can be reduced at the expense of an increased drive current by
replacing the p-n-junction with a high-capacitance metal-oxide-semiconductor
structure [55]. Such devices require drive voltages of only 1V, but have
hitherto been demonstrated for QPSK modulation only. Moreover, both
injection and depletion-type modulators suffer from amplitude-phase coupling:
Phase modulation in these devices is based on free carriers, the presence of
which does not only lead to a change of the refractive index, but also to free-
carrier absorption [49]. The associated amplitude modulation may lead to
signal distortions when using higher-order modulation formats such as
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16QAM, where independent information is encoded on amplitude and phase of
the optical carrier.

Silicon-organic hybrid (SOH) integration promises to overcome the
inherent limitations of free-carrier plasma dispersion as a modulation
mechanism by combining silicon-on-insulator (SOI) slot waveguides with
organic electro-optic (EO) claddings [14,32,33]. These slot waveguides can be
integrated in photonic-crystal structures that allow reduction of the optical
group velocity and hence intensify the interaction of the optical mode with the
EO material [58,62,63]. Voltage-length products of U,L =0.29 Vmm were
demonstrated by exploiting slow light [64], but practical applications have to
cope with the limited bandwidth ranges over which the group delay is flat and
dispersion is small, and with the resulting need for wavelength tuning. Non-
resonant SOH Mach-Zehnder modulators are more versatile, and modulation
experiments with on-off-keying at data rates of 12.5 Gbit/s demonstrated an
ultra-low energy consumption of 1.6 fJ/bit [17,65]. At these low data rates the
modulator could be driven without termination resistor. However, when using
advanced modulation formats two nested Mach-Zehnder modulators are
needed, and higher data rates require a termination of the modulator electrodes.
As a consequence, the energy consumption increases considerably, e. g., to
640 fJ/bit measured in a 16QAM modulation experiment at a symbol rate of
28 GBd and a BER of 1.2 x 1073 [16].

In this paper we show that a novel class of organic cladding
materials [18,66] can dramatically improve the performance and
simultaneously decrease the power consumption of SOH 1Q modulators. Using
conventional slot waveguides, our devices feature voltage-length products of
only U,L = 0.53 Vmm — a factor of 20 smaller than that of current all-silicon
modulators, and only slightly larger than those of slow-light devices. Operating
a 1.5mm long device at a peak-to-peak drive voltage of only 0.6 Vp, we
demonstrate error-free QPSK modulation at a data rate of 56 Gbit/s and
16QAM signaling at 112 Gbit/s with a BER of 5.1 x 10~ [67]. For the 16QAM
experiment, the energy consumption of the modulator is calculated to be only
19 fJ/bit. This is the lowest drive voltage and the lowest energy consumption
that have so far been reported for a 28 GBd 16QAM modulator, regardless of
the material system. Moreover, the BER of 5.1 x 10 corresponds to the
lowest value achieved with silicon-based devices for 16QAM at such symbol
rates. While this is a first proof-of-concept experiment, we believe that SOH
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integration has vast potential of further improving the performance of silicon-
based 1Q modulators, both in terms of symbol rate and modulation efficiency.

2. Silicon-organic hybrid (SOH) modulator

The SOH 1Q modulator consists of two nested 1.5 mm long Mach-Zehnder
modulators (MZM), each driven by a single coplanar transmission line in
ground-signal-ground (GSG) configuration, see Fig. 3.10(a). The phase
modulators of the MZM consist of SOI slot waveguides, which are covered by
an EO material. When operating the optical slot waveguide in quasi-TE
polarization, enhancement of the electric field in the slot leads to strong
interaction of the guided light within the EO cladding, see Fig. 3.10(c) for a
plot of the Ex component of the optical field. At the same time, the slot
waveguide is connected to aluminum transmission lines by thin, lightly n-
doped silicon slabs, which results in a strong RF modulation field between the
rails and hence in a large overlap with the optical mode, see Fig. 3.10 (d) [33].
In contrast to conventional silicon modulators based on the plasma dispersion
effect, SOH devices do not exhibit amplitude-phase coupling and enable pure
phase modulation [15]. The conductivity of the slab is increased by applying a
gate voltage Ugae between the substrate and the SOI device layer [68], Fig.
3.10 (a). The devices were fabricated on an SOI wafer with 220 nm-thick SOI
device layer and 3 um-thick buried oxide (BOX), using a combination of
electron-beam lithography for structuring the optical waveguides and optical
lithography for the metallization. The fabricated slot width is wge = 80 nm,
and the rail width amounts to Wi = 240 nm. The transmission line consists of
200 nm thick aluminum strips in a ground-signal-ground (GSG)
configuration [38]. The parts of the silicon slab which are overlapping with the
aluminum are highly n-doped to achieve an Ohmic contact. The central
conductor of the GSG transmission line has a width of approximately 10 um,
and the signal-ground electrode separation is approximately 5 um. The
transmission line is designed with CST Microwave Studio, the model includes
the doping of the silicon slabs by introducing a small conductivity in the
material. Electrical characterization of the fabricated device with a 50 Q probe
shows low back reflections of the RF signal with S;; magnitudes of less than
—20dB at frequencies of up to 40 GHz and the actual device impedance
amounts to 50 £ 5 Q. The group refractive index mismatch 1s Nept - Nrr = 0.4
and thus the walk-off is so small that it does not significantly influence the
bandwidth at a device length of 1.5 mm.
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Fig. 3.10. (a) Cross-section of a silicon-organic hybrid (SOH) Mach-Zehnder modulator
(MZM). Each arm contains a slot waveguide (rail width wri =240 nm, slot width
Wsiot = 80 nm). The device is coated with an electro-optic (EO) organic cladding material,
consisting of a mixture of the EO chromophores YLD124 and PSLD41 [18,66]. The
waveguides are electrically connected to a ground-signal-ground (GSG) RF transmission
line via n-doped silicon slabs (thickness hsian = 70 nm). A gate voltage Ucate between the Si
substrate and the SOI device layer improves the conductivity of the silicon slab and hence
the bandwidth of the device. A poling voltage Upq is initially applied via the floating ground
electrodes of the device to align the chromophores in the slots of both waveguides (green
arrows). When operating the device via the GSG line, the modulating electric RF field (blue
arrows) is anti-parallel (parallel) to the chromophore orientation in the left (right) half of the
GSG line. This results in opposite phase shifts in the two arms of the MZM and hence in
push-pull operation. (b) Transmission vs. DC voltage of a MZM having 1.5 mm long phase
shifters. At bias voltages above 2.9 V, the n-voltage of the device amounts to U = 0.35 V.
For smaller DC voltages, free charges in the cladding lead to a partial screening of the
applied electric field and hence to increased n-voltages. (c) Ex component of the optical field
in the slot waveguide. (d) Dominant Ex component of the electrical drive signal. Both fields
are confined to the slot, resulting in strong interaction and hence efficient modulation.
(e) Optical micrograph of the 1Q modulator structure prior to depositing the organic
cladding. The GSG transmission lines of both MZM are clearly visible. For contacting, the
GSG line is up-tapered at both ends of the slot waveguide section to match the 100 um pitch
of the microwave probe.

For the EO material, we use a mixture of the multi-chromophore dendritic
molecule PSLD41 (75wt.-%) and the chromophore YLD124
(25 wt.-%) [18,66]. This binary-chromophore organic glass (BCOG) has a
refractive index of n=1.73 and shows in bulk material an rs3 coefficient of
285 pm/V [66]. The material-related in-device rs; of 230 pm/V reported in [18]
with this BCOG corresponds to the highest value shown so far for SOH
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devices. The material is deposited via spin coating, and a poling step is
performed for aligning the randomly oriented chromophores. To this end, the
EO material is heated close to its glass transition temperature of 97 °C while
applying a poling voltage across the two floating ground electrodes, see Fig.
3.10(a). This leads to an ordered orientation of the dipolar chromophores along
the poling field, indicated by green arrows in Fig. 3.10(a). The orientation of
the chromophores is frozen by cooling the device back to room temperature
before removing the poling voltage. For operating the device, an RF signal is
coupled to the GSG transmission line, leading to a modulating electric field as
indicated by blue arrows in Fig. 3.10(a). The RF field and the chromophore
orientation are antiparallel to each other in the left half of the GSG
transmission line, and parallel in the right half. This leads to phase shifts of
opposite signs in the two arms of the MZM as needed for push-pull operation.
To establish good electrical contact for the microwave probes, the EO material
iIs mechanically removed at the contact pads. An intentional imbalance in the
parent MZM allows to adjust a m/2 phase shift between the in-phase (I) and
quadrature (Q) component via wavelength tuning, see Fig. 3.11(a).
Characterization of one of the MZM at DC voltages exhibits a n-voltage U, for
the push-pull modulator of only 0.35 V for bias voltages of more than 2.9 V,
see Fig. 3.10(b). The phase shifters of the device are 1.5 mm long, resulting in
a voltage-length product as low as U,L =0.53 Vmm for push-pull operation,
which enables low-power operation of the 1Q modulator. For smaller bias
voltages, we observe increased spacings of the transmission dips in Fig.
3.10(b) and hence increased m-voltages. This is attributed to free charges in the
cladding that lead to a partial screening of the applied fields at small bias
voltages. Due to the low mobility of the free charges, this is only observable
for low frequencies and does not impede high frequency operation. An optical
micrograph of the SOH device prior to depositing the organic cladding is
shown in Fig. 3.10(e). From the measured U, we can calculate the electro-optic
coefficient rs; with the relation [18,38]

Wy ¢4,

r33 - —SIOt 03 (332)
2LU _I'ng,,

where w0 denotes the slot width, Ac is the wavelength of the optical carrier, L

the modulator length and ng,; the refractive index of the organic material in the

slot. The field interaction I' is linked to the fraction of the optical power that

interacts with the modulation field [18,38]. Our device geometry is optimized
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for a maximum field interaction, which amounts to I' = 0.22. Using Eq. (3.32)
the electro-optic coefficient is determined to be 104 pm/V. The poling
efficiency rss/Epoiing amounts to 0.28 nm?/V? for this particular device. For
practical applications of SOH devices, the long-term stability of the organic
cladding is of high importance. Materials have become available featuring
glass transition temperatures of more than 130 °C while maintaining electro-
optic coefficients in excess of 100 pm/V [47]. The investigation of aging and
temperature stability of organic EO materials is subject to ongoing research. It
can be expected that the stability of the materials can be further improved by
synthetically modified chromophores that bear specific crosslinking agents for
post-poling lattice hardening or by increasing the molar mass of the
chromophores. The viability of the first approach has been demonstrated for
similar EO compounds [46,69] where material stability of up to 250°C has
been achieved.
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Fig. 3.11. Schematic of the experimental setup. (a) Two nested MZM form an 1Q modulator.
An intentional path-length imbalance in the parent Mach-Zehnder interferometer allows for
adjusting the phase difference of in-phase (I) and quadrature-phase (Q) component of the
signal to @/2 by wavelength tuning. Electrical multilevel drive signals are generated by
field-programmable gate arrays (FPGA) and high-speed digital-to-analog converters (DAC),
the outputs of which are directly coupled to the silicon chip via microwave probes. Bias-Ts
are used to apply DC bias voltages to the MZM for adjusting the operating points. An
external-cavity laser (ECL) is used as an optical source and coupled to the chip via fibers
and grating couplers. The optical output signal is amplified by an EDFA and subsequently
fed into an optical modulation analyzer (OMA) with a second laser as local oscillator (LO).
(b) Equivalent-circuit diagram of the experimental setup for calculation of the energy
consumption. Each MZM features a 50 Q GSG transmission line which is terminated by an
external 50 Q resistor and is driven directly by one DAC, represented by an ideal voltage
source and an internal resistance of 50 Q. The GSG line of the MZM is matched to the 50 Q
output of the DAC. To estimate the energy consumption, we can replace the transmission
line and its termination by an equivalent resistor of R = 50 Q.
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3. Signal generation experiment

The experimental setup for generation of data signals is depicted in Fig.
3.11(a). Light from an external-cavity laser is coupled to the chip via grating
couplers. The electrical non-return-to-zero (NRZ) drive signals are generated
in software-defined multi-format transmitters, based on field-programmable
gate arrays (FPGA) [70] and operated at a symbol rate of 28 GBd. The
transmitters comprise a pair of digital-to-analog converters (DAC) that are
directly coupled to the two on-chip MZM using RF probes, without any
additional amplification. The electrical transmission line of each MZM
features an impedance close to 50 Q, matched to the output impedance of the
DAC, and is terminated with an external 50 Q resistor to avoid back reflections
at the end of the transmission line. A gate field of Egae = 0.1 V/nm is applied
between the silicon substrate and the SOl device layer to increase the
bandwidth [68]. To apply the gate voltage, the SOH chip is placed on an
electrically isolated sample mount which can be set to a defined potential with
respect to the ground of the microwave probes. To avoid high gate voltages
across the 3 um BOX in the future, we plan to deposit a silicon layer on top of
the silicon slabs, isolated from the slabs by a thin silicon oxide film [15]. This
structure features a thin gate oxide with only a few nanometers thickness and
can thereby reduce the necessary gate voltage to a few volts only. Negligible
current flow is associated with the applied gate voltage, and the energy
consumption of the device is hence not increased.

The fiber-to-fiber insertion loss of the silicon chip, obtained from a
transmission measurement without modulation signal or gate voltage and with
the modulator tuned to maximum transmission, amounts to 27 dB. It is
compensated by an erbium-doped fiber amplifier (EDFA). The rather high
optical insertion loss of our modulator originates mainly from the losses of the
non-optimized grating couplers (together 10 dB), the losses of the 9 mm long
access strip waveguides (0.5 dB/mm due to sidewall roughness), from the loss
of the optimized strip-to-slot converters [71] and multimode interference
couplers (MMI) (together 1 dB), and from the propagation loss in the 1.5 mm
long slot waveguide section of the phase shifter (approx. 6.5 dB/mm caused by
roughness and below 1 dB/mm by doping [49]). A bandpass-filter is inserted
after the EDFA to remove out-of-band amplified spontaneous emission (ASE)
noise from the EDFA. The signal is then detected by an optical modulation
analyzer (OMA), using a second external-cavity laser as a local oscillator (LO)
in an intradyne configuration [72]. Standard digital post-processing comprising



Energy efficient high-speed IQ modulators 51

(@) ®)

XXX

» | **- - QO00
e R _
I 2 : 0000

L ZETES o 83:: -4

Fig. 3.12. Measured eye diagrams and constellations for a symbol rate of 28 GBd. (a) Eye
diagram of the electrical drive signals for one MZM in the case of QPSK (top) and 16QAM
(bottom). Peak-to-peak drive voltages of 0.6 Vpp are sufficient to generate a high-quality
optical signal. The eye diagrams were obtained by connecting an oscilloscope with a 50 Q
input impedance to the DAC that are used to drive the modulators. (b) Corresponding
optical eye diagrams, measured with the optical modulation analyzer. (c) Corresponding
constellation diagrams of the optical signals. The measured EVMn of the QPSK signal is
10.9%; no errors could be measured. From the measured EVMm, the BER can be estimated
to be well below to 1 x 10°°, For the 16QAM signal, the EVMn is 8.7% and the measured
BER amounts to 5.1 x 107,

polarization demultiplexing, compensation of the frequency offset between the
transmitter laser and the LO, phase recovery and channel equalization is
applied at the OMA. The optical insertion loss of the current modulator is still
rather high, but we expect that losses can be reduced considerably in future
device generations. As an example, the insertion loss of undoped slot
waveguides can be decreased well below 1 dB/mm by using asymmetric
waveguide geometries and by improving the sidewall roughness [73].
Moreover, optimization of doping profiles outside the region where the light is
guided might allow to operate the device without a gate field which causes
1 dB — 2 dB optical loss, and to decrease the total carrier-induced propagation
loss that currently amounts to approx. 3 dB/mm. Similarly, using optimized
grating couplers [74] or photonic wire bonds [75,76], the coupling loss to
external fibers can be improved to below 2 dB per chip facet. In a first
modulation experiment, a QPSK signal at 28 GBd is generated, derived from a
pseudorandom binary sequence (PRBS) with a length of 21! — 1. The electrical
eye diagram of one channel is depicted in Fig. 3.12(a). The eye diagram was
obtained by connecting an oscilloscope with 50 Q input impedance to the
output of the DAC, and the measured voltage levels are hence identical to the
drive voltages of the 50 Q MZM. The peak-to-peak voltages of the electrical
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drive signals are found to be 0.60 V for the I-channel and 0.63 V for the Q-
channel. The voltages are measured at the end of the RF cable, before
connecting to the microwave probes. The measured optical eye diagram of one
channel and the constellation diagram are depicted in Fig. 3.12(b) and (c), top
row. As a quantitative measure of the signal quality, we use the error vector
magnitude (EVMy), which describes the effective distance of a received
complex symbol from its ideal position in the constellation diagram, using the
maximum length of an ideal constellation vector for normalization. For the
QPSK signal, the EVMy, is measured to be 10.9 %. If we assume additive
white Gaussian noise (AWGN) as main limitation of our received signal, we
can relate this EVM, to a bit error ratio (BER) well below 1 x 100 [77].
Within the recorded 62.5 s signal section, we measure 1.7 x 10° symbols, so a
direct measurement of a BER was not possible.

In a second experiment, a 16QAM signal is generated [67]. The electrical 4-
level signal of the I-channel is shown in Fig. 3.12(a), along with the optical eye
diagram and the corresponding constellation diagram measured at 28 GBd,
Fig. 3.12(b) and (c), bottom row. The measured BER is 5.1 x 10~° and the
EVM, of the signal is 8.7%. This EVM,, would correspond to a calculated
BER of 4.8 x 10-°, which is in very good agreement with the measured value.
The good match between the calculated and measured BER supports the
assumption that the signal quality is limited by AWGN only. The signal to
noise ratio (SNR) is measured at the OMA after coherent reception and
amounts to 20.4 dB within the evaluated signal bandwidth of 40 GHz. This
corresponds to an optical SNR (OSNR) of 22.4 dB at a reference bandwidth of
0.1 nm with noise in both polarizations [10]. Furthermore, we see in Fig.
3.12(c) very regular constellation diagrams without distortion or rotation, from
which we can conclude that the SOH modulator provides indeed pure phase
modulation without any residual amplitude-phase coupling. For high-speed
operation, the m-voltage increases due to bandwidth limitations [38]. A
characterization of one MZM results in a 6 dB electro-optic-electric (3 dB
electro-optic) bandwidth of 18 GHz and U, at symbol rates of 28 GBd can be
estimated to 0.7 V, resulting in a corresponding voltage-length product of
U.L = 1.05 Vmm and a modulation index of U/U, = 0.86.

