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Abstract 

Today’s information society is generating an unprecedented amount of data that is 
stored and processed in mega-data centers and is transmitted between continents, 
data centers, and users. While data is still stored and processed in the electronic 
domain, the information transport takes place in the optical domain, via optical fiber 
cables. The rapidly increasing performance of information processing and 
high-performance computing, the success of cloud computing, and the 
interconnection of machines, the Internet of Things, lead to a dramatic demand for 
high-speed data transmission capacity. However, current technologies cannot keep 
up with this demand. New technologies are urgently needed. [1, 2] 

Electro-optic modulators convert the information from the electrical 
information-processing world to the optical information-transport world. Thus, the 
performance of this device is crucial to efficiently convert data from electronics to the 
optical fiber. However, current modulator technologies cannot cope with the 
increasing need for bandwidth; new solutions that offer highly parallelized, energy- 
and cost-efficient, high-speed modulation are indispensable. [2-4]. 

Within this thesis, a new and alternative modulator technology has been developed: 
the plasmonic-organic hybrid technology. It combines highly nonlinear organic 
electro-optic materials with sub-wavelength light confinement offered by plasmonic 
waveguides. This way, the technology enables the most-compact Mach-Zehnder 
modulators with active lengths of around 10 µm, making them more than 10-times 
shorter than any conventional photonic Mach-Zehnder modulator. At the same time, 
plasmonic-organic hybrid modulators operate extremely energy-efficient at highest 
speed. Where conventional technologies require 10s to 100s of fJ/bit to encode one 
bit of data, the devices presented in this work require less than 1 fJ/bit at speeds up 
to 200 Gbit/s. Additionally, the devices feature an electro-optic bandwidth far beyond 
100 GHz where conventional technologies are typically limited to bandwidths below 
100 GHz. It has been shown, that these modulators can be implemented in 
more-complex integrated optical configurations such as modulator arrays for spatial 
parallelization or wavelength-division multiplexing applications. By implementing the 
modulators in an in-phase/quadrature modulator configuration, line-rates up to 
400 Gbit/s and electrical energy consumptions below 1 fJ/bit became possible. With 
these demonstrations and the associated development, the plasmonic-organic hybrid 
technology has been established as a viable technology platform with many 
demonstrations in a broad field of applications. 
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This cumulative thesis discusses the development of the plasmonic-organic hybrid 
(POH) technology as a compact, high-speed, and energy efficient alternative to 
conventional modulator technologies. The thesis is structured as follows: 

Chapter 1 introduces the challenges and requirements for electro-optic modulators. 
It reviews and discusses the advantages and draw-backs of state-of-the-art electro-
optic modulators. Finally, it introduces the POH technology as a potential solution for 
future optical interconnects. 

Chapter 2 discusses the fundamentals of the POH technology: plasmonic waveguiding 
and organic electro-optics and the combination of those, the POH modulator. Here, 
the performance of plasmonic phase modulators as the basic building block of the 
POH technology is discussed in detail, followed by the plasmonic Mach-Zehnder and 
in-phase/quadrature modulator. 

Chapter 3 focuses on the in-device application of organic electro-optic (OEO) 
materials. It reveals how surface effects at the metal-OEO interface influence the 
nonlinearity in the plasmonic waveguides, discusses their influence on the modulator 
performance, and suggests possible approaches to mitigate these effects. 

Chapter 4 introduces the plasmonic Mach-Zehnder modulator. In a first step, single 
devices are investigated, tested for high-speed data modulation, and an electro-optic 
bandwidth of >70 GHz is found. In a second step, arrays of multiple plasmonic Mach-
Zehnder modulators are demonstrated and suggested as an optical interconnect 
solution with high spatial parallelism. 

Chapter 5 demonstrates plasmonic in-phase/quadrature modulators. These devices 
are the most compact and energy efficient modulator solution operating at 
400 Gbit/s. At the same time, the devices offer operation without driving amplifiers 
and sub-fJ/bit electrical energy consumptions up to 200 Gbit/s.  

Chapter 6 investigates nonlinear frequency conversion in hybrid-plasmonic 
waveguides. Therefore, it proposes silicon-nitride-based hybrid-plasmonic 
waveguides featuring an organic nonlinear optical material. It discusses the potential 
of this technology for second-harmonic generation as a tunable visible light source 
and difference-frequency generation as a mid-IR source. 

Chapter 7 summarizes the achievements of this thesis and gives an outlook on the 
future development of this technology. 
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Zusammenfassung 

Die Informationsgesellschaft, in der wir heute leben, erzeugt noch nie dagewesene 
Datenmengen. Grosse Rechenzentren speichern und verarbeiten diese Daten, und 
Informationen werden rund um die Uhr zwischen Kontinenten, Rechenzentren und 
Benutzern ausgetauscht. Während die Daten elektronisch gespeichert und verarbeitet 
werden, findet der Transport der Daten mittlerweile optisch statt: über Glasfasern. 
Die ständig steigende Leistungsfähigkeit der Informationsverarbeitung und der 
Hochleistungscomputer, der Erfolg von Cloud Computing, das zukünftige Vernetzen 
von Maschinen und Geräten, das Internet der Dinge: Das alles erzeugt eine schier 
unfassbare Nachfrage nach Datenübertragungskapazität. Mit heutigen Technologien 
kann diese Nachfrage allerdings nicht gestillt werden. Um die enorme Nachfrage 
zukunftssicher zu bewältigen, werden neue Technologien benötigt [1, 2]. 

Elektrooptische Modulatoren wandeln elektrische Information der Datenverarbeitung 
in optische Information für den Datentransport um. Deren Leistungsfähigkeit ist folg-
lich extrem wichtig, um die elektrischen Daten auf die optische Glasfaser zu konver-
tieren. Heutige Modulatoren können die zukünftigen Bandbreitenanforderungen 
nicht erfüllen. Neue parallelisierbare, energieeffiziente und preisgünstige Lösungen 
zur Modulation von grössten Datenmengen sind unverzichtbar [2-4]. 

In dieser Arbeit wurde eine neue und alternative Modulatortechnologie entwickelt: 
die Plasmonic-Organic Hybrid (POH) Technologie. Diese Technologie vereint hoch-
effiziente organische elektrooptische Materialien mit extremer Lichtkonzentration in 
plasmonischen Lichtwellenleitern. Dies ermöglicht extrem kompakte elektrooptische 
Mach-Zehnder Modulatoren, deren aktive Länge mit ca. 10 µm mehr als 10-mal kürzer 
ist als die von traditionellen photonischen Mach-Zehnder Modulatoren. Gleichzeitig 
sind POH Modulatoren sehr energieeffizient und verbrauchen nur wenige fJ/bit bei 
Geschwindigkeiten bis zu 200 Gbit/s. Photonische Modulatoren benötigen hier in der 
Regel einige 10 fJ/bit bis zu mehreren 100 fJ/bit. Gleichzeitig sind diese neuen 
Modulatoren mit einer elektrooptischen Bandbreite von weit mehr als 100 GHz 
beispiellos schnell. Konventionelle Technologien sind meist auf Geschwindigkeiten 
weit unter 100 GHz limitiert.   In dieser Arbeit wurde gezeigt, dass diese Modulatoren 
auch in komplexere integrierte optische Schaltkreise implementiert werden können. 
Zum Beispiel lassen sich mehrere parallele Modulatoren für räumliche Parallelisierung 
oder für Wellenlängenmultiplexverfahren integrieren. Die Implementierung als 
Quadraturamplitudenmodulator ermöglicht Geschwindigkeiten bis zu 400 Gbit/s und 
eine elektrische Energieeffizienz von weniger als 1 fJ/bit. Mit Hilfe dieser 
Demonstrationen und der damit einhergehenden Technologieentwicklung wurde die 
POH Technologie zu einer praktikablen und erstzunehmenden Technologieplattform 
entwickelt, die Anwendungen in verschiedenen Feldern finden kann.   
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Diese kumulative Doktorarbeit beschreibt die Entwicklung der Plasmonic-Organic 
Hybrid (POH) Technologie und zeigt auf, wie damit eine kompakte, schnelle und 
energieeffiziente Alternative zu herkömmlichen Modulatortechnologien geschaffen 
wurde. Die Arbeit ist wie folgt aufgebaut: 

Kapitel 1 erklärt die Herausforderungen und Anforderungen an elektrooptische 
Modulatoren. Der Stand der Technik elektrooptischer Modulatoren wird dargelegt 
und deren Vor- und Nachteile werden diskutiert. Abschliessend wird POH als mögliche 
Technologie für zukünftige optische Kommunikationsnetzwerke vorgestellt. 

Kapitel 2 stellt die Grundlagen der POH Technologie vor: Plasmonik und organische 
elektrooptische Materialen sowie deren Kombination, die POH-Technologie. Der 
Grundbaustein dieser Technologie, der plasmonische Phasenmodulator, und die 
zugehörigen Leistungsparameter werden im Detail diskutiert. Nachfolgend werden 
der plasmonische Mach-Zehnder Modulator und der plasmonische 
Quadraturamplitudenmodulator eingeführt und erklärt.  

Kapitel 3 fokussiert sich auf die Anwendung organischer elektrooptischer (OEO) 
Materialien in plasmonischen Modulatoren. Der Einfluss von Oberflächeneffekten an 
Grenzschichten zwischen Goldelektroden und dem OEO Material auf die Material-
nichtlinearität im plasmonischen Modulator wird analysiert. Eine Untersuchung zeigt 
die Auswirkungen dieses Effekts auf deren Leistungsfähigkeit. Vorschläge zu 
möglichen Gegenmassnahmen und eine Diskussion schliessen dieses Kapitel ab.  

Kapitel 4 führt den plasmonischen Mach-Zehnder Modulator ein. Am Anfang steht die 
Untersuchung einzelner Komponenten. Darauf folgend wird die Anwendungs-
möglichkeit für die Datenmodulation getestet und die elektrooptische Bandbreite auf 
grösser als 70 GHz bestimmt. Nach der Analyse einzelner Modulatoren folgt die Paral-
lelisierung mehrerer Mach-Zehnder Modulatoren auf einem gemeinsamen Substrat. 

Kapitel 5 zeigt die Implementierung von Quadraturamplitudenmodulatoren. Diese 
Modulatoren ermöglichen energieeffiziente Kommunikation auf kleinstem Raum bei 
gleichzeitig hohen Datenraten bis zu 400 Gbit/s. Die Modulatoren können ohne 
elektrische Verstärker betrieben werden, was elektrische Energieeffizienzen von 
unter 1 fJ/bit bei bis zu 200 Gbit/s ermöglicht.  

Kapitel 6 diskutiert die nichtlineare Frequenzerzeugung in hybridplasmonischen 
Wellenleitern. Das Potential der Technologie als durchstimmbare Lichtquelle für 
sichtbares Licht und mittlere Infrarotstrahlung wird analysiert. 

Kapitel 7 fasst die Resultate dieser Doktorarbeit zusammen und gibt einen Ausblick 
auf zukünftige Technologieentwicklungen.  
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Achievements of This Work 

Within this PhD thesis, the plasmonic-organic hybrid (POH) technology has been 
developed as a reliable and reproducible modulator technology. The employment of 
organic nonlinear optical materials in plasmonic waveguide configurations has been 
studied and optimized in order to achieve efficient electro-optic (EO) modulation. 
Furthermore, the potential for harmonic light generation in plasmonic waveguides has 
been investigated. 

Organic electro-optic (OEO) materials have been employed in plasmonic slot 
waveguides. The performance of different OEO materials has been optimized and 
investigated. It has been found, that surface interactions between the OEO molecules 
and the gold electrodes of the plasmonic slot waveguides limit the in-device 
nonlinearity of the OEO materials in narrow slots and consequently the modulator 
performance. An optimum slot width has been determined experimentally and was 
confirmed by numerical simulations: at slot widths of ~80 nm reproducible fabrication 
is feasible, the reduction of the in-device nonlinearity is moderate and is compensated 
by the high field confinement offered by the plasmonic slot waveguide configuration.  

Based on this optimization, several types of plasmonic modulators have been 
demonstrated: plasmonic phase modulators, plasmonic Mach-Zehnder modulators 
(MZMs), and plasmonic in-phase / quadrature (IQ) modulators. The main 
achievements of this thesis are summarized in the following: 

�x Employing and optimizing OEO materials in plasmonic slot waveguides for 
efficient EO modulation [WH4][WH5]. The in-device poling of a different 
OEO materials has been optimized to reliably achieve high in-device 
performance. This enabled a variety of devices and experimental 
demonstrations in broad range of application. Examples are the application 
in optical interconnects [WH2], for electric-field sensing [WH7], for beam 
steering [WH22], and in radio-over-fiber systems [WH.C37]. 

�x In-depth analysis of the performance of OEO materials in narrow 
plasmonic slot waveguides [WH4]. The investigations revealed that 
interface effects between the OEO material and the gold waveguide lead to 
a position dependent ordering of the OEO chromophores. It has been 
shown, that this strongly affects the refractive index and the material 
nonlinearity in the plasmonic slot, and consequently, the modulator 
performance. This research has led to a better understanding of the 
influence of surface effects at metal-OEO-material interfaces and has 
triggered activities towards a better understanding and the exploitation of 
these effects for new, efficient OEO materials [5-8]. 
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�x Development and demonstration of the plasmonic-organic hybrid (POH) 
Mach-Zehnder modulator (MZM). The POH MZM has been developed, 
designed, fabricated, and characterized [WH1][WH.C1][WH23]. The 
implementation relies on plasmonic slot waveguides [9] integrated in a 
silicon photonic (SiP) Mach-Zehnder interferometer. Both plasmonic and 
photonic components have been continuously optimized throughout the 
thesis to improve device performance and reliability. This way, the POH 
MZM enabled various experimental demonstrations. It was shown to 
feature an electro-optic bandwidth exceeding 500 GHz [10], making it one 
of the fastest EO modulators. State-of-the-art modulators typically feature 
EO bandwidths between around 20 GHz and 100 GHz. At the same time, 
POH MZMs were shown to efficiently operate with sub-1 V driving 
electronics up to highest speed [WH.C30], and to enable parallelized, dense 
optical interconnect solutions[WH.C2][WH2], making them a promising 
solution for future optical interconnects with high integration bandwidth 
densities [4].  

�x Development and demonstration of the plasmonic IQ modulator. 
Plasmonic IQ modulators have been developed, designed, and characterized 
[WH.C6][WH3][WH.C3]. The device offers energy efficient and high-speed 
optical communications up to 400 Gbit/s on a compact footprint [11]. 
Furthermore, it allows for operation with sub-1 V driving electronics 
enabling low electrical energy consumptions per bit of below 1 fJ/bit [11]. 
The POH IQ modulator offers the highest line-rate while featuring the best 
energy efficiency demonstrated by any plasmonic modulator at high speed.  

�x Investigation of on-chip frequency conversion in hybrid-plasmonic 
waveguides on the silicon nitride (SiN) platform. Organic nonlinear two-
dimensional polymer (2Dp) crystals embedded in SiN hybrid-plasmonic 
waveguides have been studied for on-chip frequency conversion. The 
technology is shown to offer a flexible way to generated coherent light in a 
tunable wavelength range [WH.C5]. 
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1 Introduction 

Today’s information society relies on optical communication networks. Continents are 
interconnected with submarine optical fiber cables. Optical fibers interconnect large 
data-centers providing cloud services, video and audio streaming; fibers connect the 
majority of cell towers. Nearly every piece of information we receive via mobile 
phone, tablet, or computer travelled through the optical fiber infrastructure. [1, 2]  

Within the data centers and on our devices, the information is stored and processed 
in the electronic domain. To convert this electrical information onto the optical fiber, 
so-called electro-optic modulators are required and have become widely used and 
omnipresent components. They convert electrical signals from the computers, 
servers, or the mobile network infrastructure into an optical signal and therefore 
enabled the communication infrastructure we rely on today. EO modulators control 
the phase, the amplitude, or the intensity of light and therefore became an 
indispensable component in communications, switching, computing, and sensing [12]. 

The rapid development of information technology and computing drives an increasing 
demand for compact, high-speed, low-cost, and energy efficient EO modulators. 
Stimulated by this demand, the field of electro-optics made tremendous progress over 
the last decades. Bulk modulators [13] and integrated optical devices [14, 15] have 
emerged and have found broad and world-wide deployment [16]. The rise of silicon 
photonics finally offered the potential for low-cost mass fabrication [17, 18] and has 
led to recent demonstration of EO modulators integrated on a complementary metal-
oxide-semiconductor (CMOS) electronic chip [19, 20]. Yet, the continuous growth of 
network demand and newly emerging services such as cloud- and high-performance 
computing, sensor networks, and the Internet of Things [1], drive current technologies 
to their limits [2]. New solutions are urgently needed, and highly parallelized, energy- 
and cost-efficient, high-speed optical interconnects are a route to cope with this 
unprecedented need for bandwidth [2-4]. 

The plasmonic-organic hybrid (POH) technology developed within this thesis is a 
technology addressing these challenges. POH advantageously combines organic 
nonlinear optical materials with the sub-wavelength light confinements in plasmonic 
waveguides. This combination enables compact, high-speed, and energy efficient EO 
modulators that come in different configurations and for a broad variety of 
applications. For further reading on POH, the author recommends the theses [21-23]. 

The following chapter discusses the requirements modulators need to fulfill and 
Section 1.1 explains the challenges of current technologies. Section 1.2 introduces 
state-of-the-art EO modulators and their applications. Finally, Section 1.3 presents the 
POH technology as an alternative to conventional photonic approaches.  
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1.1 The Challenge: Size, Speed, and Energy Consumption 
The dramatic demand for high-speed data communication brings the current 
communication infrastructure to its limits. To cope with the immense increase in data 
communication, channels need to be highly parallelized [2]. Furthermore, because of 
bandwidth- and energy consumption limitations of electronic interconnects, optical 
interconnects eventually need to replace or complement electronic interconnects on 
the board-to-board and chip-to-chip level [4]. However, in order to allow for highly-
integrated and parallel transmitters, EO modulators have to dramatically shrink in size, 
offer lower electrical energy consumptions to keep heat management and driving 
electronics simple, and offer a larger EO bandwidth [2-4, 24].  

A technology that fulfills these requirements is urgently needed. Research 
continuously and impressively improves the established technologies; pushing limits 
further and further. Still, no established modulator technology can combine 
compactness, speed, signal quality, and energy efficiency. EAMs are a compact and 
high-speed solution with electrical energy consumptions in the fJ/bit range [25]. 
However, optical bandwidth, signal quality, and ER are limited. Micro-ring resonators 
offer equally compact footprints and energy efficiencies [26].However, they typically 
cannot compete in terms of EO bandwidth, the optical bandwidth is limited, and 
thermal stability and fabrication tolerances are challenging [27]. MZMs offer highest 
signal quality, operation over a large optical bandwidth, and temperature stability, but 
require at least an order of magnitude larger footprints than resonant modulators or 
EAMs. To achieve high-speed operation, the millimeter long devices require travelling 
wave RF electrodes, further increasing the required footprint, and ultimately making 
EO bandwidths exceeding 100 GHz are very challenging. Unfortunately, all these 
technologies have a fundamental limit in terms of size. The photonic nature of the 
modulators dictates a minimum feature size: the diffraction limit [28]. This limits the 
confinement of light to hundreds of nanometers, resulting in relatively weak 
modulation, long device lengths, and ultimately to limited EO bandwidths [28].  
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1.2 State-of-the Art:  Electro-Optic Modulators and their 
Applications 

EO modulators have become an essential element in today’s communication 
infrastructure. EO modulators convert data and signals from the electrical to the 
optical domain. The optical domain offers a higher bandwidth and lower attenuation 
than the electrical domain. EO modulators find application in a variety of fields 
including optical communications, radio-over-fiber systems, measurement, and 
sensing. This thesis focuses on high-speed EO modulators for optical communications. 

1.2.1 Intensity Modulators 
EO intensity modulators [29] find application in both short- and long-distance optical 
links. For short distances, they typically operate in the optical O-band around 
1310 nm, due to zero dispersion in optical fibers at this wavelength. This allows for 
the simple and low-cost direct detection systems, however, link distances are typically 
limited to 
Q 10 km caused by increased fiber losses. For longer distances the C-band 
around 1550 nm has become the standard, enabled by lower fiber losses and the 
availability of erbium-doped fiber amplifiers (EDFAs) at this wavelength. However, 
dispersion at 1550 nm imposes a penalty making equalization necessary [30]. 

In short-distance scenarios such as data center networks EO modulators compete with 
direct modulated lasers (DMLs). DMLs offer a compact, low-cost and low-complexity 
solution [31]; however, they suffer from chirping effects, limited extinction ratio, and 
relatively small EO bandwidths [30]. Despite the continuous performance 
improvement of DMLs [32], external EO modulators are typically preferred in 
scenarios where higher speed and signal quality is required. Among external EO 
modulators there are mainly three established concepts: electro-absorption 
modulators (EAMs) [29, 33-37], resonant ring modulators[26, 27, 38-42], and Mach-
Zehnder modulators (MZMs) [12, 16, 29, 43]. 

EAMs rely on the change of the optical absorption relative to an applied electrical field 
[29]. To modulate the absorption, they either exploit the Franz-Keldysh effect (FKE) 
for example on the Germanium on Silicon (GeSi) platform [36], or the quantum-
confined Stark effect (QCSE) in III-V semiconductors, e.g. on the Indium Phosphide 
(InP) platform [33]. These compact devices are typically between 40 µm [44] and 
200 µm [33, 34] long and some implementations feature EO bandwidths up to 
>100 GHz [33]. However, modulation of the absorption is inherently connected to a 
modulation of the refractive index by the Kramers-Kronig relation, resulting in an 
optical chirp [29] impairing the signal quality. Furthermore, both FKE and QCSE are 
limited to a narrow optical bandwidth.  
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Ring resonators offer remarkably compact footprints as small as ~6 �…m × 5 �…m [40] 
and have the possibility for densely integrated arrays [41]. The devices rely on 
modulation of the resonance condition. This is achieved by modulating the refractive 
index of the waveguide material. The refractive index modulation is achieved either 
by the linear EO effect in an nonlinear optical (NLO) material (for example lithium 
niobate [16, 45] (LiNbO3)) or by free carrier dispersion (FCD) (for example in silicon 
[12, 46]). While these devices are compact, the EO bandwidth is typically limited by 
the photon lifetime to below 30 GHz [40, 41] - 50 GHz [47]. The wavelength selective 
operation principle makes the devices attractive for wavelength division multiplexing 
(WDM) applications [41], but unfortunately dramatically limits the optical bandwidth 
and imposes precise temperature tuning requirements [12, 27].  

MZMs in contrast offer good temperature stability and a wide optical bandwidth [12]. 
MZMs consist of a Mach-Zehnder interferometric (MZI) structure with phase 
modulators (PMs) integrated in the interferometer arms. By exploiting the linear EO 
effect, the FCD effect, or the QCSE, a relative phase shift between the two arms is 
induced [29, 48]. Interference at the output of the MZI translates this relative phase 
difference into an intensity or amplitude modulation. Thanks to the pure refractive 
index modulation of the linear EO effect, devices based on this principle offer the best 
signal quality and highest line rates. However, the EO effect in these devices is 
relatively weak, thus requiring interaction length in the millimeter range [16, 43]. This 
makes the footprint relatively large compared to other approaches. The EO bandwidth 
of these devices is in practice mostly limited to frequencies around 40 GHz. Another 
approach is to exploit the QCSE in III-V materials such as InP. This technology offers 
monolithic integration with active elements such as lasers, amplifiers, and 
photodiodes [49]. The silicon photonic (SiP) platform, in contrast to the other MZM 
technologies that rely on challenging material systems and fabrication techniques, 
promises low-cost mass fabrication [12, 18, 50, 51]. Due to the absence of the linear 
EO effect devices rely typically on the FCD effect, either depleting or 
injecting/accumulating free carriers. Devices relying on carrier depletion feature 
electro-optic bandwidths up to ~60 GHz and are a few millimeter in length [12, 52, 
53]. By applying carrier accumulation or injection, devices require lengths only a few 
100 µm [12, 54, 55]. This compact footprint comes at the price of a lower EO 
bandwidth, limited by carrier lifetimes and RC time-constants, and an increased 
energy consumption because of the forward bias current [12]. Unfortunately, by 
modulating the free carrier concentration not only the refractive index, but also the 
absorption coefficient is modulated, impairing the signal quality. To achieve pure 
refractive index modulation on silicon and to overcome the absence of the linear EO 
effect in silicon organic EO materials (OEO) have been introduced to the silicon 
platform [56]. Silicon slot waveguides filled with OEO materials offer relatively 
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compact devices in the 500 µm to 1 mm range. While single experiments 
demonstrated EO bandwidths beyond 100 GHz [57] devices typically feature EO 
bandwidths around 30 GHz, limited by the RC time constant [58-60]. Polymer 
modulators are a promising alternative to classical inorganic approaches [61-65]. 
Electro-optic bandwidths beyond 110 GHz have been demonstrated on this platform 
[66]. The relatively weak light confinement leads to several millimeter long devices. 
Despite the large size of MZMs compared to EAMs and ring resonators, the good signal 
quality and versatility of MZMs has made them a standard modulator scheme widely 
used in industry and research.Table A.3 in the appendix summarize the performance 
of selected state-of-the-art intensity modulators. 

1.2.2 In-phase / Quadrature Modulators 
In-phase /  quadrature (IQ) modulators encode information on both amplitude and 
phase of an optical carrier. Therefore, they allow to transmit data with highest spectral 
efficiency [67-69] and are the standard technology in any high-capacity long-haul 
optical communication system [16, 68]. IQ modulators consist of two parallel MZMs 
integrated into a Mach-Zehnder interferometer, see [70, 71] and Section 2.3.5. Most 
IQ modulator technologies offer highest line-rates, see Table A.4 in the appendix . The 
most established IQ modulator technology is based on the LiNbO3 platform. This 
mature technology offers EO bandwidths of ~35 GHz with a device length of several 
centimeter, demonstrating line rates of up to 600 Gbit/s per polarization and 
wavelength [72]. However, to find broader dissemination more compact and cost-
efficient solutions are required. Here, the InP phosphide technology offers more 
compact devices with a similar performance, and thanks to the smaller size of only a 
few mm, a better EO bandwidth [73, 74]. Still, InP relies on challenging fabrication 
technologies hampering low-cost, large-scale fabrication. This is clearly the strength 
of silicon photonics offering large scale fabrication [50] and co-integration with CMOS 
electronics [19, 20]. The weak FCD effect in depletion type modulators keeps devices 
still relatively long (several millimeter), nevertheless, the performance is with 
350 Gbit/s only slightly behind the other technology platforms. The silicon-organic 
hybrid platform offers compact devices while being fabricated on silicon. The OEO 
materials bring the high-speed linear EO effect as well as sub-1 mm long devices to 
the silicon platform, achieving line rates of up to 400 Gbit/s [75]. Table A.4 in the 
appendix summarizes the performance of selected state-of-the-art IQ modulators. 
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1.3 The Solution: Plasmonic-Organic Hybrid Modulators 
The plasmonic-organic hybrid (POH) technology developed within this thesis offers 
compact, high-speed, and energy efficient electro-optic modulators [WH3][WH5]. The 
technology addresses requirements and challenges of future communication systems 
and overcomes limitations of the established photonic approaches. POH features 
MZMs with high-linearity, signal quality, and an EO bandwidth exceeding 500 GHz on 
compact footprints [10]. Devices typically feature active lengths between 5 µm and 
25µm. Since the devices do not require travelling wave electrode configurations, 
device widths can be as narrow as a few µm [WH3][WH5]. Furthermore, with POH 
MZMs and IQ modulators electrical energy consumptions of a few fJ/bit at line rates 
of 100 Gbit/s and beyond became possible [11, 76]. 