4. Energy consumption
For estimating the energy consumption of our devices, we use an equivalent
circuit of the MZM and the driver electronics, see Fig. 3.11(b): Each DAC,
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represented by an ideal voltage source and an internal resistance of 50 Q, is
connected to a 50 Q transmission line that represents the MZM and that is
terminated by a matched 50 Q resistor. For estimating the power consumption
of the MZM, we can replace the transmission line and its termination by an
equivalent resistor of R =50 Q. The power consumption of a single MZM is
then given by the power dissipation in this resistor, and the energy per bit for
the 1Q modulator is obtained by adding the power consumptions of the two
MZM and dividing by the total data rate. For QPSK, assuming rectangular
non-return-to-zero drive signals and equal probability of all symbol states, the
energy consumption per bit for the 1Q modulator can be calculated according

to
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The quantities Ug;, are the peak-to-peak voltages of the electrical drive
signals, measured across the equivalent resistor of R =50 Q, which amount to
0.60 V for the I and 0.63 V for the Q-channel. The aggregate data rate is

rorsk = 56 Gbhit/s for the QPSK signal, leading to a power consumption of
68 fJ/bit.

For 16QAM, the energy consumption per bit can be calculated similarly.
For each MZM, the power of the drive signal is dissipated in the equivalent
50 Q-resistor. However, the drive signal of each MZM now consists of two
amplitude levels, which differ by a factor of 1/3. Assuming again equal
distribution of the various symbols, the energy of each MZM can be calculated
by averaging over the dissipated energy of both amplitude levels. The energy
per bit is then obtained by adding the power consumption of the two MZM and

dividing by the total data rate,
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Using the measured peak-to-peak voltages of Ug; =0.60 V and Uy, = 0.63 V
and a data rate of rigoam = 112 Gbit/s, the energy consumption of the

modulator is found to be 19 fJ/bit for the case of 16QAM signaling. This is, to
the best of our knowledge, the lowest energy consumption that has so far been

2



54 Energy efficient high-speed 1Q modulators

reported for a 16QAM modulator at such symbol rates, regardless of the
material system. Applying DC bias and gate voltages to the modulator leads to
a very small current flow around 1 nA. The corresponding energy consumption
amounts to few alJ/bit and can safely be neglected. It should be noted that the
power consumption has been estimated for a modulator with an ideal
impedance of 50 Q. Input impedances deviating from this value would lead to
non-perfect impedance matching in our experiment and hence to partial
reflection of the RF drive signal. As a consequence, the power consumption of
the real device should then even be slightly smaller than the values estimated
above, and our estimation of the power consumption hence represents a worst-
case scenario.

5. Summary

We experimentally show that the combination of novel EO materials and slot
waveguide structures enables silicon-based 1Q modulators with unprecedented
performance. We demonstrate generation of 28 GBd QPSK and 16QAM
signals, leading to data rates of 56 Gbit/s, and 112 Gbit/s, respectively. Using
record-low peak-to-peak drive voltages of Uy =0.6 V, we obtain error-free
QPSK modulation and 16QAM signals with a BER of 5.1 x 10~°. The drive
signal is derived directly from the output of the DAC, without the need for an
additional driver amplifier. For the 16 QAM experiment, we estimate an
energy consumption of only 19 fJ/bit — the lowest value reported so far for
16QAM signaling at 28 GBd.

[end of paper]

3.5 Generation of data signals with high symbol rates

To explore the limits of the performance for such devices, the signal quality of
SOH modulators was evaluated at highest modulation speeds. This section was
published in a scientific journal [J9].

[start of paper]
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We demonstrate for the first time generation of 16-state quadrature amplitude
modulation (16QAM) signals at a symbol rate of 40 GBd using silicon-based
modulators. Our devices exploit silicon-organic hybrid (SOH) integration,
which combines silicon-on-insulator slot waveguides with electro-optic
cladding materials to realize highly efficient phase shifters. The devices enable
16QAM signaling and quadrature phase shift keying (QPSK) at symbol rates
of 40 GBd and 45 GBd, respectively, leading to line rates of up to 160 Gbit/s
on a single wavelength and in a single polarization. This is the highest value
demonstrated by a silicon-based device up to now. The energy consumption
for 16QAM signaling amounts to less than 120 fJ/bit — one order of magnitude
below that of conventional silicon photonic 16QAM modulators.
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1. Introduction

Fast and efficient in-phase/quadrature-phase (IQ) modulators are key elements
for high-speed links in telecom and datacom networks [78]. To maximize the
data rate that can be transmitted on a single wavelength channel, both large
symbol rates and the ability to use higher-order modulation formats are
essential [79]. At the same time, minimizing the power consumption of the
devices is of utmost importance regarding high-density integration and
scalability of interconnect counts.

Silicon photonics is a particularly attractive platform for realizing electro-
optic modulators, leveraging mature complementary metal-oxide-
semiconductor (CMOS) processing and enabling high-density integration of
photonic devices along with electronic circuitry. However, the inversion
symmetry of the silicon crystal lattice inhibits electro-optic effects, thereby
making high-performance 1Q modulators challenging. As a consequence,
conventional silicon modulators have to rely on carrier depletion or carrier
injection in  p-n, p-i-n or  metal-oxide-semiconductor  (MOS)
structures [7,53,54,80]. Using a depletion-type device, generation of
quadrature phase shift keying (QPSK) signals was recently shown at a symbol
rate of 56 GBd resulting in a total line rate of 112 Gbit/s [81]. However, when
using more advanced modulation formats, the achievable symbol rates are still
significantly lower — record values amount to 28 GBd demonstrated for dual-
polarization 16-state quadrature amplitude modulation (16QAM) [11], which
leads to a line rate (net data rate) of 112 Gbit/s (93.3 Ghit/s) encoded on each
polarization. The performance of these devices is inherently limited by the
underlying depletion-type phase shifters, which exhibit rather low efficiencies
with typical voltage-length products U,L of 10 Vmm or more. As a
consequence, large drive voltages, on the order of several volts, have to be
used, leading to high energy consumption — for 16QAM modulation at
28 GBd, the modulation energy amounts to approximately 1.2 pJ/bit at a peak-
to-peak drive voltage of 5V, [11]. In addition, phase modulation based on
the plasma dispersion effect is inevitably linked to amplitude modulation due
to free-carrier absorption. This may eventually hamper the generation of
advanced modulation formats with high order, where phase and amplitude of
the signals have to be controlled independently of one another.

In this paper we show that silicon-organic hybrid (SOH) integration can
overcome these limitations. We use silicon-on-insulator (SOI) slot
waveguides [82] and combine them with electro-optic (EO) cladding materials
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to realize Pockels-type phase shifters [14,15,32,33] . SOH integration enables
remarkably small voltage-length products of down to 0.5 Vmm measured at
DC [18], and at the same time avoids unwanted amplitude-phase coupling and
thereby enables higher-order modulation formats [16,83]. We demonstrate
16QAM and QPSK signaling at symbol rates of 40 GBd and 45 GBd,
respectively, leading to line rates (net data rates) of up to 160 Gbit/s
(133.3 Ghit/s) on a single polarization [84]. This is the highest value achieved
by a silicon-based modulator up to now. The energy consumption of our
16QAM device is estimated to be 120 fl/bit at 40 GBd — one order of
magnitude better than for best-in-class 28 GBd 16QAM all-silicon modulators.
The work builds upon and expands our earlier experiments, where we have
demonstrated energy-efficient on-off-keying [85], generation of multi-level
amplitude modulation at symbol rates of up to 84 Gbit/s [83] and 16QAM
modulation at 28 GBd [67].

2. Silicon-Organic Hybrid Modulator

SOH modulators exploit interaction of the guided light with the electro-optic
cladding material under the influence of a modulating RF field. A cross section
of an SOH Mach-Zehnder modulator (MZM) is depicted in Fig. 3.13(a). Each
phase shifter consists of a silicon slot waveguide which is covered by the
organic EO material. Fig. 3.13(b) and Fig. 3.13(c) show the optical Ey field.
The discontinuity and the high refractive index contrast at the silicon — slot
interface leads to a field enhancement within the slot and therefore to a large
interaction of the light with the organic EO material [33]. The rails of the slot
waveguide have a width of wg; =240 nm and are connected to a coplanar
ground-signal-ground (GSG) transmission line via thin (hga = 70 nm), slightly
conductive, n-doped silicon slabs. A voltage applied to the transmission line
will drop predominantly across the wgot = 80 nm wide slot, thereby generating
a large electric field. A plot of the Ex component of the electrical field can be
seen in Fig. 3.13(d). This configuration ensures excellent overlap between the
modulation field and the optical fields, leading to high modulation efficiency.
The RF transmission line comprises the metal traces and the silicon slot
waveguides and is designed for a wave impedance of 50 Q. This is confirmed
by measurements — at RF signals of up to 40 GHz, we find wave impedances
of 50 £5 Q.
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Fig. 3.13. Silicon-organic hybrid (SOH) modulator. (a). Schematic of the 1Q modulator and
cross-section of a single SOH Mach-Zehnder Modulator (MZM). The slot waveguides have
a rail width of wraii =240 nm and a slot width of wsiot =80 nm. As an EO cladding, a
mixture of the chromophores YLD124 (25 wt.%) and PSLD41 (75 wt.%) is deposited via
spin coating. Thin n-doped silicon slabs with (hsian = 70 nm) are used to electrically connect
the rails to the metal strips of an RF transmission line in a ground-signal-ground
configuration. A poling process is used to align the chromophores in both waveguides along
the same direction. Operating the device via the GSG transmission line results in opposite
phase shifts in the two arms of the MZM (push-pull operation). The =-voltage at DC is
U = 0.9 V. A gate voltage Ucate between the Si substrate and the SOI device layer improves
the conductivity of the silicon slab, resulting in an electro-optic bandwidth of the device of
18 GHz. (b) Contour plot of the normalized Ex component of the optical field in the slot
waveguide. (c) Plot of the Ex-component of the optical mode field as a function of the
horizontal position x at half the waveguide height (y = 110 nm). Discontinuities of the Ex-
component at the slot sidewalls lead to strong field enhancement in the slot. (d) Ex
component of the electrical RF drive signal below the RC limit. The silicon slabs are doped
such that the applied RF voltage drops predominantly across the slot. As a consequence, the
RF mode and the optical mode are both well confined to the slot, resulting in strong
interaction and hence in an efficient modulation. (e) Measured frequency response of a
1.5 mm-long MZM. The 6 dB electrical-optical-electrical (3 dB electro-optic) bandwidth
amounts to 18 GHz.
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The device was fabricated on an SOI wafer with a 220 nm-thick device layer
and a 3 pum-thick buried oxide (BOX) using electron beam lithography for
defining the silicon waveguides and optical lithography for the metallization.
The chip is coated with a mixture of the electro-optic multi-chromophore
dendritic molecule PSLD41 (75wt.%) and the chromophore YLD124
(25 wt.%) [18,66]. The cladding material is poled by heating it close to its
glass transition temperature while applying a poling voltage across the two
floating ground electrodes of each MZM. Half of the voltage drops across each
slot, resulting in an orientation of the chromophores in the slot which is
antisymmetric with respect to the signal electrode, as indicated in Fig. 3.13(a)
by green arrows. The blue arrows indicate the RF field applied to the GSG
electrodes after poling, which results in opposite phase shifts in the two arms
of the MZM and enables push-pull operation. For DC fields, the n-voltage of
one push-pull MZM amounts to 0.9 V. Taking into account the device length
of 1.5 mm, this corresponds to a voltage-length product of U,L = 1.35 Vmm.
This is higher than previously published values of SOH devices [14] and is
attributed to different device geometry and the resulting difference in poling
efficiency. The bandwidth of the SOH devices is dictated by the RC time
constant of the slot waveguide: The slot corresponds to a capacitor which is
charged and de-charged via the resistive silicon slabs. To increase the
conductivity of the slab by a charge accumulation layer and hence to increase
the bandwidth, a static gate voltage Ugae IS applied between the substrate and
the top silicon layer [68], Fig. 3.13(a). A bandwidth measurement of the
current MZM results in a 6 dB electrical-optical-electrical (3 dB electro-optic)
bandwidth of 18 GHz, see Fig. 3.13(e), with significant potential for further
improvement [86]. The roll-off is relatively smooth and resembles that of an
RC low-pass, thereby still allowing 40 GBd 16QAM and 45 GBd QPSK
signaling using root-raised-cosine Nyquist pulses.

For practical applications of SOH devices, the long-term stability of the
organic cladding is of high importance. Recently novel materials have become
available, featuring glass transition temperatures of more than 130 °C while
maintaining electro-optic coefficients in excess of 100 pm/V [47]. The
investigation of aging and temperature stability of organic EO materials is
subject to ongoing research. It can be expected, that the stability of the
materials can be further improved by synthetically modified chromophores that
bear specific crosslinking agents for post-poling lattice hardening or by
increasing the molar mass of the chromophores. The viability of the first
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Fig. 3.14. Schematic of the experimental setup. Two nested MZM form an 1Q modulator.
An intentional imbalance allows for adjusting the 7/2 phase offset of the in-phase (I) and
the quadrature-phase (Q) component by wavelength tuning. Electrical multilevel drive
signals are generated by a Keysight M8195A arbitrary waveform generator (AWG)
operating at 65 GSa/s, the outputs of which are amplified and coupled to the silicon chip via
RF probes. Bias-Ts are used to connect a DC voltage for controlling the operation point.
The optical output is amplified by an EDFA, bandpass filtered and subsequently fed into an
optical modulation analyzer (OMA) for intradyne detection. Standard digital post
processing is performed at the OMA for equalization.

approach has been demonstrated for similar EO compounds [46,69] where
material stability of up to 250 °C has been achieved.

3. Experiment

The setup for the modulation experiments is depicted Fig. 3.14. Two MZM are
nested in an on-chip 1Q configuration. The parent Mach-Zehnder
interferometer features a path length imbalance, which is used to adjust the /2
phase shift between the | and the Q signal via wavelength tuning. The drive
signals for QPSK and 16QAM modulation are generated by a Keysight
MB8195A arbitrary waveform generator (AWG) operated at 65 GSa/s. We use
root-raised-cosine pulses with a roll-off factor of £ =0.35 to reduce the
occupied spectral bandwidth and to exploit the benefits of a matched filter at
the receiver. The transmitted data are derived from a pseudo-random bit
sequence with a length of 2!1-1. After the AWG, the analog signals are
amplified to peak-to-peak voltages of approximately 1.8 Vy, by two linear RF-
amplifiers, which drive the GSG-electrodes of the on-chip 1Q-modulator via
microwave probes. A 50 Q termination is used at the end of each transmission
line to avoid back-reflection of the RF signal. For each MZM a DC voltage is
applied to the device via bias-Ts to set the operating point of the modulator. To
improve the bandwidth of the device, a static gate field of Egae = 0.1 V/nm is
applied between the silicon substrate and the device layer. Grating couplers are
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used to couple laser light at 1 = 1550 nm from an external cavity laser (ECL) to
the silicon waveguide. After the device, the light is amplified by an erbium
doped fiber amplifier (EDFA), followed by an optical band-pass filter (2 nm
passband) to suppress out-of-band amplified spontaneous emission (ASE). An
optical modulation analyzer (OMA) with two real-time oscilloscopes (80
GSals) serves as a receiver. A second ECL is used as a local oscillator (LO) for
intradyne reception. Digital post-processing comprising polarization
demultiplexing, phase recovery, compensation of the frequency offset between
signal and LO, and channel equalization is performed by the OMA. The
insertion loss of the silicon chip amounts to 27 dB, where 10 dB — 12 dB are
caused by fiber-chip coupling losses. This rather high loss can be significantly
reduced in future devices: By employing optimized grating coupler [74] or
photonic wirebonds [76,87] the coupling loss to the fibers can be reduced
from 10 dB to less than 4 dB. The current losses of 5 dB in the 9 mm long
access strip waveguide can be reduced to below 1 dB by improving the
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Fig. 3.15. Optical constellation diagrams. (a) — (d): QPSK signals at 30 GBd, 35 GBd,
40 GBd, and 45 GBd. No bit errors were detected within our record length of 62.5 us for
symbol rates of 30 GBd and 35 GBd, and the error vector magnitude (EVMn) indicate error
free signals with BER < 10°. QPSK signals at 40 GBd and 45 GBd are well below the
threshold for hard-decision FEC with 7 % overhead. At 40 GBd the number of measured
errors was not sufficient for a reliable BER estimation, at 45 GBd the measured BER
amounts to 1.5 x 107, (e) — (g): 16 QAM signals for 30 GBd, 35 GBd, and 40 GBd. At data
rates of up to 35 GBd the measured BER is below the hard-decision FEC threshold. For
40 GBd 16QAM signals, the BER is below the threshold for soft-decision FEC with 20 %
overhead.
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sidewall roughness and reducing the length. The strip-to-slot converters and
multimode interference couplers (MMI) are already optimized and contribute
only 1 dB to the total loss. To reduce the 11 dB losses of the 1.5 mm long slot
waveguide to below 3 dB, asymmetric slot waveguide geometries can be
used [73] together with an optimization of the doping profile of the phase
shifter sections. We estimate that these measures will permit reducing the total
on-chip excess loss of the device to less than 5 dB and the fiber-fiber insertion
loss to less than 9 dB.

For testing the performance of the devices, we use QPSK signals up to a
symbol rate of 45 GBd and 16QAM signals up to 40 GBd. Measurement of the
bit error ratio (BER) allows for direct assessment of the signal quality.
However, within our memory-limited record length of 62.5us, we can only
measure a maximum of 2.8 x 10° symbols, which does not allow a
measurement of BER smaller than 1 x 10®. As a complementary measure of
the signal quality, we therefore use the error vector magnitude (EVMp,), which
describes the effective distance of a received complex symbol from its ideal
position in the constellation diagram, using the maximum length of an ideal
constellation vector for normalization. The EVM, can be directly translated
into a BER assuming the signal is impaired by additive white Gaussian noise
only [77]. In our experiment we find a very good agreement between BER
values calculated from the EVM,, and the measured BER, supporting our
assumption that the channel is limited by Gaussian noise. Fig. 3.15 shows
constellation diagrams for the various generated signals. In Fig. 3.15(a)-(d),
received QPSK constellation diagrams at data rates between 30 GBd and
45 GBd are depicted. At 45 GBd the EVM, amounts to 23 % and the
measured BER is 1.5 x 10, well below the limit of 4.5 x 10 for second-
generation hard-decision forward error correction (FEC) with 7 %
overhead [88]. At 40 GBd the number of measured errors was not sufficient
for a reliable BER estimation. At symbol rates of 35 GBd and below, the
QPSK signals can be considered error free: No errors were measureable, and
the EVM, corresponds to a BER well below 1 x 10°. The constellation
diagrams for 16QAM are depicted in Fig 3(e) - (g). 16QAM signaling is
demonstrated up to a symbol rate of 40 GBd. At symbol rates of up to 35 GBd,
the measured BER is below the threshold for hard-decision FEC. For 40 GBd,
the BER increases significantly, but is still below the threshold of 2.4 x 102 for
third-generation soft-decision FEC with 20 % overhead [89].
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Fig. 3.16. EVMn plotted over the symbol rate, in red the corresponding BER [77] is
indicated. (a) Plot for QPSK signals. Up to 35 GBd the signal can be considered error free
with a corresponding BER < 10°. The BER limit for hard-decision FEC corresponds to an
EVMn of 38.3 %, outside the range of the plot. (b) Plot for 16QAM signals. The horizontal
dashed lines indicate the EVMn, that correspond to the BER thresholds for soft-decision and
hard-decision FEC in the case of 16QAM.

The results of the signal generation experiments are summarized in Fig. 3.16,
where the EVMy, is plotted for different symbol rates. The horizontal dashed
lines in Fig. 3.16 indicate the calculated EVM,, [77] of the various BER
threshold levels. For QPSK signals in Fig. 3.16(a), the dashed line corresponds
to the BER of 1 x 10, below that the signals can be considered error free. This
applies to the signals measured at 30 GBd and 35 GBd. All other measured
QPSK signals are well below the hard-decision FEC limit which corresponds
to an EVM,, of 38.3 % and is outside the scale of the vertical axis. For 16QAM
signals in Fig. 3.16(b), the horizontal lines indicate the EVM, corresponding
to the BER thresholds for hard-decision and soft-decision FEC, requiring 7 %
and 20 % overhead, respectively. For symbol rates up to 35 GBd the EVM, is
below the threshold for hard-decision FEC; for 40 GBd it is still below the
soft-decision threshold, consistent with the directly measured BER indicated in
Fig. 3.15(e)-(g). Using 35 GBd 16QAM signals with hard-decision FEC, the
line rate amounts to 140 Gbit/s, and the net data rate amounts to 130.8 Gbit/s.
For 16QAM at 40 GBd, the line rate is 160 Gbit/s — the highest value hitherto
achieved by a silicon photonic modulator on a single polarization with
measured BER figures comparable to those achieved in reference
experiments [11]. Taking into account the 20 % overhead for soft-decision
FEC coding, the net data rate amounts to the record value of 133.3 Gbit/s. The
signal quality in the 40 GBd experiment is limited by the device bandwidth of
18 GHz. We expect that by optimization of the waveguide geometry and of the
doping profile in the slabs, the bandwidth of future SOH devices can be
significantly increased [86], leading to considerably lower BER.
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Fig. 3.17. Equivalent-circuit diagram of one MZM for calculation of the energy
consumption. The AWG which drives the MZM is represented by an ideal voltage source
and an internal resistance of 50 Q. The GSG line of the MZM is matched to the 50 Q
output of the DAC and terminated by an external 50 Q impedance. To estimate the energy
consumption, the transmission line and its termination is replaced by an equivalent resistor
of R=50 Q.

50Q

When using a short SOH modulator at low symbol rates, the device can be
operated without a terminal resistance and hence treated as a lumped
capacitive load [17]. This is not possible for the high-speed data signals
investigated here, for which the symbol duration is of the same order of
magnitude as the propagation delay of the RF wave in the device. In this case,
we need to model the modulator as a transmission line with a 50 Q wave
impedance, which is fed by a 50 Q probe and terminated by a matched 50 Q
resistor, Fig. 3.17. This configuration is equivalent to a single 50 Q load
resistor, which is directly connected to the drive amplifier. The power
consumption of a single MZM is then given by the power dissipation in this
resistor. The output port of the drive amplifier is represented by an ideal
voltage source with an internal generator impedance of 50 Q. The energy per
bit for the 1Q modulator is obtained by adding the power consumptions of the
two MZM and dividing by the total data rate. For 16QAM generation, the
electrical drive signal for each MZM consists of two amplitude levels, which
differ by a factor of 1/3. Assuming equal probability of the various symbols,
the mean power consumption for each MZM can be calculated by averaging
over the dissipated power of both amplitude levels. The energy per bit
Whit160am 1S then obtained by taking into account the power consumption of
both MZM and by dividing by the data rate. Denoting the peak-to-peak
voltages at the input of the R = 50 Q device as Uy, this leads to

2 2
1{(U 1 (1U 1 1
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For Uy = 1.80 V and a data rate of rigoam = 160 Ghit/s, the energy consumption
of the modulator is hence found to be 113 fJ/bit. This is one magnitude below
current all-silicon 16QAM modulators [11], but still significantly higher than
the energy consumption of a 28 GBd, 16QAM SOH device, for which 19 fJ/bit
have been demonstrated [67]. It is the goal of ongoing research activity to
further decrease the power consumption at high symbol rates.

4, Summary

We experimentally demonstrate that SOH integration is capable of boosting
data rates and energy efficiency of silicon-based 1Q modulators to
unprecedented values. We show 16QAM modulation at 40 GBd, resulting in
line rates (net data rates) of 160 Gbit/s (133.3 Gbit/s), and QPSK modulation at
45 GBd, leading to 90 Ghit/s (84 Gbit/s). For 16QAM, the energy consumption
is as low as 113 fJ/bit - an order of magnitude below that of comparable all-
silicon devices.

[end of paper]
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4 Frequency shifter integrated on the silicon
platform

4.1 Frequency shifting in waveguide based modulators

The term frequency shifting refers to the ability to change the frequency of
sinusoidal electro-magnetic waves, ideally without adding additional
frequencies or changing the amplitude of the original wave too much. For
optical signals often this is achieved via an acousto-optic modulator (AOM).
This device uses a transparent material where a sound wave is induced,
typically via a piezo-electric transducer, resulting in periodic index changes
throughout the transparent material. An optical wave travelling through the
transparent material now experiences Bragg reflection at the induced lattice
and the Doppler shift changes the frequency of the optical wave [90]. AOMs
provide a very clean frequency shift without spurious frequencies and are
therefore widely used in different applications. However, this concept has two
main drawbacks: Since the AOM is based on a mechanical wave propagating
through a transparent medium, the speed is limited by the transducer and only
frequency shifts of up to a few hundred MHz can typically be achieved.
Furthermore, the AOM requires precise alignment in an optical free-space
setup which leads to a large footprint and makes the whole setup susceptible to
external disturbances. Optical integration is well suited to circumvent those
problems. Photonic integrated circuits offer a multitude of functionalities on a
very small footprint and can easily be used for high-speed operation. However,
a direct translation of the operation principle of an AOM to common integrated
optical circuits is not possible since on typical integration platforms piezo-
electric materials are not available. Therefore, in the following chapter phase
modulators, a basic building block of photonic integrated circuits, are used to
achieve frequency shifting on the silicon photonic platform. To realize a
frequency shifter with high signal quality and a large frequency shift, SOH
phase modulators are used in a single-sideband modulation scheme with
additional temporal shaping of the drive signal.

4.1.1 Single-sideband modulation for frequency shifting

Single-sideband (SSB) modulation is a transmission format used widely in
radio communication in order to save spectral bandwidth and reduce power
requirements on the transmitter [91]. It is characterized by a baseband signal
which is modulated onto a carrier but compared to standard amplitude or
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frequency modulation, the transmitted signal carries only one sideband in the
frequency domain, while the second sideband and usually also the carrier is
suppressed. In the special case when the modulating signal is a sinusoidal, this
relates to a frequency shift of the carrier by the frequency of the modulating
signal either towards higher or lower frequencies.

SSB signals can be obtained by filtering the spectrum of an amplitude or
frequency modulation signal. However, in the optical domain with carrier
frequencies around 200 THz, implementation of such filters become
impractical for modulation frequencies even in the GHz range. Especially for
integrated optics the generation of SSB signals by phase modulators is
preferred. In the following section the mathematical relations for SSB
modulation and frequency shifting based on SSB modulation are described, the
explanation is oriented at the derivations in [91] and [22].

A single-sideband signal can be represented using an analytical baseband
signal

Sa :SBB+j§BB; (41)

where sgg is a real valued baseband signal and ses the Hilbert transform of
the baseband signal, see Appendix A.2. It is important to note that the Fourier
transform of an analytical signal has only non-zero values for positive
frequencies. The SSB signal can be obtained when the analytical signal is
modulated onto a complex carrier with angular frequency ay,

Segp = 5,00 = 55501 + 5ppel @) (4.2)
The real valued modulation signal can be obtained by
Re{Sssg } = Sps COS(@yt) — sa Sin (wgt). (4.3)

If now a single sinusoidal signal a,sin(Qt) with modulation frequency Q and
amplitude a, is used as the amplitude modulated baseband signal, Eq. (4.3)
translates to

Re{sssg} = ansin(Qt)cos(mpt) + ay cos(Qt)sin(awyt)

=2, sin((Q+ap)t).
It can be seen in Eq. (4.4) that with SSB modulation the carrier frequency can
be directly shifted by the modulation frequency Q. It has to be noted that the

sign of the frequency shift is arbitrary and depends only on the relative phase
of the carrier to the sinusoidal modulation signal.

(4.4)
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Fig. 4.1: Schematic of the modulator structure. To obtain a frequency shift with the SOH
phase modulators, two each pair of the phase shifter is used as a Mach-Zehnder modulator
(MZM) in push-pull operation. In the optical path there is a relative phase difference of 7/2
between both MZM

From Eq. (4.4) it is directly visible, that the frequency shift can be obtained by
amplitude modulation of the in-phase and quadrature component of the carrier.
This requires two sinusoidal signals with the same modulation frequency and
nt/2 phase difference. Such a modulator, also called Hartley modulator [92], is
widely used in RF signaling. However, for integrated optics pure amplitude
modulators are difficult to implement. Instead phase modulators are widely
available and within a Mach-Zehnder configuration operated in push-pull
mode, the phase modulation translates into an amplitude modulation.

4.1.2 Single-sideband modulation with phase modulators

To obtain a frequency shifted signal based on phase modulators, four phase
modulators are combined in a nested 1Q configuration as described in
Section 2.2.2, see Fig. 4.1. The incoming complex signal with the carrier
frequency a, is split and fed with a ©/2 phase difference into two Mach-
Zehnder modulators operated in push pull configuration. The complex
electrical field of the carrier at the input can be represented by

E,, = E,e!™, (4.5)

where E; is the field amplitude. The phase modulators are driven with a
sinusoidal signal in push-pull mode, resulting in a phase modulation of

® =aysin(Qt) and @ =-h,cos(Qt), (4.6)
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where a, and b, are the modulation amplitude. The modulation frequency Q
Is the angular frequency by which the optical carrier is shifted. After the
modulator structure the field of the output signal is
_ 1 jag sin(Qt) -jagsin(Qt) | i ,-jbycos(Qt) - | jby cos(Qt)
Eout —ZEin(e —e +Je —Je ) (4.7)
For an ideal modulator we can assumea, =b,, furthermore, by using the
Jacobi-Anger expansion, Eq. (4.7) can be written as

o= Y Egdn(a)e!™™ fornez. (4.8)
m=4n+1

Details on the calculation can be found in Appendix D.1. To maximize the
field of the spectral line at el @) the modulation amplitude a, of the phase
modulator should be chosen such, that J,(a;) is maximized, which is the case
at max(J,(ay))=J,(ay =1.841)=0.582. Assuming the modulation amplitude
a, does not exceed this value, we can neglect higher order Bessel functions
Jim(ag) for |m|>7 since they deliver no significant contribution to the sum.

4.1.3 Small signal modulation and temporal shaping for enhanced
side-mode suppression ratio.

As derived in the previous section, the output signal of a frequency shifter
based on nested phase modulators consists of several spectral components at
frequencies (@, + mQ2). Besides the desired frequency component at (@, = Q)
the other modes are spurious side modes which are normally unwanted. As
derived in Eq. (4.4), perfect frequency shifting without spurious side modes
can be obtained by an sinusoidal amplitude modulation of the in-phase and
guadrature component of the carrier. The structure in Fig. 4.1 relies on Mach-
Zehnder modulators in push-pull operation for amplitude modulation. Those
MZM feature a sinusoidal transfer function, see Section 2.2.1. When operating
the phase shifter with a sinusoidal modulation, the resulting amplitude
modulation becomes a distorted sinusoidal. This give rise to the spurious side
modes in Eq. (4.8).

Depending on the modulation amplitude a, the contribution of the
different Bessel functions to the output signal are varying. To obtain a metric
on the quality of the output signal it is useful to calculate the ratio between the
frequency components of the output signal in dependence of the modulation
amplitude. Using Eq. (4.8) we can write the ratio in terms of the Bessel
functions
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Fig. 4.2(a): Plot of the Bessel functions over the modulation amplitude up to the 7™ order.
The modulation amplitude, where the maximum of the first order Bessel function is reached
is marked with a dotted line. (b) Ratio of the different Bessel functions with respect to the
first order Bessel function.

form=4n+1 neZ\0, (4.9)

Eout,a)0+mQ (a) _ |Jm (a0)|
Eout,cp+0 (80) 9, (89)|

A plot of the Bessel functions J;, J;, Js and J,, as well as the ratios J,;/J;,
Js/J; and J,/J; can be seen in Fig. 4.2. For larger modulation amplitudes the
contributions of the higher order Bessel functions become larger. The
dominant spurious side mode is at (@, —3Q) since the third order Bessel
function grows faster than the higher order Bessel functions. For a, =1.841 the
frequency conversion into the mode at (@, + Q) is largest, however, the ratio
with the spurious side mode is with J;/J; =0.18 relatively large. Since
normally spectral intensity is measured we can use the ratio of the intensities
instead of the field ratio as figure of merit. We define the side mode
suppression ratio (SMSR) as the ratio between the intensity of the signal
shifted by Q and the intensity of the largest spurious side mode.

SMSR = Iout,a)0+Q
max( Iout,a)0+mQ)
2 (4.10)
- ‘E"”t""“g = |J1(a0)|2 form=4n+1neZ\0
5 .
max( Eout,coo+m§2‘ j |J3(a0)|

For smaller modulation amplitudes the SMSR becomes large due to the fact,
that only the linear part of the MZM transfer function is used and therefore the
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output of the frequency shifter can be approximated as sinusoidal amplitude
modulation.

Alternatively, the nonlinear MZM transfer function can be compensated
by proper temporal shaping, or predistortion, of the modulation signal ® and
® . This can be achieved by adding additional harmonic frequencies to the
modulation. Exemplarily the compensation of the spectral component at
(0, +3€2) will be shown here. By adding the third harmonic to the modulation
signal we obtain

@ = a,sin(Qt) —c,sin(3Qt) and @ =—a,cos(Qt) —c,cos(30t) (4.11)
and the field at the output changes to

1 [ejao sin(Qt)e-jco sin(3Qt) e—jao sin(Qt)ejco sin(3Qxt)

E (4.12)

out — , Hin| . r o : :
4 +je jag cos(Qt)e jcocos(3Qt) Jejao cos(Qt)eJco cos(3Qt)

As described in Appendix D.2, this equation can be simplified to
Jo(Co) D In(ag)el ™™

£ —g| e | | (4.13)
M Lag(ag) Y 3y (co)e S

I=4k-1
with the significant components of the sum described by
[t 3o(Co)dy (8g)e MY 3 (Go)d_g(ag)eN P3N

o (- . . (4.14)
—~J0(80)3_1(Co)e" @™ 4 35 ()35 (3g)e NNV 4.

With a proper choice of a, and c, the majority of the field at the frequency
(@, —3Q) can be suppressed by fulfilling the equation

Jo(C)d_(80)e" @ — 35 (ag)d_y(cp)e! ¥ =0
J_3(8) =J_1(co)
This concept can be expanded for the higher harmonics present in the output
spectrum. Using an infinite number of additional harmonics in the modulation

signal, in principle all side modes can be suppressed and only the shifted
component at (@, +Q) is retained.

(4.15)

For a more intuitive explanation we can recall the sinusoidal transfer
function of a Mach-Zehnder modulator, see Section 2.2.1. In order to obtain
ideal frequency shifting, the resulting amplitude modulation of each MZM
must be a sinusoidal, therefore a proper drive signal has to be applied. In the
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particular case, when the modulator is driven with a triangular signal with an
amplitude of a,=m/2, the output of the MZM is exactly a sinusoidal
amplitude modulation. The output of the frequency shifter is then an ideally
shifted line with the field

1 .
Ea =5 g™ (4.16)

for the given structure in Fig. 4.1. The factor 0.5 in Eq. (4.16) comes from the
fact that in each coupler half the power is routed in the destructive port when
combining the modulated signals.

4.1.4 Frequency shifting via serrodyne modulation

Serrodyne frequency shifting is based on the idea that for a wave E with
frequency @ and amplitude E, a continuous linear phase shift g(t)=Q-t
corresponds to a frequency shift according to

E = Eel @) Z g ellerlt, (4.17)

To realize such a quasi-continuous phase shift in practical applications a
sawtooth phase shift is used. The phase is ramped perfectly linear from 0 to
2mz with me Z and has an ideally infinite short fall time T, [21,93]. If the
period of the sawtooth signal is T, the linear slope can be described by
¢p =2mn/T . Following the derivation in[21] the output of a serrodyne
modulator can be described as

.27zzm
: —t
E= EO[ert -ZameJ T ] (4.18)

where an, is the amplitude of the mode which is shifted by m/T . However, in
reality an ideal sawtooth signal with infinite short fall time cannot be realized
which leads to distortions in the output signal. An illustration of an ideal
serrodyne signal ¢, (t) and a real signal ¢, (t) is depicted in Fig. 4.3. As
described in [21], the amplitude an, of the side modes can be evaluated via

T
Ti { cos(qﬁrea. (t)- 2’”“jolt |

2| = (4.19)

?

This leads to the finding that for achieving a side mode suppression ratio larger
30 dB, the fall time must be less than 3% of the period of the serrodyne signal.
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Fig. 4.3 (a): Hlustration of an ideal sawtooth signal with period T and. The linear slope
reaches from 0 to 2x. (b) Approximation of a real sawtooth signal with fall time T , the
slope of the signal is the same as for the real signal.