The POH technology combines the advantages of three worlds: plasmonics that offers 
field confinement below the diffraction limit [77-81], organic electro-optics that offers 
high EO coefficients [82, 83], and the silicon photonic platform, that offers mass-
fabrication and low-loss waveguides [18, 50]. The combination of plasmonic slot 
waveguides with OEO materials [9] results in active sections of only a few µm in length 
as well as in highest EO bandwidths. The short device length is possible for two 
reasons. On the one hand, EO coefficients �N�7�7that are 10-times higher than that of 
LiNbO3 [84-88].  

 
Fig. 1.3.1 – Colorized SEM picture of a POH MZM array. Inset: Zoom-in to a plasmonic phase 
modulator. 
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On the other hand, the narrow plasmonic slot waveguides offer a perfect overlap of 
optical field, driving electrical field and OEO material. Both effects result in highly 
efficient modulation [WH6] allowing to reduce devices sizes. High-speed operation is 
possible, because OEO materials provide the linear EO effect with an EO response 
exceeding 15 THz [89]. At the same time, the compact size and the metallic nature of 
the waveguide offers small capacitances and resistances, providing an RC-time-
constant-dominated EO bandwidth in the THz regime [WH6].  

The silicon photonic platform interfaces the plasmonic modulators. It offers low-loss 
waveguides for on-chip routing, enabling complex structures such as modulator arrays 
[WH2], or IQ modulators [WH.C6], thermo-optic phase shifters to tune modulator 
operation points [11], low-loss fiber-to-chip coupling [90] and many more active and 
passive components [91]. Note that when a most compact footprint is required, the 
POH technology offers also structures without silicon feeding waveguides [WH.C23] 
and even all-metallic structures [WH20][WH.C22]. Fig. 1.3.1 shows a scanning electron 
microscope (SEM) picture of an array of four POH MZMs. The inset shows a zoom-in 
into the active section, a plasmonic phase modulator (PPM). 

By combining these advantages, the POH platform developed within this thesis 
established itself as a successful modulator technology. It outperforms conventional 
photonic technologies in terms footprint and electro-optic bandwidth, and became 
competitive in terms of loss and drive voltage. Indeed, the POH technology has 
become a possible solution for future optical interconnects [4]. 
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2 Fundamentals 

2.1 Plasmonic Waveguiding 
Plasmonic waveguiding is the guidance of light on a metal surface. It allows strong 
confinement of light below the diffraction limit [79, 81] and relies on so called surface 
plasmon polaritons (SPPs). SPPs are electro-magnetic waves coupled to electron 
plasma oscillations at a metal-dielectric interface, or more precisely, at an interface 
between a material with negative- and a material with a positive real part of the 
permittivity [80, 92-94]. Fig. 2.1.1(a) visualizes the coupling of the electromagnetic 
wave (E-field in red, H-field in blue) to the oscillating charges (black + and -). The wave 
propagates parallel to the interface. The SPP is strongly confined to the interface and 
exponentially decays in ±�V direction, Fig. 2.1.1(b). 

A variety of plasmonic waveguide structures have emerged over the last decades 
offering either strong confinement [78, 79, 95] or long propagation lengths [96, 97], 
this thesis mainly focuses strongly confining plasmonic gap- or slot waveguides [9, 92, 
98]. 

 
Fig. 2.1.1 – An SPP propagating along a metal-dielectric interface. (a) Schematic showing the 
electric (red) and magnetic field (blue) orientations and the interaction of the electromagnetic 
wave with the charge of the metal. (b) Exponential field decay leading to strong field confinement 
to the interface. Typical penetration depths are in the order of tens of nanometers. Figure and 
figure caption from [99]. 
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2.1.1 Plasmonic Slot Waveguides 
This section introduces the plasmonic slot waveguide. It is the main component of the 
modulators developed in this work. The section discusses the plasmonic slot modes, 
their properties, and the dependence on the waveguide geometry. 

A plasmonic slot waveguide consists of two metallic electrodes separated by a 
dielectric material of width �Sslot. Each of the two metal-dielectric interfaces supports 
a SPP mode, Fig. 2.1.1. When bringing the two interfaces together, the SPPs modes 
couple, resulting in the plasmonic slot mode. The coupling of the two SPP modes 
results in two solutions, a symmetric and an anti-symmetric mode. A detailed 
description of the modes including their dispersion relation can be found in [98]. 
Fig. 2.1.2 schematically shows a plasmonic slot waveguide with metal electrodes 
infinitely extending in z- and y- direction. The Ex-fields of the plasmonic slot modes are 
sketched in red. In the symmetric case, the E-field is strongly confined the dielectric 
slot. The field in the metal decays exponentially in y-direction, while mode propagates 
in z-direction. The Ex-field of the anti-symmetric solution changes sign in the dielectric 
slot. At telecom wavelength and at technically relevant slot widths the anti-symmetric 
mode is below its cut-off frequency [100]. 

In practical applications, the electrodes are not infinitely extending, but the plasmonic 
slot waveguide is fabricated on a substrate with electrodes of defined height hslot. This 
work focuses on gold (Au) slot waveguides fabricated on a thermally oxidized silicon 
(silicon dioxide, SiO2). The waveguide is cladded with an organic electro-optic (OEO) 
material cladding with a refractive index �JOEO= 1.81 > 1.44 = �JSiO2.  

 
Fig. 2.1.2 – Plasmonic slot modes. Electric Ex-field of the plasmonic slot mode in case of the 
symmetric and anti-symmetric case. The E-field is mostly confined in the dielectric slot. The 
electric field in the metal decays exponentially, the mode propagates in z direction. The anti-
symmetric mode is typically not guided at telecom wavelength and at technically relevant slot 
widths. Figure adapted from [100]. 
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Fig. 2.1.3 – Plasmonic slot waveguide. (a) Schematic of the waveguide cross-section (b) 
Normalized E-field of the plasmonic slot mode Inset: �' �ë-field at �U= �Dslot/ 2. 

Fig. 2.1.3(a) shows a schematic of the plasmonic slot waveguide, Fig. 2.1.3(b) plots the 
corresponding slot mode at �ã�4 = 1550 nm for �Sslot = 80 nm and �Dslot = 180 nm. 
The Ex at half the metal height is plotted in an inset. The mode is well confined to the 
slot waveguide. The unequal refractive index of cladding and substrate leads to a slight 
asymmetry of the field in y direction.  

This structure allows to confine light below the diffraction limit. In the example of 
Fig. 2.1.3(b) light with a free-space wavelength of �ã�4 = 1550 nm is confined to an 
area of  ~80 nm × 180 nm in a material with a refractive index of �JOEO= 1.81. In 
order to allow this sub-wavelength confinement, energy is stored as kinetic energy of 
plasma oscillations. However, the motion of carriers is strongly damped by electron 
scattering in the metal [81], introducing losses to the propagation that can be 
expressed with an imaginary effective refractive mode index. This highly confined but 
damped behavior is strongest for narrow slots and relaxes when widening the slots. 
In Fig. 2.1.4 the (a) real part and (b) imaginary part of the effective refractive index as 
function of the slot width for a 250 nm high plasmonic waveguide. The effective 
refractive index is related to the propagation constant �Ú by  
�Ú= �Jeff�G�4 = �Jeff 2�è/ �ã�4.The |�' |-field is plotted for slot widths from 25 nm to 500 nm. 
For narrow slots, the effective index increases, the effective wavelength in the slot 
waveguide gets shorter. However, this high confinement comes at the price of 
increased plasmonic losses. For wider slots, the confinement reduces and the real part 
of the effective index tends towards the index of the cladding material and the losses 
decrease. 

For practical applications, the propagation loss is a more intuitive figure of merit than 
the imaginary part of the effective index. Given in dB/µm, it describes the attenuation 
of a plasmonic mode in dB per micrometer of propagation. This number is highly 
dependent on the waveguide dimensions. Fig. 2.1.5 shows the real part of the 
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effective refractive index and the propagation loss for different sloth heights and 
widths. Again, narrow slots lead to an increase of the effective refractive index and 
the losses. The effective index and therefore the confinement increases while the 
losses decrease with higher slot waveguides. However, the influence of the sloth 
height is relatively weak and for slot widths <150 nm and slot heights >150 nm the 
effect is negligible. For the slot waveguides used within this work, propagation losses 
are typically between 0.3 dB/µm and 1 dB/µm. 

 
Fig. 2.1.4 – Slot-width dependent plasmonic mode properties.  (a) Real part of the effective 
refractive index. (b). Imaginary part of the effective refractive index. Inset: plasmonic slot modes 
for different slot widths. 

 
Fig. 2.1.5 – Effective refractive index and propagation loss of a plasmonic slot waveguide.  
(a) Simulated effective refractive index and (b) plasmonic propagation loss in the plasmonic slot 
waveguide for different slot widths and heights.  
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2.2 Organic Electro-optic Materials 
The modulators developed within this thesis exploit the linear EO effect in organic 
nonlinear optical materials [82, 83, 101, 102]. These materials are designed to feature 
a high linear EO coefficient and low losses at the standard telecom wavelengths [103]. 
This section introduces the linear electro-optic effect in organic electro-optic (OEO) 
material films and its origin. The section is based on references [101] and [102], which 
discuss nonlinearities in organic materials in-detail, and on the books on nonlinear 
optics by Boyd [104], New [105], and Shen [106]. 

The EO effect is found in so called EO materials and describes an electric-field 
dependent change of the material’s refractive index. The refractive index change due 
to the linear and the quadratic EO effects can be described as 

 �� �J= 
F
1
2

�J�7(�N𝑟𝑟 + �4�' �6). (2.1) 

It consists of a linear and a quadratic dependence on the electric field E. The first, 
1/ 2 �N𝑟𝑟  is the linear EO effect, or Pockels effect, the second is the quadratic EO effect, 
or Kerr effect. Both effects depend on the material’s cubed refractive index, n3, and 
the linear EO coefficient r or the quadratic EO coefficient R, respectively. 

These EO effects are nonlinear optical (NLO) effects. Thus, the EO materials are 
specific types of NLO materials. To describe the linear and quadratic EO effects it is 
helpful to start with NLO effects in general, by considering the linear and nonlinear 
polarization in NLO materials. 

2.2.1 Linear and Nonlinear Polarization 
The electronic response of a linear dielectric material in presence of an electric field E 
is described by its (macroscopic) electric polarization �|.  

 �| (�P) = ���4�ï�q(�P), (2.2) 

where �ï is the material’s susceptibility and �ó�4 the vacuum permittivity. �| is related to 
the electric displacement D-field by 

 �p(�P) = ���4�q(�P) + �| (�P), (2.3) 

which may also be expressed with the relative permittivity �ó�å or the refractive index �J 

 �p(�P) = ���4�ó�å�q(�P) = �ó�4(1 + �ï)�q(�š) = �ó�4�J�6�q(�P). (2.4) 
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In more detail, the time dependent electric polarization �|(� ,̃ �P) in a linear medium at 
location � ,̃ can be expressed by [106] 

 �| (� ,̃ �P) = ���4
± 
¸ �Ñ(
Ú) (�˜ 
F � �̃ñ, �P
F�P�ñ)�q(� �̃ñ, �P�ñ)d� �̃ñ
�¶

�?�¶

�¶

�?�¶
d�P�ñ, (2.5) 

where �ï (�5)  is the linear susceptibility. This form includes the history of the field  
(�P
F�P�") and the electric field at positions close to r. Assuming the material properties 
to be local in space (to be position independent), the equation simplifies to  

 �| (� ,̃ �P) = ���4
± �Ñ(
Ú) (� ,̃ �P
F�P�ñ)�q(� ,̃ �P�ñ)
�¶

�?�¶
d�P�ñ, (2.6) 

When the exciting electric field �q is a monochromatic plane wave, and additionally 
assuming the material to be linear and time invariant, the frequency-dependent 
polarization results in  

 �|
é(� ,̃ �Ó) = ���4�Ñ
å
(
Ú) (� ,̃ �X)�q
é(� ,̃ �X), (2.7) 

where �Ñ
å(
Ú) (� ,̃ �X) is the Fourier transform of �Ñ(
Ú)and a complex function with 
�Ñ
å(
Ú) (� ,̃ �X) = �Ñ
år

(
Ú) (� ,̃ �X) + j�Ñ
åi
(
Ú) (� ,̃ �X). 

When considering nonlinear media, it is convenient to expand the time-dependent 
electric polarization in a Volterra series of �q. If the media is assumed to be local in 
space, �q to be sufficiently weak, and �Ñ(
Ú) �(  �Ñ(
Û)  [106]:  

 

�| (� ,̃ �P) =  ���4
± �Ñ(
Ú) (� ,̃ �P
F�P�ñ) �„�q(� ,̃ �P�ñ)
�¶

�?�¶
d�P�ñ

+�� �4
µ �Ñ(
Û) (� ,̃ �P
F �P�ñ, �P
F�P�ñ�ñ): �q(� ,̃ �P�ñ)�q(� ,̃ �P�ñ�")d�P�ñd�P�ñ�ñ
�¶

�?�¶

+ ���4
¸ �Ñ(
Ü) (� ,̃ �P
F�P�ñ, �P
F �P�ñ�ñ, �P
F�P�ñ�ñ�ñ) �­�q(� ,̃ �P�ñ)�q(� ,̃ �P�ñ�ñ)�q(� ,̃ �P�ñ�"�")
�¶

�?�¶
d�P�ñd�P�ñ�ñ�ñd�P�ñ�ñ�ñ+ �®,

 (2.8) 

where the n-th order tensor susceptibility tensor �Ñ(�� ) (�P�ñ, �P�ñ�ñ, �P�ñ�ñ�ñ,…�P(�á) ) is the 
corresponding Volterra kernel. The electric polarization can be separated in two 
components, the linear and the nonlinear polarization. 

 
�| (� ,̃ �P) = �| (1) (� ,̃ �P) + �@�| (2) (� ,̃ �P) + �| (3) (� ,̃ �P) + �®+ �| (n) (� ,̃ �P)�A

= �| (1) (� ,̃ �P) + �| NL(� ,̃ �P) = �| L(� ,̃ �P) + �| NL(� ,̃ �P). 
(2.9) 

Assuming the exciting electric field �q to be a group of monochromatic plane waves 

 �q(�P) = 
Í �' ( �ñ�á)
�á

=
1
2


Í 
k�'
è�áe�h� �Ù�ç+ cc
o,
�á

 (2.10) 
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the Fourier transform of Equation (2.8) gives  

 �|
é(�ñ) = �|
é(1) (�ñ) + �@�|
é(2) (�ñ) + �|
é(3) (�ñ) + �®+ �|
é(n) (�ñ)�A. (2.11) 

In this thesis, second-order nonlinear optical materials are used. For this reason we 
neglect all higher-order susceptibilities (�J> 2) and focus on the second order 
polarization �| (2)(�ñ). It can be written in the form ([104], Eq. 1.3.12) 

 
�|
é�Ü

(�6) ( �ñ�á + �ñ�à ) =  

�ó�4
Í 
Í �Ñ
å�Ü�Ý�Þ
(�6) (�ñ�á + �ñ�à : �ñ�á, �ñ�à )�q
é𝑗𝑗(�ñ�á

(�à𝑚𝑚)
)�q
é𝑘𝑘(�ñ�à )

𝑗𝑗𝑗𝑗
. (2.12) 

The indices �E�F𝑖𝑖 are the three orthogonal spatial coordinates, with �E, 𝑗𝑗, �G= {1,2,3}. The 
notation (�I𝑚𝑚 ) indicates the summation over  �ñ�à  and �ñ�á resulting in the  
sum �ñ�à + �ñ�á.  

2.2.2 The Linear Electro-Optic Effect 
The linear EO effect or, Pockels effect, involves linear changes of the refractive index 
of a material when a DC or a modulated electric field is applied to the material. This 
section’s derivation of the linear EO effect from the nonlinear polarization follows that 
of references [104] and [102]. The linear EO effect can be described by the second 
order term of the nonlinear polarization �| �*

(�6)
ê (�ñ�á + �ñ�à ), Equation (2.12). Let �ñ�á be 
the optical carrier that we denote as �ñc in the following. In comparison to that carrier, 
we can consider the other frequency component in the low-frequency limit �ñ�à �' �ñ�á. 
Then, Equation (2.12) can be simplified assuming �ñ�á + �ñ�à 
N�ñ�á = �ñ�a  

 �|
é�Ü
(�6) ( �ñ�a+ �ñ�à 
N�ñ�a) = 2�ó�4
Í �Ñ
å�Ü�Ý�Þ

(�6) ( �ñc: �ñ�a, �ñ�à )�q
é𝑗𝑗(�ñ�a)�q
é𝑘𝑘(�ñ�à )
𝑗𝑗𝑗𝑗

. (2.13) 

To relate the nonlinear polarization to a refractive index change, we make use of the 
relation between electric displacement field and the electric field, Equation (2.4). 

 

�p
é�Ü(�ñc) = �ó�4�Õ�Ü�Ý�q
é𝑗𝑗(�ñ�à ) = �ó�4
k�ó�p,�Ü�Ý+ �� �ó�p,�Ü�Ý
o�q
é𝑗𝑗(�ñ�Ö)

=  �ó�4�B
l�Ü�Ü�Ý+ �Ñ
å�Ü�Ý
(�5) ( �ñ�a)
p

+ 2�ó�4�Ñ
å�Ü�Ý�Þ
(�6) ( �ñc: �ñ�a, �ñ�à )�q
é𝑘𝑘(�ñ�à )�C�q
é𝑗𝑗(�ñ�Ö). 

(2.14) 

For the sake of readability, the frequency dependence (�ñ�Ö,�à ) will be omitted in the 
following. The relative permittivity tensor �Õ�Ü�Ý consists of a linear term �ó�p,�Ü�Ý= �Ü�Ü�Ý+
�Ñ
å�Ü�Ý

(�5) , which is independent from the DC field �q
é𝑘𝑘,  and a field-dependent second-order 
nonlinear term. 
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 �� �ó�p,�Ü�Ý= 2�ó�4�Ñ
å�Ü�Ý�Þ
(�6) �q
é𝑘𝑘 (2.15) 

Making use of the relation between the relative permittivity and the refractive index, 
it is 

 �ó�å+ �� �ó�å = (�J+ �� �J) �6 = �J�6+ 2�J�� �J+ �� �J�6 (2.16) 

Assuming the relative refractive index change to be small (�� �J �' �J), �� �J�6 in Equation 
(2.16) can be neglected and the refractive index change induced by the linear EO effect 
can be expressed as  

 �� �J�Ü�Ý=
�Ñ
å�Ü�Ý�Þ

(�6) �q
é𝑘𝑘

�J�Ü�Ý
. (2.17) 

The refractive index change �� �J�Ü�Ý depends linearly on the second-order susceptibility, 
on the modulating electric field, and on the unperturbed refractive index. 

Historically, instead of the second-order susceptibility �Ñ
å�Ü�Ý�Þ
(�6) , the linear electro-optic 

coefficient �N�Û𝑘𝑘 is used to describe the linear electro-optic effect [102, 104], where  

 �D=

�Õ
�Ö
�Ô

�Ö
�Ó

1 for �E�F= 11
2 for �E�F= 22
3 for �E�F= 33

4 for �E�F= 23 or 32
5 for �E�F= 13 or 31
6 for �E�F= 12 or 21.

 (2.18) 

Considering only the second-order susceptibility, the linear EO coefficient is related to 
the optical indicatrix by [104] 

 �� 
l
1
�J�6
p

�Ü�Ý
= �N�Ü�Ý�Þ�' 𝑘𝑘  (2.19) 

Using the convention of the EO coefficient, assuming an anisotropic material and the 
refractive index along the main optical axis �E of the indicatrix, Equation, (2.17) takes 
the simplified form [102] 

 �� �J�Ü= 
F
1
2

�J�Ü
�7�N�Û𝑘𝑘�' 𝑘𝑘.  (2.20) 

In case of the OEO materials used in this work that feature a dominant EO coefficient 
tensor element �N�7�7 as well as the optical and driving electrical fields are polarized 
along the axis 3, the refractive index change is given by  

 �� �J�7 = 
F
1
2

�J�7
�7�N�7�7�' �7.  (2.21) 
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This is the case in the plasmonic slot waveguide, Section 2.1.1. Applying a drive voltage 
�7�× across the plasmonic slot of width �Sslot the material refractive index change in the 
slot �� �J�k�_�r can be expressed as 

 �� �J�k�_�r = 
F
1
2

�JOEO
�7 �N�7�7�' 3 = 
F

1
2

�JOEO
�7 �N�7�7

�7d

�Sslot
, (2.22) 

with the isotropic refractive index �J�S�I�S of the OEO material in the slot.   
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2.2.3 From Microscopic to Macroscopic Nonlinearities 
This section describes microscopic properties of OEO materials as well as how these 
microscopic properties are translated to a macroscopic nonlinear behavior. The OEO 
materials used in this work are thin films of EO chromophores that are deposited as 
monolithic EO materials (Section 3 and 4) or as chromophore composites (Section 5). 
This section was previously published in [WH4][107] and is part of Section 3.1.1.2. The 
text was extended and additional information from references [82, 101, 102] was 
added, figures were adapted and added. 

The EO activity of an organic NLO material can be described by its macroscopic electro-
optic coefficient �N�7�7. The macroscopic material itself, the thin film, consists 
chromophores. These chromophores feature a molecular nonlinearity described by 
the first order hyperpolarizability tensor �Ú with the dominant tensor element 
�Ú�í�í�í along the molecular symmetry axis. In order to translate this molecular 
nonlinearity to a thin-film nonlinearity, the molecules ideally align parallel in a non-
centrosymmetric (acentric) order, see Fig. 2.2.1(a).  

However, upon solution deposition EO chromophore typically align in random order, 
Fig. 2.2.1(b), the molecular nonlinearities of the individual chromophores cancel out, 
�N�7�7
N0. To achieve macroscopic second-order nonlinearity, those molecules have to 
be aligned non-centrosymmetrically [82, 101]. This can be achieved by electric-field 
poling [82, 108], where an electric field is applied to the material while the material is 
heated to near its glass transition temperature. During this process, the molecules 
reorient due to the torque on their molecular dipole moments �ä�&, in response to the 
electric field, see Fig. 2.2.1(c). �à describes the angle between the molecular symmetry 
axis and the poling field.  

  
Fig. 2.2.1 – Chromophore order. (a) Acentric order. The chromophores are oriented in parallel. (b) 
Isotropic order. Chromophores are randomly oriented. (c) Electric field poling. EO molecules are 
aligned along the poling field with an angle �à. (d) Centric order. Dipole-dipole interactions order 
the chromophores in a head-to-tail order. Figure adapted from [109]. 
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The macroscopic second-order nonlinearity r33 achievable during electric field poling 
can be related to its microscopic material properties [110]: 

 
�N�7�7= 
F2�Ú�í�í�í �é�R�Ãcos�7�à�Ä

�C

�J�S�I�S
�8 , 

(2.23) 

where the microscopic nonlinearity of the molecules along its dipole axis is described 
by its first-order hyperpolarizability �Ú�í�í�í. The chromophore number density is given 
by �ŒN. The average degree of orientation of the chromophores is described by the 
average acentric order parameter �æcos�7�à�ç, where �à describes the angle between the 
external electric poling field Epole and the dipole moment of the individual 
chromophores �ä�&, Fig. 2.2.1(c). In a perfectly ordered system all molecules would be 
aligned parallel to the electric poling field Ep meaning �à= 0 and �æcos�7�à�ç= 1, 
Fig. 2.2.1(a). However, due to thermal effects an upper limit to acentric order may be 
given by the Langevin limit as �æcos�7�à�ç
N�ä�&�' / 5�G�6 [111, 112]. To take into account 
partial field screening in the material the Lorentz-Onsager local field factor g [82] is 
included, �JOEO is the (wavelength dependent) index of refraction at the wavelength 
of interest.  

To achieve largest EO coefficients r33, each of the contributors to Eq. (2.23) should be 
maximized, but unfortunately, some of the contributions are not necessarily 
independent and may work counter to one another. 

The first order hyperpolarizability �Ú�í�í�í can be tuned using synthetic chemistry guided 
by theoretical modeling [82]. According to the two-state model and far away from 
resonance the first order hyperpolarizability  is proportional to [101, 113] 

 
�Ú�í�í�í( 
F�X: �X,0) �ß

�� �ä�í
ge
k�ä�í

ge
o
�6

��E�c�e , 

 with  �� �ä�í
ge = �A�.(1 
F2�?�6), and �ä�í

ge = �¾2�A�.𝑒𝑒
¥1 
F�?�6, 
(2.24) 

with �� �ä�í
ge is the change of the dipole moment between the molecules ground “g” and 

excited state “e”, �ä�í
ge is the transition dipole between ground and excited state, and 

�� �' eg is the energy difference between ground and excited state. The change in diplole 
and the transition dipole moment along the molecular symmetry axis z depend on the 
elementary charge e, and the length L of the ���}�v�i�µ�P���š������ �‹-system. The factor c2 
describes a mixing parameter depending and donor and acceptor strength and directly 
influences strength and sign of �Ú�í�í�í [101]. Fig. 2.2.2(a) depicts a simplified picture of 
the chromophore with its dipole moment �ä. It consists of an electron donor and an 
electron acceptor group, connected by a conjugated �è-bridge of length L. The 
delocalization of the electronic charge distribution in the conjugated �è-bridge 
introduces a high polarizability to the molecules, Fig. 2.2.2(b).  
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Fig. 2.2.2 – EO chromophore. (a) Simplistic picture of a chromophore. (b) The chromophore 
consists of an acceptor and a donor group, connected by a conjugated �‹-bridge of length L. (c) 
Chemical structure of a typical EO chromophore (JRD1 [88, 114]).  

The donor and acceptor groups lead to the asymmetry in the electronic potential, 
giving rise to large hyperpolarizability. Fig. 2.2.2(c) depicts the chemical structure of 
an EO chromophore (JRD1 [88, 114]), with the conjugated �è-bridge substituted with 
the electron-acceptor on one end, and with the electron donor on the other.  

Increasing �Ú�í�í�í  generally involves having a strong electron donor and a strong 
���o�����š�Œ�}�v�����������‰�š�}�Œ���•���‰���Œ���š���������Ç�������Œ�]�P�]�����‰�}�o�Ç���v�����‹-bridge. �Ú�í�í�í  increases as distance L 
between the donor and acceptor increases, Eq.(2.24), which also redshifts the 
chromophore absorbance according to the two-state model [101, 115] and could 
contribute to optical loss if it is too close to the operation wavelength of the 
modulator. It has shown that compared to classical photonic OEO applications 
plasmonic modulators tolerate higher OEO material losses [116]. Therefore, for 
plasmonic applications shifting the chromophore absorbance towards the operation 
wavelength is a viable way to increase �Ú�í�í�í [117]. 

As �Ú�í�í�í  increases, the dipole moment �ä�& also increases, although the dependence on 
length is not as strong. Electrostatic attraction proportional to �ä�&�6 drives dipolar 
molecules to assemble into antiparallel pairs (dipolar coupling) that are 
centrosymmetric, Fig. 2.2.1(d). This coupling energy must be overcome by the poling 
field to get good alignment.  