This sets substantial requirements for the signal source, generating the
serrodyne signal. A serrodyne signal can be described with the Fourier series

p)=23 (_1:1_1 sin(nntJ | (4.20)

T3 T

where T is again the period of the serrodyne signal. To achieve a fall time of
T; /T <3% harmonic frequencies with frequencies more than 30 times higher
than the fundamental frequency of the serrodyne signal must be present in the
signal.

4.2 State of the art

To realize frequency shifters in photonic integrated circuits typically phase
shifters are used as a basic building block. As discussed in Section 4.1 both,
single-sideband modulation and serrodyne modulation can be employed to
achieve the desired frequency shift.

The LiNbO; platform is well suited for integrated frequency shifter based
on phase modulation since its inherent ¥®-nonlinearity allows for pure phase
modulation. Based on the single-sideband modulation, several devices were
demonstrated with phase shifts at high frequencies. Shimotsu et al.,
demonstrated a frequency shift of 10 GHz with a SMSR of 18.4 dB [94]. Also
serrodyne frequency shifter have been demonstrated integrated on
LiNbO; [95]. Poberezhskiy et al. demonstrated a frequency shift of 1.28 GHz
using a LiINbO3 phase modulator. To achieve such a large frequency shift with
serrodyne modulation, the broadband serrodyne drive signal is generated via a
complex RF-photonic arbitrary waveform generator. However, the resulting
SMSR is with 12 dB relatively low. Both approaches share the problem of high
drive voltages when relying on the LiNbOs platform. The »? nonlinearity
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within the crystal is relatively weak and leads therefore to high drive voltages
in the order of 5V —10 V. Furthermore, the footprint of a LiNbO3 PIC is
relatively large due to its weak index contrast. Modulator lengths are typically
in the order of 1 cm.

The silicon photonic platform with its high index contrast allows dense
integration. There are several ways to realize phase modulators with silicon
photonics. For optical communication phase modulators based on the plasma
dispersion effect are often used. However, they do not allow for pure phase
modulation since a change in the carrier density comes with an associated
amplitude modulation which is detrimental for a high signal quality in
frequency shifters. The SMSR of both, serrodyne modulation and single-
sideband modulation suffer from any residual amplitude modulation [96]. Up
to now, frequency shifter integrated on SOI are therefore realized with thermal
phase shifters. Those thermal phase shifters exploit the strong thermo-optic
coefficient in silicon to change the refractive index of a waveguide and thereby
the phase of a propagating wave in the waveguide. Such phase shifters are very
compact, below 100 um in length [97]. However, thermal phase shifters have
an inherently low bandwidth due to the fact that heat transfer in the device is
comparatively slow. Typical bandwidths of such devices are in the order of
few hundred kHz [97,98]. The frequency shifters realized so far on silicon
with thermal phase shifters are using the serrodyne modulation. They show a
conversion efficiency close to unity and a SMSR as high as 39 dB [23,24].
However, due to the slow thermo-optic phase modulators, the achievable
frequency shift is limited to few ten kHz.

A goal of this work is to demonstrate a frequency shifter which leverages
all the benefits of the silicon photonic platform and allows for large frequency
shifts. Furthermore, relaxed requirements on the electrical drive signals are
targeted. In the following section a frequency shifter is demonstrated using
silicon-organic hybrid integration. The pure phase modulation and the high
efficiency of the SOH phase modulators makes them especially suitable for the
application in integrated frequency shifters.

4.3 Silicon-organic hybrid frequency shifter

Using a silicon-organic hybrid 1Q modulator, the concept of a single-sideband
frequency shifter together with temporal shaping of the drive signal was
demonstrated on the silicon platform. This section was published in a scientific
journal [J17].
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We demonstrate for the first time a waveguide-based frequency shifter on the
silicon photonic platform using single-sideband modulation. The device is
based on silicon-organic hybrid (SOH) electro-optic modulators, which
combine conventional silicon-on-insulator waveguides with highly efficient
electro-optic cladding materials. Using small-signal modulation, we
demonstrate frequency shifts of up to 10 GHz. We further show large-signal
modulation with optimized waveforms, enabling a conversion efficiency of -
5.8 dB while suppressing spurious side-modes by more than 23 dB. In contrast
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to conventional acousto-optic frequency shifters, our devices lend themselves
to large-scale integration on silicon substrates, while enabling frequency shifts
that are several orders of magnitude larger than those demonstrated with all-
silicon serrodyne devices.

1. Introduction

Frequency shifters are key elements for a wide range of applications,
comprising, e.g., heterodyne interferometry, vibrometry, distance metrology,
or optical data transmission [99-102]. All of these applications can benefit
greatly from photonic integration, which allows realization of optical systems
with high technical complexity while maintaining robustness, small footprint,
and low cost. Silicon photonics is a particularly attractive platform for optical
integration, leveraging large-scale, high-yield CMOS processing and offering
the potential of co-integrating photonic and electronic devices on a common
substrate [78]. Driven by applications in optical communications, a variety of
foundry services have emerged over the last years offering process design kits
(PDK) and libraries of standardized silicon photonic devices such as passive
components, electro-optic modulators, and Germanium-based
photodetectors [8]. High-performance frequency shifters, however, are still
missing in the portfolio, especially when it comes to devices that combine high
conversion efficiency (CE) between the original and the frequency-shifted
signal with a high side-mode suppression ratio (SMSR) of the original carrier
and the spurious side modes relative to the shifted spectral line.

Conventionally, frequency shifters have been realized with acousto-optic
modulators (AOM), exploiting the Doppler shift of an optical wave that is
scattered from a propagating sound wave [90]. When aligned for perfect phase
matching, AOM provide both high SMSR and CE. However, the alignment is
delicate and needs to be distinctively linked to the desired frequency shift. In
addition, AOM are based on free-space optical assemblies of conventional
high-precision optomechanical components [103], making the devices bulky,
expensive, and sensitive to vibrations and environmental influences. Moreover,
AOM require material systems with strong acousto-optic and ideally also
piezoelectric effects, ruling out silicon as an integration platform by
fundamental principles. AOM-based systems are hence inherently unsuited for
integration on the silicon platform.

Alternatively, waveguide-based frequency shifters can be used, exploiting
either the so-called serrodyne technique [21] or single-sideband modulation in
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an in-phase/quadrature (1Q) modulator [22]. For serrodyne modulation, an
electro-optic phase shifter is driven by a sawtooth signal with a peak-to-peak
drive amplitude that leads exactly to a 2x phase shift of the optical carrier. This
results in a phase shift that is piecewise linear in time and hence leads to a
frequency shift that corresponds to the fundamental frequency of the sawtooth
drive signal. Such devices have been demonstrated on the silicon photonic
platform, providing a remarkable SMSR of 39 dB [23,24], but the achievable
frequency shift is limited by fundamental properties of silicon-based phase
shifters: To avoid unwanted spurious lines in the output spectrum, pure
serrodyne phase modulation must be achieved without any residual amplitude
modulation. This cannot be accomplished by using conventional silicon
photonic phase shifters that rely on injection or depletion of free carriers in
reverse or forward-biased p-n or p-i-n junctions [7]. Instead, thermo-optic
phase modulators had to be used, leading to stringent limitations of the
achievable frequency shift. In particular, a good SMSR requires a perfect
sawtooth-like phase shift that contains a large number of higher-order
harmonics besides the fundamental frequency component [21]. Given the time
constants and the associated bandwidth limitations of thermo-optic phase
shifters [104], this is possible for very small fundamental frequencies only,
thereby limiting the achievable frequency shifts to values of, e.g., 10 kHz [23],
which is insufficient for many applications. In the case of single-sideband
(SSB) modulation, two Mach-Zehnder modulators (MZM) are combined with
a /2 phase shift to form an optical IQ modulator [22]. Both MZM are biased
in the zero-transmission point. The in-phase (1) and quadrature (Q) MZM are
driven with a sine signal and cosine signal, respectively, which, in the small-
signal regime, leads to a frequency shift that corresponds to the frequency of
the sinusoidal drive signals. As for the serrodyne method, a good SMSR
requires a pure frequency shift without any spurious amplitude-phase coupling,
making it challenging to realize high-performance single-sideband modulators
based on the standard silicon photonic device portfolio. Previous
demonstrations of integrated optical SSB frequency shifters are therefore
limited to the LiNbOs; platform [94] which is not suited for large-scale
photonic integration and needs high drive voltages of more than 6 V.
Moreover, conventional SSB modulation suffers from a trade-off between
SMSR and CE: For high SMSR, the MZM need to be driven in the small-
signal regime, where the amplitude transmission is proportional to the applied
voltage. This leads to large modulation loss and hence small CE. High CE, on
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the other hand, would require large signals to drive the device to maximum
transmission, thereby inducing spurious side-modes in the optical spectrum
due to the nonlinear transfer function of the MZM [94].

In this paper we demonstrate the first single-sideband (SSB) frequency
shifter based on silicon photonic waveguides. We exploit the silicon-organic
hybrid (SOH) integration concept to realize broadband phase shifters that
feature low drive voltages and enable pure phase modulation. SOH integration
permits the combination of conventional silicon-on-insulator (SOI)
waveguides with a wide variety of organic cladding materials and has been
used to realize efficient high-speed electro-optic modulators [56,17,14], ultra-
compact phase shifters [105,106], as well as lasers [107]. Interaction of the
guided light with the organic cladding of the SOH device can be enhanced by
using thin ultra-thin strip [108] or slot waveguides [82], which can be
combined with photonic crystal structures [64,109] or ring resonators [110]. In
our experiments, we use conventional SOH slot-waveguide modulators to
show frequency shifts of up to 10 GHz and a carrier suppression of 37 dB for
the case of SSB modulation in the small-signal regime [111]. Moreover, we
experimentally demonstrate temporal shaping of the drive signal to overcome
the trade-off of SMSR and CE. We demonstrate a CE of -5.8dB while
maintaining a SMSR of 23.5 dB. The experimentally obtained CE is quite
close to the theoretically predicted value of - 6 dB. These results are achieved
with first-generation devices, leaving considerable room for further
improvement.

This paper is structured as follows: In Section 2, we explain the
theoretical concepts of frequency shifters based on 1Q modulators. Section 3
introduces the SOH phase shifters used for realizing the frequency shifters.
Section 4 describes experimental demonstrations of the devices and discusses
the achieved performance. A rigorous mathematical description of frequency
shifters based on single-sideband modulation is given in the Appendix.

2. Frequency shifters based on 1Q-modulators

The concept of SSB frequency shifting with an integrated 1Q modulator was
first described by lzutsu et al. in 1981 [22]. The general principle is explained
in Fig. 4.4 (a): The optical input is split and fed into four phase modulators
which are paired to two MZM, the outputs of which are combined with a
relative phase shift of n/2. Both MZM are biased at zero transmission (null
point), indicated by the n phase shift in the lower arm of each MZM in Fig.
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Fig. 4.4 (a): 1Q modulator structure for single-sideband operation. (a) Schematic of the
modulator structure. Four phase modulators (PM 1 ... 4) are paired to two Mach-Zehnder
modulators (MZM). The MZM are biased in zero transmission and operated in push-pull
mode with sinusoidal electrical drive signals that feature a relative phase shift of n/2. The
outputs of the MZM are combined with a relative optical phase difference of n/2. (b) Sketch
of the field amplitude spectrum at various points of the modulator structure. The spectral
lines feature phases of 0 or «, which are indicated by positive or negative peak values. At
the output of the frequency shifter, most of the energy has been transferred into the line that
is shifted by the modulation frequency Q. When the MZM is not driven in the small-signal
regime, additional harmonics can be seen in the output spectrum. Q represents the RF
modulation frequency while wo denotes the frequency of the optical carrier.

4.4(a). The devices are driven in push-pull mode by a sine and cosine of
angular frequency Q, respectively. Fig. 4.4(b) illustrates the optical spectra that
can be found at various positions (1) ... (6) in the SSB modulator setup. After
one phase shifter, a multitude of spectral lines emerge in the frequency
domain, separated by the modulation frequency Q, see displays (2) and (3) in
Fig. 4.4(b). The amplitudes of the lines depend on the modulation depth and
can be described by Bessel functions, see Appendix for a detailed
mathematical description. When the signals of a pair of phase shifters are
combined at the output of the MZM, the spectral components at the optical
carrier frequency wo and all even-order side lines interfere destructively, see
displays (4) and (5). Moreover, at the output of the 1Q modulator, the signals
from both MZM are combined with a relative phase shift of n/2, leading to a
destructive interference of the lines at wo - 1Q, wo + 3Q, wo-5Q etc., see
display (6) in Fig. 4.4(b). The direction of the frequency shift can be chosen
arbitrarily: By assigning the m/2 phase shift to the other arm of the 1Q
modulator, the lines interfere constructively at wo - 1Q instead of wo + 1Q, the
output spectrum is flipped about wj.
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For practically relevant modulation depths, the spectral line at wo + Q carries
most of the energy at the output of the frequency shifter, while unwanted side
modes appear at wo-3Q, o +5Q, w-7Q,... with decreasing intensity, see
Appendix for a mathematical description. For small-signal modulation, i.e., for
drive voltage amplitudes that are much smaller than the n-voltage of the MZM,
the spurious side modes at wo - 3Q2, wo + 5Q and higher can be neglected. This
can be understood intuitively when considering the field amplitude transfer
function of a single MZM, which is depicted in Fig. 4.5 along with the
corresponding output spectrum for different drive conditions. For small-signal
modulation around the null point, only the linear part of the MZM field
transfer function is used for modulation by the sinusoidal drive signal, hence
the amplitude modulation at the output is sinusoidal as well. This results in
only two side-modes, see Fig. 4.5(a). Since the MZM are biased in the null-
point, small-signal modulation leads to a low conversion efficiency, and most
of the power is lost to the destructive port of the amplitude combiners at the
output of the MZM. For large-signal modulation, in contrast, the output signal
is a distorted sine, leading to larger conversion efficiency but spurious side
modes, Fig. 4.5(b).

To achieve high conversion efficiency and high SMSR simultaneously,
the drive signal has to be predistorted to suppress the spurious side modes.
This can be accomplished by adding higher harmonics to the drive signal to
generate new side modes, which can destructively interfere with the spurious
modes from the fundamental drive frequency. For example, when the third
harmonic azsin(3Q) is added to the RF drive signal, the optical amplitude at
the output can be described by

4 0(85)d; (3 )™
+J5(a,)3 5 (8, )e ™ —J,(a,)d_, (3, )e ™
+35(8;)J5(a, 8™
+35(a,)3_; (a)e™™ +..

where E is a complex amplitude factor, Jn(a;1) describes the Bessel function of
n-th order and a; (asz) is the amplitude of the first (third) harmonic of the
electrical drive signal. A derivation of this relation is explained in the
Appendix. With the correct amplitude levels a; and az for the harmonics of the
drive signals, the relation Jy(as)d_s(a,)e?™™ =Jy(a)d_s(as)e®™* can be
fulfilled and the frequency component at wo - 3Q can be removed from the

E = E,e/ , (4.21)
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Fig. 4.5: Field amplitude transfer characteristics of an ideal MZM in push-pull operation
along with the corresponding output spectra, the drive voltage and the electrical field at the
output for different drive conditions. (a) Small-signal operation: The MZM is driven with a
sinusoidal signal in the linear regime, resulting in two weak lines at wo = Q in the output
spectrum. The amplitude of the output field is relatively small, leading to a low conversion
efficiency. The carrier frequency (dotted line) is only depicted for reference — it should not
contain any power after the MZM, which is biased in the null point for zero transmission.
(b) Large-signal operation with a sinusoidal drive signal. The field at the output resembles a
distorted sine with large amplitude. Therefore the desired spectral lines have large intensity,
but are accompanied by spurious side modes. (c) Large-signal operation with a triangular
drive signal. For an ideal MZM, the output signal features a perfectly sinusoidal amplitude
modulation, and the spectrum consists of only two lines at wo = Q. — this time with large
intensity.

output signal, except for the contributions including the higher-order Bessel
functions Jk(as), |k|>1, which can be neglected for practical modulation
depths. The same procedure can be applied to remove all other spurious side
modes. Hence, using an infinite number of higher harmonics in the drive
signal, we can in principle suppress all side modes and only retain the
frequency-shifted component at wo+ Q. For an ideal 1Q modulator, the
resulting drive signal would be perfectly triangular and feature an amplitude of
d; = /2.

An intuitive illustration of this situation is again depicted in Fig. 4.5(c):
Given the sinusoidal transfer function of the MZM, a perfectly triangular drive
signal driven with amplitude a; =n/2 results in a sinusoidal amplitude
modulation at the output, leading to only two discrete side modes at the output,
one of which is annihilated by destructive interference at the output coupler of
the 1Q modulator. This allows realizing an ideal frequency shifter without any
spurious side modes. Compared to serrodyne modulation, the sinusoidal drive
signals for SSB modulation are much easier to generate than the sawtooth
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signal, and even the triangular drive signal has significantly less power in
higher harmonic frequencies than the sawtooth signal, thereby facilitating
high-bandwidth operation of the frequency shifter. Note that the preceding
considerations are valid for an ideal 1Q modulator, without any amplitude
imbalance or phase errors. For real devices, driving the SSB modulator with a
triangular signal will not necessarily lead to a perfect frequency shift. Still, the
harmonics of the drive signal can be adjusted to compensate also the
imperfections of the modulator.

3. Silicon-organic hybrid (SOH) frequency shifters

To avoid amplitude-phase coupling in the silicon-based modulators, the phase
shifter sections are realized by silicon-organic hybrid (SOH) integration [56].
A cross section of an SOH MZM s depicted in Fig. 4.6(a). Each phase shifter
consists of a 15mm long silicon slot waveguide (wso:= 140 nm,
Wit = 220 nm, hgai =220 nm) with an electro-optic organic material as
cladding. The device is operated in quasi-TE polarization at a wavelength of
1540 nm. In this configuration, the high index contrast between the silicon rails
(n =3.48) and the organic cladding (n = 1.83) leads to an enhanced optical
field in the slot. A thin n-doped silicon slab electrically connects the rails to
ground-signal-ground (GSG) travelling-wave electrodes. The modulation RF
voltage applied to the electrodes drops predominantly over the narrow slot,
leading to a strong modulating RF field, which overlaps with the optical quasi-
TE mode. This leads to highly efficient phase modulation. As a figure of merit
for the overlap, the field confinement factor I' quantifies the fraction of the
optical field which interacts with the modulation field [18,38]. For our device
the field confinement factor amounts to I' = 0.24. The modulation efficiency of
SOH devices can be increased by using a narrower slot, which leads to an
increased field confinement factor and at the same time leads to a higher
modulation field for a given drive voltage. We chose here a slot width of
Wsiot = 140 nm as a compromise between decent modulation efficiency and
reliable fabrication using deep UV (DUV) lithography. A detailed discussion
on the influence of the waveguide dimensions on the field confinement factor
can be found in [56]. A gate voltage applied between the SOI substrate and the
device layer can be used to induce an electron accumulation layer at the oxide-
silicon interface, thereby increasing the conductivity of the silicon
slabs [68,112]. In our experiment, the gate field is applied across the 2 um
thick buried oxide (BOX), which leads to a rather high voltage of 300 V to
achieve a field strength of 0.15 VV/nm. Using gate contacts on top of the silicon
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Fig. 4.6 (a): Cross-sectional view of an SOH MZM. The slot waveguides are filled with the
electro-optic organic material DLD164. Electrical contact to the ground-signal-ground
(GSG) transmission line of the MZM is established by thin n-doped silicon slabs. The EO
material in the slot is poled via a DC poling voltage Upoiing applied to the floating ground
electrodes of the MZM, and the electro-optic chromophores in both arms orient along the
electrical field in the same direction as indicated by green arrows. For operation of the
device, an RF signal is fed to the GSG electrodes. The associated electric field, indicated by
blue arrows, is parallel to the poling direction in the right arm, and antiparallel in the left
arm. This leads to phase shifts of equal magnitude but opposite sign and hence to push-pull
operation of the MZM. A static gate voltage Ugate is applied between the substrate and the
device layer to increase the conductivity of the silicon slab. (b) Dominant Ex component of
the optical field and (c) Ex component of the electrical drive signal in the slot waveguide.
Both fields are confined to the slot and overlap strongly within the EO material, thereby
enabling efficient phase shifting.

slab, the gate voltage can be reduced to less than 3 V [15]. For optimized
doping profiles, the gate voltage can even be omitted completely — we have
recently demonstrated high-speed operation of an SOH MZM operating at
80 Gbit/s without any applied gate voltage [113].

The optical cladding material consists of the strongly electro-optic
chromophore DLD164 [17,114], which allows for pure phase modulation of
the optical signal. The material is deposited by spin coating from
1,1,2-trichloroethane onto pre-fabricated SOl waveguide structures and dried
in vacuum. To align the organic molecules, a poling process is used during
fabrication: The device is heated to the glass transition temperature of 66 °C of
the organic material, and a poling voltage is applied via the floating ground
electrodes of each MZM. This results in a poling field of approximately
280 V/um in each slot waveguide. The dipolar chromophore molecules hence
align in the same direction as defined by the electric field, indicated by the
green arrows in Fig. 4.6(a). After alignment, the sample is cooled down to
preserve the alignment of the chromophores, and the poling voltage is
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removed. Using DLD164, a voltage-length product of U,L=0.5Vmm is
achieved, corresponding to an in-device electro-optic coefficient of
rs = 150 pm/V and a poling efficiency of 0.54 cm?/V2. The in-device rz; of the
SOH devices is higher than the electro-optic coefficient of rs; =137 pm/V
achieved for thin film experiments with DLD164, for which poling voltages
were limited by dielectric breakdown [114]. Those findings are in line with
previous investigations where a high in-device electro-optic coefficient of up
to r33 = 180 pm/V was achieved [17]. For operating the device, an RF signal is
coupled to the GSG transmission line, leading to a modulating electric RF field
as indicated by blue arrows in Fig. 4.6(a). The RF field and the chromophore
orientation are antiparallel to each other in the left half of the GSG
transmission line, and parallel in the right half. This leads to phase shifts of
opposite sign in the two arms of the MZM and hence to push-pull modulation.

In the experiment, light is coupled to the chip via grating couplers and
routed to the frequency shifter via standard SOI strip waveguides. Multimode
interference couplers (MMI) are used as power splitters and combiners. To
couple the light into the slot waveguide, optimized logarithmic tapers are
used [71]. The fiber-to-fiber loss of the device amounts to 29 dB when tuning
the modulator to maximum transmission. This rather high excess loss is
dominated by the coupling loss of the two grating coupler with approx. 6 dB,
each. The 7 mm long access waveguides add 0.6 dB/mm loss due to sidewall
roughness. The optimized strip-to-slot converters and MMI have an aggregate
loss of less than 2 dB. The 1.5 mm long active slot waveguide is estimated to
have a loss of 7.3 dB/mm. Using optimized device design and fabrication
processes, the overall insertion loss of the frequency shifter can be reduced
considerably in future device generations: Access waveguides can be realized
with losses below 1 dB, and optimized grating couplers and photonic wire
bonds are available with fiber-chip coupling losses of less than 2 dB [76,115].
Using asymmetric slot waveguides [73] with improved doping profiles, the
propagation loss in the modulator section can be reduced to below 1.5 dB/mm.
This leads to an overall on-chip loss of less than 5 dB and to an overall fiber-
to-fiber of less than 9 dB.

4. Experimental Demonstration

The setup used for experimental demonstration of the phase shifter is sketched
in Fig. 4.7. A tunable laser is coupled to the silicon chip via grating couplers.
On the chip, two SOH MZM are nested to form an IQ configuration. An
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Fig. 4.7: Sketch of the measurement setup. A tunable laser is used as an optical source and
coupled to the silicon photonic integrated circuit (PIC) via a grating coupler (GC). The PIC
consists of two SOH MZM that are nested in an 1Q configuration. An intentional imbalance
of 40 um is inserted between the two MZM to enable phase adjustment via wavelength
tuning. For small-signal modulation with a purely sinusoidal electrical drive signal, we use
a radio-frequency (RF) synthesizer featuring a bandwidth of 40 GHz as an electrical signal
source. The RF-signal is split in two paths with a length difference of 20 cm such that the
phase shift between the two drive signals can be adjusted by fine-tuning of the RF
frequency. For large-signal operation with pre-distorted waveforms, an arbitrary-waveform
generation (AWG) with two signal channels is used, where the waveform, output power,
and phase can be individually adjusted for each channel. The bias voltages for the MZM are
coupled to the chip via bias-Ts.

intentional length imbalance of 40 pm is introduced between the two arms that
contain the MZM such that the 90° phase shift between | and Q component can
be adjusted by wavelength tuning. The electrical drive signal is fed to the chip
via microwave probes, and the device is biased at the null point via bias-Ts.
For our experiments, we usually chose the null point that features the lowest
bias voltage. We also tried other null points without observing any relevant
difference in device performance.

The ends of the transmission lines are terminated with 50 Ohm to avoid
spurious reflections of the electrical signal. The RF performance of our device
Is limited by the 50 nm thin resistive silicon slabs, the RC limitations of which
can be only partly overcome by the gate voltage. There is also an impedance
mismatch between the external 50 Q drive circuit and the travelling-wave
electrode of the modulator, which has an impedance of only approx. 35 Q, but
this is only of minor effect. With optimized electrode design and doping
profiles,  significantly  higher  operating  frequencies can  be
achieved [38,113,116]. For small-signal operation, sinusoidal drive signals are
generated with an RF synthesizer with 40 GHz bandwidth. For the large-signal
demonstration, an arbitrary-waveform generator (AWG) with 1 GHz



86 Frequency shifter integrated on the silicon platform

bandwidth is used, allowing to generate arbitrarily pre-distorted drive signals
that have a fundamental frequency of at most 100 MHz and higher harmonics
of at most 500 MHz. The experiments are therefore not limited by the
bandwidth of the AWG. The optical output is recorded with an optical
spectrum analyzer having a resolution bandwidth of 20 MHz (Apex
AP2050A). In a first experiment, an RF synthesizer is used to generate
sinusoidal drive signals with amplitudes much smaller than the n-voltage of the
MZM such that the devices are operated in the linear regime. A static gate field
of 0.15 V/nm is applied between the substrate and the SOI device layer to
enhance the electrical bandwidth [68], which allows to reduces the drive
voltage needed to obtain a given CE at high frequency shifts.

The optical output spectrum for a drive signal with an angular frequency
of Q=2nx0.475 GHz is depicted in Fig. 4.8(a). By fine-tuning of the bias
voltage, the carrier can be suppressed by 37 dB. The shifted line at wo — Q is
clearly visible with a CE of -16.4 dB and SMSR of 18.8 dB. In the experiment,
the relative phase shift between both Mach-Zehnder was chosen to be —n/2,
leading to the line shifted at wo - Q instead of wo + Q as for a +n/2 phase shift
denoted above. The sign of the relative phase shift can be chosen arbitrarily,
resulting only in a mirrored output spectrum. It has to be noted that the SMSR
is limited by a strong spurious spectral line at @ + 2Q rather than at o + 3Q, as
would be expected [22]. This is attributed to slightly different electro-optic
coefficients of the two phase shifters in the arms of the two MZM, resulting in
imperfect suppression of the even-order side lines. From the height of the side
lines, we can estimate the ratio of the phase shifts of the MZM arms to be
1:0.8. This imbalance is attributed to the poling procedure: The MZM is
poled by a applying a voltage via the floating ground electrodes of each MZM,
while the center signal electrode is not contacted. For slots with slightly
different resistivities at the glass-transition temperature, this configuration may
lead to slightly different poling fields hence to slightly different electro-optic
coefficients in the two arms. This can be overcome by applying a defined
potential of Upging/2 to the signal electrode during the poling process, which
should lead to equal poling fields and hence equal electro-optic coefficients.
Another approach to overcome the issue of an imbalance in electro-optic
coefficients is based on using dual-drive configurations of the MZM, where the
modulation voltage of each phase shifter can be adjusted individually. In our
experiments, we demonstrate frequency shifts of up to Q =2xn x 10 GHz
without significant degradation of SMSR, Fig. 4.8(b). In these experiments, the
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Fig. 4.8: Small-signal operation of the SOH frequency shifter. For reference, we also plot
the unmodulated carrier obtained without RF signal and with the bias set for maximum
transmission (dotted blue). This carrier not present in the output spectrum. (a) Modulation
at Q =27 x 0.475 GHz and 0.45 Vpp drive voltage. The carrier suppression (CS) amounts to
37 dB, the conversion efficiency is CE =-16.38dB and the SMSR is 18.8dB. (b)
Frequency shifting for different RF frequencies up to 10 GHz without degradation of the
SMSR. The drive voltage is increased for higher frequencies to compensate for the decay of
the modulation efficiency with frequency.

drive voltage is increased along with the modulation frequency to compensate
for the low-pass behavior of the device. Note that much higher frequency shifts
can be achieved with SOH devices, for which small-signal modulation
frequencies of 100 GHz have been demonstrated [86].

To increase the CE, a larger modulation depth and hence a larger drive
amplitude are necessary. This leads to spurious lines in the optical spectrum,
which need to be suppressed by using periodic drive signals which comprise
harmonics of uneven order with carefully optimized amplitudes. These
harmonics lead to a deformation of the drive signal, which, in combination
with the nonlinear response of the MZM, generates approximately sinusoidal
amplitude modulations at the output of each MZM. To experimentally verify
this concept, we use an arbitrary waveform generator (AWG) with two
channels to drive the device. Keeping the frequency at Q = 2zt x 100 MHz, the
drive amplitude, waveform and electrical phase of each MZM can be
controlled individually to minimize spurious side lines in the optical spectrum.
Fig. 4.9(a) depicts the spectrum if purely sinusoidal signals are fed to each
MZM of the frequency shifter with an amplitude a; of approximately the =-
voltage, optimized for maximum power in the o - Q line. This results in a CE
of -4.7 dB and in an SMSR of only 16.4 dB, in good agreement with theory
and with previous results obtained from other devices that do not feature
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Fig. 4.9: The frequency shifter is driven with an AWG at an angular frequency of
Q =2n x 100 MHz and a voltage of 1.3 Vpp at the MZM, which is optimized for maximum
conversion. Each MZM of the frequency shifter is driven by a separate channel of the AWG
and amplitude, phase and shape of the waveform can hence be controlled individually.
(a) Output spectrum obtained by a pure sinusoidal drive signal, resulting in an optical
spectrum with good CE but small SMSR of 16.4 dB. (b) Output spectrum obtained for
using a drive signal with higher harmonics, which suppress the spurious lines in the optical
output spectrum. By optimizing the amplitudes of the third and the fifth harmonic, the
spurious component at wo + 3Q could be reduced by over 15 dB. The overall SMSR now
amounts to 23.5 dB, limited by strong spurious components at wo + 2Q, which are attributed
to an imbalance of the phase shifters in the MZM. This can be overcome by optimized
device design. Without these components, an SMSR of 31 dB could be achieved.
(c) Waveform of the optimized drive signal for one MZM, generated by
U = a,sin(Qt) —0.25- a,sin(30t) +0.125 - a, sin(5t) .

residual amplitude modulation, e.g., LiNbOs; modulators, where a CE
of -4.7 dB and an SMSR of 18.4 dB were reached [94].

We then use an experimentally optimized drive signal comprising the
third and fifth harmonic, U =a,sin(Qt) —0.25- a,sin(3Qt) + 0.125 - a, sin(5Qt)
, see Fig. 4.9(c) for the time-domain electrical waveform. This significantly
reduces the spurious side modes in the optical spectrum, Fig. 4.9(b). The
previously dominant line at wo + 3Q, which is minimized by the third
harmonic of the drive signal, is now 31 dB below the line at wo - Q. Note that
the SMSR is again limited by the spurious lines at wo £ 2Q, which in theory
should not exist. These lines originate from the unequal efficiency of the phase
shifters in the MZM, leading to an SMSR of 23.5 dB. This can be avoided by
improved device design, enabling SMSR of better than 30 dB. The CE for
modulation with pre-distorted signals amounts to -5.8 dB, quite close to the
theoretically predicted value of - 6 dB. The fact that the theoretically predicted
CE amounts to - 6 dB can be understood intuitively: For ideal compensation,
the field at the output of the MZM is perfectly sinusoidal and the intensity
follows a squared sinusoidal. As a consequence, half the power (3 dB) is lost
on average in each of the two MZM. Moreover, the outputs of both MZM are
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merged with a relative phase difference of n/2 to form the single-sideband
output of the 1Q modulator, thereby losing again 3 dB of power. Note that this
IS not in contradiction to the conversion efficiency of -4.7 dB predicted and
achieved for the case of large-signal modulation with sinusoidal waveform:
When driving the phase modulators of the MZM with a pure sinusoidal, the
field at the output of the MZM is a distorted sinusoidal, for which the average
power is larger than half the peak power. As a consequence, only 1.7 dB of
power is lost in each MZM, which, together with the 3 dB of loss associated
with the power combiner of the outer 1Q structure, leads to a theoretical CE of
-4.7 dB. In summary, we can conclude that a frequency shifter with an SMSR
of better than 30 dB and a CE of approximately 6 dB can be realized on the
SOH platform using the SSB configuration combined with temporal shaping of
the drive signal.

5. Summary and Outlook

We have demonstrated for the first time a silicon-based single-sideband
frequency shifter. The device is realized by SOH integration, enabling highly
efficient pure phase modulation without any residual amplitude fluctuations. In
small-signal operation, the device allows for broadband operation up to
10 GHz. Using large drive amplitudes along with temporal shaping of the drive
signal enables a good CE of -5.8 dB while maintaining high SMSR of more
than 23 dB. The SMSR can be improved further by using optimized device
designs or dual-drive configurations of the modulators.

While SOH devices show already outstanding performance, further
research is needed to improve the long-term stability of the EO materials. With
the relatively low glass transition temperature of the DLD164 material used
here, the thermally activated reorientation of the chromophores limits the
lifetime of current devices. For future device generations, the EO molecules
can be modified with specific crosslinking agents. For cross-linked EO
materials, stable operation above 200°C has already been
demonstrated [39,46,69]. Detailed investigations on the lifetime and stability
of SOH devices are currently in progress. Moreover, there is still a series of
practical device-related aspects that need systematic investigation. As an
example, drift of the operating point, which is well known and thoroughly
investigated in LiNbO; [117] and other devices with insulating electro-optic
layer, is also observed in SOH devices and requires further investigation.
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Appendix

In the following section, the equations for SSB modulation are described in
more detail, including temporal shaping of the drive signal. For the analysis,
we assume an ideal sinusoidal amplitude transmission function for each of the
MZM, which are biased in the zero-transmission point, see Fig. 4.5. We
furthermore assume that the output signals of the two MZM are combined with
a relative phase shift of n/2, corresponding to the case of an ideal IQ
modulator.

The spectrum at the output of the frequency shifter as depicted in Fig.
4.4(a) is the coherent addition of all separate signals after the four phase
modulators. The phase shift obtained for a sinusoidal drive signal at an angular
frequency Q without predistortion can be written as

O(t) = asin(Qt)

d'(t) = -b cos(Qt), (4.22)

where and a; and b; represent the amplitude of the phase shift in the upper and
the lower MZM, respectively. The complex optical field E at the output of the
IQ modulator can then be described by

E- % Eoeja;ot (ejalsin(Qt) _p-iasin(t) je—jblcos(Qt) _ jejb]_COS(Qt)) (4.23)

where Ey is the amplitude and wy is the frequency of the optical signal at
the input. Using the Jacobi-Anger expansion for expressions of the form

plzcosd _ Z i3 (2)eM and e®sN? = ZJ (z)e!™, where J,(z) is the n-th

N=—00 N=—w
order Bessel function of the first kind [118], and exploiting the relation
Jn(—=2) =(~1)"3,(2), Eq. (4.23) can be written as

. Z J (al)eant . Z (_1)an(a1)e—ant
E ==Egel™t| " n=—= . (4.24)
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Condensing Eq. (4.24) for a; = b;, the amplitude of the optical field at the
output of the frequency shifter can be expressed as

E=E, 3 J,(@)e™ fornez (4.25)

m=4n+1
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This corresponds to the output spectrum in Fig. 4.4(b) with lines at wo - 3,
wo + Q, wo + 5Q etc. For a frequency shifter, the line at wo + Q, i.e. Ji(a1), has
to be maximized, which requires the amplitude a; of the drive signal to be
close to 1.84, where the first-order Bessel function assumes a local maximum.
In this regime, the higher-order Bessel function (|m| > 7) give no significant
contribution to the output spectrum and therefore the lines at these higher
frequencies can be neglected. Note that the sign of the frequency shift can be
reversed by reversing the sign of the phase shift ¢, in Fig. 4.4.
Equation. (4.23) refers to ¢q =+mx/2; the corresponding relation for the case
of ¢g =-mn/2 would read

£ % E el (e jeysin(@Q) _ o=jaysin(Q) _ jo-ibicos(@) jejblcos(gt)) (4.26)

Using the same procedure as outlined above, we find that the field at the
output of the device is shifted towards lower frequencies,

E=E, Y J,(@)e™ fornez. (4.27)
m=4n+1
To minimize the amplitudes at the spurious frequencies wg - 3Q2, wo + 5Q,and
wo - 7Q, a pre-distortion can be applied to the drive signal by introducing
higher harmonics into the waveform. Exemplarily, the compensation for one
spurious frequency wo - 3Q will be explained in the following. When adding
the third harmonics to the electrical drive signals of the two MZM in the 1Q
modulator, Eq. (4.22) changes to

D (1) = g sin(Qt) —assin(3Qx),

(4.28)
®'(t) =—Db, cos(Qt) —b; cos(3Q).