While dipole moments of chromophores used a decade or more ago, such as DR-1, 
had dipole moments in the 8-10 D range [118, 119], the best chromophores today 
have dipole moments in the 30 D range, which dramatically increases the magnitude 
of dipolar intermolecular interaction and reduces the maximum �æcos�7�à�ç achievable 
at a certain poling field. The strength of dipolar coupling is inversely proportional to 
the organic EO chromophore intermolecular distance, so centrosymmetric ordering 
can be reduced by diluting the chromophores in a host polymer, resulting in increased 
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�æcos�7�à�ç upon poling. However, diluting organic EO chromophore in a host polymer 
reduces �ŒN. Therefore, �é�R�æcos�7�à�ç, often called the loading parameter, can be thought 
of as a single constraint to optimize. Consequently, theory guided optimization of the 
loading parameter has established as a successful method to develop new, high EO 
coefficient OEO materials [7, 8, 103, 120].  
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2.3 Plasmonic-Organic Hybrid Technology 
The plasmonic organic hybrid (POH) technology enables compact and high-speed 
electro-optic modulators on the silicon platform. It combines sub-wavelength 
confinement of plasmonic waveguides with highly nonlinear organic electro-optic 
materials and low-loss silicon photonics. Starting from basic building blocks such as 
silicon photonic waveguides, plasmonic photonic converters, and plasmonic slot 
waveguides, the implementation of different modulator schemes becomes feasible. 
Starting from plasmonic phase modulators, to Mach-Zehnder modulators (MZMs), to 
in-phase/quadrature (IQ) modulators: the platform offers devices with different 
complexity and fields of application. 

2.3.1 Photonic-Plasmonic Converters 
In order to couple light from feeding silicon waveguides to the plasmonic slot 
waveguide, photonic-plasmonic converters (PPCs) are used [121]. These structures 
converted the photonic mode of the photonic waveguide with dimensions of 
typically �SSi × �DSi = 450 nm × 220 nm to the plasmonic slot waveguide of 
approximately �Sslot × �Dslot = 100 nm ×  200 nm. Fig. 2.3.1(a) shows a colorized 
scanning electron microscope picture of a PPC. The silicon feeding waveguide is 
tapered down to zero, while the gold electrodes are approaching the silicon 
waveguide and taper down forming the slot waveguide of width �Sslot. Fig. 2.3.1(b) 
displays an electric field simulation illustrating the coupling from the Si waveguide to 
the slot. This converter introduces conversion losses of approximately 0.4 dB – 1 dB. 
Detailed discussions of this structure can be found in [121, 122]. Alternative structures 
to couple to plasmonic slot waveguides are: coupling from a silicon slab waveguide 
[123], focusing light into the slot using Si gratings [124] or nano metallic antennas 
[125], or using evanescent coupling [126]. Within this thesis PPCs were used. 

 
Fig. 2.3.1 – (a) Colorized SEM picture of a photonic-plasmonic converter.  (b) E-field simulation of 
the PPC.  
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2.3.2 Plasmonic Phase Modulators 
The plasmonic slot waveguide can be directly utilized to modulate the phase of light. 
In the plasmonic phase modulator (PPM) the effective index change of the plasmonic 
slot mode directly translates to a phase change of the mode propagating along �V with 
�� �ö = �� �Ú�„�V= (2�è/ �ã�4)�� �Jeff�V. Note that for broadband optical signals, due to 
dispersion, the change of effective group index �� �J�e needs to be considered. This work 
focuses on continuous wave (CW) operation and driving frequencies below 100 GHz, 
thus, �� �J�e 
N�� �J�c�d�d.  

Fig. 2.3.2 depicts a colorized scanning electron microscope picture of a PPM. It 
features a plasmonic slot waveguide of length 𝐿𝐿. A drive voltage �7 is applied across 
the slot waveguide. The resulting low-frequency E-field in the slot overlaps nearly 
perfectly with the optical field in the slot (insets) and induce the phase shift.  

The phase shift in a PPM linearly depends on the applied drive voltage U and the 
length of the device L  

 

�� �ö =
2�è
�ã�4

�� �Jeff𝐿𝐿 =
2�è
�ã�4

�� �Jeff

�� �Jmat
�� �Jmat𝐿𝐿 =
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l
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�� �Jmat

l
1
2

�N�7�7�J�S�I�S
�7 �7

�S�q�j�m�r

p𝐿𝐿. 

(2.25) 

Here, we use the refractive index change caused by the linear EO effect, see Equation 
(2.13) in Section 2.2.2.  

A useful figure to assess the efficiency of a phase modulator is the voltage-length 
product �7�N�áPM𝐿𝐿 

 
�7�� ,PM𝐿𝐿 = �ã�4 �„

�Sslot

�� �Jeff
�� �Jmat�ã�ä�å

from simulation

�é�í�í�í �ê�í�í�í �ë
waveguide properties

�„
1

�J�S�I�S
�7 �N�7�7

�é�í�ê�í�ë
material properties

. 
(2.26) 

The product of the device length 𝐿𝐿 and the voltage �7�N�áPM that is required to induce a 
phase shift of �è describes the modulator efficiency. More precisely, it describes which 
active length 𝐿𝐿 is required to induce a phase shift of �ö = �è with a drive voltage of 1 V. 
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Fig. 2.3.2 – Plasmonic phase modulator , a plasmonic slot waveguide of length L. A drive voltage 
U drops across the slot of width wslot . This results in a low-frequency (LF) E-field in the slot 
waveguide (inset), overlapping nearly perfectly with the optical field in the slot (inset). 

Fig. 2.3.3(a) plots the simulated voltage-length product assuming �J�S�I�S = 1.81 and 
�N�7�7= 170 pm/V as a function of slot height and width. Here, the PPM not only 
benefits from the enhanced �� �Jeff/ �� �Jmat offered by the narrow plasmonic slot 
waveguide, see the following Section 2.3.3, but also from the fact that 
�� �Jmat �ß1/ �Sslot, making narrow slots favorable for efficient modulation. Here, the 
PPM offers voltage-length products in the order of ~50 V�…m, at least an order of 
magnitude lower than any other technology on the silicon platform [127]. An 
additional performance figure is the loss-voltage-length product �Ù�7�� 𝐿𝐿. It combines 
the �7�� 𝐿𝐿-product, with the propagation losses �Ù in the active section. It gives the 
insertion loss of a modulator for a given �‹-voltage. Fig. 2.3.3(b) gives the �Ù�7�� 𝐿𝐿-
product of a PPM for �J�S�I�S = 1.81, and �N�7�7= 170 pm/V. Even though plasmonic 
propagation losses increase in narrow slots (cf. Fig. 2.1.5(b)), in the ideal case, device 
losses are lowest for narrow slots. The enhancement of �7�� 𝐿𝐿 in narrow slots is stronger 
than the increase of the propagation loss �Ù. 

 
Fig. 2.3.3 – Plasmonic phase modulator: voltage-length and loss-voltage-length product as a 
function of slot width and height. (a) U�‹L and (b) �rU�‹L product. 
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2.3.3 Modulation Efficiency and Confinement 
Organic electro-optic materials in plasmonic slot waveguides offer efficient phase 
modulation on a compact footprint. A refractive index change of the OEO material in 
the plasmonic slot directly translates to change of the plasmonic mode’s effective 
refractive, with the sensitivity 

 
�� �J�c�d�d

�� �J�k�_�r
= ��. (2.27) 

In this thesis, this ratio is directly simulated by coupling electro-static and optical field 
simulations in COMSOL Multiphysics. A so-called field-interaction factor ��, 
traditionally used in literature [128], can also be approximated in a simplified form as 

 �� 
N���v =
�?�ó�4�JOEO�í �+�' �ë(�T,�U)�+

�6
d�Td�U�ºslot

�í Re�@�' (�T, �U) × �* �Û(�T, �U)�A�„�
�íd�Td�U
�¶
�?�¶

. (2.28) 

It describes the ratio of energy stored within the x-component of the electrical field 
confined in the slot to the overall energy of the optical mode. In case of plasmonic slot 
waveguides, ���v in equation (2.28) slightly underestimates ���Jeff/ �� �Jmat.  

Fig. 2.3.4 depicts the effective index sensitivity �� �Jeff/ �� �Jmat as a function of the slot 
width and height for (a) fully simulated index change and (b) the estimate according 
to [128]. In the case of �� �Jeff/ �� �Jmat = 1, the refactive index change is directly 
translated to an effective index change. For narrow slots, plasmonic slot waveguides 
offer an enhancement of the effective index change, �� �Jeff/ �� �Jmat > 1. This 
enhancement originates from an energy velocity reduction offered by the plasmonic 
waveguide structure and can be expressed by a slow-down factor [129].  

  
Fig. 2.3.4 – Sensitivity of the effective refractive index to a material refractive index change. 
Simulated for a slot mode in a plasmonic slot waveguide for different waveguide widths and 
heights. (a) Simulated effective index sensitivity. (b) Estimated value according to [128]. 
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Fig. 2.3.5 – Simulated electric fields in a plasmonic slot waveguide. (a) Normalized optical |�' |-
field. (b) Normalized low-frequency (LF) |�' |-field. Insets: |�' |-fields at �U= �Dslot/ 2. 

The comparably high sensitivity of the effective index to material index changes of 
�� �Jeff/ �� �Jmat 
N1 can be related to the tight confinement of the optical mode in the 
plasmonic slot, as expressed in Equation (2.28). Fig. 2.3.5(a) depicts the simulated 
optical E-field of the plasmonic mode, tightly confined within the slot waveguide, 
which is filled with the OEO material. At the same time, the plasmonic slot waveguide 
allows for efficient modulation of the material’s refractive index in the slot. When a 
voltage �7d is applied between the two metal electrodes of the plasmonic slot 
waveguide the electric field with �'LF 
N�7d/ �Sslot builds up in the slot region, 
Fig. 2.3.5(b), hence, the refractive index in the slot is efficiently changed with  
�� �Jmat �ß �7d/ �Sslot, see equation (2.22). The refractive index change in the slot region 
is simulated and displayed in Fig. 2.3.6. Assuming a homogeneous material in the slot 
(�JOEO= 1.81, and �N�7�7= 170 pm/ V), a voltage of 1 V dropping across an 80 nm wide 
slot changes the refractive index in the slot area by ���Jmat. 

 
Fig. 2.3.6 – Simulated refractive index when a voltage of 1 V is applied across the slot. Inset: 
Refractive index in the slot at �U= �Dslot/ 2.  
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2.3.4 Plasmonic Mach-Zehnder Modulators 
The plasmonic Mach-Zehnder Modulator (MZM) offers high-speed amplitude and 
intensity modulation, Fig. 2.3.7. Silicon photonic multimode interference couplers 
(MMIs) and waveguides form a photonic Mach-Zehnder interferometer (MZI). In each 
arm of the MZI a PPM is introduced to modulate the phase of light in the individual 
arms. The two PPMs share a common signal electrode and individual ground 
electrodes.  

This enables operation in the push-pull configuration. When applying a voltage to the 
signal electrode, the refractive index in one PPM reduces, while it increases in the 
other. Thus, the phases in the two PPMs shift in opposite directions. This push-pull 
operation is achieved by applying the poling voltage between the two outer 
electrodes of the MZM, Fig. 2.3.8(a) and thus, defining the direction of the EO effect. 
When the drive voltage is applied to the center signal pad, poling direction and driving 
field are in the same direction in one PPM and in opposite directions in the other PPM, 
Fig. 2.3.8(b).The poling direction defines the direction of the refractive index change, 
see Section 2.2. 

 
Fig. 2.3.7 – Plasmonic Mach-Zehnder modulator.  Two plasmonic phase modulators (PPM) are 
integrated in a silicon photonic Mach-Zehnder interferometer consisting of silicon feeding 
waveguides and multimode interference couplers (MMIs). The PPMs share a common signal 
electrode and individual ground electrodes.  
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Fig. 2.3.8 – Poling and operation of a plasmonic Mach-Zehnder modulator.  (a) Device poling: a 
poling voltage Up is applied between the two outer electrodes of the modulator. Half the poling 
voltage drops across each of the two PPMs and a poling field Epole (red arrows) aligns the OEO 
material in the slot. (b) Device operation: the drive voltage Ud is applied between the central 
signal pad and the two outer ground electrodes. The driving electric field drops across the slots 
(blue arrows). The electric field in one PPM is parallel to the poling direction and in the other PPM 
anti-parallel. The device is operated in push-pull operation. 

The amplitude transfer function of the plasmonic MZM is derived by cascading the 
transfer matrices of each component of the MZM. The following derivation is 
originally from [WH1].  
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(2.29) 

where the first and the last factor with the s1 and s2 describe the splitting ratios of the 
MMI input and output coupler, the two subsequent matrices describe the coupling 
conversion efficiencies of the photonic-plasmonic converters and the PPM matrix 
describes the phase modulation (�Ú+ �� �Ú) and losses (�Ù) in the two arms of the MZM. 
For MMIs we assume s1 = s2 = ½. Furthermore, we assume equal coupling ratios of the 
PPCs, c1 = c2 = c3 = c4 = c and equal lengths of the phase modulators L1 = L2 = L. With 
these simplifications, one obtains 

 �' out =
�Ö

�6

ke(-j (�	 �-�>�| �	 �-) �?�� �-/ �6)�Å+ e(-j (�	 �. �>�| �	 �. ) �?�� �. / �6)�Å
o�' in. (2.30) 

Assuming an ideal MZM in push-pull operation (identical PPMs in both arms: �Ú�5 =
�Ú�6 = �Ú, �Ù�5 = �Ù�6 = �Ù, opposing phase shift in both PPMs ���Ú�5 = 
F���Ú�6 = �� �Ú/ 2) this 
gives the cosine amplitude transfer function 



Fundamentals  

36 

 
�' out

�' in
= �?e(j�	 �?�� / �6)�Åcos(�Â𝛥𝛥𝛥𝛥). (2.31) 

Introducing �� �Ú=
�6��

��
�� �J�c�d�d and  

 �� �Jeff =
�� �Jeff

�� �Jmat

l
1
2

�JOEO
�7 �N�7�7

�7d

�Sslot
 
p,  (2.32) 

The voltage-dependent amplitude transfer function is given by 
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The corresponding intensity transfer function is 
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And for cos (�ö = �è),  
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Fig. 2.3.9 depicts the modulator’s amplitude and intensity transfer function with 
respect to the drive voltage. Losses have been omitted. For operation the modulators 
are typically biased into the linear operation point. In case of amplitude modulation 
this is the null point, in case of intensity modulation this is the quadrature point. More 
details on the MZM transfer function and the influence of fabrication variations are 
discussed in Section 4.1.2. 
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Fig. 2.3.9 MZM transfer function.  (a) Amplitude transfer function with a linear slope in the Null 
point. (b). Intensity transfer function with a linear slope in the quadrature point. 

The on-off voltage �7�� , the voltage-length product �7�� 𝐿𝐿, and the loss-voltage-length 
product �Ù�7�� 𝐿𝐿, strongly depend on the waveguide geometry. Fig. 2.3.10 visualizes the 
influence of the waveguide geometry on these two figures of merit in the ideal case, 
assuming homogeneous and constant material within the slot with �J�S�I�S = 1.81, and 
�N�7�7= 170 pm/V. The plasmonic MZM strongly benefits from the enhanced 
�� �Jeff/ �� �Jmat sensitivity for narrow slots and the 1/ �Sslot dependence of �� �Jmat, see 
Fig. 2.3.4 and equation (2.32). However, due to limitations in current fabrication 
techniques and surface interactions between the OEO material and the gold sidewalls, 
narrowest slots may not necessarily give the best modulator performance, see 
Sections 3.1 and 3.2. 

 
Fig. 2.3.10 – Plasmonic Mach-Zehnder modulator: voltage-length and loss-voltage-length 
product as a function of slot width and height. (a) U�‹L and (b) �rU�‹L product. 
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2.3.5 Plasmonic In-phase / Quadrature (IQ) Modulator  
The plasmonic in-phase / quadrature (IQ) modulator allows encoding information on 
both the phase and amplitude of light. It consists of two parallel plasmonic MZMs, 
nested into a silicon photonic Mach-Zehnder interferometer, see Fig. 2.3.11. Light is 
guided by silicon feeding waveguides to a 1:2 power splitting MMI and is distributed 
to the two MZMs (I- and Q-MZM). In each MZM the respective electrical signal (in-
phase or quadrature signal) is modulated onto the optical carrier. The quadrature 
component is delayed by �î IQ = �è/ 2 with respect to the in-phase component e.g. by 
a phase shifter. Subsequently, the two components are combined by an output MMI. 
The plasmonic IQ modulator depicted Fig. 2.3.11 features a thermo-optic phase shifter 
to control the IQ angle �î IQ. 

 

 
Fig. 2.3.11 – Plasmonic in-phase / quadrature (IQ) modulator. Each of the plasmonic MZMs 
follows the amplitude transfer function Equation (2.33) and is operated in the null point, see 
Fig. 2.3.9(a). The quadrature component is phase shifted by �î IQ = �è/ 2, thus is orthogonal to 
the in-phase component. Therefore, IQ modulators enable so called complex modulation formats 
that allow to encode information on both the phase and the amplitude of light. 
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The transfer function of the IQ modulator is given by 
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(2.36) 

Each of the plasmonic MZMs follows the amplitude transfer function Equation (2.33) 
and is operated in the null point, see Fig. 2.3.9(a). The quadrature component is phase 
shifted by �î IQ = �è/ 2, thus is orthogonal to the in-phase component. Therefore, IQ 
modulators enable so called complex modulation formats that allow to encode 
information on both the amplitude and the phase of light. 

Fig. 2.3.12 depicts two examples of complex modulation formats. Fig. 2.3.12(a) shows 
the constellation diagram of quadrature phase shift keying, QPSK. Each MZM is 
operated with a two-level signal enabling (e.g. ±�7d/ 2) four constellation points and 
thus 2 bit/symbol. With a given symbol rate of 100 Gbd a data rate of 200 Gbit/s is 
encoded. When the MZMs are operated with multi-level signals (M-levels), higher 
modulation formats are possible. In case of four levels per MZM (M = 4) this results in 
a 16 quadrature amplitude modulation (16QAM) with 4 bit per symbol. With a symbol 
rate of 100 GBd this format enables 400 Gbit/s. 

 
Fig. 2.3.12 – Constellation diagrams.  (a) Quadrature phase shift keying (QPSK) and 16-
quadrature amplitude modulation (16QAM). 
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3 Organic Electro-Optic Materials in Plasmonic 
Modulators 

Organic electro-optic materials offer high nonlinearities and promise efficient electro-
optic modulators. In bulk- and thin film characterization OEO materials offer 
nonlinearities of r33 >400 pm/V [84-87, 114, 130]. However, when these materials are 
applied in nanoscale plasmonic slots, the in-device electro-optic coefficients are 
reduced dramatically. The reduction of the OEO coefficient may be attributed to 
surface interactions between the OEO molecules and the metal electrodes of the 
plasmonic slot waveguide [8, 131].  

Section 3.1 experimentally investigates the slot-width dependence of the EO 
coefficient in plasmonic slot waveguides, discusses mechanisms that influence this 
slot-width dependence, and evaluates the influence on the plasmonic modulator 
performance.  

Section 3.2 numerically investigates the influence of surface effects on the modulator 
performance in more detail. Taking into account recent simulation results on the 
chromophore order in plasmonic slots [6, 8] electric field simulations in the slot are 
adapted and the modulator performance figures �7�� 𝐿𝐿 and �Ù�7�� 𝐿𝐿 are evaluated. 

In Section 3.1 surface modifications of the plasmonic modulator’s gold electrodes in 
order to counter surface effects are suggested. Dielectric materials can offer such 
surface modifications. On the one hand, they can positively influence the interaction 
between the OEO molecules and the plasmonic waveguide, on the other hand such 
layers can act as charge blocking layers to reduce currents during the poling process. 
Section 3.3 discusses the influence of such dielectric layers on the electro-static field 
distribution and the optical modes in the plasmonic slot waveguide. Based on these 
field simulations, the plasmonic modulator performance is evaluated. Section 3.3 
shows, that even nm-thin dielectric layer strongly influence the electric field 
distribution in the slot and modulator performance. It shows, that the dielectric 
material has to be chosen carefully in order to not impair modulation efficiency. 
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3.1 Interface Effects and their Influence on the Modulator 
Performance 

 Section3.1 has been published in [WH4]:  

 
Nonlinearities of organic electro-optic materials in 
nanoscale slots and implications for the optimum 

modulator design 

 

 

Wolfgang Heni, Christian Haffner, Delwin L Elder, Andreas F 
Tillack, Yuriy Fedoryshyn, Raphael Cottier, Yannick Salamin,  

Claudia Hoessbacher, Ueli Koch, Bojun Cheng, Bruce Robinson, 
Larry R Dalton, and Juerg Leuthold 

Opt. Express, 2017, 25 (3), 2627. 
For consistency figures and variables have been adapted from the 
original publication. 

 

 

Abstract:  

The performance of highly nonlinear organic electro-optic (EO) materials incorporated 
into nanoscale slots is examined. It is shown that EO coefficients as large as 190 pm/V 
can be obtained in 150 nm wide plasmonic slot waveguides but that the coefficients 
decrease for narrower slots. Possible mechanism that lead to such a decrease are 
discussed. Monte-Carlo computer simulations are performed, confirming that 
chromophore-surface interactions are one important factor influencing the EO 
coefficient in narrow plasmonic slots. These highly nonlinear materials are of 
particular interest for applications in optical modulators. However, in modulators the 
key parameters are the voltage-length product U�‹L and the insertion loss rather than 
the linear EO coefficients. We show record-low voltage-length products of 70 Vµm 
and 50 Vµm for slot widths in the order of 50 nm for the materials JRD1 and DLD164, 
respectively. This is because the nonlinear interaction is enhanced in narrow slot and 
thereby compensates for the reduced EO coefficient. Likewise, it is found that lowest 
insertion losses are observed for slot widths in the range 60 to 100 nm. 
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Fig. 3.1.1 -Artistic view of a plasmonic slot waveguide filled with an organic EO material (JRD1, 
inset).  A dependence of the EO coefficient on the slot waveguide width is experimentally 
investigated for the materials JRD1 and DLD164. EO coefficients of 190 pm/V are found for wide 
slots while these values decrease for narrower slots. 

3.1.1 The electro-optic coefficient and its dependence on the 
geometry 

3.1.1.1 State-of-the-art organic electro-optic materials in 
nanophotonic devices 

The performance of EO materials in nanophotonic devices depends strongly on the 
dimensions of the active region. In bulk materials, with material films having 
thicknesses from hundreds of nm to several µm, large EO coefficients of 
r33 �0400 pm/V [84-87, 130] can be achieved. However, when organic EO materials are 
applied to horizontal silicon or metal slot waveguide structures the large bulk values 
typically cannot be reached. This section discusses the slot-width dependence of in-
device EO coefficients of state-of-the-art organic EO materials.  

In this work we investigate the slot-width dependence of the organic EO materials 
JRD1 [107] and DLD164 [100, 129, 132-135]. We observe a distinct decrease in the EO 
coefficient with decreasing slot width. Fig. 3.1.2 depicts the slot width dependent EO 
coefficients for the two investigated materials and additional state-of-the-art organic 
EO materials. For DLD164 an additional measurement performed in a silicon-organic 
hybrid (SOH) modulator [59] with a 160 nm wide slot is included. Table 1 summarizes 
the corresponding data of Fig. 3.1.2. Note that the calculation of the EO coefficient in 
[107] was performed with a refractive index of 1.62 at 1600 nm. New measurements 
indicated a refractive index of 1.8 at 1600 nm. While the measured device 
performance is not influenced, calculated values such as the EO coefficient have been 
adapted. Compared to [107], the second-order nonlinearity slightly increases to 
�ï�7�7�7

(�6) (�ñ;  �ñ,0) = 1020 pm/V, therefore the maximum EO coefficient �N�7�7 calculates to 
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193 pm/V. All calculated values in this article are derived using the measured 
refractive index given in this manuscript. 

Comparing the EO coefficient of the investigated materials JRD1 and DLD164 to 
reported values of the independent studies (Refs. [58, 59, 64, 70, 136-145]) indicates 
a similar slot-width dependent EO coefficient in other materials and material 
composites. These reported in-device nonlinearities were characterized in silicon slot 
waveguide based modulators [56]. The largest in-device nonlinearity reported so far 
was achieved with the binary chromophore organic glass (BCOG) YLD124/PSLD41 [58, 
136]. Yet, most commonly used materials are based on guest-host polymer systems. 
These include AJCKL1/APC [137] and commercially-available materials such as 
GigOptix M3 [64, 138-141], Soluxra SEO100 [70, 144, 145], and Soluxra SEO125 [70, 
142, 143].  

All reviewed materials show a strong slot-width dependence of the EO coefficient. 
Possible origins for this dependence are discussed in Section 3.1.1.3. For the few 
reported slot widths below 100 nm the performance of guest-host based materials is 
reduced to EO coefficients below 50 pm/V. At similar slot widths, monolithic material 
systems feature approximately 4-times larger EO coefficients in the range of 150-
200 pm/V. Even at further reduced slot widths below 80 nm, these monolithic 
materials offer much larger EO coefficients than guest-host based materials. This 
indicates that these monolithic material systems may be better suited for nanoscale 
photonic applications. Note that the bulk values plotted here have been taken from 
measurements performed at a wavelength of 1310 nm while all in device-
measurements have been performed around 1550 nm.  
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Fig. 3.1.2 - Maximum reported EO coefficients as a function of the slot width.  For all reviewed 
materials a strong slot-width dependence of the EO coefficient is found. Monolithic material 
systems show a more than 10 times higher EO coefficient than guest-host systems for slot widths 
below 80 nm, indicating that these material systems may potentially be better suitable for 
nanoscale photonic applications. (Device EO coefficients measured around 1550 nm, bulk values 
measured at 1310 nm). The references corresponding to the data points can be found in the 
original publication [131]. 

The EO coefficient typically is higher at shorter wavelengths, so that the bulk values if 
measured at 1550 nm would in fact be lower. 

In addition to the EO coefficient, the refractive index n and the glass transition 
temperature Tg are important material properties to be taken into account for the in-
device application of these materials (see Table 1). A low Tg material allows for easy 
material poling (see Section 3.1.1.2) at low temperatures. However, a low Tg also asks 
for moderate operation temperatures. The commercial materials GigOptix M3 and 
Soluxra SEO100, and SEO125 have demonstrated long-term stability at 85°C satisfying 
Telcorida standards  An alternative to these materials with an inherently high Tg are 
materials, which can be cross-linked to elevate the material glass transition 
subsequent to electric field poling[102].  

 

 



  

   

 Table 3.1.1 State-of-the-art organic electro-optic materials.  
 r33,bulk  

(1310 nm)  
 
 
[pm /V] 

r33,in-device  

(1550 nm) 
(wslot �C�� �ò�ì-80 
nm) 
[pm /V] 

 r33,in-device (1310 nm) 
(wslot �C�� �í�ì�ì-120 nm) 
[pm /V] 

r33,in-device  

(1550 nm)  
(wslot�H�í�ñ�ì nm) 
 
[pm /V] 

n 
(1310 nm /1550 nm) 


Ï
Ü
Ü
Ü
(
Û)  in-

device  
(1550 nm) 
 
 
[pm/V]  

Tg 

 

 

 

[°C] 

JRD1 [88] 343 / 556a 

[114] 
136c [this 
work] 

 156c [this work] 193c [this work] 1.87 / 1.81 1024c 82 [88] 

DLD164 [146] 137  [146] 160[134]  180 [129] 180 [59] 1.9 / 1.83 1010 66 [146] 

YLD124/PSLD41 [136] 285  [136] -  - 230 [58] 1.77 / 1.73[136] 1030 97 [58] 

BNLO [87] b 273  [87] -  - - 2.21/-[87]  117 [87] 

25 %YLD124/PMMA 118 [146] -  - 30 [58] 1.6 /  1.58d  125d 105[146] 

Soluxra SEO100 [70, 
147] 

110/260a 
[144] 

-  - 132[145]  / 1.71 [148] 564 - 

Soluxra SEO125 [70, 
147] 

125 [149] -  - 98 [142] - / 1.63[142] 346 150 [142] 

GigOptix M3 [64, 150] 86  [138, 139] 15 [140]  23 [141]  40 [140]  - /  1.68 160 168  
[136][64] 

25 %AJCKL1/APC 90 [137] 
(1550 nm  
75 pm/V)  

10  - 59 [137] - /  1.63[151] 208 145[137] 

a with charge blocking layer. b Binary nonlinear optical chromophore C1 in [87]. c measured at 1600 nm, larger r33 is expected at lower wavelengths. d 
[58] gives an refractive index of 1.7 at 1550 nm for 25 %YLD124/PMMA. Ellipsometric measurements result in n(1550 nm) = 1.58. To calculate �ï�7�7�7

(�6) the 
refractive index and the EO coefficient given in [58] are used. 
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3.1.1.2 Organic Electro-Optic Materials – From Microscopic to 
Macroscopic Nonlinearities 

This section describes microscopic properties of the monolithic organic EO materials 
JRD1 and DLD164 investigated in this work as well as how these microscopic 
properties are translated to their macroscopic nonlinear behavior.  

In general, EO chromophores are randomly oriented upon solution deposition, 
Fig. 3.1.3(a). To achieve macroscopic second-order nonlinearity, those molecules have 
to be aligned non-centrosymmetrically [82, 101]. This can be achieved by electric-field 
poling [82, 108], where an electric field is applied to the material while the material is 
heated near its glass transition temperature. During this process, the molecules 
reorient due to the torque on their molecular dipole moments �ä�&, in response to the 
electric field, see Fig. 3.1.3(b). 

The macroscopic second-order nonlinearity r33 achievable during electric field poling 
can be related to its microscopic material properties [110]: 

 �N�7�7= 
F2�Ú�í�í�í �é�R�Ãcos�7�à�Ä
�C
�J�8, (3.1) 

where, the microscopic nonlinearity of the molecules along its dipole axis is described 
by its first-order hyperpolarizability �Ú�í�í�í. The chromophore number density is given 
by �ŒN. The average degree of orientation of the chromophores is described by the 
average acentric order parameter �æcos�7�à�ç, where �à describes the angle between the 
external electric poling field Ez and the dipole moment of the individual 
chromophores �ä�&, Fig. 3.1.3(b). In a perfectly ordered system all molecules would be 
aligned parallel to the electric poling field Ep meaning �à = 0 and �æcos�7�à�ç= 1. 
However, due to thermal effects an upper limit to acentric order may be given by the 
Langevin limit as �æcos�7�à�ç
N�ä�&�' / 5�G�6 [111, 112]. To take into account partial field 
screening in the material the Lorentz-Onsager local field factor g [82] is included, n is 
the (wavelength dependent) index of refraction at the wavelength of interest.  
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Fig. 3.1.3 –Poling of OEO materials. (a) Thermally randomized order of the material after 
�����‰�}�•�]�š�]�}�v�X�� �:�Z���í�� �}�(�(���Œ�•�� ���� �Z�]�P�Z���Œ�� ���Z�Œ�}�u�}�‰�Z�}�Œ���� �����v�•�]�š�Ç�� �ŒN than DLD164. The randomized order 
results in an average order of �æ�?�K𝑐𝑐�7�à�ç= 0. (b) Upon electric field poling the chromophores align 
along the poling field Epoling. The angle �à between the dipole axis �ä�& and the poling field describes 
the efficiency of the poling process.  The ordering of all molecules in one direction results in 
�æ�?�K𝑐𝑐�7�à�ç> 0 and therefore r33 > 0. (c) Chemical structure of the chromophores. Both materials 
share the commonly used amine donor – �‹�����Œ�]���P����– tricyanofuran acceptor motif chromophore 
core. JRD1 features two sterically bulky tert-butyldiphenylsilyl (TBDPS) functional groups, DLD164 
features two coumarin-based pendent side chains. 
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To achieve largest EO coefficients r33, each of the contributors to Eq. (3.1) should be 
maximized, but unfortunately, some of the contributions are not necessarily 
independent and may work counter to one another. �Ú�í�í�í can be tuned using synthetic 
chemistry guided by theoretical modeling [82]. Increasing �Ú�í�í�í  generally involves 
having a strong electron donor and a strong electron acceptor separated by a rigid 
�‰�}�o�Ç���v���� �‹-bridge. �Ú�í�í�í  increases as distance between the donor and acceptor 
increases, which also redshifts the chromophore absorbance according to the two-
state model [101, 115] and could contribute to optical loss if it is too close to the 
operation wavelength of the modulator. As �Ú�í�í�í  increases, the dipole moment �ä�& also 
increases, although the dependence on length is not as strong. Electrostatic attraction 
proportional to �ä�&�6 drives dipolar molecules to assemble into antiparallel pairs (dipolar 
coupling) that are centrosymmetric. This coupling energy must be overcome by the 
poling field to get good alignment.   

While dipole moments of chromophores used a decade or more ago, such as DR-1, 
had dipole moments in the 8-10 D range [118, 119], the best chromophores today 
have dipole moments in the 30 D range, which dramatically increases the magnitude 
of dipolar intermolecular interaction and reduces the maximum �æcos�7�à�ç achievable 
at a certain poling field. The strength of dipolar coupling is inversely proportional to 
the organic EO chromophore intermolecular distance, so centrosymmetric ordering 
can be reduced by diluting the chromophores in a host polymer, resulting in increased 
�æcos�7�à�ç upon poling. However, diluting organic EO chromophore in a host polymer 
reduces �ŒN. Therefore, �é�R�æcos�7�à�ç, often called the loading parameter, can be thought 
of as a single constraint to optimize.  

We investigate two organic EO materials in more detail, JRD1 [88, 114, 152] and 
DLD164 [146], both optimized for a high loading parameter �é�R�æcos�7�à�ç. While sharing 
a similar chromophore core designed for large nonlinearity and low absorbance in the 
telecom wavelength range (1310 nm and 1550 nm), see Fig. 2.3.4, JRD1 and DLD164 
represent different approaches to optimizing the loading parameter �é�R�æcos�7�à�ç and 
to achieve different material properties, see Table 3.1.2. Despite the comparable 
microscopic first-order hyperpolarizability, the macroscopic nonlinearity of JRD1 of 
r33,JRD1 = 343 pm/V [114] exceed the values of DLD164 r33,DLD164 = 137 pm/V [146], 
where both values have been measured at 1310 nm. Jin et al. demonstrated in [114] 
that a benzocyclobutene barrier can increase the bulk EO coefficients of monolithic 
organic EO materials up to r33,JRD1 = 556 pm/V. However, application of a BCB charge 
blocking layer in plasmonic devices is hampered by the nanoscale feature sizes and 
layer thicknesses.  
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Fig. 3.1.4 -   Refractive indices of JRD1 [114] and DLD164 [146] measured by ellipsometry. (a) Real 
part: At the telecommunication wavelength of 1550 nm JRD1 features a comparable refractive 
index to DLD164 (nJRD1(1550 nm) = 1.81, nDLD164(1550 nm) = 1.83). (b) Imaginary part. At the 
communication wavelengths of 1310 nm and 1550 nm both materials offer a negligible 
imaginary part of the refractive index.   

The two investigated organic EO materials are based on the commonly used amine 
donor – �‹�����Œ�]���P����– tricyanofuran acceptor motif used in the well-studied organic EO 
chromophore YLD124 [153], see Fig. 3.1.3(c). The modification to create JRD1 
introduces two sterically bulky tert-butyldiphenylsilyl (TBDPS) functional groups (red). 
This modification results in a chromophore that is amorphous, has good film-forming 
properties, and can be efficiently aligned even as a monolithic, high number density 
�ŒN material without a polymer host. Through a combined experimental and theoretical 
effort it has been established that the TBDPS groups provide enhanced molecular 
mobility such that even though the molecular dipole moment �…, and 
hyperpolarizability �t, are comparable to chromophores like YLD124, JRD1 can achieve 
a larger acentric order �æcos�7�à�ç during electric field poling [114, 154] giving rise to a 
larger EO activity.  

DLD164 [146] has an analogous donor – �‹�����Œ�]���P����–acceptor structure, but with two 
modifications: a simple hexyl chain is attached on the donor end for improved 
solubility, and two alkylbenzoylcoumarin units are attached on the bridge ring. The 
coumarin-containing units impart good film-forming properties, producing monolithic 
films that do not crystallize, and have been shown in a similar chromophore system 
[112, 155, 156] to have long-range intermolecular cooperativity reducing the 
rotational degrees of freedom of the NLO portion of the molecule resulting in 
increased �æcos�7�à�ç in spite of the decreased �ŒN.  

The difference of the chromophores structure not only influences the achieved EO 
coefficients, but also the refractive index �J�ñ and the absorption �J�ñ�ñ of the materials, 
see Fig. 2.3.4. While both materials feature a comparable real part of the refractive 



Organic Electro-Optic Materials in Plasmonic Modulators  

52 

index in the telecommunication wavelength range (1310 nm, 1550 nm). JRD1 has a 
slightly larger imaginary part of the refractive index than DLD164. However, in the 
telecom wavelengths range the imaginary part of the refractive index and therefore 
the absorption of both materials is negligible.  

Table 3.1.2 summarizes the material properties of above discussed monolithic organic 
EO materials JRD1, DLD164 as well as an example for a guest-host polymer system of 
25 wt% YLD124 doped into 75 wt% PMMA. Neat YLD124 offers the highest 
chromophore density �ŒN,YLD124 which corresponds to 0.683 chromophores/nm3, when 
doped into PMMA this number reduces to 0.172 chromophores/nm3. While neat 
YLD124 has a higher chromophore density than DLD164 and JRD1, the latter two 
chromophores that have been optimized for a high loading factor �é�R�æcos�7�à�ç, offer 
higher macroscopic EO coefficients. The two materials benefit from an increased 
�æcos�7�à�ç achieved with the help of the additional side chains. The coupling of 
�é�R�æcos�7�à�ç can be discussed more precisely by comparing the achieved bulk EO 
coefficients of 118 pm/V for the monolithic YLD124 and for the composite 
25%YLD124/75% PMMA. When YLD124 is doped into PMMA to reduce chromophore-
chromophore interaction �ŒN is decreased by a factor of 4, however, the EO coefficient 
stays the same. Due to the larger chromophore distance �æcos�7�à�ç increases and fully 
compensates for the reduced �ŒN. When a charge blocking layer is present �æcos�7�à�ç can 
be increased further resulting in even higher EO coefficients [114]. 

 

Table 3.1.2 Material properties of the organic EO materials JRD1, DLD164 and YLD124 
 �ŒN  

[chromophores/nm3] 

best 
r33,bulk 

[pm /V] 

1310 nm 

Best r33,in-

device  

[pm /V] 

1550 nm 

n 

 

1310 nm /  1550 nm 

JRD1[114][this work] 0.533 343 / 
556a 

193b 1.87 / 1.81  

DLD164[59, 146] 0.395 137c 180 1.9 / 1.83 

YLD124  [114] 0.683 118 / 
242a 

- 2.0 / 1.9  

25%YLD124/PMMA[59, 
146] 

0.172 118 30  1.6 / 1.58 

25 %YLD124/PSLD41[58, 
136] 

- 285 230 1.77 / 1.73 

a with charge blocking layer. b measured at 1600 nm, larger r33 is expected at lower wavelengths. 
c dielectric breakdown occurred during electric-field poling of bulk references limiting the 
maximum achievable r33 
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3.1.1.3 Decreased electro-optic coefficients in nanoscale geometries 
The slot width dependent EO coefficient described in Section 3.1.1.1 can be connected 
to a slot width dependent loading parameter �é�R�æcos�7�à�ç, see Eq. (3.1) in Section 
3.1.1.2. In this section, we discuss possible effects reducing �é�R�æcos�7�à�ç in plasmonic 
slot waveguides. We attribute the observed reduction of the EO coefficient to a 
combination of the below mentioned effects. 

3.1.1.3.1 Slot filling effects 
In very narrow slots the nonlinear material may not fill the complete slot area 
homogeneously. In 50 nm wide slots only approximately 20 to 30 molecules can align 
head-to-tail (chromophore length: ~2 nm from donor to acceptor). The constant bulk 
phase intrinsic number density �ŒN according to Table 3.1.2 cannot be assumed any 
more. Minor contaminants or other residuals as well as incomplete filling of only a few 
molecules can dramatically reduce the effective number density in the slot �Œslot, so 
that in narrow slots: �é�R > �éslot. Consequently, the EO coefficient in narrow slot 
devices is decreased compared to the materials bulk value:  
 �éN�æcos�7�à�ç�ß �N�7�7,bulk > �N�7�7,dev �ß �é�q�j�m�r�æcos�7�à�ç. 

3.1.1.3.2 Surface effects 
Surface interactions between the organic EO molecules and the slot sidewalls (Au, in 
the case of plasmonic slot waveguides, Si or SiO2 in case of the silicon-organic hybrid 
waveguides) may lead to weak, noncovalent bonding that counteracts the ordering 
force induced by the poling field. Depending on the chemical structure of the organic 
EO molecule it aligns in a preferred orientation along the sidewalls [82, 102, 157]. 
Therefore, molecules in the vicinity of the interface have their motion restricted by 
the fixed surface and do not efficiently align with the poling field, resulting in a 
reduction of �æcos�7�à�ç and thus in a reduced �N�7�7�ß �é�R�æcos�7�à�ç. In narrow slots the 
proportion of molecules being influenced by surface effects is large. 

To further investigate this hypothesis, coarse-grained Monte-Carlo computer 
simulations of CLD-type chromophores filling a 5 nm ×  5 nm electrode area of a 
plasmonic slot with widths ranging from 5 nm to 200 nm were performed under poling 
conditions (�' �n�m�j�g�l�e= 100 V/ �Jm). We used the LoD coarse-graining method [158] and 
a model of the chromophore core previously published in [120]. Additional 
information, including the wall interaction potential, can be found in the Appendix 
A.1. The results of these simulations are displayed in Fig. 3.1.5. A strong decrease in 
the overall chromophore loading, �é�R�æcos�7�à�ç, can be observed for plasmonic slot 
widths below 50 nm, see Fig. 3.1.5 (a). Above a plasmonic slot width of 50 nm, the 
system asymptotes to the chromophore loading value obtained for bulk simulations 
of about 1.2�„1020 molecules/cm3.  
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Fig. 3.1.5 – Influence of surface effects on chromophore order. (a)  Simulated chromophore 
loading as a function of the plasmonic slot width. The achieved average acentric order �æ�?�K𝑐𝑐�7�à�ç 
is marked as the color of the data points. (b) Simulated centrosymmetric order, �2�6 =
(3�Ã�?�K𝑐𝑐�6�à�Ä
F1)/ 2, in the poling direction as a function of the average acentric order, �æ�?�K𝑐𝑐�7�à�ç, 
the plasmonic slot width is marked as the color of the data points. Additionally included are the 
centrosymmetric order parameters �Ã�2�6(�à)�Ä, is plotted as a function of the acentric order 
parameter �Ã�?�K𝑐𝑐�7�à�Ä, obtained from Langevin theory for two-dimensional (blue, solid line) and 
three-dimensional (green, dashed line) dipole order orientational spaces in the independent 
particle limit. (c) Snapshot of a poled chromophore system in a 30 nm wide plasmonic slot. 

The primary driving factor for the decrease in chromophore loading in narrower slots 
is the reduced overall acentric order, since the average density does not change. The 
acentric order is strongly affected by surface interactions between the EO molecules 
and the sidewalls. This is evidenced in Fig. 3.1.5 (b), showing decreased acentric order 
for smaller slot widths due to strong average centrosymmetric order (P2 < 0) 
perpendicular to the poling direction. While P2 = 0 indicates the absence of 
centrosymmetric order, P2 > 0 signifies centrosymmetric order parallel to the poling 
direction. P2 < 0 indicates a centrosymmetric order perpendicular to the poling 
direction. The negative centrosymmetric order parameter reflects the morphology 
near the gold (Au) surface: the molecules are aligning parallel to the Au surface. This 
is highlighted in Fig. 3.1.5 (c), where a simulation-snapshot of the poled chromophore 
system is depicted. At the electrodes, molecules cannot penetrate into the Au layer, 
but must lie on the Au surface with their dipole moments predominantly ordered 
parallel to the surface. In contrast, in the bulk-region between the two Au surfaces the 
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average molecule orientation points along the direction of the poling field. The 
simulations reveal the discrepancy between the bulk- and the surface-region in terms 
of the molecular order of the EO material. 

Furthermore, in Fig. 3.1.5 (b) it is interesting to note that the centrosymmetric order 
is increased by the presence of interfaces in comparison to bulk simulations [120], 
underlining the importance of surface interactions particularly for smaller systems. 

3.1.1.3.3 Inhomogeneous field distribution 
Every microfabrication patterning method results in sidewalls that are not perfectly 
vertical and have some surface roughness, and the effects are more magnified when 
the dimensions are smaller. Waveguide inhomogeneity and the roughness of the 
waveguide sidewalls have a strong influence on the electric field distribution in the 
slot. During the poling process the alignment of the molecules roughly obeys 
�æcos�7�à�ç�ß �' �n�m�j�g�l�e [103]. An inhomogeneous field distribution during poling leads to 
an inhomogeneous and inefficient ordering of the molecules, thus reducing �æcos�7�à�ç. 
The influence of surface roughness is stronger in narrow slot. 

3.1.1.3.4 Current effects 
A reduction of the slot width might lead to an increased electrical conductance G and 
thus to higher currents during poling: 

 �+�n�m�j�g�l�e= �7�n�m�j�g�l�e�)�q�j�m�r= �7�n�m�j�g�l�e�ê�q�j�m�r
�D�E�s𝐿𝐿�b�c�t

�S�q�j�m�r
, (3.2) 

 

where the conductance is defined by the conductivity of the material in the slot �•slot, 
the cross sectional area hAuLdev and the slot width wslot. When the electrical power 
during poling is set to be constant, the higher current reduces the applied voltage and 
therefore reduces the poling field. When the power is not set to be constant, high 
currents may occur during poling, degenerating or destroying the organic EO material 
in the slot. During poling, however, a certain poling field �' poling = �7poling/ �Sslot is 
desired. Therefore, a reduction of �Sslot results in a reduction of �7poling in order to keep 
�+poling constant at decreased slot width. However, Zhang et al. [130] observe that the 
increased poling currents in narrow slots limit the poling efficiency of the organic EO 
material SEO125 [70][70][70][70][67][67][67][67][68][68][142]. In contrast to other 
studies [114, 130, 137], we did not observe a correlation between the EO coefficient 
and the poling current. Fig. 3.1.6(a) depicts the maximum measured poling currents 
for different poling experiments of JRD1 as a function of the slot width. The achieved 
EO coefficients are color-coded. It can be seen from our plot, that narrow slots do not 
feature a remarkably larger poling current over devices with larger slot widths. 
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Fig. 3.1.6 – Influence of poling current and conductance on the EO coefficient.  (a) Maximum 
measured current during the poling process of JRD1 as a function of the plasmonic slot width. The 
achieved EO coefficient is marked as the color of the data points. (b) Maximum conductance G of 
JRD1 as a function of the plasmonic slot width measured above the glass transition temperature 
Tg. To take different device lengths into account, the conductance is normalized to the device 
length L. The achieved EO coefficient is marked as the color of the data points. No correlation 
between the EO coefficient, the current and the conductance is found. Narrow slots neither 
feature an increased maximum poling current nor lead to an increased material conductivity or 
increased charge injection.  

Fig. 3.1.6(b) depicts the corresponding normalized conductance  
�) / 𝐿𝐿 = �+�n�m�j�g�l�e/ 
k�7�n�m�j�g�l�e𝐿𝐿�b�c�t
o. The conductance is normalized to L to take into account 
different device lengths. Here, one might see how the conductance decreases for 
wider slots, see Eq. (2.27), however there is no correlation between G/L and the EO 
coefficient �N�7�7. The maximum achievable EO coefficient of JRD1 may be limited by 
another factor. The maximum applicable poling field for JRD1 was found to be in the 
order of ~180 V/µm. For larger applied fields the material in the slot suffers from 
dielectric breakdown. As a solution it has been suggested to overcome dielectric 
breakdowns by preventing the effect with a charge blocking layer [114]. A blocking 
layer may also reduce surface effects of the chromophores described  
in Section 3.1.1.3.2.  

3.1.1.3.5 Underestimation of r33 
A proper simulation of the static and the optical electrical field distribution in the slot 
is important for deriving the values of the EO coefficients r33. As will be mentioned in 
Section 3.1.2.1 and further described in the Section  3.1.4.3, the EO coefficient cannot 
be measured directly. It can be calculated knowing the modulators device dimensions, 
its U�‹L product, and the simulated electric field distributions [129]. Variations from 
the simulated geometry strongly influence the calculated values of r33. There are two 
effects that influence the simulated values. First, there are surface roughness and 
width variations along the waveguide that are difficult to include in a simulation and 
are therefore excluded. Surface roughness effects may lead to a slot-width effect. 
Second, there are non-vertical sidewalls that decrease the overall efficiency of a 
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modulator. We have included non-vertical sidewalls by performing simulations with 
sidewalls at an angle of 5°. This value is a rather conservative number. Several devices 
have been cross-sectioned and imaged by SEM indicating a larger angle. This would 
mean that the nonlinear interaction in the slot-waveguide is less efficient than 
assumed, which means that the electro-optic coefficient r33 of the material is higher 
then what is estimated by assuming the moderate angle of 5° (see Section 3.1.4.3). It 
can be seen how the angle dependence of the plasmonic slot waveguides has an effect 
on the overall value of the EO coefficient (~20 %) but does not influence the slot-width 
dependence, see Section 3.1.4.3. 

3.1.2 In-device application: optimizing the plasmonic 
modulator performance 

While optimizing a geometry for the largest possible EO coefficient might look like a 
reasonable choice, the overall performance of a device depends on more factors. For 
instance, for a real device it is not the EO coefficient that matters but the operation 
voltage and the losses. The operation voltage depends on the slot width and the 
length of the device. Naturally, the operation voltage will go down with length and for 
narrower slot widths. Unfortunately, longer length and narrower slot come at the 
expense of higher losses; therefore, we must optimize the factors for a particular 
application. Subsequently, we will discuss the overall optimum geometry of a 
modulator. 

3.1.2.1 Plasmonic Mach-Zehnder modulators 
The in-device performance of the organic EO materials was investigated with 
plasmonic Mach-Zehnder modulators (MZM) [134, 143] that have been fabricated in-
house. We selected the POH device approach because they operate with some of the 
highest light matter interactions [129]. The combination of the organic EO material 
JRD1 with the plasmonic modulators allowed us to operate the devices from the on- 
to the off-state with small voltages of U�‹ = 1.4 V. Fig. 3.1.7(a) depicts a colorized 
microscope picture of a plasmonic MZM. It consists of a silicon Mach-Zehnder 
interferometer with plasmonic phase modulators (PPMs) [9] in each arm, separated 
by the signal (S) electrode. Fig. 3.1.7(b) shows a colorized scanning electron 
microscope (SEM) picture of a PPM. The PPM is formed by a metal-insulator-metal 
(MIM) slot waveguide filled with an organic EO material. The modulators were 
fabricated in-house as described in Section 3.1.4.2. They feature 200 nm high Au 
electrodes, device lengths L ranging from 12.5 µm to 75 µm and were fabricated with 
slot widths wslot from 40 nm to 170 nm. In this slot-width range we expect high field 
confinement, reasonable propagation losses and a good overall modulator 
performance. For larger slot widths the MIM modes would lose the attractive 
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characteristics of the strong MIM confinement. An in-detail discussion of the slot-
width dependence of the guided plasmonic MIM modes can be found in [100]. 

The slots of the PPMs are filled with the nonlinear optical material, the organic EO 
material JRD1 [114] which was applied by spin coating. To induce the macroscopic 
second-order nonlinearity in the material, the material must be poled. Therefore, 
after device fabrication, the organic EO material was poled near the material’s glass 
transition temperature. In case of the plasmonic MZM this is performed according to, 
Fig. 3.1.7(c). A voltage is applied between the two outer electrodes of the modulator 
while the material is heated close to its glass transition temperature. The molecules 
align in response to the poling field (red arrows), Ep. The resulting average acentric 
order �æcos�7�à�ç of the chromophores in the direction of the applied poling field gives 
rise to the bulk EO activity, see Section 3.1.1.2. 

 
Fig. 3.1.7 – Plasmonic Mach-Zehnder modulator.  (a) Colorized microscope picture of a plasmonic 
Mach-Zehnder modulator. (b) Colorized SEM picture of a plasmonic phase modulator. Light is 
guided in a plasmonic slot waveguide between two Au electrodes (c, d) Schematic and cross-
sectional view into a plasmonic Mach-Zehnder modulator with fields applied for (c) device poling 
and (d) device operation. 

To operate the MZM an electrical driving signal is applied to the signal electrode, 
Fig. 3.1.7(d). The voltage drops across the nanoscale slots of the PPMs. The field (blue 
arrows) in one PPM points in the same direction as the poling direction (red arrows) 
and opposite in the other PPM. This way, the phase changes induced by the linear EO 
effect in the two PPMs have equal magnitude but opposite signs. The intensity 
transfer function of a plasmonic MZM is given by  
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(3.3) 

The transfer function follows a cosine function and its value changes with the relative 
effective refractive index change �4neff. The operation point can be adjusted by a phase 



 Interface Effects and their Influence on the Modulator Performance 

  59 

offset �Lbias either by applying a bias voltage, or, in case of an imbalanced MZI, by 
adjusting the wavelength. The effective refractive index change in the PPMs is directly 
proportional to the relative refractive index change �4nmat/nmat induced by the Pockels 
effect. Furthermore, it scales with the waveguide dependent parameters nslow and �3��
[129, 134], as well as the PPM length L�X���d�Z���� �Œ���(�Œ�����š�]�À���� �]�v�����Æ�����Z���v�P���� �4nmat depends 
linearly on the driving voltage Ud and the EO coefficient r33 

 �� �Jmat = 
F
1
2

�N�7�7�Jmat
�7 �7d

�Sslot
. (3.4) 

The influence of the material on the modulator drive voltage and required modulator 
length can be assessed using the expression for the voltage-length product derived in 
Section 3.1.4.3 
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(3.5) 

Equation (3.5) emphasizes the importance of the organic EO material. The U�‹L product 
inversely scales with the EO coefficient. Therefore, an organic EO material with a high 
r33 is desirable for lowest driving voltages. In addition, the nonlinear interaction 
geometry of the waveguide can be maximized to enhance the influence of the Pockels 
effect on U�‹L. This can be achieved by maximizing the waveguides dependent 
parameters slown�* [129] and reducing the �Sslot waveguide width, as discussed in 
detail in Section 3.1.2 and in Refs. [129, 134]. 