In this relation, the quantities a;, b; and as, bs represent the amplitudes of the
phase shift in the upper and the lower MZM at frequencies Q and 3Q,
respectively. This leads to phase shifts of the form

jaysin(Qt) .~ jagsin(30t) _ .~ jay sin(Qt) , jag sin(301)
Ly e o e (4.29)
4" +je_jblcos(m)e_jb3COS(3Qt) _ jejblcos(Qt)ejb3 cos(3at) |* VT

The Jacobi-Anger expansion can be applied to this equation, resulting in
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For practical applications, the modulation amplitudes a; and b; are
usually smaller than 1.84, where J; has its maximum, and az and bs are usually
smaller than 0.5. In this regime, the dominant contributions to the four sums on
the right-hand side of Eq. (4.30) arise from products of the form Jo(a1) Jk(as)
and Jn(ay) Jo(as) that contain 0"-order Bessel functions. Taking into account
only these contributions, only frequency components at wo + Q, @ - 3Q,
wo + 5Q ... remain in Eq. (4.30). Assuming further a; =b; and az=b; and
sorting by frequency components, Eq. (4.30) can be simplified to

+[ +J;1(ay)Jdp(ag) + ...]ejQt
+[o+33(a0)J0 (B3) — Jo (@)1 (B3) +...]e T
o T ) Je

+[ 37 (@)o(ag) + ---]e-jmt

E = Eel! (4.31)

where the dots (...) denote expressions that either contain products of two
Bessel functions of non-zero order or contributions at frequency that are
outside the range [wo-7Q, wo+ 7Q]. Equation (4.31) is equivalent to
Eq. (4.21).

[end of paper]
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5 System implementation of SOH devices

5.1 Operation at elevated temperatures

For the implementation of SOH modulators in future devices the stability and
resilience against increased temperatures is of great importance. The silicon-
on-insulator platform and especially silicon itself can withstand high
temperatures with ease due to its material properties. Furthermore, decades of
development of integrated electronics have led to well-engineered solutions for
thermal load and dissipation on CMOS based circuits which can be translated
to the SOI platform. However, organic materials have a much lower resilience
to elevated temperatures. As discussed in Section 3.1.4.1, several mechanisms
can lead to degradation of the electro-optic effect in poled EO materials. For
non-crosslinked materials, the glass transition temperature is one key
parameter for the stability at high temperatures.

Table 1 shows a comparison of different electro-optic materials used within
this work. The monolithic material DLD164 [114] and the binary chromophore
organic glass (BCOG) YLD124/PSLDA41[66] are research materials
engineered towards a high nonlinearity with electro optic coefficients above
200 pm/V, but the glass transition temperature is below 100 °C. The
commercially available guest-host material SEO100 [47] has a moderate
electro optic coefficient of 120 pm/V, however, a significant higher glass
transition temperature of close to 140 °C. These properties make SEO100 a
promising material for SOH devices with high efficiency and good stability.

5.1.1 Static characterization of SOH devices with SEO100

SEO100 is a guest host material, consisting of amorphous propylene carbonate
which is doped with 35 wt.% of a dipolar phenyltetraene chromophore [47].
Characterization of the bulk material shows an electro-optic coefficient of up
Table 1: Selected parameters of the electro-optic materials used within this work.
Refractive index n at 1550 nm, electro optic coefficient rzz in SOH devices, and glass
transition temperature Tyg. The data for DLD164 is taken from [17], for the binary

chromophore material YLD124/PSLDA41 from [18]. For SEO100 n and Tg are from [47], for
the measurement of the in-device rs3 see Section 5.1.1.

DLD164 YLD124/PSLD41  SEO100
n 1.83 173 1.71
rs [pm/V] 180 230 122
T, [°C] 66 97 135
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Fig. 5.1: Measured electro-optic coefficient for SOH MZM with SEO100 under different
poling fields. For a poling field of 133 V/um the maximum nonlinearity of rzz = 122 pm/V
was reached. For poling fields above 133 V/um the EO coefficient drops significantly,
which is attributed to localized dielectric breakdown. To obtain the poling efficiency, a
linear fit (red line) through the data points up to 133 V/um is used. From the slope of the
curve a poling efficiency of (0.83 + 0.02) nm?/V? nm is extracted.

to 160 pm/V at 1550 nm and after 500 h at 85 °C the material can retain 90%
of its original nonlinearity [119].

To investigate the performance of SEO100 in SOH devices a study of the
poling efficiency was conducted. Therefore Mach-Zehnder modulators with
SEOQ100 as electro-optic material were used. The SOI structures were
fabricated by IMEC in a 193nm DUV lithography. The geometrical
parameters of the SOH modulator as introduced in Section 3.1.1, are as
follows: the rail width is wy, = 220 nm, the slab height hga, =50 nm and the
slot width varies between wg: =120 nm and wge: = 160 nm. To obtain the
poling efficiency the devices were poled under varying poling fields Epoling. By
measuring the n-voltage of the MZM via a DC voltage sweep, the in-device
EO coefficient can be calculated according to Eq. (3.7).

The measurement results are depicted in Fig. 5.1. The highest electro-
optic coefficient achieved in SOH devices with SEO100 amounts to
rss = 122 pm/V with an applied poling field of Epgling= 133 V/um. For higher
poling fields the EO coefficient is reduced significantly. This is attributed to
localized dielectric breakdown at higher field strengths. The poling efficiency
of the material system can be extracted from the linear dependence between
poling field and EO coefficient for lower poling fields. A linear regression of
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Fig. 5.2: Measurement of the increase in n-voltage over time for SOH MZM with SEO100.
The devices were tested at 60 °C, 80 °C and 100 °C for 10 h. While for 100 °C a large

increase is measured after the first 2 h, for 80 °C and 60 °C after a burn-in of 2 h the
increase of the n-voltage is significantly reduced.

the measured data, indicated in Fig. 5.1 with a red line, leads to a poling
efficiency of rss/ Epoiing = (0.83 £ 0.02) nm?/\V/2, This is comparable to the
poling efficiency of the BCOG PSLD41/YLD124 and the monolithic
chromophore DLD164 with 1.17 nm?/V? and 0.93 nm?/V?, respectively.
However, compared to SEO100, both materials can sustain higher poling fields
above 200 V/um before dielectric breakdown sets in and hence higher EO
coefficients can be achieved.

Furthermore, the alignment stability at different temperatures was
investigated. The poled MZM were placed on a hotplate under ambient
atmosphere with a defined temperature. The electro-optic effect was measured
in intervals via DC sweeps at room temperature and the sample was placed
again on the hotplate. The measurement data is plotted in Fig. 5.2. Over 10 h
the increase of the n-voltage was measured for temperatures of 60 °C, 80 °C
and 100 °C. While for 100 °C the n-voltage almost doubles after 2 h, at 80 °C
the degradation of the nonlinearity is significantly slowed after a burn-in phase
of 2 h. After 10 h at 80 °C the =-voltage increased by approximately 20% and
the roll-off indicates to a plateau, similar to the measurements in bulk
SEO100 [119]. For 60 °C the increase in n-voltage is only 5% over 10 h. To
confirm that the increase in m-voltage is related to the alignment stability of the
material and not caused by photo-bleaching or other permanent damage the
devices were first tempered in vacuum at the glass transition temperature
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without any applied poling field and subsequently the poling procedure was
repeated. The devices showed the same =-voltage after re-poling as in the
initial stability testing. Hence the degradation of the material can be attributed
to the alignment stability of the material at elevated temperatures.

5.1.2 Signal generation with silicon-organic hybrid modulators at
increased temperature

Besides the characterization of SOH devices under static conditions, the
performance and stability of an SOH MZM, cladded with the commercially
available EO material SEO100, was tested under high-speed modulation and
elevated temperature in ambient atmosphere. This section was published in a
scientific journal [16].

[start of paper]
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We demonstrate a silicon-organic hybrid (SOH) Mach-Zehnder modulator
(MZM) generating four-level amplitude shift keying (4ASK) signals at a
symbol rates of up to 64 GBd both at room temperature and at an elevated
temperature of 80 °C. The measured line rate of 128 Gbit/s corresponds to the
highest value demonstrated for silicon-based MZM so far. We report bit error
ratios of 10° (64 GBd BPSK), 10~ (36 GBd 4ASK), and 4x10°3 (64 GBd
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4ASK) at room temperature. At 80 °C, the respective bit error ratios are 107,
10%, and 1.3x1072. The high-temperature experiments were performed in
regular oxygen-rich ambient atmosphere.

1. Introduction

Power-efficient photonic-electronic interfaces operating at high speed are key
elements of high-performance data and telecommunication networks. With the
widespread adoption of coherent transmission techniques, Mach-Zehnder
modulators (MZM) and MZM-based in-phase/quadrature (1Q) modulators
have become central building blocks of such interfaces. To support advanced
modulation formats, MZM must be capable of reliably generating multilevel
signals at high symbol rate, low energy consumption, small footprint and low
cost. Silicon photonics is an especially attractive integration platform for such
devices: The high refractive index contrast of silicon-on-insulator (SOI)
waveguides allows for compact devices and high integration density, while
mature CMOS processing enables fabless mass production and opens a path
towards large-scale co-integration with electronics [8,78]. Since the intrinsic
inversion symmetry of the silicon crystal lattice prohibits any technically
relevant second-order nonlinearities, current high-speed silicon MZM have to
rely on carrier injection or depletion in reverse-biased p-n junctions that are
integrated into the waveguide core [7,55]. This leads to rather low modulation
efficiencies with minimum voltage-length products of the order of
U.L =10 Vmm [50] and results in comparatively large, millimeter-long
modulators which still require high drive voltages of up to 5 V [11]. For simple
on-off-keying (OOK), the highest data rate demonstrated with an all-silicon
MZM so far amounts to 70 Gbit/s [120]. Using advanced modulation formats,
the highest symbol rates amount to 56 GBd, achieved in a QPSK signaling
experiment with a line rate of 112 Gbit/s per polarization at a bit error ratio of
1 x 1072 [81]. Higher line rates of up to 180 Ghit/s per polarization have been
achieved by using more complex modulation formats such as 64QAM at
symbol rates of 30 GBd [13], or by using electrical OFDM [121], but these
implementations need extensive and power-hungry pre- and post-processing in
the electrical domain to compensate for the impairments caused by the
modulators’ amplitude-phase coupling. The limitations of conventional all-
silicon modulators can be overcome by silicon-organic hybrid (SOH)
integration, which exploits organic electro-optic (EO) materials in combination
with conventional SOI slot waveguides to realize pure phase modulators that
do not suffer from amplitude-phase coupling [14,32,56]. With this approach,
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devices with significantly reduced voltage-length products of only
U.L =0.5 Vmm have been demonstrated, enabling modulation at record-low
energy consumption of only 1.6 fJ/bit [17,18]. In transmission experiments,
SOH MZM have been demonstrated to enable data rates of 100 Gbit/s using
simple OOK [113]. Similarly, SOH 1Q modulators are perfectly suited for
signaling with higher-order modulation formats such as 16QAM [122].
Symbol rates of up to 40 GBd and line rates of up 160 Gbit/s have been
demonstrated experimentally [116]. The high efficiency of SOH devices even
enables direct interfacing of 1Q modulators to the binary outputs of an FPGA
to generate 16QAM data streams without using preamplifiers or digital-to-
analog converters [123]. However, while SOH modulators show great promise
to further increase both symbol and data rates, the wider use of these devices is
still hampered by doubts as to the temperature stability of the organic
materials, in particular regarding the decay of acentric order in the poled
material when operated at elevates temperatures.

In this paper we demonstrate that SOH Mach-Zehnder modulators can generate
multi-level signals at symbol rates of up to 64 GBd, both at room temperature
and at elevated temperatures of 80 °C. The high-temperature experiments were
performed in regular oxygen-rich ambient atmosphere using an EO material,
which is specified to be stable up a temperature of 85 °C[119]. In the
experiment, we generate both binary phase shift keying (BPSK) and 4-level
amplitude shift keying (4ASK) signals with a single 750 um long SOH Mach-
Zehnder modulator [124], achieving line rates of up to 128 Gbit/s. Our
experiments represent the first demonstration of SOH devices operating at an
elevated temperature, while achieving the highest data rate so far demonstrated
for a silicon-based MZM.

2. Silicon-Organic Hybrid Modulator

Silicon-organic hybrid modulators rely on the interaction of the light guided by
an SOl waveguide with an EO cladding material which is exposed to an
externally applied electric field [56]. Fig. 5.3(a) shows a schematic (top) and a
cross section of the SOH Mach-Zehnder modulator (MZM): Standard SOI strip
waveguides form the interferometer together with multimode interference
couplers (MMI) operating as amplitude splitter and combiner. In each arm, the
phase modulators are realized by SOI slot waveguides, the cross-section and
the profile of the dominant optical electric field amplitude of which are shown
in Fig. 5.3(b). The silicon rails and the slot have a width of wi = 240 nm and
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Fig. 5.3: Silicon-organic hybrid modulator. (a) Schematic of and cross-section of a silicon-
organic hybrid (SOH) Mach-Zehnder modulator (MZM). Standard silicon strip waveguides
and multimode interference coupler (MMI) form the waveguide interferometer. The phase
shifter in each arm consists of a slot waveguide (rail width wri =240 nm, slot width
Wsiot = 120 nm). The waveguides are electrically connected to a ground-signal-ground
(GSG) RF transmission line via n-doped silicon slabs (thickness hsiap = 70 nm). A gate
voltage Ucate between the Si substrate and the SOI device layer improves the conductivity
of the silicon slab and hence the bandwidth of the device. As cladding material the
commercially available electro-optic (EO) organic cladding material SEO100 from Soluxra,
specified for an operation temperature of up to 85 °C, is deposited on the chip via spin
coating. To align the chromophores a poling process is performed. Therefore a voltage Upol
is applied via the floating ground electrodes of the device while heated to the glass
temperature of the EO material. This aligns the chromophores in the slots of both
waveguides (black arrows). After cooling down, the orientation of the chromophores is
fixed. A modulating RF field (red arrows) can now be applied to the GSG line, resulting in
a push-pull operation of the modulator. (b) Ex component of the optical field in the slot
waveguide. (c¢) Dominant Ex component of the electrical drive signal below the RC limit.
Due to the doping of the slabs the applied voltage drops predominantly across the slot,
leading to a strong confined of both fields in the slot and hence efficient modulation.

Wsiot = 120 nm, respectively. The rails are connected to a coplanar ground-
signal-ground (GSG) transmission line, Fig. 5.3(a), via conductive, slightly n-
doped silicon slabs with a height of hga, = 70 nm, Fig. 5.3(c).

For the fundamental quasi-TE mode, the high refractive-index contrast
between waveguide and EO cladding leads to an enhancement of the optical
field within the slot, while a voltage applied to the transmission line drops
mainly across the narrow slot leading a high modulation radio frequency (RF)
field. Both fields overlap strongly, leading to an efficient modulation, see Fig.
5.3(b) for a contour plot of the dominant component of the optical mode (Exopt)
and Fig. 5.3(c) for a plot of the Exge component of the modulation field. Due
to the high modulation efficiency, the MZM can be as short as 750 um. The
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transmission line of the modulator is designed for a characteristic impedance
of 50 Q, matched [38,122] to the characteristic impedance of common RF
equipment. The bandwidth of the SOH device is typically limited by the RC
time constant formed by the slot capacitance and the finite conductivity of the
resistive slabs. To increase the slab conductivity, a gate voltage Ugae can be
applied between the silicon substrate and the device layer to accumulate
electrons at the interface between Si slabs and buried oxide (BOX), see Fig.
5.3(a) [68,86]. This decreases the RC time constant of the device and increases
the EO 3 dB bandwidth to more than 32 GHz, the Nyquist frequency of the
64 GBd data signal. This values was estimated by simulations and by
measurements with similar devices. We may hence conclude that the signal
quality in our transmission experiment was mainly limited by the 30 GHz drive
amplifier, and not by the modulator itself. Without gate voltage, the EO
bandwidth falls below 10 GHz. Optimized doping profiles allow to omit the
gate voltage for future device generations, and we recently demonstrated an
SOH device operating without gate voltage at 80 Gbit/s OOK [113]. For
fabrication, we use a standard SOI wafer with a 220 nm thick device layer and
a 3 um thick BOX. The silicon waveguides are structured using electron beam
lithography, while optical lithography is employed for defining the
metallization. The chip is clad with the commercially available electro-optic
material SEO100 from Soluxra, which is specified for operation at
temperatures up to 85 °C [119]. The cladding material is poled by heating it
close to its glass transition temperature of 140 °C while applying a poling
voltage across the two floating ground electrodes of the MZM. Half of the
voltage drops across each slot, resulting in an ordered orientation of the dipolar
chromophores in the slot as indicated by the black arrows in Fig. 5.3(a). After
cooling the device to room temperature, the orientation of the chromophores
freezes and the poling voltage source is removed. The red arrows in Fig. 5.3(a)
indicate the RF field applied to the GSG electrodes. It is antisymmetric with
respect to the orientation of the chromophores, resulting in opposite phase
shifts in the two arms of the MZM. Hence push-pull operation is achieved by
connecting a single-ended data signal to the transmission line.