To measure the in-�����À�]������ ���K�� ���}���(�(�]���]���v�š�U�� ���� �o���•���Œ�� �~�„ �C 1600 nm) was coupled to the 
device and a triangular low-frequency electrical driving signal was applied to the 
modulator, Fig. 3.1.8(a). The modulated optical output signal was detected with a 
photodiode and evaluated on an oscilloscope. The modulated intensity follows the 
transfer function Eq. (3.3). For a drive signal with a peak-peak voltage of 
Ud = U�‹ = Uoff – Uon the intensity follows a cosine. For Ud > U�‹ the intensity signal is 
over modulated and U�‹ can easily be determined by relating the maximum and 
minimum of the optical signal to the corresponding voltages. Fig. 3.1.8(b) depicts a 
measured, over-modulated intensity signal (red) of a MZM (L = 50 µm, wslot = 60 nm) 
for an applied electrical triangular signal (blue) with Ud = 3 Vpp. From the plot one can 
derive  an on-off voltage that is as small as U�‹ = 1.4 Vpp. Knowing U�‹, one can calculate 
r33 �µ�•�]�v�P�� �•�]�u�µ�o���š������ �À���o�µ���•�� �(�}�Œ�� �4neff [134]�X�� �d�Z���� �À���o�µ���•�� �}�(�� �4neff were obtained by 
performing simulations as described within [129]. For getting the proper values, 
waveguide dimensions were adapted and non-vertical sidewalls were included, see 
Appendix A.3.  
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Fig. 3.1.8 – Modulator characterization.  (a) Schematic of the characterization setup. (b) 
Triangular voltage sweep and corresponding intensity modulation with Ud > U�‹��=1.4 V. (c) EO 
coefficient r33 as a function of the poling field. The poling efficiency r33/Epoling is plotted for different 
slot widths and shows a strong slot width dependence. The JRD1 material provides EO coefficients 
up to r33,max = 193 pm/V. 

Fig. 3.1.8(c) depicts the measured EO coefficients of JRD1 as a function of the poling 
field. It can be seen that EO coefficients of up to r33,max = 193 pm/V are found.  

Fig. 3.1.8(c) further shows a strong dependence of the poling efficiency (PE) r33/Epoling 
on the plasmonic slot width. While we found for widest slots (wslot �C 150 nm) an 
average PE of 0.9 (nm/V)2

 with r33,max = 193 pm/V, we found for narrower slots 
reduced values. E.g. for slot widths of 100 nm we found a PE of 0.8 (nm/V)2 with  
r33,max = 156 pm/V and for slot widths of 60 nm a PE of 0.6 (nm/V)2 with  
r33,max = 137 pm/V. For wide slots, the measured in-device EO coefficients are in good 
agreement to what is found in bulk materials (w/o charge blocking layers) [114]. Note 
�š�Z���š�� ���µ�o�l�� �u�����•�µ�Œ���u���v�š�•�� �Á���Œ���� �‰���Œ�(�}�Œ�u������ ���š�� �„ = 1310 nm [114] while the in-device 
���Z���Œ�����š���Œ�]�Ì���š�]�}�v���Á���•���‰���Œ�(�}�Œ�u���������š���„ �C 1600 nm. Larger in-device EO coefficients are 
expected at shorter wavelengths [82, 137] closer to the material absorption peak 
around 900 nm. The observed variations of the measured EO coefficients are 
comparable to what was observed in bulk measurements [114]. We attribute them to 
variations of the film and waveguide quality. 

3.1.2.2 Optimizing the modulator performance 
The slot width dependence of the EO coefficient r33 discussed in Sections 3.1.1.1 and 
3.1.2 strongly affects the performance of any Pockels effect based MZM. In the case 
of the plasmonic MZMs, this slot width dependence has to be taken into account, 
when assessing the influence of the slot width on device parameters such as the U�‹L 
product and the insertion loss. Here, we investigate these influences for the materials 
DLD164 and JRD1 on POH MZMs, compare the two materials, and find optimum 
waveguide widths for low-loss modulators. 
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The U�‹L products for JRD1 and DLD164 are shown in Fig. 3.1.9(b). In the ideal case 
(dashed lines), U�‹L would decrease nearly linearly with a decreasing slot width. 
Despite the slightly lower r33,max of DLD164 compared to JRD1, the U�‹L of DLD164 is 
comparable to that that of JRD1. This originates in the refractive index dependence of 
�š�Z�����W�}���l���o�•�����(�(�����š�X���d�Z�����]�v�����Æ�����Z���v�P�����4nmat depends on r33, but also goes with the cube 
of the refractive index n3mat, see Eq. (3.4). The higher refractive index of DLD164 (see 
Fig. 2.3.4) results in a comparable n3r33 value – a common figure of merit (FOM) to 
assess the EO coefficients. The FOM calculates to 1.833·180 pm/V = 1103 pm/V for 
DLD164 and to 1.8053·193 pm/V = 1135 pm/V for JRD1, respectively. This explains the 
comparable U�‹L products for the two materials. When going to narrower slots, the 
theory would predict a nonlinear interaction enhancement that scales with 1/ �S�q�j�m�r 
[129]. However, when taking into account the slot width dependence of r33, U�‹L 
flattens for narrowest slots. Yet, the U�‹L product of DLD164 still improves for values 
down to 40 nm. At narrowest slot widths DLD164 then offers a lower U�‹L product than 
JRD1. For both materials, JRD1 and DLD164 the smallest U�‹L values are found at 
narrow slow widths, offering values below 70 Vµm and 50 Vµm, respectively. 

Another important parameter is the overall propagation loss in plasmonic modulators. 
Unfortunately, when reducing the slot width, not only does U�‹L deviate from linearity, 
but also the plasmonic propagation loss in the slot waveguide increases [129, 134]. 
Fig. 3.1.9(c) depicts the propagation losses as a function of the slot width. The similar 
�Œ���(�Œ�����š�]�À���� �]�v���]�����•�� �}�(�� �š�Z���� �u���š���Œ�]���o�•�� �o�������� �š�}�� ���}�u�‰���Œ�����o���� �‰�Œ�}�‰���P���š�]�}�v�� �o�}�•�•���•�� �r�U��
Fig. 3.1.9(c) where JRD1 features a slightly lower plasmonic propagation loss. To 
experimentally verify the plasmonic propagation loss, we performed cut-back 
measurements using modulators filled with JRD1 with lengths of 12.5  to 75 µm and 
slot widths of 60 nm, 100 nm, and 150 nm. We found plasmonic propagation losses of 
approximately 0.45 dB/µm, 0.38 dB/µm, and 0.25 dB/µm, respectively. These 
measurements are included in Fig. 3.1.9(c) as diamonds. The propagation loss can be 
related to the total plasmonic in-device losses. A useful FOM to evaluate the in-device 
�o�}�•�•�� �(�}�Œ�� ���� �P�]�À���v�� �‹-voltage is the product of U�‹L and th���� �‰�Œ�}�‰���P���š�]�}�v�� �o�}�•�•�� �r��[159], 
Fig. 3.1.9�~���•�X���d�Z�����rU�‹L �&�K�D���P�]�À���•���š�Z�����‹-voltage of a modulator with an insertion loss 
of 1 �����U�� �}�Œ�� �š�Z���� �]�v�•���Œ�š�]�}�v�� �o�}�•�•�� �rL �}�(�� ���� �u�}���µ�o���š�}�Œ�� �(�}�Œ�� ���� �(�]�Æ������ �‹-voltage U�‹�U�(�]�Æ: 
�rL = �rU�‹L/U�‹�U�(�]�Æ. The insertion loss �rL is plotted in Fig. 3.1.9(e) as a function of the slot 
width. In all cases the device length was adapted to maintain a U�‹�U�(�]�Æ = 5 V. If the EO 
coefficients were ideal, i.e. constant for all slot-widths (dashed line), the slightly higher 
n3r33,const FOM of JRD1 as well as the lower plasmonic propagation losses would lead 
to slightly lower overall losses when using JRD1. For a given EO coefficient the 
nonlinear interaction increases with decreasing slot width [129]. This in turn allows 
for shorter devices, compensating the high propagation loss in narrow slots.  
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Fig. 3.1.9 – Slot width dependent modulator performance.  (a) Measured EO coefficients r33 as a 
function of the slot width for JRD1 and DLD164 (solid lines) and ideal case with a constant r33 
(dashed lines). (b) U�‹L for devices with different slot widths. The solid lines show the experimental 
values, the dashed line indicates the ideal U�‹L if r33 coefficients were constant across all slot 
widths. (c) Plasmonic propagation losses �r derived from theory (dashed lines) for the two 
nonlinear materials and extracted from cut-back measurements (diamonds) for JRD1. The 
plasmonic losses are comparable for the two materials because they have a similar refractive 
index. (d) �rU�‹L figure-of-merit for measured (solid) and ideal (dashed) EO coefficients. The lines 
are calculated using simulated values of �r, diamonds represent �rU�‹L for measured propagation. 
(e) Expected modulator insertion loss for a MZM when the modulator length is adapted to 
maintain U�‹ = 5 V. The plots show loss values for the measured r33 from above (solid) and the 
expected losses if r33 would be ideal (dashed). The diamonds show the insertion loss for measured 
propagation losses. 

The insertion losses would converge towards 0 dB. Yet, the EO coefficient decreases 
with decreasing slot width. Compared to the ideal case, modulators need to be longer 
�š�}�� �����Z�]���À���� �š�Z���� �•���u���� �‹-voltage resulting in higher insertion loss. Thus, there is an 
optimum slot width where total loss and required electrical drive voltage are in a 
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balance. For JRD1 we find lowest losses for slot widths around 60 nm corresponding 
to minimum plasmonic losses of 6 dB for lengths in the order of 15 µm. Reducing the 
slot width further would increase the insertion loss again. DLD164 however, can 
benefit from the higher n3r33 FOM at narrow slots and therefore theoretically result in 
a lowest insertion loss down to 40 nm. Fabrication of such narrow slots however is 
challenging [134] and sidewall roughness might increase the propagation losses. At 
the slot width of ~75 nm—where phase modulator fabrication is still quite 
reproducible [134]—both materials show good performance and do not suffer 
significantly from slot width dependent performance penalties. 

3.1.3 Conclusion 
We have investigated the electro-optical activity of organic EO materials in narrow 
plasmonic slot waveguides. EO coefficients of up to 193 pm/V (measured at 1600 nm) 
were found. Furthermore, it has been found that the electro-optic coefficient 
decreases with the slot width. The large EO coefficient reduces to values in the order 
of 140 pm/V for slot widths below 80 nm. Possible reasons for this reduction have 
been discussed. It has been confirmed by Monte-Carlo simulations, that 
chromophore-surface interactions are an important factor reducing the electro-optic 
coefficient in narrow plasmonic slots. 

We have further investigated the influence of the slot-width dependent EO coefficient 
on the performance of plasmonic modulators. Fortunately, the sub-diffraction light 
confinement in plasmonic slot waveguides leads to an enhanced nonlinear 
interaction[129]. This enhanced nonlinear interaction can in part compensate for the 
observed reduction of the EO coefficient in narrow slots. In detail, we discuss the 
influence of the slot width and the EO coefficient on the performance of the 
plasmonic-organic hybrid Mach-Zehnder modulators. In particular, the slot width 
dependence of the U�‹L product and the insertion loss of these modulators are 
investigated. Devices that require the lowest voltage-length product ideally come with 
slot widths in the order of 60 nm. It is shown that despite decreasing EO coefficients 
for narrow slots, the voltage-length product decreases for narrow slots to values on 
the order of 70 Vµm and 50 Vµm for the materials JRD1 and DLD164, respectively. 
Conversely, plasmonic modulators have lowest overall losses (on the order of 6 dB) 
for plasmonic waveguides with slot widths of 60 – 100 nm. In this slot-width range the 
POH modulators feature lowest losses and offer low drive voltages while being easy 
to fabricate with sufficient fabrication tolerance [134].  

Finally, it was shown how the combination of the organic EO material JRD1 within a 
plasmonic-organic hybrid EO modulator has enabled the fabrication of a MZM device 
with on/off voltages as low as U�‹ = 1.4 V. Such low U�‹ have become possible by 
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material and poling improvements and by improved fabrication processes that 
resulted in lower overall losses and thus enabled us to fabricate plasmonic devices 
with a length of 50 µm. This work demonstrates that the plasmonic modulator 
technology not only offers high-speed >170 GHz operation [160] and most-compact 
footprints [100] but can also offer low operation voltages in the order of 1 V.
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3.1.4 Appendix  

3.1.4.1 Monte-Carlo simulations 
Simulations were performed using the isothermal-isobaric (NPT) ensemble with re-
entrant conditions in the two directions perpendicular to the poling field. In this case, 
the system density in not proscribed in advance of the simulation. A pressure of 1 atm 
and a temperature of 400 K is assumed. In order to simulate two fixed walls located 
at ±𝐿𝐿 / 2 �„�A�¸�ë along the poling direction (x-direction), volume moves as well as periodic 
boundary conditions were only applied in the y- and z-directions. The interaction 
potential of an ellipsoid with associated charges as well as dipoles with both surfaces 
includes van der Waals-type (vdW-type) and electrostatic interactions. 

The vdW-type interaction of an ellipsoid at location �N�&�Ü with a wall is calculated using a 
generalized, Gay-Berne-type, Lennard-Jones (LJ) potential: 
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(3.6) 

Here, �Ý�u�_�j�j and �Ý�Ü are the potential well depth contributions of the wall and ellipsoid, 
while �S�u�_�j�j and �S�Ü are the width contributions of the wall and the ellipsoid, 
respectively. Note that due to using the absolute x-position of the ellipsoid, |( �N�&�Ü)�ë|, 
and the inherent symmetry of the ellipsoid this potential calculates the interaction 
energy with walls at both ±

�Å

�6
�A�¸�ë locations. The minimum distance of contact between 

an ellipsoid and a plane, �ê�k�g�l,�Ü, is provided in the literature [161]. 

The electrostatic potential energy follows our implemented method [158]. 
Additionally, we add potential energy contributions from image charges and image 
dipoles due to the (in general existing) mismatch between the dielectric constants 
between the bulk material and the interface material. 

For the present simulations, the wall parameters have been estimated from the LJ 
parameters for Au [162]: �Ý�u�_�j�j= 5.29 kcal/ mol, �S�u�_�j�j= 2.63 Å, and a dielectric 
constant of 10�: consistent with a conductive material has been used. 
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3.1.4.2 Device fabrication 
As described in [134]: “The devices were fabricated in-house on a SOI wafer consisting 
�}�(�������î�î�ì���v�u���š�Z�]���l���^�]�������À�]�������o���Ç���Œ�����v���������ï���…�u���š�Z�]���l�����µ�Œ�]�������}�Æ�]�����X���d�Z�����•�š�Œ�µ���š�µ�Œ���•���Á���Œ����
patterned by electron-beam lithography in a Vistec EBPG5200 system. A negative tone 
ebeam resist was used to pattern photonic components comprising waveguides, 
MMIs and fiber-to-chip GCs. The patterns were transferred into the Si device layer by 
applying a dry etching process. Plasmonic MIM waveguides and electrodes were 
produced with a lift-off process applied to a 200 nm thick e-beam evaporated Au 
layer.” 

3.1.4.3 Derivation of the EO coefficient r33 from measured voltage-
length products 

The EO coefficient r33 of a nonlinear material functionalized in a nanoscale slot cannot 
be measured directly. However, it can be determined by employing the measured 
voltage-length product U�‹L of a modulator [128, 129, 159]. An analytic expression for 
the EO coefficient can be derived by starting with the intensity transfer function of the 
plasmonic MZM [134] 
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The transfer function in the on- and the off-state is given by 
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In the on- and the off-state of the modulator, the argument of the cosine needs to be 
�ì�����v�����F�‹�U���Œ���•�‰�����š�]�À���o�Ç�X�����•�•�µ�u�]�v�P��bias 0�) � the arguments simplify to 
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The voltages Uon and Uoff calculate to 
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The voltage to switch the modulator from the on- to the off-state U�‹ and the voltage-
length product U�‹L are then given by 
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(3.11) 

The expression for the EO coefficient is then found to be  
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(3.12) 

The function depends on measurable values such as the slot width wslot, the 
wavelength of the optical carrier �„OC and the material’s refractive index nmat. The two 
other quantities, namely the field energy-interaction factor �3 and the slowdown factor 
nslow, need to be determined by means of simulations based on the measured slot 
height, slot width and the material dispersion of the metal (Au) and the OEO-material, 
see [129]. 

The geometry of the plasmonic slot is obtained from SEM images, as exemplarily 
shown in Fig. 3.1.10(a). Fig. 3.1.10(b) shows a cross-section of a plasmonic slot 
waveguide. The Au sidewalls are not perfectly vertical but drop over tens of 
nanometers In this example sidewall-angles of approximately 10° to 15° are found. 
Non-vertical sidewalls strongly influence the field distribution in the plasmonic 
waveguide. This has a strong influence on the field-���v���Œ�P�Ç�� �]�v�š���Œ�����š�]�}�v�� �(�����š�}�Œ�� �3�X��
Therefore, we adapted the theoretical framework of [129] as follows: 



Organic Electro-Optic Materials in Plasmonic Modulators  

68 

 
Fig. 3.1.10 –  Slot characterization.  (a) Colorized SEM image of a plasmonic slot waveguide and 
feeding silicon waveguide. (b) Cross section of a plasmonic slot waveguide with a sidewall angle 
of approximately 10° to 15°. Image was taken with an angle of 52°. (c) Cross section of slot with 
�r���A���í�ì�£�����v�����•�]�u�µ�o���š�������‰�}�o�]�v�P���(�]���o�����~���}�o�}�Œ-coded) (d) In case of tilted sidewalls, chromophores may 
not be ordered parallel to x-axis 

Non-vertical sidewalls result in an inhomogeneous field distribution of the poling-field 
Epoling, see Fig. 3.1.10(c). The amplitude of the electrical poling field is color-coded and 
is highest at the tip of the Au (lightning rod effect). Furthermore, the boundary 
condition requires the electrical field to be perpendicular to the Au surface. During 
electric field poling, the EO chromophores should align parallel to the electrical field. 
Thus the chromophores experience a position dependent rotation, see Fig. 3.1.10(d). 

The EO coefficient r33 depends linearly on the applied poling field [58, 114, 146], and 
thus an inhomogeneous poling field results in an inhomogeneous EO coefficient 
r33(x,y) which needs to be considered. For instance, the maximum poling field appears 
at smallest distance between the two Au electrodes (Fig. 3.1.10(c)) resulting in the 
largest r33 at the bottom of the slot. To account for the inhomogeneous strength of 
the EO-coefficient we introduce the dimensionless weighting factor  
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The EO molecules are no longer oriented parallel to the substrate. Their orientation 
follows the poling field’s direction as it can be seen in Fig. 3.1.10(d). In the center of 
the slot the molecular dipole axis �ä
1 is parallel to the global coordinate system’s x-axis, 
while angle of rotation �Ú is largest at the Au surface. Therefore, the assumption that 
the light-matter interaction is expressed only by the x-component of the RF and 
optical fields may no longer be valid. The RF-field (RF) and optical field (OC) need to 
be mapped on the dipole axis �ä
1 of the EO molecule (�' �ë
Ü,�V�J(�T, �U)  �'�ë
Ü,�S�G(�T, �U)). We 
approximated the RF-field by the static poling field as  �ãRF �( �S�q�j�m�r. Therefore 

 �' �ë
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�6 (�T, �U)�A.  

To maintain the physical interpretation of the field-energy interaction factor �3 we 
normalize it by �7�n�m�j�g�l�e/ �Sslot = �' �n�m�j�g�l�e,�k�_�v. 

This leads to an adapted definition of the field-energy interaction for non-vertical 
sidewalls 
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Here, E+ = �' �v�ž
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Ü are representing the 
adjoint fields. The slow down factor is given by  
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(3.15) 

The EO coefficient r33 obtained from Eq. (3.12) is the maximum value which can be 
found in the slot at the position where the poling field is largest. However, a fair 
comparison of the EO-coefficient of various materials requires an averaged 
coefficient. As the poling efficiency is linearly depending on the poling field we define 
the average EO-coefficient in the slot by 
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Adapting the method to calculate the EO coefficient r33 to non-vertical sidewalls and 
an inhomogeneous field distribution influences the resulting values. Table 3.1.3 
summarizes the calculated EO coefficient r33 for different simulation assumptions. The 
method of a constant EO coefficient r33,const assumes perfectly vertical sidewalls and a 
constant electrical field in the slot [59, 128, 159, 163] (�' �n�m�j�g�l�e,= �7�n�m�j�g�l�e/ �S�q�j�m�r) . For 
wide slots, this method results in larger EO coefficients as the adapted method used 
in this work. 

Table 3.1.3: EO coefficients r33 calculated for different calculation methods and simulation 
assumptions 

wslot 0°  
r33,const 

0° 
r33,avg 

5°  
r33,avg 

5° 
r33,max 

10°  
r33,avg 

15°  
r33,avg 

 [pm/V] [pm/V] [pm/V] [pm/V] [pm/V] [pm/V] 

40 nm   55   52   72 103   76   74 

60 nm 112 104 137 176 150 152 

100 nm 144 126 156 183 175 184 

150 nm 199 163 193  215 215 230 

In this paper, we assumed a sidewall angle of 5° (marked in grey). The maximum EO coefficients, 
r33,max is included for the angle of 5°. 

Table 3.1.3 also summarizes the calculated EO coefficients for different sidewall 
angles. In this work we calculated the EO coefficient by assuming asidewall angle of 
5°. This value is a rather conservative number. Several devices have been cross-
sectioned and imaged by SEM indicate a larger angle (see Fig. 3.1.10(b)) – which would 
mean that the nonlinear interaction in the slot-waveguide is less efficient than 
assumed – which means that the electro-optic coefficient r33 may be actually higher 
then what is estimated by assuming the moderate angle of 5° 
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3.1.4.4 Measurement methods for U�‹ 

 
Fig. 3.1.11 – Measurement techniques to determine U�‹L. (a) Voltage sweep method to determine 
U�‹L of an MZM: U�‹ can be directly measured in the T vs. U plot. A CW laser is fed to the MZM 
while a DC voltage is applied to the monitor. The applied voltage and the modulator output power 
are recorded while the applied voltage is linearly increased. (b) Wavelength sweep method to 
determine U�‹L of an imbalanced MZM: The spectral shift can be measured and related to the 
applied DC voltage to calculate U�‹�X��(c) Low frequency modulation method to determine U�‹L of an 
MZM: A triangular low-frequency drive signal is applied to the MZM. For Udrive > U�‹ the modulated 
optical time signal shows signs of overmodulation. The on-off time T1 can be related to the 
modulation frequency to calculate U�‹. (d) RF modulation method to determine U�‹L of a phase 
modulator: A sinusoidal RF drive signal is applied to the phase modulator. The ratio between the 
optical carrier and the modulation 
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3.1.4.4.1 Voltage sweep 
To measure the voltage dependent power transmission of a MZM as depicted in 
Fig. 3.1.11(a). A DC voltage is applied to the modulator while the transmitted power 
is monitored with a photodiode. The applied voltage is linearly increased and both the 
applied voltage and the transmitted power are recorded. U�‹ can be directly measured 
in the T/U plot if max(UDC) > U�‹ [58, 59, 134]. Otherwise, U�‹ can be estimated by fitting 
the measured data with the expected transfer function [129]. 

3.1.4.4.2 Wavelength sweep – variation of DC voltage 
In case of an imbalanced MZM an applied optical voltage changes the optical 
transmission spectrum. To perform the measurement, a tunable laser source (TLS) is 
fed to the device while a defined voltage U1 is applied to the modulator. The 
transmission spectrum is recorded using an optical spectrum analyzer (OSA) / power 
meter. The voltage is changed to U2 and a second spectrum is recorded. Comparing 
�š�Z���� �Œ�����}�Œ�������� �•�‰�����š�Œ���U�� ���� �•�Z�]�(�š�� �}�(�� �š�Z���� �š�Œ���v�•�u�]�•�•�]�}�v�� �•�‰�����š�Œ�µ�u�� ���Ç�� �4�„DC is observed, 
Fig. 3.1.11(b)�X���Z���o���š�]�v�P���4�„DC�U���š�Z�����(�Œ�������•�‰�����š�Œ���o���Œ���v�P�����~�&�^�Z�•���4�„FSR of the imbalanced MZI 
and the applied voltages, U�‹ can be calculated [143] 
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(3.17) 

3.1.4.4.3 Low frequency modulation 
To measure U�‹ in the low frequency range a triangular low-frequency (f = f0) drive 
signal is applied to the modulator [137, 164]. Light from a CW laser is fed to the 
modulator and the modulated signal is received by a photodetector. Drive signal and 
the modulated intensity are inspected by an oscilloscope, Fig. 3.1.11(c). The 
modulated intensity follows the modulator transfer function Eq. (3.3). For a drive 
signal with a peak-peak voltage of Ud = 2 Ud,0 = U�‹ = Uoff – Uon the intensity follows a 
cosine. For Ud > U�‹ the intensity signal is overmodulated and U�‹ can easily be 
determined by relating the maximum and minimum of the optical signal to the 
corresponding voltages, Fig. 3.1.11(c). 
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(3.18) 

3.1.4.4.4 RF modulation in plasmonic phase modulators 
To assess the modulation efficiency of phase modulators the U�‹�U�W�DL product still holds. 
�,�}�Á���À���Œ�U���š�}���u�����•�µ�Œ�����š�Z�����À�}�o�š���P�����Œ���‹�µ�]�Œ�������š�}���]�v���µ�����������‹-shift (U�‹�U�W�D) is slightly more 
complicated. One way to measure U�‹�U�W�D of a phase modulator is to place it in one arm 
of an external Mach-Zehnder interferometer. In this configuration U�‹ can be 
measured as described above for the case of an MZM. An alternative approach to 
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measure U�‹ without the need of an external MZI is to measure the modulation index 
of the phase modulator [9, 163], Fig. 3.1.11(d).  

The phase modulator shifts the phase of an optical signal or optical carrier 
proportional to the applied voltage. The applied voltage and the length of the 
modulator defines the phase-shift induced on the optical carrier. If the applied driving 
field is time-variant, the phase modulation can be translated to a frequency 
modulation, which generates modulation sidebands in the optical response of the 
PPM. These modulation sidebands can be measured by an optical spectrum analyzer 
(OSA). The transfer function of the PPM is given by  
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(3.19) 

where ( )t�J is the electrical driving signal and A is the amplitude response of the 
modulator. The incoming optical carrier can be described by a time-variant expression

in 0 0exp(j )E A t�Z�˜� , where A0 is the initial amplitude; �0̃ is the carrier angular 
frequency. When a sinusoidal, low-frequency phase modulation ( ) sin( )t t� J � K� �: 
with an amplitude �K and a frequency �3�' �ñ�4 is applied to the carrier, the modulated 
output signal can be described by �' out(�P) = �#�„�#�4exp
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o. The 
expression can be expanded by the Jacobi-Anger identity and simplified by the relation 
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where Jn(�t) are Bessel functions of the first kind. The measurable optical spectrum of 
the signal is given by 
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(3.21) 
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The modulation of the optical carrier results in an energy transfer from the optical 
carrier (J0) to the nth-order sidebands (Jn). For small signal modulation (�ß�/ 1.84) the 
modulation index �ß can be derived from the sideband-to-�����Œ�Œ�]���Œ�� �‰�}�Á���Œ�� �Œ���š�]�}�� �4P by 
evaluating the ratio of the zero and first order Bessel functions of the first kind,  

 
�� �2=

�2(�ñ ± �3)

�2(�ñ�4)
=

�,�5(�ß)�6

�,�4(�ß)�6. 

 
(3.22) 

The ratio between the first-order modulation sidebands (n = 1) and the optical carrier 
is maximum when the optical carrier is suppressed completely (�,�4(�ß
N2.4) = 0). The 
most energy is found in the first-order modulation sidebands at max (�,�5(�ß)) at �ß
N
1.84. For large-signal modulation one may investigate the power ratio of the carrier 
to higher-order sidebands, depending on the amplitude of the corresponding Bessel 
function of the first kind. 

This way modulation depth can be measured using an optical spectrum analyzer (OSA) 
to determine the power level of the optical carrier and the modulation sideband. The 
experimental setup is depicted in Fig. 3.1.11(d). Knowing the modulation index, one 
can calculate U�‹�U�W�DL of a phase modulator using, 

 

U�  ,PM

�7d
=

�è
�ß

�7�� ,PM𝐿𝐿 =
�7d

�ß
�è𝜋𝜋,

 

 

(3.23) 

where Ud is the applied driving voltage and L is the device length.  
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3.2 Influence of Inhomogeneous Material Properties 
Experimental characterizations suggest that surface interactions between the metal 
electrodes and the OEO material cause slot-width-dependent in-device nonlinearities. 
Coarse-grained Monte Carlo simulations [6, 111, 120, 154, 158] that simulate the 
ordering of the OEO molecules in plasmonic slot suggest that these surface effects 
lead to position dependent ordering of the OEO chromophores in the plasmonic slot. 
This results in a position and direction-dependent refractive index and electro-optic 
coefficient [6, 8].  

This section investigates the influence of the simulated anisotropy and inhomogeneity 
of the refractive index and the EO coefficient on the plasmonic MZM performance.  

The material in the slot is modelled according to the material properties suggested by 
the coarse-grained Monte Carlo simulation. They show that the acentric order 
parameter and therefore the EO coefficient in a plasmonic slot waveguide falls off 
exponentially to zero. The simulations take into account two interfaces. The 
characteristic length per interface was found to be of 8 nm [8]. Fig. 3.2.1 (a) displays 
simulations of the normalized in-device electro-optic coefficient �N�7�7 as a function of 
the plasmonic slot width. It is found, that �N�7�7 reaches bulk values �N�7�7,bulk, far away from 
the electrodes (and therefore in the center of wide slots), while at the gold-OEO 
interface (and in narrow slots) it reaches zero. A similar behavior is found for the 
anisotropy of the refractive index: as �ÃP�6�Ä affects the refractive index, the refractive 
index orthogonal to the gold surface drops in a similar way. Fig. 3.2.1(b), a snap shot 
of a coarse-grained Monte Carlo simulation, displays the simulated orientation of the 
OEO molecules in the plasmonic slot. Fig. 3.2.1 is reprint of Fig. 5 in [8]. 

 

 
Fig. 3.2.1 – (a) Simulated ratio between in-device EO coefficient r33 and the bulk coefficient r33,bulk 
as a function of the plasmonic slot width. . The centrosymmetric order parameter �Ã�2�6�Ä is plotted 
in red. Both �N�7�7/ �N�7�7,�Õ�è�ß𝑏𝑏 and �Ã�2�6�Ä show an experimental fall off with a characteristic length of 
16 nm. (b) Snap shot from a coarse -grained Monte Carlo simulation. Reprint of Fig. 5 in [8]. 
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The anisotropy can be estimated from �ÃP�6�Ä by [6] 

 
 

�J�æ= �Jiso(1 + 2�O�„�ÃP�6�Ä)
�J�D = �Jiso(1 
F �O�„�ÃP�6�Ä),

 

with  �O=
�J�c 
F �Jo

3�Jiso
. 

(3.24) 

Here �J�æ and �J�D are the refractive indices parallel and perpendicular to the poling field, 
respectively, the anisotropy parameter �O, and extraordinary and ordinary refractive 
indices �Je and �Jo of a perfectly ordered crystal of the chromophore. A detailed 
explanation of the influence of �ÃP�6�Ä on the refractive index and its anisotropy can be 
found in [6].  

Based on the simulation results of [6, 8], the simulations of Section 2.3.2 are adapted 
to describe the influence of the anisotropic and inhomogeneous OEO material 
properties on the Mach-Zehnder modulator performance. The refractive index close 
to the metal surface is expected to be strongly anisotropic. We assume the refractive 
index orthogonal to the gold interface �J�D�E�s= 1.76, the refractive index parallel to 
the gold interface to be �J�æ�E�s=1.85, according to the characterization of the unpoled 
film in [60]. Far away from the electrode, the isotropic refractive index �J�g�q�m= 1.81 
found in thin-film ellipsometry is assumed, see Section 3.1  Fig. 2.3.4. This assumption 
is only valid for a low chromophore order �Ãcos�7�à�Ä< 0.2. This is a reasonable 
assumption in case for the materials investigated in this thesis, see Section 3.1.1.3.2.  

To simplify EO simulations of the plasmonic slot waveguide, we exploit the 
orthogonality of the metal interface, poling, low-frequency driving E-field and optical 
field. We use the fact that in plasmonic slot waveguides the electric fields stand 
orthogonal to the gold electrodes, Fig. 3.2.2. In the left half of the picture, the electric 
field lines are displayed, the insets show the electric field at y = hslot /  2. The low-
frequency electric field Fig. 3.2.2(a) is the field that is used for device poling and device 
operation. Fig. 3.2.2(b) shows the optical field, that experiences the effective index 
modulation due to the modulated refractive index in the slot. 
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Fig. 3.2.2 – (a) Electrical low-frequency field in the plasmonic slot waveguide with field lines 
displayed in the left half of the simulation. The field lines are orthogonal to the metal electrodes. 
(b) Optical E-field in the plasmonic slot waveguide,with field lines displayed in the left half of the 
simulation. The field lines are orthogonal to the metal electrodes. Insets: E-field along 
y = hslot / 2.The field lines in both cases are parallel to each other and orthogonal to the 
metal interface. This allows simplifying the refractive index in the simulation 
environment: from an anisotropic refractive index to isotropic but inhomogeneous 
refractive index. At the gold electrodes, the optical field experiences �J�D�E�s= 1.76, 
which increases to the isotropic refractive index of �Jiso = 1.81 with 
�J(�T) = �Jiso 
F(�Jiso 
F �J�D�E�s)e�?(�ë/ �< �l�k ) , where �T= 0  at the metal-OEO interface.  

Fig. 3.2.3(a,c)  depicts the refractive index distribution in the slot for the ideal case and 
Fig. 3.2.3(b,d) when considering surface effects. When no voltage is applied, the 
refractive index is constant and isotropic �Jiso in the ideal case (a), while it reduces to 
�J�D�E�s at the gold electrodes when considering surface effects (b). 

When a voltage of 1 V is applied across the 80 nm wide and 180 nm high slot, the 
refractive index is modulated by ���Jmat = 1/2 �N�7�7�JOEO

�7 �' LF. In the ideal case 
Fig. 3.2.3(c) (�JOEO= �Jiso and �N�7�7= 170 pm/V = const) the refractive index in the 
slot increases nearly homogeneously to ~1.817.  
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Fig. 3.2.3 – Refractive index distribution in the plasmonic slot (a) Ideal case without an applied LF 
voltage. (b) Including surface effects without an applied LF voltage. (c) Ideal case with 1 V LF 
voltage. (d) Including surface effects with 1 V LF voltage.Insets: Refractive index along y = hslot /  2. 

Assuming surface effects, not only the refractive index is position dependent, but also 
the EO coefficient. �N�7�7 is zero at the gold electrodes and increases to bulk values far 
away from the electrodes [8, 131]. In the slot it is assumed to increase with �N�7�7(�T) =
�N�7�7,bulk 
k1 
Fe�?�ë/ �< nm 
o. Furthermore, �N�7�7(�T) is scaled with the normalized LF-field to 
include inhomogeneous poling induced by an inhomogeneous poling field: 
�N�7�7,norm(�T) = �N�7�7(�T)�' LF,norm = �N�7�7,bulk 
k1 
Fe�?�ë/ �< nm 
o�' LF,norm with   
�' LF,norm = �' LF �„�Sslot/ �7LF. 

Fig. 3.2.3(d) shows the modulated refractive index in the non-ideal case assuming 
�� �Jmat = 1/ 2 �N�7�7,norm(�T)�J(�T)�7�' LF. At the gold-OEO interface the refractive index 
does not increase, while in the center of the slot it approximately reaches the values 
of the ideal case. For narrower slots, the refractive index does not reach the isotropic 
value and the modulator performance decreases.  



 Influence of Inhomogeneous Material Properties 

  79 

 
Fig. 3.2.4 – Influence of surface effects on �7�� 𝐿𝐿 and �Ù𝛼𝛼�� 𝐿𝐿.  (a) �7�� 𝐿𝐿 in the ideal case, assuming 
�N�7�7= 170 �L𝑝𝑝 / �8. (b) �7�� 𝐿𝐿 when considering surface effects, assuming �N�7�7,bulk = 225 �L𝑝𝑝 / �8. (c) 
�Ù𝛼𝛼�� 𝐿𝐿 in the ideal case. (d) �Ù𝛼𝛼�� 𝐿𝐿 considering surface effects. 

To investigate the influence of surface effects on the modulator performance, the 
voltage-length product �7�� 𝐿𝐿 and the loss-voltage-length product �Ù𝛼𝛼�� 𝐿𝐿 of a plasmonic 
MZM are simulated for different slot widths and heights. The isotropic EO coefficient 
�N�7�7 and the bulk EO coefficient �N�7�7,�`�s�j�i are selected in such a way, that simulations in 
the ideal case and including surface effects give comparable results at wide slot 
widths. Fig. 3.2.4 depicts the simulation results. While Fig. 3.2.4(a,c) plots �7�� 𝐿𝐿 and 
�Ù𝛼𝛼�� 𝐿𝐿 in the ideal case, Fig. 3.2.4(b,d) includes surface effects. While �7�� 𝐿𝐿 stays 
comparable to the ideal case for wide slots > ~75 nm , surface effects dramatically 
limit the performance in slots 
Q50 nm. Furthermore, the comparison shows that the 
traditional approach neglecting surface effects underestimates the nonlinearity by a 
factor of ~1.3 A similar behavior is found for the �Ù𝛼𝛼�� 𝐿𝐿 product, Fig. 3.2.4(c, d), 
however, is even more sensitive to the surface effects. While for wide slots, the low 
refractive index at the gold-sidewalls slightly reduces propagation losses, in narrows 
slots the performance stays behind the ideal values.  
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To directly compare the influence for a certain slot height, Fig. 3.2.5 plots the ideal 
case (blue line) when including surface effects (red line). It compares the effective 
index shift, �7�� 𝐿𝐿 and �Ù𝛼𝛼�� 𝐿𝐿 when 1 V is applied across the slot. For �7�� 𝐿𝐿 and �Ù𝛼𝛼�� 𝐿𝐿. 

 
Fig. 3.2.5 – Influence of surface effects on (a) the effective index change when 1 V is applied (b) 
�7�� 𝐿𝐿 and(c) �Ù𝛼𝛼�� 𝐿𝐿 with a gold-height of 120 nm and comparison to experimental values (black 
dots).  

experimental values are included as black dots. Fig. 3.2.5(a) shows how the effective 
index change induced by a voltage of 1 V across the slot dramatically reduces when 
surface effects are included. For slots wider than 100 nm the influence of surface 
effects is negligible. Fig. 3.2.5(b) shows �7�� 𝐿𝐿 and compares the simulation to measured 
values. Measurements were performed in 120 nm high slot waveguides at a RF 
frequency of 60 GHz. Simulations including surface effects reproduce the trend of 
reduced performance at narrow slots (~2 times higher �7�� 𝐿𝐿 at narrow slots), however, 
the performance reduces by another factor 2 in experiments. A similar behavior is 
found for �Ù𝛼𝛼�� 𝐿𝐿. Again, at narrow slots surface effects map the trend for reduced 
performance at narrow slots, however, experiments are slightly worse than 
simulations. However, it is to mention that fabrication of 30 nm wide and 120 nm high 
slot waveguides is technologically challenging and waveguide nonidealities are 
expected to have a larger influence on the modulator performance, see Section 
3.1.1.3 . 
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In conclusion, coarse-grained Monte-Carlo simulations suggest that the OEO material 
in plasmonic slot waveguides exhibits substantial anisotropy and inhomogeneity. This 
section showed, that this anisotropy can in part explain an experimentally observed 
slot-width dependence of the POH modulator performance. Further simulation on the 
molecular level may bring more insight into the anisotropy in the plasmonic slot. An 
anisotropy of the DC and low-frequency permittivity is expected, however, values are 
still unclear. This anisotropy is disturbing the LF field distribution in the slot. This effect 
will reduce the simulated modulator performance further, bringing results closer to 
experiment. 
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3.3 Dielectric Layers in Plasmonic-Organic Hybrid Modulators 

 Section 3.3 has been published in [WH.C7]:  

 
Dielectric Layers in Plasmonic-Organic Hybrid 

Modulators 
 

 

Wolfgang Heni, Christian Haffner, Raphael Cottier, Yuriy 
Fedoryshyn, Delwin L Elder, Larry R Dalton, and Juerg Leuthold 

Advanced Photonics Congress 2018, IW3B.3 
For consistency figures and variables have been adapted from the 
original publication. 

 

 

Abstract:  

We investigate the applicability of nm-thin dielectric layers—as often used in 
macroscopic devices—to increase nanoscale-device nonlinearities. We show that 
modulator performances can be improved by a factor >2, compared to low-index 
dielectrics. 

3.3.1 Introduction 
Plasmonic slot waveguides are a versatile solution for on-chip nonlinear optics [129, 
165, 166]. The plasmonic sub-wavelength confinement of light in organic [127, 166] 
and inorganic [167] nonlinear optical (NLO) materials allows for the efficient 
exploitation of material nonlinearities. For electro-optic (EO) modulators exploiting 
the Pockels effect in organic EO (OEO) materials [131, 134] the performance figures 
linearly depend on the Pockels coefficient r33. Unfortunately, as recently shown [131], 
short-range interactions between the OEO material in the slot and the metallic 
electrodes strongly reduce the achievable in-device nonlinearity in narrow-slot 
devices by a factor of more than 2, and therefore limit the device efficiency. 
Modifications of the electrode surface promise to mitigate this effect or even increase 
the in-device nonlinearity by introducing beneficial short-range interactions [7]. 
Dielectric layers covering the electrodes may be a solution to counter this reduced in-
device nonlinearity. Furthermore, such layers could not only help to achieve the 
impressive bulk nonlinearities by reducing interface interactions, but could also act as 
conductance suppression layers. By forming a charge-injection barrier between the 
electrodes and the OEO material, such layers have shown to increase available thin-
film nonlinearities by a factor of 2-6 [114, 168-170]. While these layers are successfully 
applied in macroscopic structures, the influence on nanoscale devices is unclear.  
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In this paper, we numerically investigate the influence of nm-thin dielectric layers on 
the performance of plasmonic modulators [127, 129, 134]. We evaluate the influence 
of the low-frequency permittivity, the refractive index, and the thickness of the 
dielectric layer on the modulator performance and show the importance of carefully 
selecting the dielectric material. We show that the modulator U�‹L performance can 
be improved by a factor of more than 2 when choosing TiO2 (U�‹L ~ 24 Vµm) over the 
organic barrier layer Benzocyclobutene [114] (BCB, U�‹L ~ 55 Vµm). 

3.3.2 Dielectric Layers in Plasmonic Slot Waveguides 
Plasmonic waveguides offer highest field confinement in low-index materials for both 
optical fields and low-frequency (LF) electrical driving fields. Fig. 3.3.1(a) depicts an 
SEM picture of such a waveguide, consisting of two Au electrodes separated by a slot 
of a few tens of nanometers, filled with an OEO material (JRD1 [114, 131]). Schematic 
cross-sections with- and without dielectric layer are depicted in Fig. 3.3.1(b,c). The E-
field distribution in the slot is strongly influenced by the dielectric layer. Fig. 3.3.1(d) 
show the optical, Fig. 3.3.1(e) the LF E-fields without, with a low-, and a high-n (�xr) 
dielectric layer (ddielectric = 6 nm, wslot = 50 nm, hAu = 150 nm). A voltage of 1 V is applied 
across the slot. Material properties are as reported in [129, 131, 171, 172] and with a 
LF permittivity �ó �N�V�H�5= 5.6. 

With SiO2, both E-fields are mostly confined to the dielectric, the field-strength in the 
active material is reduced. In contrast, the high-index of HfO2 results in low E-fields in 
the dielectric, enhancing the field in the active material. This behavior can be easily 
understood when applying the boundary conditions across the dielectric-JRD1 
interface.  
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Fig. 3.3.1 – Plasmonic phase modulator. (a) SEM picture of a plasmonic slot waveguide. (b) 
Schematic cross-section of a slot waveguide without and (c) with dielectric layer. (d) Optical field 
distribution in the plasmonic slot without dielectric, with low-n, and high-n dielectric. (e) Low-
frequency (driving) field distribution in the plasmonic slot without dielectric, with low-�x, and high-
�x�����]���o�����š�Œ�]���X���/�v�•���š�•�W��Field distribution along x at y =hAu / 2. 

3.3.3 Influence on the Plasmonic Modulator Performance 
The performance of plasmonic modulators is strongly influenced by the E-field 
distribution in the plasmonic slot. For Mach-Zehnder modulators of length L, the 
voltage U�‹ needed to switch from the on- to the off-state is described by the U�‹L 
product. It linearly depends on the field-induced effective index change ���Jeff in the 
plasmonic slot, 
�� �Jeff �ß �N�7�7�' x,JRD1,DC�' x,JRD1,opt [131]. Introducing an insulating dielectric layer not only 
disturbs the field distribution in the slot, but also reduces the active area where the 
nonlinear interaction takes place. To investigate the influence of the dielectric layer 
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�� �Jeff in the slot is simulated for different materials. First, the refractive index change 
due to the Pockels effect is calculated in static field simulations, assuming a constant, 
average r33 = 200 pm/V. In a second step, optical field simulations were performed to 
achieve the effective refractive index change �� �Jeff and the �7�� 𝐿𝐿 product.  

Fig. 3.3.2(a) shows the influence of a 6 nm thin dielectric layer on ���Jeff and �7�� 𝐿𝐿 in a 
50 nm wide slot for different dielectrics. ���Jeff is normalized to the case without 
dielectric layer. The LF permittivity �xr and the refractive index n (at 1550 nm) of the 
dielectric is varied. Good dielectric materials for conduction suppression are included 
in red. Their valence- and conduction band offsets to gold act as good carrier injection 
barriers [114, 171, 172]. The importance of carefully selecting the dielectric material 
becomes clear. While low-index materials as BCB or SiO2 dramatically reduce �� �Jeff by 
more than 50 %, the materials HfO2 and TaO5 promise good device performance. High-
index materials such as TiO2 even improve the device performance, increasing ���Jeff 
by 10 %. Note that these simulations only take into account the influence of E-field 
variations and do not include any positive effects due to surface interactions [7, 131] 
or carrier suppression [114, 168-170] that should lead to higher EO coefficients and 
therefore to additional improvements of �� �Jeff and consequently of the device 
performance. Fig. 3.3.2(b) shows the influence of the device structure on ���Jeff and on 
�7�� 𝐿𝐿 for 6  and 10 nm thin SiO2, HfO2, and TiO2 layers as a function of the slot width. 
For narrow slots, the influence of the dielectric layer is the strongest, Fig. 3.3.2(b)i. 
Looking at the device performance �7�� 𝐿𝐿, Fig. 3.3.2(b)ii, the modulator performance 
dramatically drops with SiO2. In contrast, the high index of HfO2 results in enhanced 
E-fields in the active material that compensate for the reduced nonlinear active area. 
In case of TiO2, a dielectric layer improves the modulator performance even further. 
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Fig. 3.3.2 Influence of a dielectric layer on the modulator performance.  (a) Influence of a dielectric 
layer on �Â�Jeff and �7�� 𝐿𝐿 when the dielectric’s low-frequency permittivity �0r and the refractive index 
n (at 1550 nm) is varied. �Â�Jeff is normalized to the case without dielectric layer. (b) Influence of 
6 and 10 nm dielectric layers on �Â�Jeff and �7�� 𝐿𝐿 when the plasmonic slot width is varied. 

3.3.4 Conclusion 
The performance of plasmonic modulators strongly depends the field distribution in 
the device and the EO coefficient of the NLO material [127, 129]. In narrow slots, 
surface effects reduce the nonlinearity and the modulator performance [131]. 
Dielectric layers have been suggested to reduce these effects. In addition, by acting as 
carrier suppression layers, they promise to increase the in-device nonlinearity by a 
factor of 2-6 [114, 168-170] and therefore improve the device performance. We 
investigate the influence of different dielectrics on the modulator performance and 
show that, by carefully selecting the material, the modulator performance can be 
improved by a factor >2, compared to low-index dielectrics.  
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4 Plasmonic Mach-Zehnder Modulators 

This chapter introduces the plasmonic Mach-Zehnder modulator (MZM) that has 
become a key component of the plasmonic-organic hybrid technology. It consists of 
two plasmonic phase modulators (PPMs) integrated in a silicon photonic Mach-
Zehnder interferometer  

Section 4.1 introduces the plasmonic MZM and investigates the influence of the slot 
width and slot-widths asymmetries on the modulator performance. The devices have 
been fabricated and characterized both in static and dynamic measurements. An on-
off voltage of 3.4 V with an extinction ratio exceeding 25 dB has been measured. In 
dynamic electro-optic measurements up to 70 GHz no bandwidth limitation was 
found. Recently, measurements with the same type of device indicated an EO 
bandwidth beyond 500 GHz [10]. Finally, the device is tested for data modulation, 
demonstrating 108 Gbit/s.  

Section 4.2 demonstrates the implementation of plasmonic MZMs in an array 
configuration. Four devices are fabricated and operated in parallel. The devices have 
been investigated for electrical- and optical-crosstalk, electro-optic bandwidth and a 
combined data rate of 144 Gbit/s is demonstrated. 
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4.1 The Plasmonic Mach-Zehnder Modulator 

Section 4.1 has been published in [WH1] 
108 Gbit/s Plasmonic Mach-Zehnder Modulator with 

> 70 GHz Electrical Bandwidth
Wolfgang Heni, Christian Haffner, Benedikt Baeuerle, 

Yuriy Fedoryshyn, Arne Josten, David Hillerkuss, Jens Niegemann, 
Argishti Melikyan, Manfred Kohl, Delwin L Elder, Larry R Dalton, 

Christian Hafner, and Juerg Leuthold 
J. Light. Technol., 2016, 34 (2), 393.

© 2015 IEEE
For consistency figures and variables have been adapted from the 
original publication. 

Abstract: 

We report on high-extinction-ratio, ultra-fast plasmonic Mach-Zehnder modulators. 
We demonstrate data modulation at line rates up to 72 Gbit/s (BPSK) and 108 Gbit/s 
(4-ASK). The driving voltages are Ud = 4 Vp and 2.5 Vp for 12.5 µm and 25 µm short 
devices, respectively. The frequency response shows no bandwidth limitations up to 
70 GHz. Static characterizations indicate extinction ratios >25 dB. 

4.1.1 Introduction 
Linear electro-optic modulators such as Mach-Zehnder modulators (MZMs) are key 
building blocks of any high speed optical communication system. A single MZM 
enables encoding of multilevel modulation formats in the phase and/or the amplitude. 
In practice however, one uses two nested MZMs – so called IQ-modulators – to enable 
for the convenient encoding of multilevel modulation formats in both the phase and 
the amplitude. In order to generate advanced modulation formats at highest bit-rates, 
MZM must be able to address multiple amplitude levels, feature a high extinction ratio 
and offer operation up to highest speed. Furthermore, they should be compact and 
be cost- and energy efficient, while being compatible and co integrable with standard 
silicon electronics processes [12, 173]. 

A variety of approaches for the realization of compact silicon compatible modulators 
have been demonstrated within the last years [38, 40, 54, 57, 128, 174-178]. The rapid 
evolution of CMOS-compatible silicon photonics has brought forth a wealth of 
compact and energy efficient devices. For instance, progress in ring modulators [40] 
led to a compact, integrated and efficient intra-chip electronic-photonic link [178]. 
Yet, while showing great advances in energy consumption and device footprint, ring 
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resonators rely on resonant structures and hence need temperature stabilization and 
wavelength tuning. Furthermore, they cannot provide linear phase modulation. A 
different approach is based on silicon photonic MZMs. They offer higher flexibility and 
are able to operate up to fairly high speed [57, 177]. However, due to their 
non-resonant characteristics they require interaction lengths in the order of 
millimeters or at best several hundreds of µm to modulate light sufficiently and 
therefore are not compact. 

As a promising alternative plasmonic modulators have been suggested [28, 79, 165, 
179-182]. Plasmonic modulators should feature unprecedented speed in a compact 
footprint. Recently, we demonstrated a new plasmonic phase modulator concept [9]. 
Following this initial proof of concept, we demonstrated what is most likely the 
shortest high-speed MZM - an all-plasmonic MZM with a total length of 10 �…�u��
operating at 72 Gbit/s [183]. However, such all-plasmonic approaches have to be 
compared with hybrid approaches where couplers and access waveguides are 
fabricated in standard silicon-on-insulator technology and only the phase modulators 
are implemented in plasmonics [143, 184]. An advantage of such a hybrid approach is 
the fact that it is based to the most part on an established and reliable low-loss 
silicon-on-insulator technology and only relies on plasmonics when speed matters. 
Devices fabricated in this hybrid technology thus should offer the high fabrication 
tolerance of the SOI platform and the high-speed and low power consumption offered 
by our latest palsmonic technology [183].   

In this work we assess the performance and fabrication tolerance of the silicon-
plasmonic-organic hybrid Mach-Zehnder modulators [184]. Operation with line-rates 
of 108 Gbit/s using 4-ASK and 72 Gbit/s using a BPSK modulation format is 
demonstrated with BERs of 1.8×10�í2 and 3.5×10�í5, respectively. The electro-optic 
frequency response was found to be larger than 70 GHz within an optical operation 
range of more than 100 nm between 1520 nm and 1620 nm. For the shortest device 
with 12.5 µm long phase shifters, we found extinction ratios of more than 30 dB and 
plasmonic propagation losses of 0.5 dB/µm. These results are in good agreement with 
theoretical expectations. 
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4.1.2 Plasmonic Mach-Zehnder Modulator 

4.1.2.1 Principle of Operation 
The silicon-plasmonic-organic hybrid Mach-Zehnder modulator is based on a silicon 
Mach-Zehnder interferometer configuration where phase-modulation is performed 
by means of plasmonic-organic hybrid (POH) phase shifters [9]. In a POH phase 
modulator the signal is guided by plasmonic modes in a metal-insulator-metal (MIM) 
slot waveguide in which the slot is filled with a second-order nonlinear optical 
material. This plasmonic phase-shifter approach results in an ultra-compact 
configuration that can operate up to highest speed. The small dimensions are a result 
of the sub-wavelength field confinement [129] in the plasmonic slot waveguide filled 
with a highly nonlinear organic material [59, 146, 185]. The high speed is a result of 
the short device length as well as the small RC time constants of the devices, which 
results from the metallic waveguides functioning as the contacting electrodes. In our 
case, it is only the available RF driving electronics that limits the overall system 
performance. Furthermore, due to the short device lengths plasmonic propagation 
losses are no longer detrimental. 