3. Experimental Setup

The experimental setup for signal generation is sketched in Fig. 5.4. An
arbitrary waveform generator (AWG, Micram Instruments model AWG6020)
generates the electrical NRZ drive signal in form of a pseudo-random bit
sequence with a length of 2'-1. An electrical amplifier with 30 GHz
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Fig. 5.4: Schematic of the experimental setup. Electrical multilevel drive signals at symbol
rates 36 GBd and 64 GBd are generated by an arbitrary waveform generator (AWG) with
up to 72 GSa/s from Micram Instruments, AWG6020. The DC bias voltage for adjusting
the operating point is applied via a bias-T (not drawn) to the MZM and the transmission
line is terminated with 50 Ohm to avoid back reflections. An external-cavity laser (ECL) at
1565 nm is used as an optical source and coupled to the MZM chip via fibers and grating
couplers. The optical output signal is amplified by an EDFA and subsequently fed into an
optical modulation analyzer (OMA) in homodyne configuration for detection.
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bandwidth amplifies the signal to a peak-to-peak voltage of 2 V. This
modulation voltage is coupled to the GSG transmission line via microwave
probes. An external cavity laser (ECL) generates the optical carrier, which is
coupled to the chip via grating couplers (GC). The optical output of the
modulator is coupled to an erbium-doped fiber amplifier (EDFA) for
compensating the excess loss of 21 dB which is dominated by the loss of the
non-optimized grating couplers of 6 dB per facet. The MZM features an
insertion loss of 9 dB, which is attributed to losses in passive components such
as MMI and strip-to-slot converters (< 1 dB in total) [71], to propagation loss
in the access waveguides caused by sidewall roughness (1 dB), and to free-
carrier absorption [49] (= 1 dB) as well as scattering loss (6 dB) in the 750 um
long MZM slot waveguides. It is expected that these losses can be greatly
reduced in future devices: Slot waveguides can be fabricated with propagation
losses as low as 0.65 dB/mm [125], and optimizing the doping profile can
reduce the doping-related losses to below 1 dB/mm. At the receiver side, an
optical modulation analyzer (OMA) Agilent N4391A is used for homodyne
detection and signal analysis. The OMA performs standard digital post-
processing comprising polarization demultiplexing, phase estimation, and
channel equalization. For signals with a symbol rate of 36 GBd the drive
voltage at the input of the modulator is measured to be 2 V.

For 64 GBd signals we use a linear electrical pre-emphasis to compensate
low-pass characteristics of the setup, which are predominantly caused by the
30 GHz driver amplifier. The necessary pre-equalizer parameters are estimated
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at the receiver side and then applied to the AWG. Pre-equalization includes an
increased voltage swing at the output of the AWG for compensating the low-
pass roll-off. The resulting voltage level at the input of the modulator is
estimated to remain at 2 V,. A constant gate field of 0.1 V/nm is applied
between the silicon substrate and the device layer to improve the bandwidth of
the device. The silicon chip with the SOH modulator is placed on a metallic
sample holder which can be heated via a thermoelectric heater. The sample
temperature is measured by a resistive temperature detector inside the sample
holder and close to the silicon chip. Measurements are performed at room
temperature as well as at 80 °C, without taking any measures to shield the
devices from ambient oxygen. As modulation format, we use BPSK and 4ASK
at symbol rates between 36 GBd and 64 GBd. Depending on the symbol rate,
the AWG is operated at sampling rates of 72 GSa/s and 64 GSa/s, respectively.

4. Measurement

Measured eye patterns and constellation diagrams are shown in Fig. 5.5. The
first set of measurements is performed at room temperature, upper row. For a
second set, the sample is operated as before, but heated to 80 °C, lower row.
After one hour at 80 °C in ambient atmosphere, we start the data recording. As
a quantitative measure of the signal quality, we use the measured bit-error ratio
(BER) and the error vector magnitude (EVMp,), which describes the effective
distance of a received complex symbol from its ideal position in the
constellation diagram, using the maximum length of an ideal constellation
vector for normalization [77]. For operation of the device at 36 GBd, we find
an average m-Voltage of U, =2.2V, estimated from the compression of the
outer points in the 4ASK constellation diagrams. The corresponding voltage-
length product at high-speed operation is therefore U,L =1.6 Vmm, which
leads to an estimated EO coefficient of rs3 =60 pm/V. This U,L -product is
slightly higher than the values measured for best-in-class devices [17,18],
which we attribute to imperfect poling and to the fact that the material used in
this work is not optimized only for highest EO activity but also for increased
stability. There is vast potential in improving device performance by using
cross-linkable materials with EO coefficients beyond 100 pm/V [48].
Nevertheless, even in the current experiment, the measured U,L -product is
well below the 10 Vmm that are to be expected for conventional depletion-type
devices [50].
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Fig. 5.5: Evaluation of the signal generation experiment. The top row depicts the measured
constellation diagrams and eye diagrams for operation at room temperature. In the bottom
row the corresponding data for operation at 80 °C is shown. (a) For signaling at 36 GBd
with 4ASK (72 Gbit/s) at room temperature we measure an EVMn, of 9.0 %, and the BER s
estimated to be 1 x 10, too few errors were measured for a statistical significance. At
80 °C the EVMn is with 10.3 % slightly increased and the BER is estimated to be 1 x 10™.
No pre-emphasis is used for 36 GBd signaling. The peak-to-peak voltage at the modulator
IS measured to be 2 Vpp. (b) BPSK signaling at 64 GBd shows error free performance at
room temperature and 80 °C. No errors could be measured within our record length of
62.5pus and the EVMp indicates a BER <10 (c) For 4ASK signals at 64 GBd
(128 Gbit/s) we measure an EVMm of 15.0 % and a BER of 4.3 x 107 at room temperature.
At 80 °C the EVMn is 17.6 % and the measured BER is 1.3 x 102, For 64 GBd signals an
electrical pre-emphasis was used to compensate for the low-pass characteristics in the
setup. The increased voltage swing at the output of the AWG compensates for the roll off at
high frequencies and the drive voltage level is estimated to remain at 2 Vpp.

For 36 GBd 4ASK signaling at room temperature, the EVM,, is measured
to be 9.0 %, and the BER is estimated to be approximately 1 x 10°. Too few
errors were recorded for directly determining a statistically significant BER
value. At 80 °C, the EVM,, increases slightly to 10.3 %, and the BER is
estimated to be 1 x 10, The corresponding eye diagrams and the constellation
diagrams are depicted in Fig. 5.5(a). For both temperatures, the BER are well
below the threshold of 4.5 x 10 for hard-decision forward error correction
(FEC) with 7% overhead [88]. At a symbol rate of 64 GBd we use a pre-
emphasis to compensate for the low-pass characteristics in the measurement
setup, which predominantly arise from the 30 GHz preamplifier (model
SHF 807). The results for BPSK signaling at 64 GBd are shown in Fig. 5.5(b).
The signal is error-free both for room temperature and for operation at 80 °C,
I.e., no errors could be measured within our record length of 62.5 s
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(8 x 108 bits). The EVM, values of 17.1 % and 19.0 % indicate a BER smaller
than 1071 [77]. Fig. 5.5(c) depicts the data for 64 GBd 4ASK signals. At room
temperature, the measured EVMy, is 14.7 % and the measured BER amounts to
4.3 x 1073, just below the threshold for hard-decision FEC. For operation at
80 °C, the EVMy, is measured to be 17.6 %, and the measured BER is
1.3 x 1072, still below the threshold of 2.4 x 10 for soft-decision FEC with
20 % overhead [89]. At room temperature, the line rate (net data rate) of the
64 GBd 4ASK signal amounts to 128 Gbit/s (120 Gbit/s). These figures
represent the highest values demonstrated so far for a silicon-based Mach-
Zehnder modulator.

The slightly reduced signal quality at elevated temperatures is attributed to an
increased m-voltage after burn-in. Using again the compression of the outer
points in the 4ASK constellation diagrams to extract the n-voltage, we estimate
a 12% increase as an upper limit for the degradation after burn-in. Apart from
the burn-in phase, the performance of our modulator stayed constant over the
entire measurement. Moreover, we did not observe any significant degradation
of the devices over several months of repeated use and storage under normal
laboratory conditions at room temperature. This is well in line with previous
reports on the SEO100 material, where, after a short burn-in period, more than
90% of the material efficiency was retained for more than 500 hours [119].
These experiments provide a first proof-of-principle that SOH modulators can
indeed be operated at elevated temperatures. A detailed investigation of aging
and temperature stability of organic EO materials is subject to ongoing
research. By using modified cross-linkable chromophores, the alignment
stability of the chromophores can be further improved [39]. The viability of
this approach has been demonstrated for EO compounds with high rs3, where
material stability of up to 200°C has been achieved [48,46].

4. Summary

We demonstrate the first high-speed operation of an SOH modulator at an
elevated temperature of 80 °C in regular oxygen-rich ambient atmosphere. A
single 750 um long SOH Mach-Zehnder modulator is used to generate
multilevel signals at symbol rates of up to 64 GBd. The achieved line rate of
128 Gbit/s and the corresponding net data rate of 120 Gbit/s correspond to the
highest value demonstrated for a silicon-based Mach-Zehnder Modulator so
far. Based on these findings and on progress in EO material research, we
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expect that SOH modulators evolve towards high-performance devices with
high reliability.

[end of paper]

5.2 Fabrication of SOH devices on an industrial silicon-
photonic platform

As outlined in Section 1, silicon photonic integration and the SOI platform is a
powerful technology which allows to combine various optical elements on one
photonic integrated circuit (PIC) and the fabrication can rely on mature CMQOS
based processes. SOH integration is based on the SOI platform but has
nevertheless distinct requirements on device geometries and the process flow.
The SOH devices discussed in the previous sections where fabricated using
either electro-beam writing for the lithography of the silicon structures or a
highly customized 193 nm DUV process. In the following, the fabrication of
SOH devices on a commercial SOl process with 248 nm lithography is
discussed. Using such a standard process allows the co-integration of SOI
devices with a large variety of photonic elements which are typically available
via foundry services [8]. Within this work, SOH devices were fabricated in a
commercially available silicon photonics foundry run at the Institute of
Microelectronics A*Star (IME) in Singapore. The process flow comprises
around 20 mask layers defining various structures such as different silicon etch
depths, Germanium growth, two layer metallization and different doping
levels. While for customized processes each flow step and process boundaries
can be explored individually to match the desired design, there are fixed design
rules for commercial process flows, ensuring the consistent and deterministic
results for a wide variety of designs.

5.2.1 Special requirements of SOH devices and their
implementation in a commercial process flow

The minimum feature size for 248 nm DUV lithography is typically around
200 nm, ideally suited for standard SOI devices with minimum feature sizes
between 300 nm and 500 nm in the waveguide layer. Slot waveguides for SOH
devices, however, have typically rail widths between 200 nm and 300 nm and
a slot with around 140 nm, as discussed in Section 3.1. While the resolution of
the lithography is sufficient for the rails of the waveguide it is too coarse for
the definition of the slot. To realize slot widths below 200 nm an additional
mask step was used within the waveguide definition at IME. While the
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lithographic dimensions are kept above the limitation of 200 nm, the opening
in the physical hard mask could be reduced by appropriate processing. With
this mask layer, slot widths of 120 nm, 140 nm and 160 nm could be realized
with the 248 nm lithography, ensuring a high field confinement and therefore a
high modulation efficiency of the SOH devices. Since the slot is defined with a
separate mask layer and not with a self-aligned process as described in
Section 3.3, precise alignment between the silicon waveguide layer and the slot
layer is crucial for good operation. The alignment tolerances for the two mask
layer are typically in the order of £ 50 nm. The SOH devices can tolerate the
resulting asymmetry of the silicon rails, however, to avoid abrupt changes of
the waveguide width, tapered designs are developed at the interface of the strip
and slot waveguide to mitigate the influence of the alignment uncertainty. The
thin silicon slab and the rails follow a logarithmic taper for mode
conversion [71]. In order to mitigate the influence of small alignment
uncertainties during the lithography, the slot layer and the layer for the silicon
slab both have now an overlap with the waveguide layer.

The backend processing of a standard SOI flow comprises typically the
deposition of silicon oxide which serves as waveguide cladding and is also
necessary to realize the different metal layers which are connected to the
silicon with electrical vias. Since SOH devices rely on the combination of SOI
slot waveguides and organic electro-optic material, the oxide above the slot
waveguide has to be removed in order to fill the slot with the organic material.
The process flow at IME comprises a step for backend oxide removal.
However, this step puts additional constraints on the design: the oxide opening

Backend oxide

Metal \ Oxide opening Metal
w EO material W
Highly doped
BOX Lightly doped silicon silicon

Si substrate

Fig. 5.6: Partial cross-section of an SOH phase modulator in the IME process flow. An
oxide opening process is used to access the slot waveguide after backend processing and
deposit the EO material in the slot. Highly doped silicon with a height of 220 nm is used to
provide a path with low resistivity between the slot and the metal electrodes. Only in the
vicinity of the slot thin, lightly doped silicon slabs are used for a good confinement of the
optical mode.
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has a minimum width of several um and since it is etched through the
complete backend stack, there must be in addition a safety margin from the
edge of the oxide opening before any metal can be placed.

As discussed in Section 3.1 the bandwidth of a resistively coupled SOH
modulator is dependent on the series resistance between the metal electrodes
and the slot capacity. With the oxide opening, the metal electrodes cannot be
placed as close as necessary for high speed operation. To provide still a
connection between slot and metal electrodes with low resistivity, highly
doped 220 nm is used. For good confinement of the optical mode the thin
silicon slab is placed in the vicinity of the optical mode. See Fig. 5.6 for a
cross section of the SOH structure. For the travelling wave electrode, the first
metal layer, closest to the silicon layer is utilized, while the second layer is
used for the contact and the probe pads. This ensures, that the electrical
modulation field is guided as close as possible to the optical field and reduces
parasitic effects of the electrical vias. Using the highly doped 220 nm silicon,

Oxide
opening

Metal
contacts

Metal electrodes
(below oxide)

Silicon slab Silicon rails

Silicon slot Backend oxide

Fig. 5.7: SEM images of an SOH MZM. The backend oxide is partially removed, exposing
the slot waveguide. Although two mask layers are used to define the slot waveguide, it can
be seen in the SEM image that the slot is well centered within the waveguide.
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the travelling wave electrodes can be designed similar to the devices in
Section 3, with an impedance close to 50 Q.

5.2.2 Characterization of the fabricated devices

After fabrication of the silicon structures at IME, the devices were prepared for
deposition of the organic material. To remove any residual contaminations in
the slot, an additional cleaning step in a cleanroom environment was
performed prior to deposition of the organic material. Fig. 5.7 shows image
details of an SOH MZM fabricated at IME. The opening of the backend oxide
above the rails is clearly visible, the metal transmission line is buried below the
backend oxide. In the zoom-in the slot waveguide can be seen, the silicon slab
extends below the backend oxide and the slot itself is well centered in the
waveguide.

The organic material SEO100, which is described in Section 5.1.1 was
chosen as organic cladding material. The material was deposited on the SOI
structures via spin coating from dibromomethane. The material fills the silicon
slot without any voids, and a layer thickness above 1 um ensures that the
optical mode is properly guided within the cladding. The SOH Mach-Zehnder
devices are first characterized with a passive transmission measurement. An
intentional imbalance in the Mach-Zehnder interferometer structures allows to
record the extinction ratio as well as the insertion loss of the devices with a
simple sweep over the wavelength. The fiber-to-fiber loss of a 1.1 mm long
MZM is measured to be 21 dB with an extinction ratio of over 20 dB of the
interferometric structure. The loss of a 0.5 mm long MZM is measured to be
15 dB also with over 20 dB extinction ratio. The transmission of both MZM is
depicted in Fig. 5.8, the envelope of the curve is due to the response of the
grating coupler over wavelength. From test structures, the losses of the grating
coupler can be estimated to be 4.5 dB per coupler, leading to on-chip losses of
12 dB for the 1.1 mm long MZM and 6 dB for the 0.5 mm long MZM.

To evaluate the electro-optic response, poling experiments were
performed. Following the parameters determined in Section 5.1.1 a n-voltage
of 0.9 V could be obtained in a 1.1 mm long MZM with 160 nm slot width.
This corresponds to a voltage-length product of 1 Vmm and an in-device
electro-optic coefficient of 140 pm/V. Besides the evaluation of the SOH
devices under static conditions, a dynamic electro-optic measurement was
performed to evaluate the performance under high-frequency excitation.
Therefore, a vector network analyzer with calibrated photodiode was used to
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Fig. 5.8: Fiber-to-fiber transmission for MZM coated with SEO100. (a) optical transmission
measurement of a MZM with a 1.1 mm long active slot waveguide section. (b) optical
transmission measurement of a 0.5 mm long MZM. An intentional imbalance in the
interferometer leads to the fringes with approx. 5 nm periodicity. The envelope of the
transmission curves is due to the response of the grating coupler over wavelength.

measure the electro-optic response over a wide frequency range. A MZM with
0.4 mm long slot waveguides was measured. The S21 and S11 parameter are
plotted in Fig. 5.9, the 6 dB electro-optic-electric (EOE) point corresponds to
the 3 dB electro-optic (EO) bandwidth and amounts for this device to 25 GHz.
The relation between EO and EOE response is explained in Appendix C. The
S11 parameter is below 20 dB for frequencies up to 20 GHz and below 15 dB
up to 35 GHz. This indicates a proper matching of the transmission line to the
50 Ohm measurement system.

The performance of those SOH devices makes them ideal candidates for
future experiments for high-speed modulation with advanced modulation
formats and extended reliability studies. Furthermore, the integration of the
SOH devices in the process flow of a commercially available silicon photonics
foundry platform allows the use of SOH modulators for a variety of different
experiments and system concepts.
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Fig. 5.9: EOE frequency response of a 0.4 mm long MZM. In black the normalized S21
parameter is depicted. The 6 dB point of the EOE response corresponds to the 3 dB point of
the EO response and is indicated by a dashed line. The bandwidth of the device is measured
to be 25 GHz. The S11 stays below 20 dB up to 20 GHz and below 15 dB up to 35 GHz, an
indication for a good impedance matching to the 50 Ohm measurement system.
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6 Summary and outlook

6.1 Summary

Optical integration on the silicon photonic platform has the potential to enable
the next generation of communication systems as well as new applications in
sensing or metrology. The work in this thesis is focused on the investigation
and development of silicon-organic hybrid 1Q modulators to reduce the power
consumption, increase the speed and enable the integration of such modulators
in standard silicon photonic PICs.

SOH modulator for advanced modulation formats with low power
consumption

By combining highly efficient EO materials with an SOH modulator in 1Q
configuration, a device capable of 16QAM modulation at 28 GBd with an
energy consumption of only 19 fJ/bit was demonstrated. The high nonlinearity
of the organic EO material PSLD124/YLD124 together with narrow SOI slot
waveguides ensures operation with drive voltages as low as 0.6 V. Using
these low voltages, a drive amplifier can be omitted which helps to lower the
energy consumption of a potential system even further. By directly connecting
the DAC to the modulator best signal quality is ensured.

SOH modulator for highest data rates

While maintaining low drive voltages, signal generation with advanced
modulation formats at highest data rates was demonstrated. The low drive
voltages facilitate high-speed operation, since RF electronics with large
voltage swing at high frequencies are difficult to realize and have a high power
consumption. Using an SOH 1Q modulator with a matched 50 Ohm
transmission line as RF electrodes, 16QAM modulation with symbol rates up
to 40 GBd was demonstrated. Using an SOH MZM, generation of 4ASK
signals with a record high symbol rate of 64 GBd could be shown. To further
extend the bandwidth of SOH devices and overcome the limitations of
conventional resistively coupled slot waveguides, a new concept of
capacitively coupled SOH devices is introduced and theoretically investigated.
By using materials with high permittivity to couple the metallic electrodes to
the slot waveguide, a large overlap of the optical field and the RF field within
the slot waveguide is guaranteed. At the same time the resistive silicon slab
can be omitted and therefore the associated RC time constant is not limiting
the high-speed performance of future SOH devices anymore.
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Frequency shifter based on SOH integration

The benefits of SOH modulators in 1Q configuration are not limited to
applications in optical communications. Integrated frequency shifter are
important building blocks for example in vibrometry or distance metrology.
Leveraging the pure phase modulation, low drive voltage, and high bandwidth
of SOH modulators a single-sideband frequency shifter was demonstrated on
the silicon platform. This device is capable of achieving frequency shifts up to
10 GHz, magnitudes higher than conventional implementations in silicon using
thermo-optic phase shifters. To overcome the trade-off for single-sideband
modulation between conversion efficiency and side mode suppression ratio, a
concept for temporal shaping of the drive signal was developed and
demonstrated. By adding additional harmonic frequencies in the electrical
drive signal, spurious side modes can be suppressed. This results in an
experimentally demonstrated conversion efficiency of -5.8 dB and a side mode
suppression ratio above 23 dB.

Towards system implementations of SOH devices

SOH devices are showing great performance in experimental demonstrations.
But to leverage all advantages of the silicon photonics platform it is important
that the fabrication can rely on standard industrial processes. The slot
waveguide as critical feature was so far typically realized with e-beam
lithography or customized 193 nm DUV lithography. During this work a
design and layout of SOH modulators was developed, which can be fabricated
in a standard 248 nm DUV lithography process within a commercial silicon
photonics foundry run. The resulting devices did show similar or even better
performance than earlier devices using customized processes.

Furthermore, the commercial EO organic material SEO100 was
introduced on the silicon-organic hybrid platform and a poling process for the
material was developed. This material has a higher temperature resilience,
which allowed the generation of 4ASK signals at symbol rates of 64 GBd,
while keeping the SOH device at an elevated temperature of 80 °C, a first step
to SOH devices with high performance and high reliability.

6.2 Outlook and future work

Within this work advanced SOH modulators as building blocks for complex
silicon-photonic systems were demonstrated. Towards the realization of highly
integrated systems co-integrated with electronic circuitry, still some challenges
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have to be faced. While the demonstration of SOH operation at 80 °C shows
the feasibility of such an approach for practical implementations, the long-term
stability of SOH devices has yet to be evaluated. Besides the organic materials
used in this work, which rely on embedding the chromophores in an
amorphous matrix material, new approaches for EO materials have been
developed, relying on cross-linking for post-poling lattice hardening. If those
materials can be used within SOH devices, stable and reliable SOH devices for
operation above 100 °C are well within reach.

Co-integration of SOH devices directly with the electronics opens up new
possibilities for design and operation. While common RF equipment in the
laboratory is all matched to 50 Ohm, a 50 Ohm system might not be the ideal
source for driving SOH devices. However, integrated electronics are not
limited by this quasi-standard impedance. Optimizing both as a pair, the
electrical driver circuitry together with the SOH modulators, is a very
promising path to significantly increase the performance and reduce the energy
consumption of the whole system even further.
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Appendix A Mathematical relations

A.1 Fourier transformation

Using the angular frequency @, the Fourier transformation F and its inverse
of the field E is defined as follows:

E(f.0) = (E(rt)} - [ E(F.t)e A1
E(F1)= 7 {E(R0) = & | E(Fo)e 0o (A2)

A.2 Hilbert transformation

The Hilbert transformation H and its inverse connects the real part sit) and
the imaginary part s(t) of a complex analytical signal S(t). Following the
derivation in [126] it is defined as

5(r)=H{s(1)) =%p.v.of Sit_)‘:t , (A3)
s(t):H—l{é(r)} =—%p.v.T %Y_)gf , (A.4)

with p.v. denoting the Cauchy principal value.



Electrical transmission lines 115

Appendix B  Electrical transmission lines

B.1 Lumped element circuit model of the electrical
transmission line

In cases where the wavelength of the electrical wave is in the order of or
smaller than the physical dimensions of the transmission line, the
representation as distributed-parameter network can be used to model the
transmission line. Therefore the transmission line is divided in infinitesimal
small elements for which the current and voltage does not vary significantly,
so a lumped element approach can be used to describe each element. The
analysis in this chapter follows the derivation in [127], where more details on
electrical transmission lines can be found.

An infinitesimal small transmission line element of length Az can be
described by a two-port circuit consisting of lumped elements, see Fig. B.1.

i(z,1) i(z1 Az, 1)

| | NN —>
O
| A L'Az |
M(-'if ) GAz| | A== “i‘ tazt)
O O
< Az 7

Fig. B.1: Equivalent circuit of a transmission line element of length Az. A lumped element
model is used to describe the transmission line and the evolution of the current i(z,t) and
voltage u(z,t).

The transmission line model in Fig. B.1 is characterized by the distributed
parameters R', L', G', and C', which are defined as in [127]:

R': series resistance per length in Q/m, for both conductors
L": series inductance per length in H/m, for both conductors
G': shunt conductance per length in S/m

C': shunt capacitance per length in F/m

Using above definitions and using Kirchoffs law, the evolution of current and
voltage in time domain can be written as

ou(z,t) o _ . 0i(z,t)
e Ri(z,t)-L prant (B.1)
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oi(z,1) __Gu(zi) _C,au(z,t) |
ot ot

(B.2)

These differential equations are also known as telegrapher’s equation. Using
sinusoidal signals, the equations for steady state can be simplified to

W) _ (R4 joLl)i(), (B.3)
dz
%:—(G’ﬂoﬁ’)u(z). (B.4)
Solving Eq. (B.3) and Eq. (B.4), the wave equations
2 _ 2; _
d U(ZZ)—ﬁzu(z)zo and d '(22)—,6’2i(z)=0 (B.5)
dz dz
are obtained, with the complex propagation constant
B=yJR +joL)G +jaC'). (B.6)
Using the solutions
u(z) = uge-/_ﬁ + ugeﬁZ and i(z)= ige‘ﬁZ + igeﬁZ (B.7)

for wave propagation in positive z-direction (e‘ﬂz) and negative z-direction
(eﬂz), the characteristic impedance Z can be defined as:

7Y __Y _ |[Rtjol” (B.8)
ii iy \G'+joC

From Eq. (B.6) we see that the losses in the transmission line are defined by
the resistance R' and conductance G', the ohmic losses of the conductor are
related to R', while the dielectric losses are described by G'[127]. For a
lossless transmission line, the propagation constant can be written as
B=joJL'C' and the characteristic impedance becomes a real number
z=,/L/C".

B.2 Impedance matching and reflections

As described in the previous section, the voltage and current on a transmission
line are related by the characteristic impedance Z. However, when the
transmission line is terminated with a load, the voltage and current at the load
are defined by the load impedance Z,. Using the total voltage and current on
the transmission line as defined in Eq. (B.7) a reflection coefficient I'y can be
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defined as amplitude of the reflected wave divided by the amplitude of the
incident wave [127]

. B.9
ug Z +Z (8.9)

=
For a matched load where Z, = Z, no reflections occur and I'y =0. For Z, #Z
a reflection occurs at the load and a standing wave is formed on the
transmission line. If the impedance of the load is larger than the impedance of
the line, I'g is positive, i.e. the phase of the reflected wave u, directly at the
load is the same as the phase of the incident wave uj, both interfere
constructively at the position of the load, hence a antinode of the standing
wave is located at the load. When the impedance of the load is smaller than the
line impedance, I'g is negative and the phase of the reflected wave is flipped
by 180°. Therefore a node is located at the position of the load.

B.3 Lossy transmission lines

The complex propagation constant ,5 from Eq. (B.6) can be rewritten as

—ja)\/LC\/l j( R + G j— RG : (B.10)

ol oC’ 0)2 L'C’

For small conductor and dielectric losses we can assume that R'G' < @?L'C’.
Using the first two terms of the Taylor expansion for v1+x =1+x/2+... we
can reduce Eq. (B.10) to

B= a+]ﬂ~ja)\/LC'(l——( R, G j] (B.11)

a)L' wC'

for low loss transmission lines [127]. The loss coefficient o reads then

o=l ( f f J (B.12)

and the propagation constant £ is described with
L=wJL'C. (B.13)
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Appendix C Electro-optic bandwidth
measurement

The bandwidth of an electro-optic modulator is determined using the small
signal frequency response of the optical intensity | at the modulation
frequency @, .

Ss1.60(@n) :10|0910(55II(?33)} : (C.1)
The 3 dB frequency point is the frequency for which the magnitude of the
intensity is reduced by half compared to low frequencies. The electro-optic
(EO) bandwidth can be determined by measuring the electrical-optical-
electrical (EOE) bandwidth of the modulator via a vector network analyzer
(VNA) and a calibrated high-speed photo diode [25]. The modulated voltage
measured at the 50 Q input of the VNA dSuyya(@,) is proportional to the
current in the photodiode Ji.p(@,,) and to the intensity of the modulated
optical field ol(w,). Since the S, wna parameter at the VNA is defined as
20109, (uVNA(a)m) / uVNA(O)), the 3 dB bandwidth of the electro optic response
S,1.e0 corresponds to the EOE 6 dB bandwidth measured at the VNA.
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Appendix D Field calculations for single-
sideband modulation

D.1 Single-sideband modulation without temporal shaping

Frequency shifting by single-sideband modulation can be achieved by utilizing
four phase modulators in 1Q configuration, see Fig. 4.1 for a schematic. The
complex field at the output of a single-sideband modulator can be described as

e 1 E ol bl giosin() 1

Jopt 4 jag sin(Qt—r)
=out — EOe e

4 i Eoejwote-jbo cos(Qt) i Eoeja)ote-jbo cos(Qt—r) (D.l)
4 4
= EEin (ejao sin(Qt) e-jao sin(Qt) + je-jbo cos(Qt) jejbo cos(Qt) )

For an ideal modulator we can assume 8, =0y, furthermore, the Jacobi-Anger
expansion for the expressions of the form

ejzcos@ _ Zjn Jn(z)ejne and ejzsiné? _ Z‘Jn(z)ejne (D.2)
n n

can be used [118]. J,(2) is the n™ Bessel function of the first kind with
J,(=2z) =(-1)"J,(z) - Using these relations Eq. (D.1) can be written as

ZJn(aO)eant _ Z(_l)n Jn(ao)eant
n fornez (D.3)

E " . |
+>(=0)" 3n (@)™ = D" "3, (ag )™
n n

out — Ein

The bracket in Eq. (D.3) gives only non-zero contributions if the relation
1—-(-1)" +j(=j)" = i(j)" =0 holds, which is only the case for m=4n+1.
Eq. (D.3) simplifies therefore to

Eor= . Egln(a)e ™™ fornez. (D.4)

m=4n+1

D.2 Single-sideband modulation with additional harmonics

By adding additional harmonics to the drive signal of the single-sideband
modulator, spurious side modes can be suppressed. In the following the third
harmonic with the modulation amplitude C, is added exemplarily to the drive
signal,
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@ = a,sin(Qt) —¢,sin(3Qt) and @ =—a,cos(Qt) —c,cos(302). (D.5)

The output field changes now to

1 eja0 sin(Qt)e-jcosin(SQt) _ e-jaO sin(Qt)eja sin(3Qxt)
E . (D.6)

out — , Sin| . r s .
4 +je ja, cos(Qt)e jCo COS(3QA) Jejao cos(Qt)eJc0 cos(3Qxt)

Using again the Jacobi-Anger expansion the output field can be written as

ZZ\]n (ao)eant (_1)k \]k (Co)ejk3§2t
n k
=3 (D", (ag)e"™ I, ()™
n k
YD ()"0 (Bg)e ™ (=) Ty (o)
n k

=311 (@)e ™ 0, (cp)e M
n k

out = Ein forneZ. (D.7)

If we limit the modulation amplitudes to &,,Cy <1.84 we find that only the
products

Jo(ao)ZJk(Co) and Jo(Co)ZJn(‘"‘o) (D.8)
K n

provide significant contributions to the overall sum in Eq.. Using this relation
Eq. (D.7) can be rewritten as

J0(C0) D" In(ag)e”™™ +35(ag) > (1) I ()M
n K

_JO(CO)Z(_l)n‘]n(aO)eant _‘]0(‘3‘0)Zl‘lk(CO)ejksQt

t:lE. n _ “ . .(D.9)

M AT 35(c) D (D) (B0)e ™ + 135(80) Y (=) K (co)e T
n k

—J-Jo(co)zJ-an(ao)ejmt - J'Jo(ao)zJ'k\]k(co)ejk3Qt
n k

Similar to Eq. (D.3) we find, that the bracket in Eq. gives only non-zero
contributions when the relation 1-(-1)" +j(-j)" —j(j)" =0 holds for
m=4n+1 or 1—(-1)' +j(j)' —i(-j)'#0 for m=4k-1. Eq. (D.9) can
therefore be written as
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Jo(Go) D I (ag)ellrt ™I
E —-E m=4n+1 . D.10
me —Jo(ay) Z J|(Co)ej(w°+|39)t) ( )

I=4k-1
We can now write the significant components of the sum

£ [ I0(Co)Ia(@0)e MY+ 3o (€o)_(ag)e Y (D.11)
M 230(80)3_1(Co)e M@ M 4 3 (c) 5 (3 )eH WM 4,

And with a proper choice of a, and C, the majority of the field at the
frequency (a)0 —SQ) can be suppressed by fulfilling the equation

J0(Co)J_5(89)e" ™3 3y (ag)d 4 (co)e" > =0.  (D.12)
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Appendix F  Glossary

F.1 List of abbreviations

16QAM 16-state quadrature amplitude modulation
4ASK 4-state amplitude shift keying
ASE Amplified spontaneous emission
ASK Amplitude shift keying

AOM Acousto-optic modulator

AWGN Additive white Gaussian noise
AWG Arbitrary waveform generator
BCOG binary-chromophore organic glass
BER Bit error ratio

BOX Buried oxide

BPSK Binary phase shift keying

CE Conversion efficiency

CS Carrier suppression

CMOS Complementary metal-oxide-semiconductor
DAC Digital-to-analog converter

DUV deep ultraviolet

ECL External cavity laser

EDFA Erbium-doped fiber amplifier

EO Electro-optic

EOE Electro-optic-electric

EVM Error vector magnitude

FEC Forward error correction

FPGA Field-programmable gate arrays
GC Grating coupler

GSG Ground — signal — ground

HSQ Hydrogen silsesquioxane
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IME
InP

LiNbO;
LO
MMI
MOS
MZM
NRZ
OMA
OOK
OSNR
PDK
PIC
PM
PRBS
PSK
QAM
QPSK
RF

S
SMSR
SNR
SOH
sol
SSB
VNA

Institute of Microelectronics A*Star
Indium phosphide

in-phase / quadrature phase
Lithium Niobate

Local oscillator

Multimode interference coupler
Metal-oxide-semiconductor
Mach-Zehnder modulator
Non-return to zero

Optical modulation analyzer
On-off keying

Optical signal to noise ratio
Process design kit

Photonic integrated circuit
Phase modulator
Pseudorandom binary sequence
Phase shift keying

Quadrature amplitude modulation
Quadrature phase shift keying
Radio frequency

Silicon

Side-mode suppression ratio
Signal to noise ratio

Silicon organic hybrid

Silicon on insulator
Single-sideband

Vector network analyzer
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F.2 List of mathematical symbols

Greek symbols

a Loss parameter

ij Linear polarizability

Yei Propagation constant

Biik Second-order polarizability

4 Weighting factor for the field interaction
Vi Third order polarizability

r Field interaction factor

I'g Reflection coefficient

& Vacuum permittivity

& Relative dielectric permittivity

&, Relative dielectric permittivity tensor
Ae, Change of the relative permittivity

K Complex part of the refractive index
A Wavelength

Uy Vacuum permeability

@ Phase of a signal

Phase modulation

Relaxation process described by a stretched exponential

function
x" Response function of order n
7™ Electric susceptibility of order n
0] Angular frequency
o) Angular frequency of the optical carrier
Q Angular modulation frequency

Latin symbols
dy Modulation amplitude
A Alphabet of symbols
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Ao Cross-sectional area filled with electro-optic material
Aot Cross-sectional area of the slot waveguide, hg; x W
o} Modulation amplitude

b, Complex symbol for data transmission

b} Real part of a symbol

by Complex part of a symbol

Co Modulation amplitude

C Speed of light

C Capacitance

D Electric displacement field vector

E Electrical field vector

E Transversal electric mode field

g Lorentz-Onsager field factor

Nyap Height of the doped silicon slabs

hy Height of the silicon device layer

i(t) Time dependent current

H Transversal magnetic mode field

I Optical intensity

I nt" Bessel function of the first kind

L Length

M Number of elements in an alphabet of symbols

n Complex refractive index

n Real part of the refractive index

N Chromophore density

P Electric polarization

Is Symbol rate

Fic Electro-optic coefficient, the indices i,j,k denote the

Cartesian components

r Radius
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Resistance

Complex analytical baseband signal
Real valued baseband signal
Complex single sideband signal
Time

Period of a signal

Fall time

Glass transition temperature
Symbol duration

Time dependent voltage

Drive amplitude

n-voltage

Group velocity

Width of the silicon rails
Width of the silicon slot
Characteristic impedance

Impedance of free space
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