 

 
Fig. 4.1.1 - Colorized microscope pictures of silicon-plasmonic organic hybrid Mach-Zehnder 
modulator.   (a) Feeding waveguides and multimode interference couplers (MMIs) are realized in 
silicon, plasmonic phase modulators are used to modulate the phases in both arms. The arms of 
the MZI have an imbalance of 100 µm to allow for comfortable device characterization by swept 
laser source measurements. (b) Close-up of a plasmonic phase modulator (PPM). The plasmonic 
metal-insulator-metal (MIM) waveguide of length L is defined by gold sidewalls. The coupling 
from the silicon single mode waveguides to the plasmonic MIM waveguide is done using on a 
photonic-plasmonic converter. (c) Close-up of a photonic-plasmonic converter. The photonic 
mode is coupled into an SPP in the MIM waveguide of 80 nm width by means of a very short taper. 
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The structure of the plasmonic MZM is depicted in Fig. 4.1.1(a). The modulator 
consists of a silicon Mach-Zehnder interferometer (MZI) with plasmonic phase 
modulators (PPMs) in each arm. Light is coupled to the chip using fiber-to-chip grating 
couplers and is fed to the MZI by single mode silicon waveguides. Multimode 
interference (MMI) couplers are used to split the light onto the two arms of the MZI. 
An imbalance of 100 µm between both arms is introduced. This allows an easy 
characterization of the interferometer quality. By varying the laser wavelength, the 
optical extinction ratio of the interferometer can be measured without the need for 
electro-optic experiments. A colorized SEM picture of a PPM is depicted in 
Fig. 4.1.1(b). Gold is used to form the MIM waveguides. To couple light to and from 
the 450 nm wide silicon waveguide into the plasmonic MIM waveguide of the PPM, 
photonic-plasmonic converters (PPCs) [121] are used. A close up of such a converter 
is depicted in Fig. 4.1.1(c). In these PPCs, light guided in the silicon waveguide is 
transferred by a tapered structure into a 80 nm wide plasmonic slot waveguide. After 
the phase modulator section, the two arms of the MZI are combined using once more 
a MMI. Interference in the MMI translates the phase modulation induced in the two 
arms into an amplitude modulation at the MZI output. 

To operate the modulator it is contacted by ground-signal-ground (GSG) RF probes, 
see Fig. 4.1.2(a). The driving field drops off across the two slots. As can be seen in 
Fig. 4.1.2 (a), in our device poling direction (red arrows) and direction of the driving 
field (blue arrows) oppose each other in one slot whereas they point in the same 
direction in the other slot.  

Fig. 4.1.2 – Device operation and poling.   (a) Device operation: The modulator comprises of 
ground-signal-ground (GSG) electrodes. When an electrical signal is applied to the S electrode the 
field drops across the plasmonic MIM waveguide, blue arrows. If operated this way then the 
electrical field and the poling direction are once aligned in the phase modulator in the first arm 
of the MZM but have opposite signs in the other phase modulator. Therefore opposite refractive 
index changes are induced in the two respective phase modulators. The MZM is operated in push-
pull operation. (b) For electric field poling of the organic material a voltage is applied between 
the two outer electrodes of the modulator. The electric field then aligns the molecules of the 
nonlinear optical material in the direction of the red arrows. 
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This allows to operate the device in the so-called “push-pull” operation mode, where 
opposite phase shifts are induced upon applying a voltage at the center contact. 
Hence, in one PPM the phase is “pushed” whereas in the other arm it is “pulled”, from 
�Á�Z�]���Z���š�Z�����v���u�����}�(���š�Z�������Œ�]�À�]�v�P���u�}�������]�•�������Œ�]�À�����X�������‰�Z���•�����•�Z�]�(�š���}�(���‹�l�î���]�v���������Z���W�W�D���š�Z���v��
�o�������•���š�}�������š�}�š���o���‰�Z���•�����•�Z�]�(�š���}�(���‹�������š�Á�����v���š�Z�����š�Á�}�����Œ�u�•�U���Œ�����µ���]�v�P���š�Ze driving voltage 
required to switch the modulator from on- to off-state by 50 %. 

4.1.2.2 Theoretical Discussion of Device Parameters 
For applications of electro-optic modulators in communication systems four 
characteristics matter: frequency response, extinction ratio, insertion loss, and driving 
voltage. While the frequency response of a plasmonic MZMs is not a limiting factor 
(see [9, 129, 143] and chapter III.C.), other characteristics may be influenced strongly 
by both the fabrication process and design parameters. To identify critical fabrication 
steps and tolerances, we theoretically investigate the influence of design parameters 
and fabrication deviations on the device characteristics.  

4.1.2.2.1 Transfer Function and Extinction Ratio  
The extinction ratio (ER) of a MZM is defined as the ratio of the optical output power 
in the on- and the off-state of the modulator  

 ER�ß �H
�' out(on)

�' out(off)
�I
�6

 (4.1) 

Assuming an ideal MZM in push-pull operation with identical phase modulators in 
each arm, the amplitude transfer function is given by 

 �' out(�7�b, �Sslot) = e(j�	 ( �ê�i�b�e�j) �?�� (�ê�Þ�b�e�j) / �6)�Åcos(�Â𝛥𝛥(�7d, �Sslot)𝐿𝐿) �' in  (4.2) 

in which the phase modulators can be fully characterized by the following parameters: 
power attenuation �Ù, propagation constant �Ú, change of the propagation constant 
�� �Ú, and length L. �� �Ú depends on the electrical field strength, and thus, on the driving 
voltage Ud and slot width wslot.  
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Unfortunately, real world modulators are not ideal and slot widths of the arms might 
be different. Therefore, we derive a more general expression of the amplitude transfer 
function by cascading the transfer matrices of each component of the hybrid MZM, 
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(4.3) 

where the first and the last factor with the s1 and s2 describes the splitting ratios of 
the MMI input and output coupler, the two subsequent matrices describe the coupling 
conversion efficiencies of the photonic-plasmonic converters and the PPM matric 
describes the phase modulation and losses in the arms of the MZM. Since we use 
fabrication tolerant symmetric MMI couplers we may safely assume identical splitting 
ratios, s1 = s2 = 1/2 [186, 187]. Furthermore, we assume equal coupling ratios of the 
PPCs, c1 = c2 = c3 = c4 = c and equal lengths of the phase modulators L1 = L2 = L. With 
these simplifications, one obtains 

 �' out =
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For switching in push-pull operation mode from the on- to the off-state we 
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(4.5) 

From (4.5) it can be seen that the ER strongly depends on the attenuation and the 
length of the device. Both parameters depend, directly or indirectly, on the widths of 
the plasmonic slot wslot. In the ideal case of two identical PPMs the attenuation is 
equal, �r1 = �r2, leading to an ideal ER coth(0) = �L�X���&�}�Œ���W�W�D�•�� �}�(�����]�(�(���Œ���v�š���Á�]���š�Z�•�U���š�Z����
fields in both arms will experience different attenuation, �r1 �B �r2, resulting in a finite 
ER. 
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4.1.2.3 Influences of the Slot Width 
The slot width indeed is the most critical parameter in the design of the plasmonic 
phase-shifter. This is because the slots are narrow and small variations on the slot 
widths cannot be avoided in fabrication. We now investigate the influence of the slot 
width on the phase modulator more closely. For this we simulate the attenuation �Ù, 
propagation constant �Ú, and the change of the propagation constant ���Ú as a function 
of the slot width in our configuration (see chapter III). We assumed an electro-optic 
coefficient of r33 = 180 pm/V. Electrical and optical material parameters are taken 
from [129]. 

A simulation of the propagation losses and voltage-length product for a given slot 
width in our MZM is depicted in Fig. 4.1.2. Propagation losses are below 0.5 dB/µm 
for slot widths above 70 nm and increase rapidly with decreasing slot width. 

However, a smaller slot width also increases the nonlinear interaction of the 
plasmonic mode with the electro-optic material [129]. The increased nonlinear 
interaction leads to smaller voltage-length products U�‹L, see Fig. 4.1.3. Hence, for a 
fixed driving voltage Ud = U�‹, smaller slot widths lead to shorter devices. This 
decreases the overall device loss, and hence for a fixed driving voltage, devices with 
narrow slots feature lower device losses, as can be seen in Fig. 4.1.4. In the following 
we target Ud = U�‹ = 3 V. 

 
Fig. 4.1.3 – Loss and voltage-length product.   Plasmonic propagation losses in a metal-insulator-
metal slot waveguide for different slot widths (blue line). The measured value (dot) of 0.5 dB/µm 
for an 80 nm wide slot is only slightly higher than the simulated value. Voltage-length product of 
plasmonic modulators for different slot widths when the electro-optic coefficient is r33 = 180 pm/V 
(red line). The measured value of 85 Vµm is only slightly higher than the anticipated value on the 
red line - indicating a lower electro-optic coefficient.   
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Fig. 4.1.4 – Insertion loss   (a) Total insertion losses of plasmonic MZMs for a fixed U�‹ = 3 V and 
for different slot widths (blue). The device length for a given slot width is plotted on the right axis  
(red). It can be seen that the increased nonlinear interaction in narrower slots allows for shorter 
devices with lower total losses. 

Consequently the narrowest possible slot width is desirable in order to implement 
MZMs with highest efficiency. However, from experience we know that the 
fabrication of slot widths below 50 nm is challenging particular since we have 
fabrication tolerances in the order of ±10 nm. Thus, while extremely narrow slots are 
theoretically favorable, fabrication will be a limiting factor. Knowing the influence of 
the slot width on device length and propagation losses, we can investigated the 
transfer function (5) and the ER (6) with respect to fabrication tolerances. 

4.1.2.4 Influences of Fabrication Deviations 
Fabrication deviations of the slot widths in the two arms �� �S�q�j�m�r= �S�q�j�m�r,�5 
F �S�q�j�m�r,�6 
decrease the ER significantly. Fig. 4.1.5 visualizes the simulated ER of plasmonic MZMs 
for U�‹ = 3 V. While the slot width �S�q�j�m�r,�5 has been fixed to values of 40 nm, 80 nm and 
140 nm the width �S�q�j�m�r,�6 is varied. For �S�q�j�m�r,�5 = �S�q�j�m�r,�6 the ER is infinite. The wider the 
targeted slot width �S�q�j�m�r,�5, the more variation tolerant the ER becomes. This effect is 
due to the relatively low propagation losses for MIM waveguides with a wide slot 
width (cf. Fig. 4.1.3). 

To quantitatively specify the fabrication tolerances of the MZMs we fix �S�q�j�m�r,�5 and ask 
what deviations �� �S�q�j�m�r from this value are acceptable for �S�q�j�m�r,�6 so that it’s ER still 
exceeds 20 dB.  These maximum deviations ���S�q�j�m�r that still allow for an ER of 20 dB 
are depicted in Fig. 4.1.6 as a function of �S�q�j�m�r,�5. Between the two curves the variation 
allows for ER > 20 dB. As already seen in Fig. 4.1.5, the ER is more tolerant to wider 
slots. For narrow slots of e.g. 66 nm already small variations of ���S�q�j�m�r�� 
F15 nm and 
�Â�S�æ𝑠𝑠�â𝑠𝑠 �� 25 nm would limit the ER to a value of 20 dB. Such variations are actually 
the fabrication tolerances of our processes For lower electro-optic coefficients 
r33 < 180 pm/V longer devices would be required to achieve U�‹ = 3 V. Longer devices 
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as well as fabrication related higher propagation losses would make the devices even 
more sensitive to fabrication deviations.  

Fig. 4.1.7 depicts how a variation of ±10 nm from the slot width of 80 nm in one arm 
can impact the power transfer function |�' �m�s�r|�6 when a drive voltage is applied. It can 
be seen that a 10 nm variation to a narrower slot reduces the ER to a larger degree. 
Narrower slots also lead to slightly higher losses. Furthermore, the required U�‹ is 
influenced by a slot width variation. For an increase of slot width in one arm by +10 nm 
the voltage U�‹ needed to switch from the on- to the off-state increases to 3.3 V. 

 
Fig. 4.1.5 – Simulated extinction ratio (ER) for plasmonic modulators designed for U�‹ = 3 V.  Three 
different slot widths result in different device lengths. The difference between the slot widths is 
varied. For wslot,1 = wslot,2 the ER is infinite. For unequal slot widths the ER drops significantly 

 
Fig. 4.1.6 – Maximum deviation �ûwslot, of wslot,2 from wslot,1 that can be tolerated in a MZM without 
degrading the ER below 20 dB.  The plots have been calculated for a silicon-plasmonic MZM with 
U�‹ = 3 V. 
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Fig. 4.1.7 – Power transfer function of a plasmonic MZM  with wslot,1 = 80 nm. A width difference 
of ±10 nm between the two slots leads to a decreased extinction ratio and has a strong influence 
on U�‹. ± 0.3 V. 
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4.1.3 Fabrication and Characterization 
The devices were fabricated and characterized in the facilities of ETH Zurich. Data 
experiments were performed to test the devices for operation with advanced 
modulation formats. 

4.1.3.1 Device Fabrication 
The theoretical study in section II.B revealed that the quality of the devices strongly 
depends on a high-quality manufacturing of the metal-insulator-metal waveguides. 
Any inaccuracy in the MIM waveguides might lead to a reduction of the ER and, when 
light is confined into a sub-wavelength slot, any roughness and fabrication impurity 
leads to scattering and thus contribute to the increase of the propagation losses. 
Consequently the quality of the metals used to produce the MIM structures has to be 
controlled with a particular care. 

The devices were fabricated in-house on a silicon-on-insulator (SOI) wafer consisting 
of a 220 nm thick Si device layer and a 3 µm thick buried oxide. The structures were 
patterned by electron-beam lithography in a Vistec EBPG5200 system. A negative tone 
e-beam resist was used to pattern photonic components comprising waveguides, 
MMIs and fiber-to-chip grating couplers (GCs). The patterns were transferred into the 
Si device layer by applying a dry etching process.  Plasmonic MIM waveguides and 
electrodes were produced with a lift-off process applied to a 200 nm thick e-beam 
evaporated Au layer. 

The plasmonic slots were filled with a second order nonlinear optical material DLD164 
[59, 146] applied by spin-coating. The nonlinearity in organic material was induced by 
electric field poling [82, 108]. To do so a voltage between the outer electrodes of the 
modulator is applied at elevated temperatures. The poling field drops across the two 
slots inducing the nonlinearity as depicted in Fig. 4.1.2(b) (red arrows). 

4.1.3.2 Static Characterization 
In the first experiment we investigated the propagation losses in the plasmonic section 
of the modulators. We measured devices with plasmonic lengths of 12.5 µm, 25 µm 
and 50 µm. The measured plasmonic losses are depicted in Fig. 4.1.8. Losses of 
0.5 dB/µm were found - being only slightly higher and in good agreement with 
simulated values of 0.46 dB/µm, section II.B. In the shortest devices the 12.5 µm long 
plasmonic sections contributed in average 6.1 dB ± 0.7 dB to the total losses. While in 
the longer devices the 25 µm long sections contributed 13.6 dB ± 0.9 dB. These low 
propagation losses indicate high Au quality and low roughness in the MIM 
waveguides. The main contribution to the fiber-to-fiber losses were caused by non-
optimized fully-etched silicon-on-insulator GCs contributing with 13 dB each. Losses 
in feeding WGs and photonic-plasmonic converters contributed another 3 dB loss. The 
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GCs as a main source of optical losses can be reduced from 13 dB per GC to below 5 dB 
by using standard partially etched GCs [188].  

In a next experiment the modulators were tested for the ERs and the voltage-lengths 
product was measured. For the characterization we applied a DC voltage between -
2 V and +2 V to the signal electrode - while monitoring the transmitted optical power, 
Fig. 4.1.9(a). 

In order to avoid risks associated with possible damage of the modulators we did not 
apply DC voltages higher than ±2 V. However, during dynamic experiments higher 
voltages were applied and no damaging of the devices was observed. We investigated 
the 12.5 µm and the 25 µm long devices. Fig. 4.1.10 depicts the transmittance of the 
devices as a function of the applied DC voltage. The transfer function beyond 2 V was 
obtained by tuning the operation wavelength to another offset operation point of the 
imbalanced MZM. The 12.5 µm long device offers a large extinction ratio of more than 
30 dB. The MZM with a length of 25 µm offers an extinction ratio of 25 dB. The 
reduction in the extinction ratio for the device with the longer PPMs is attributed to a 
higher sensitivity of the longer phase shifters to fabrication deviations 
see section II.B(5).  

For the 25 µm long device we need U�‹ = 3.4 V to switch the modulator from off-state 
to on-state, resulting in a voltage-length product U�‹L �C 85Vµm. This leads to an 
electro-optic coefficient r33 �C 160 pm/V ± 20pm/V, which is in a good agreement with 
what is expected from the nonlinear material DLD164 [59, 146, 183]. 

 
Fig. 4.1.8 – Measured plasmonic losses as a function plasmonic slot waveguide length.  The linear 
slope indicates plasmonic propagation losses of 0.5 dB/µm. 
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Fig. 4.1.9 – Experimental setups.  (a) Static characterization. CW light from a tunable laser source 
was coupled to the chip using fiber-to-chip grating couplers. The transmission of the device was 
controlled by a DC voltage between -2 V and +2 V. The transmitted power was recorded using an 
optical power meter. (b) Dynamic characterization. To investigate the dynamic performance of 
the devices an RF-signal up to 70 GHz was generated using an electrical synthesizer. The small 
signal electrical driving signal (-10 dBm) was fed onto the chip using a RF probe. A CW laser from 
a tunable laser source between 1520 nm and 1620 nm was modulated by the device. The optical 
spectrum of the modulated laser was recorded using an optical spectrum analyzer 

 
Fig. 4.1.10 – Normalized power transmission  of a 12.5 µm and a 25 µm long MZMs as a function 
of the applied DC voltage. In the 25 µm long device a voltage U�‹ = 3.4 V leads to an extinction 
ratio of 25 dB. 

4.1.3.3 Dynamic Characterization 
To investigate the dynamic small signal behavior of the modulator, we applied a 
sinusoidal RF signal, see Fig. 4.1.9<(b). An electrical synthesizer was used to generate 
the RF signal between 17.5 GHz and 70 GHz with an RF power of �í10 dBm. The 
frequency response of the GSG probe was not included in the calibration, however, 
the losses here are below 1 dB up to 67 GHz. The spectrum of the modulated optical 
signal was acquired by an optical spectrum analyzer (OSA). To calculate the 
modulation efficiency the ratio between the optical carrier and the modulation 
sidebands was measured. This optical measurement technique [189] allows to 
measure the modulation efficiency up to highest speed, however also limits the 
measurement at lower frequencies. Due to the limited resolution and the optical filter 
shape of the OSA, modulation sidebands below 17.5 GHz cannot be resolved from the  
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Fig. 4.1.11 – Normalized modulation as a function of the modulation frequency for different 
wavelengths at small signal operation.  There is no indication for a bandwidth limitation up to 
70 GHz within the optical wavelength range between 1520 nm to 1620 nm. Inset: Measured 
optical spectrum of a 40 GHz modulated laser to determine the modulation efficiency. The 
modulation efficiency is the ratio between optical carrier and modulation sidebands. 

optical carrier. A measured spectrum of an optical carrier modulated with a small 
signal 40 GHz electrical signal is depicted in the inset in Fig. 4.1.11. 

In Fig. 4.1.11 the normalized small signal modulation as a function of the modulation 
frequency from 17.5 to 70 GHz is shown for wavelengths from 1520 nm to 1620 nm. 
For all wavelengths the small signal modulation shows no indication of a bandwidth 
limitation up to 70 GHz.  

4.1.3.4 Data Transmission Experiments 
In order to verify the capability of the devices for application in a communication 
system we performed data experiments. Line rates of 108 Gbit/s using 4-ASK and BPSK 
signals up to 72 Gbit/s were investigated.  

Fig. 4.1.12 shows the experimental setup. The electrical data signal was generated by 
an arbitrary waveform generator (AWG, 72 GSa/s) and amplified before being applied 
to the modulator using GSG RF probes. The modulator under test then is supposed to 
encode the electrical data onto the optical carrier of an external cavity laser (ECL) at a 
�Á���À���o���v�P�š�Z���}�(���„ = 1535 nm. Subsequently, the modulated light was coupled from the  
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Fig. 4.1.12 – Data transmission setup.  The electrical data signal was generated by an arbitrary 
waveform generator and amplified before being applied to the modulator. The modulator 
encoded the electrical data onto the optical carrier of an external cavity laser (ECL). The 
modulated light was subsequently coupled from the chip to the receiver, where light from the 
same ECL was used for coherent detection. Insets: Equalized electrical eye diagrams of the 
electrical 72 Gbit/s signal at the output of the AWG and after amplification. The limited 
bandwidth of the electrical amplifier leads to a distorted electrical eye diagram and increases the 
BER. 

chip to the receiver, where we used homodyne coherent detection. An optical pre-
amplifier was used in order to achieve optimal receiver performance. 

The devices were tested for operation with three different electrical signals: First, a 
54 Gbit/s BPSK signal to show the low data rate behavior (PRBS 29-1; pulse shape: root 
raised cosine, roll-off: 0.15; Ud �C 3.5 Vp). Second, a 72 Gbit/s NRZ signal to show the 
operation of the modulator at highest speed (PRBS 215-1; Ud �C 4 Vp). Third, a 54 GBd 
4-ASK signal to demonstrate multilevel operation with advanced modulation formats 
(PRBS 215�í1; pulse shape: root raised cosine, roll-off: 0.35; Ud �C 2.5 Vp). The drive 
signals without and with pre-distortion were characterized with a sampling 
oscilloscope. The amplitude of the drive signals measured at 50 �O���~U�ñ�ì�O) were used to 
estimate the drive signals at the device (Ud). As the plasmonic modulator is a purely 
capacitive load [129], the full open-circuit voltage U0 of the source is applied to the 
device, Ud �C 2U�ñ�ì�O = U0 [59]. 

The quality of the generated electrical signal can be seen from the insets in Fig. 4.1.12. 
The first eye diagram depicts the equalized electrical eye diagram at the AWG output 
at a data rate of 72 Gbit/s. The eye is open and the error within the 1 ms long sequence 
is better than 10-6. The eye diagram shows some inter-symbol interference (ISI) 
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behavior though that is due to a limited electrical bandwidth of the digital-to-analog 
converter (DAC, 3 dB bandwidth: 15 GHz, 6 dB bandwidth: 25 GHz) of the transmitter 
AWG. The eye diagram of the equalized electrical signal after the RF amplifier is 
depicted in the inset in Fig. 4.1.12. It can be seen how the limited RF amplifier 
bandwidth further impairs the eye after amplification. This results in a bit error ratio 
of 3×10-6, measured within 1 ms. To mitigate the bandwidth limitations of DAC and 
driver amplifier, the 54 GBd signals were digitally pre-distorted. At 72 Gbit/s, the 
signal is generated with 1 sample per symbol, therefore, pre-distortion was not 
applied. To mitigate the frequency dependence of the electrical components, e.g. DAC 
and RF amplifier, post-equalization at the receiver was applied. 

The received eye diagrams obtained with PRBS signals are shown in Fig. 4.1.13. The 
BERs were measured in 100 µs long recordings. For the 54 GBd BPSK signal we 
measured a bit-error ratio (BER) of �#1.9×10�>6. At 72 Gbit/s, we measured a BER of 
3.5×10�í5 (from 3×10�í6 in the electrical driving signal). To test multilevel signals, we 
applied the 54 Gbit/s 4-ASK signal to the modulator, effectively encoding 108 Gbit/s 
on the optical carrier. A BER of 1.8×10�í2 was found. Assuming forward error correction 
with an overhead of 20 %, this corresponds to a net-data rate of 90 Gbit/s [190]. In all 
three cases the measured signal quality of the eye diagrams were comparable to the 
signal qualities of the electrical driving signals. Some degradation was seen though. 
We attribute the degradation in signal quality to the high fiber-to-chip coupling losses 
of 26 dB, which lead to additional amplifier noise in the measured signals. However, 
significantly lower BERs are expected with optimized GCs. 

 
Fig. 4.1.13 – Optical eye and constellation diagrams for some specific data experiments.. (a) 
54 Gbit/s BPSK data experiment showing BER of 1.9×10-6. (b) 72 Gbit/s BPSK experiment with BER 
of 3.5×10-5. (c) 54 Gbd 4-ASK data experiment corresponding to an equivalent of 108 Gbit/s line-
rate showing a BER of 1.8×10-2. 
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4.1.4 Conclusion 
We have assessed the performance of silicon-plasmonic-organic hybrid Mach-
Zehnder modulators. Extinction ratios above 25 dB have been found. This high 
extinction ratios were achieved because the suggested plasmonic MZM can be 
fabricated within the required tolerances. Furthermore, the modulators feature a flat 
EO frequency response with an electrical bandwidth clearly exceeding 70 GHz across 
the whole spectral window of 1520 to 1620 nm and beyond. The devices have been 
tested for data rates up to 72 Gbit/s with BERs below 4×10-5. The plasmonic modulator 
was also tested to operate up to line rates of 108 Gbit/s with a multilevel signal. The 
high electrical bandwidth in combination with high extinction ratios and moderate 
driving voltages show that these modulators have the potential to become serious 
contenders not just for on-off keying devices but also as advanced modulators that 
might replace photonic IQ-modulators. 
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4.2 Mach-Zehnder Modulator Arrays 

 Section 4.2 has been published in [WH2]  
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Abstract:  

Plasmonic modulators might pave the way for a new generation of compact low-
power high-speed optoelectronic devices. We introduce an extremely compact 
transmitter based on plasmonic Mach-Zehnder modulators offering a capacity of 
4 × 36 Gbit/s on a footprint that is only limited by the size of the high-speed contact 
pads. The transmitter array is contacted through a multicore fiber with a channel 
spacing of 50 �Pm. 

4.2.1 Introduction 
High-speed optical interconnects are gradually replacing electrical solutions [191]. To 
satisfy the ever growing bandwidth requirements, they must offer highest speed at 
lowest power consumption with the smallest possible footprint [192]. 

Optical interconnect solutions must overcome three fundamental challenges: First, 
they need transmitters that can be arranged in a highly parallel manner; second, they 
need a fiber-to-chip interface to overcome distances from millimeters up to hundreds 
of meters; last, they need highly parallel and compact detector solutions. Among 
these three challenges, the detector issues have indeed been addressed convincingly 
in the last years. Today, there are extremely compact detector arrays for direct and 
coherent detection e.g. in the form of integrated silicon-germanium detectors that 
offer operation beyond 56 Gbit/s [193]. As a fiber-to-chip interface, fiber ribbons and 
plastic interconnect solutions are frequently used. However, the typical spacing of 
ribbons (125 �Pm) does not allow particular dense integration, and, furthermore, 
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plastic interconnects are mostly a solution only for short distances [194]. Alternatively, 
multicore fibers (MCF) that are matched to out-of-plane surface couplers provide 
both, a relatively dense optical interface [195] and transmission over long distances. 
The biggest challenge though, remains a most dense integration of transmitters. 
Besides approaches based on direct modulation of VCSELs [196, 197], silicon 
photonics offers a variety of paths for combining an external laser source and on-chip 
modulators [12, 198]. However, silicon photonic modulators occupy a length in the 
order of several millimeters, if not incorporated into a resonant structure. More 
recently, plasmonics has emerged as an interesting and compact solution for 
integration of active devices [28, 199]. Plasmonics indeed allows for extremely 
compact devices of a few µm2, because – in contrast to photonic waves – surface 
plasmon polaritons (SPPs) are not diffraction limited [200, 201]. Moreover, plasmonics 
offers high speed [9, 129], line rates above 100 Gbit/s [134] and devices can be 
manufactured using large-scale production techniques of the electronics industry. 

In this paper, we introduce a new optical interconnect solution relying on a plasmonic 
Mach-Zehnder modulator (MZM) array. A multicore fiber (MCF) with a 50 µm channel 
spacing connects the array. The transmitter is demonstrated to operate at 
4 × 36 Gbit/s. The array has been characterized for optical interchannel crosstalk 
�Á�Z�]���Z���Á���•���(�}�µ�v�����š�}�������������o�}�Á���>�ï�í dB. No electrical crosstalk was observed. The MZMs 
showed no bandwidth limitation up to 70 GHz. The individual MZMs comprise 
plasmonic phase modulator sections that are as short as 12.5 �Pm. This allows for a 
dense arrangement of the MZMs that is only limited by the size of the contact pads 
needed for addressing the devices with electrical probes. The devices are able to 
operate over a broad spectral range of >100 nm. Application scenarios include both 
space division (SDM) and wavelength division multiplexing (WDM) applications. This 
is because each core of the MCF can be addressed individually. The invited paper is 
based on work published in [129, 202, 203]. 

4.2.2 Optical interconnect solution 
The interconnect solution envisioned here is made possible by dense plasmonic 
modulator arrays. Such plasmonic modulators can be integrated with plasmonic 
detectors (e.g. [143, 204]), conventional detectors that are extremely compact as well 
and with electronics [178, 193, 205, 206], making them attractive transceivers for data 
center applications. Fig. 4.2.1 illustrates two operation scenarios, with space-division 
multiplexing (SDM), Fig. 4.2.1(a), or wavelength-division multiplexing (WDM), 
Fig. 4.2.1(b). In both scenarios, light of centralized lasers is distributed via a switch and 
MCFs to the integrated transceivers. The same MCFs also provide connection for 
optical input and output signals of the transceivers. They couple light to matched on-
chip grating coupler (GC) arrays. 
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Fig. 4.2.1 – Dense plasmonic MZM array interfaced with a multicore fiber  (a) Space division 
multiplexing scheme with blow-up of the compact plasmonic transmitter (Tx) for high-speed 
optical interconnects in data center applications. The interconnect is fed by a central laser source, 
while a switching network distributes the signals. The central laser signal (LO, solid line) is 
interconnected by a multicore fiber (MCF) to the integrated plasmonic Tx via grating couplers 
(GCs). The Tx splits the laser into four channels and sends each signal to a modulator, so that 
several data streams are encoded. The individual signals are then sent back through different 
cores of the MCF (dashed lines). Finally, the modulated signals are distributed by the switch to 
the receivers (Rx) which may be realized on the same chip as the Tx. (b) Wavelength division 
multiplexing scheme where the MCF carries laser light of different wavelengths that may be 
multiplexed on chip or externally. 

In the SDM application scenario, Fig. 4.2.1(a), the transmitter (Tx) is fed by a single 
laser source. The laser signal is then split on chip, fed to four modulators and is 
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encoded with information. Each signal is sent back through a different core of the 
MCF. The modulated signals are fed to a central switch from where they are 
distributed to remote locations and receivers (Rx). In the Rx, the signals are received 
in a direct or coherent detection scheme using the LO. The receiver may be integrated 
together with the plasmonic modulators on the same chip, e.g. in form of extremely 
compact plasmonic detectors [143, 204] or germanium waveguide detectors [3]. In 
the WDM scheme, Fig. 4.2.1(b), the interconnect is fed by external lasers emitting a 
set of wavelengths, four in this example (�„1…�„4). The transmitter consists of a 
modulator array followed by integrated or external multiplexers (MUX). At the 
receiver, a demultiplexer separates and individually detects the wavelength channels. 

4.2.3 Plasmonic Mach-Zehnder modulators 
In this paper we chose plasmonic Mach-Zehnder modulator (MZM) configurations to 
encode information onto an optical carrier [134, 143]. We start this section by first 
detailing the operation principle of the plasmonic phase modulators (PPMs) [9] in 
section 3.1 and then discussing the MZM configuration and its performance. 

4.2.3.1 Plasmonic-Organic Hybrid (POH) phase modulators 
Phase modulators in the plasmonic-organic hybrid (POH) approach exploit the large 
nonlinearity of an organic nonlinear optical (NLO) material for efficient switching. They 
are formed of a plasmonic metal-insulator-metal (MIM) slot waveguide to guide the 
light, where the slot is filled with a second-order NLO material, see Fig. 4.2.2(a). In the 
inset of Fig. 4.2.2(b), it can be seen how the plasmonic mode is well confined to the 
slot. The metallic structures of the MIM waveguide not only confine the plasmonic 
mode but also serve as electrical contacts to encode the information. When a voltage 
is applied to the electrodes, it will drop off across the narrow slot and the refractive 
index in the slot will change due to the linear electro-optic effect. The advantage of 
plasmonic phase modulators over diffraction limited optical counterparts is best seen 
from Fig. 4.2.2(b). It shows the enormous effective refractive index change ���J�c�d�d 
experienced by a plasmonic MIM mode when the slot width decreases for a given 
driving voltage of d 3V.U �  The simulation parameters for Fig. 4.2.2(b) are according 
to [129]. 
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Fig. 4.2.2 – Plasmonic-organic hybrid phase modulators.  (a) The plasmonic-organic hybrid (POH) 
phase modulator consists of two gold (Au) electrodes being separated by a narrow slot to form 
the plasmonic MIM waveguide. The slot is filled with an organic NLO material to exploit the 
Pockels effect. (b) Effective refractive index change in the plasmonic phase modulator as a 
function of the MIM slot width, when the driving voltage is fixed to 3 V. It can be seen that eff�ûn
increases strongly for narrower plasmonic slots due to a high field interaction factor �* , because 
of mat slot�û � � � �n w�v  and due to an increase of the slowdown of the energy velocity with decreasing 
slot width. The inset shows the corresponding mode profile at slow 75nm,w �  gold height

Au 200nm.h �  Adapted from [129]. 

The origin of this strong change of effn  for narrow plasmonic slot waveguides have 
been discussed in more detail in [129]. It can be attributed to three factors as follows: 

 �� �Jeff = ��
�� �Jmat

�Jmat
�Jslow. (4.6)  

First, the field energy interaction factor �� of the plasmonic MIM mode is large. It 
describes the ratio of the field energy of the slot mode along the active axis of the 
nonlinear material to the total energy of the mode. The field energy interaction factor 
�� is a useful number as only the electric field energy in the slot that is polarized in the 
direction of the active axis of the NLO material will experience nonlinear interaction. 
For a slot width of 75 nm it can exceed a value of 0.5 – and thus is four times larger 
than for a more conventional silicon slot waveguide. Second, the surface-plasmon 
polariton dispersion leads to a slowdown factor nslow. As an example, for a 75 nm slot 
width �4nslow is enhanced by a slowdown factor of �4nslow = 3.5 Third, the electro-optic 
activity of the NLO material induces a refractive index change �4nmat. This change is 
described by the Pockels effect [104]. The Pockels effect leads to a linear change of 
the refractive index depending on a static or low frequency field �7d/ �Sslot (drive 
voltage �7d slot width�Sslot) and the electro-optic coefficient r33  of the material 

 �� �Jmat = 
F
�N�7�7

2
�Jmat

�7 �7d

�Sslot
.. (4.7) 

It can be seen, how the refractive index change increases when the slot width is 
decreased. When decreasing the slot width from 150 nm to 50 nm, for example, one 
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can win a factor three in efficiency. A high r33 is essential for high modulation 
efficiencies, though. Since after deposition of the NLO material the dipolar 
chromophores are randomly oriented (no r33), the nonlinear molecules have to be 
aligned in a non-centrosymmetric order [101]. This can be achieved by electric-field 
poling of the material [82, 108]. Electric-field poling is performed by applying an 
electric field while heating the material to its glass-transition temperature. The 
molecules align parallel to the applied field and thereby the nonlinearity r33 is induced. 

Moreover, another factor two has been won by realizing the device as an 
unterminated open circuit [56]. This gives a factor two advantage over a 
terminated traveling waveguide approach, since twice the incident voltage 
drops across the device. The traveling wave approach is not needed here as 
the device is ultra-compact so that the back-reflected wave does not degrade 
the performance. 

In conclusion, the approach takes advantage of at least four factors that in 
combination lead to a remarkably short device. The four factors are the large energy 
�]�v�š���Œ�����š�]�}�v���(�����š�}�Œ���3�U���š�Z�������v�Z���v�����u���v�š�����µ�����š�}���š�Z�����‰�o���•�u�}�v�]�����•�o�}�Á-down by nslow the 
large relative refractive index change �4nmat /  nmat which is due to a choice of a material 
with a large Pockels effect but also due to an inverse proportional increase when 
reducing the slot width, and last, an open-circuit operation. All of which allows us to 
fabricate the phase modulators with lengths of a few micrometers. The very short 
lengths of the modulators offsets plasmonic losses. 

4.2.3.2 Photonic Mach-Zehnder interferometer 
The previously described POH phase modulators are integrated into a silicon photonic 
Mach-Zehnder interferometer for amplitude modulation. The arrangement of the 
phase-shifters in an MZM configuration not only allows operation in the push-pull 
mode with half the peak-voltage but also provides an almost ideal amplitude transfer 
function. In this paper we have chosen a hybrid approach, where all the passive 
waveguides are implemented as silicon waveguides and only the active phase-
modulator sections are fabricated as plasmonic waveguides. An advantage of this 
approach is that most components are based on an established and reliable low-loss 
silicon-on-insulator technology, while plasmonics is only introduced where 
confinement and speed is crucial. 

The structure of the plasmonic MZM is depicted in Fig. 4.2.3. The modulator consists 
of a silicon Mach-Zehnder interferometer (MZI) with PPMs in each arm. Light is 
coupled to the chip using fiber-to-chip grating couplers and is fed to the MZI by single 
mode silicon waveguides. Multimode interference (MMI) couplers are used to split 
the light onto the two arms of the MZI. After the phase modulator section, the two 
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arms of the MZI are combined using once more an MMI. Interference in the MMI 
translates the phase modulation induced in the two arms into an amplitude 
modulation. 

The modulator is electrically contacted by ground-signal-ground (GSG) RF probes, see 
Fig. 4.2.3. The metals of the plasmonic MIM waveguides also serve as the contact pads 
of the modulator. This way, the RF probe is directly contacted to the plasmonic 
waveguide which makes RC time constants small. The driving voltage drops off across 
the two slots. As can be seen in Fig. 4.2.3, poling direction (red arrows) and direction 
of the driving field (blue arrows) are opposed in one arm and aligned in the other one. 
This allows to operate the device in the so-called “push-pull” operation mode, where 
opposite phase shifts are induced in the two PPMs upon applying a signal at the center 
electrode. The corresponding amplitude transfer function is given in the ideal case by 
[134] 

 
�' out(�7d)

�' in
�ßcos
l

2�è
�ãOC

�� �Jeff(�7d)𝐿𝐿 
F �0bias
p, (4.8) 

where Ein is the optical electric field sent into the modulator, �„OC the wavelength of 
the optical carrier, L is the length of PPMs and Eout is the optical electric field at the 
modulator output. The latter follows a cosine function and varies with eff�û ,n  that in 
turn depends linearly on the driving voltage Ud. The operation point of the modulator 
can be adjusted by a phase offset bias,�)  either by applying a bias DC voltage or by 
adjusting the wavelength in case of an imbalanced MZI. 

 
Fig. 4.2.3 – Mach-Zehnder modulator (MZM) in push-pull operation .  Two plasmonic phase 
modulators (PPMs) are arranged in an imbalanced MZI configuration with silicon multimode 
interference (MMI) couplers as splitters and combiners. The MZM comprises ground-signal-
ground (GSG) electrodes. When an electrical signal is applied to the S electrode, the voltage drops 
across the plasmonic MIM waveguides, blue arrows. In this operation mode, the electrical driving 
and the poling field (red arrows) directions are aligned in the phase modulator of one MZM arm, 
but have opposite signs in the other phase modulator. Therefore, opposite refractive index 
changes are induced in the two respective phase modulators. The MZM is operated in push-pull 
operation. Adapted from [134]. 
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4.2.4 Dense integration - plasmonic Mach-Zehnder modulator 
arrays 

4.2.4.1 Design and fabrication 
We have fabricated an array of four silicon-plasmonic-organic hybrid MZMs. A 
microscope image of the MZM array is depicted in Fig. 4.2.4. The key elements are 
12.5 µm long PPMs. They are formed by two gold (Au) electrodes separated by a 
75 nm wide slot. For direct electrical probing with standard 100 �Pm pitched ground-
signal-ground (GSG) probes we increased the distance between MZMs to 300 �Pm. 
However, the actual footprint required by the devices is only a few tens of �Pm2. This 
leaves ample room for scaling down once electronics and photonics are cointegrated. 
The optical interface consists of GCs with a 50 µm spacing and is matched to the 
channel spacing of the multicore fiber (MCF) [195]. 

 
Fig. 4.2.4 – Optical microscope image of the fabricated four-channel MZM array contacted by RF 
probes. The plasmonic phase modulators are 12.5 µm long with slot widths of 75 nm. 

The MZM array was produced in-house on a silicon-on-insulator (SOI) wafer. E-beam 
lithography in combination with dry-etching was applied to pattern the photonic 
components, namely the Si waveguides (hSi = 220 nm, w = 450 nm), MMIs and GCs. A 
silicon oxide cladding was applied and structured by dry and wet etching prior to the 
fabrication of the PPMs. The PPMs were realized with a lift-off process applied to 
e-beam evaporated gold (hAu = 150 nm). In a last step the nonlinear optical material 
DLD164 (r33 �C 180 pm/V) [59, 146] was applied by spin-coating and poled by applying 
a DC electric field at the glass transition temperature of the material. 

Simultaneous electric field poling of several modulators at the same time is not 
straight forward. Single devices cannot be poled one after another. Due to heating of 
the chip during the poling process, electro-optic molecules in previously poled devices 
would relax back into a randomized order, thus the devices would lose their poling. 
Lattice hardening (crosslinking) of the ordered molecules [207, 208] is a solution for 
this problem, but the material [146] used in the presented experiments does not offer 
this feature. Therefore, all devices of the array have to be poled at the same time. One  



Mach-Zehnder Modulator Arrays 

  117 

 
Fig. 4.2.5 – Possible poling schemes. (a) Serial poling: The outer electrodes of the individual MZMs 
are connected, while the two most outer electrodes are contacted using DC probes to apply the 
poling field. The required voltage is the sum of the voltages across each component. (b) Parallel 
poling: The two outer electrodes of the individual MZMs are connected to poling electrodes. The 
voltage applied to the poling electrodes and the voltage across each component are the same 
and lower than for the serial scheme. 

possibility is to contact all four MZMs individually. However, contacting eight DC 
probes within a few hundreds of µm is rather impractical. We therefore investigated 
two schemes to pole multiple devices at the same time while using only two 
DC probes, see Fig. 4.2.5.  

Connecting the outer electrodes of the individual modulators in series allows a serial 
poling, see Fig. 4.2.5(a). However, there are two major disadvantages of this scheme: 
First, the poling voltage required for an array of n devices is n times higher than for a 
single device. This can result in high voltages making special requirements for voltage 
source and safety precautions mandatory. Second, in case of dielectric breakdown or 
electrical short in one single modulator arm, the voltage across the other devices will 
increase significantly. This can lead to a cascade effect that destroys all modulators 
being poled. An alternative approach is parallel poling of the devices as illustrated in 
Fig. 4.2.5(b). In this scheme, the voltage applied to the poling electrodes and to each 
modulator is the same. Therefore, the required poling voltage is not higher than for 
single device poling. In case of dielectric breakdown or a short in one device, the 
voltage at the other modulators will not increase. The damaged device would 
effectively act as an electrical fuse, being destroyed completely by the high current 
that suddenly flows. After this process, it would appear as an open circuit, while the 
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voltage across the other modulators would stay the same. The remaining modulators 
would still be poled. The disadvantage of the parallel poling scheme however is, that 
it requires additional electrical DC lines to connect the individual electrodes, which is 
only an additional design effort but does not pose a technical disadvantage. In more 
complex structures metal/waveguide crossings can be realized by a multiple layer 
process. This would allow for even easier layouts by introducing a poling layer 
connected to the modulators by vias. This would allow for parallel poling of all devices 
on a chip at the same time. Given the advantages of the lower poling voltages our 
decision was made in favor of the parallel poling scheme, Fig. 4.2.5(b). 

4.2.5 Characterization 

4.2.5.1 Static and dynamic characterization 
The static characteristics of the array were studied first. The optical extinction ratios 
of the imbalanced interferometers were found to be in the range of 7.3…23.9 dB with 
insertion losses of (12.6 ± 0.7) dB. The plasmonic propagation losses within the active 
section were ~0.9 dB/µm at a wavelength of 1550 nm. This is higher than the losses 
of  ~0.5 dB/µm as measured in our previous batch [129, 134]. Grating coupler losses 
contribute with 8 dB per grating. 

�d�}���u�����•�µ�Œ�����š�Z�����u�}���µ�o���š�]�}�v�������v���Á�]���š�Z���}�(���š�Z�����]�v���]�À�]���µ���o���u�}���µ�o���š�}�Œ�•�U�������>�ï dBm small 
signal RF field between 15 GHz and 70 GHz was applied to the devices. The ratio 
between optical carrier and modulation sidebands was measured with an optical 
spectrum analyzer (OSA) and normalized to 15 GHz, Fig. 4.2.6(a). This technique [189] 
allows to measure up to highest speeds and is only limited by the maximum frequency 
of the RF source (70 GHz in this case). However, the spectral resolution caused by the 
optical filter shape of the OSA limits the measurement to frequencies >15 GHz. 
Fig. 4.2.6(b) depicts the normalized modulation bandwidth of all four channels. The 
electrical frequency response of the four channels shows no bandwidth limitation up 
to 70 GHz. 
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Fig. 4.2.6 – RF-bandwidth characterization of the MZM array. (a) Experimental setup and 
measurement technique. The modulators are characterized sequentially using a sinusoidal RF 
waveform. The ratio of the carrier to the first modulation sideband is measured in the optical 
spectrum for RF-frequencies between 15 and 70 GHz (here 40 GHz). (b) Normalized modulation 
frequency response of all channels. The 3 dB bandwidth is above 70 GHz, thus no bandwidth 
limitation is expected. 

4.2.5.2 Optical and electrical crosstalk 
To investigate the optical crosstalk of the dense optical interface we fed 4 different 
wavelengths (1543.5 nm…1545.0 nm) through 4 different channels (ch1…ch4) of the 
MCF, while coupling to silicon waveguides (WGs) without MZMs. The optical output 
spectrum of each channel was recorded using an OSA, Fig. 4.2.7(a). Crosstalks were 
found to be lower than -31 dB in any instance. As an example we discuss the crosstalk 
into channel 2. The spectrum of channel 2 is shown in red. A main peak at 1544.0 nm 
is found which corresponds to the wavelength fed to channel 2. Besides, smaller peaks 
at the wavelengths of the neighboring channels appear in the spectrum. 

The electrical crosstalk between the MZMs was investigated by applying a sinusoidal 
RF signal to one channel while checking for signs of modulation in the optical signals 
of the neighboring channels, Fig. 4.2.7(b). No modulation sidebands could be 
observed in a neighbor channel when any of the MZM were modulated. If there should 
be any crosstalk, it must be -30 dB or less, as can be inferred from the noise level of 
the OSA with which the measurements were performed. 
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Fig. 4.2.7 – Optical and electrical crosstalk characterization. (a) Optical crosstalk: Measurement 
setup for optical crosstalk to channel 2 and recorded optical spectrum of all channels. An optical 
interchannel crosstalk below �>31 dB was found for all channels. The spectra were obtained by 
coupling four different wavelengths to the MCF. (b) Electrical crosstalk: Measurement setup for 
electrical crosstalk between channel 3 and channel 2 and recorded spectrum of channel 2 as an 
example. A sinusoidal RF signal was applied to a certain channel while checking for modulation 
signs of an unmodulated neighboring channel. An electrical ���Œ�}�•�•�š���o�l�������o�}�Á���>�ï�ì dB was found.  

4.2.5.3 Data modulation experiments 
The applicability of plasmonic MZMs in communication systems was verified by data 
modulation experiments. Data signals with binary phase shift keying (BPSK) at 
36 Gbit/s were generated. The experimental setup is depicted in Fig. 4.2.8. Four CW 
laser sources (1549.3 nm to 1552.7 �v�u�U���4�„ �C 1 nm) were coupled to the array via the 
MCF. Two digital-to-analog converters (72 GSa/s, 6 bit) generated uncorrelated, 
differential signals D1 and D2 (pulse shape: square-root-�Œ���]�•������ ���}�•�]�v���U�� �Œ�}�o�o�� �}�(�(�� �r = 1) 
with De Bruijn bit sequences (DBBS 215) that were amplified to 4 Vpp by RF amplifiers. 
D1, D2, D
%1,and D
%2 were fed to the single ended modulators by two GSGGSG probe-
arrays. The four channels were received sequentially with a standard single mode fiber 
in a coherent receiver. Pre-distortion and post-equalization of the electrical signal was 
used to mitigate the frequency dependence of the RF amplifiers and the DACs. 
Fig. 4.2.9 depicts the measured optical eye diagrams and constellation diagrams for 
all four channels at 36 Gbit/s. All channels have bit error ratios (BERs) below the hard-
decision FEC limit of 4.5×10�>3 (6.7 % overhead) [209]; no error was detected within 
the 20 million recorded bits for channel 3. 
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Fig. 4.2.8 –Experimental setup for data modulation experiments. Four lasers with different 
�Á���À���o���v�P�š�Z�•�� �~�4�„ �C 1 � v� u� � � �� š� � � „ �C 1550 nm) were coupled to a multicore fiber (MCF) and the 
modulator array. Four electrical data streams were fed to the modulators by two independent 
DACs. The laser of the channel under test was amplified before coupling to the MCF. The 
modulated light of the channel under test was received by a coherent receiver. The laser source 
of the channel under test was also used as local oscillator in the receiver.  

 
Fig. 4.2.9 – Optical eye and constellation diagrams. Optical eye and constellation diagrams with 
bit error ratios (BER) of the data experiments (BPSK) at data rates of 36 Gbit/s. All four channels 
have a BER below the hard-decision FEC limit of 4.5×10�>3. 

The transmitter performance can be improved further by reducing the fiber-to-fiber 
losses. These are mainly related to fiber-chip coupling and increased plasmonic 
propagation losses. As reported in [16] fiber-chip coupling losses of less than 
5dB/coupler and plasmonic propagation losses of 0.5dB/um are feasible. Reduced 
fiber-to-fiber losses will improve the signal-to-noise ratio and enable higher data rates 
at lower BERs. On a system level further improvements are possible. The plasmonic 
modulators can be integrated with its driving electronics, e.g. by using wire bonding, 
instead of RF probes. Ultimately, plasmonics and electronics shall be monolithically 
integrated on a chip. 

4.2.6 Conclusion 
A compact plasmonic transmitter concept is introduced. It consists of a dense 
plasmonic modulator array operating at 4 × 36 Gbit/s. The transmitter is connected by 
a 50 µm spaced optical interface using a multicore fiber. The transmitter may be used 
in data center applications and relates to either an operation scenario with space-
division multiplexing or wavelength-division multiplexing. 
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5 Plasmonic IQ Modulators 

 Section 5 has been published in [11]:  
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Abstract:  

Coherent optical communications provides the largest data transmission capacity with 
the highest spectral efficiency and therefore has a remarkable potential to satisfy 
today’s ever-growing bandwidth demands. It relies on so-called in-phase/quadrature 
(IQ) electro-optic modulators that encode information on both the amplitude and the 
phase of light. Ideally, such IQ modulators should offer energy-efficient operation and 
a most compact footprint, which would allow high-density integration and high spatial 
parallelism. Here, we present compact IQ modulators with an active section occupying 
a footprint of 4 × 25 µm × 3 µm, fabricated on the silicon platform and operated with 
sub 1 V driving electronics. The devices exhibit low electrical energy consumptions of 
only 0.07 fJ/bit  at 50 Gbit/s, 0.3 fJ/bit  at 200 Gbit/s, and 2 fJ/bit at 400 Gbit/s. Such IQ 
modulators may pave the way for application of IQ modulators in long-haul and short-
haul communications alike. 

5.1 Introduction 
Electro-optic modulators that deal with highest data rates on smallest footprints while 
being energy efficient [19, 38, 40, 43, 129, 210-212] are urgently needed to cope with 
the rapidly growing bandwidth requirements of future communication networks. [2, 
4, 24, 213, 214] Particularly, cloud-based services drive an annual traffic growth of 
60 %, with data centers reaching 80,000 servers.[2] In recent years, coherent 
communications has emerged as a solution offering the highest data transmission 
capacity and spectral efficiency.[67-69] It actually is one of the few schemes with the 
potential to satisfy the ever-growing bandwidth demands of today’s information 
society. [2] However, coherent communications requires in-phase / quadrature (IQ) 
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modulators,[68, 70, 71] which allow encoding of information onto the phase and the 
amplitude of light. Ideally, such modulators should feature high-speed, offer a 
compact fooptrint, and operate energy efficiently. And while IQ modulators have 
already convincingly demonstrated operation at highest speed, [74, 215, 216] they are 
still too bulky to be a convincing solution for short-reach communication systems of 
the future. If these modulators would be energy- and cost-efficient and densely 
integrated on a chip, they could find significantly broader applications. They might find 
deployment in applications ranging from classical long-haul communications to the 
rapidly growing, capacity-hungry inter- and intra-datacenter communications,[214] to 
access networks,[217, 218] and potentially even in chip-to-chip communications and 
data transfer between cores of multi-core processors.[4] 

To evaluate compactness, energy efficiency and speed of an electro-optic modulator, 
the voltage-length product and the achievable line rate have emerged as useful 
Figures of Merit (FoMs). The voltage-length product U�‹L defines the device length 
required to switch from the on- to the off-state with 1 V, which is a convenient 
measure to evaluate compactness as well as prospects for dense integration and 
parallelization. The most successful IQ modulator technology to date is based on 
lithium niobate (LiNbO3). It is the standard in any long-haul optical communication 
system[16] and offers line rates up to 600 Gbit/s per wavelength and polarization.[72, 

216] Nevertheless, LiNbO3 devices are typically a few cm long (U�‹L �C 1-10 Vcm), which 
hampers any dense integration and ergonomic parallelization. Conversely, indium 
phosphide (InP) modulators have been identified as a promising and more compact 
(U�‹L �C 1 Vcm) alternative, [219] offering similar line rates of up to 660 Gbit/s. [74, 215, 
220] However, these devices rely on more demanding fabrication technologies and 
they lack the intriguing prospect of monolithic co-integration with CMOS electronics. 
The silicon platform in contrast promises the co-integration of electronics and 
photonics on a single chip. [19, 20] Silicon photonic (SiP) IQ modulators offer relatively 
compact footprints, typically a few mm long (U�‹L �C 1 Vcm[219, 221]), and have 
demonstrated line rates of up to 350 Gbit s-1.[222] By introducing organic electro-optic 
(OEO) materials to the SiP platform[56, 75, 127] even shorter devices with 0.5-mm-long 
active sections (U�‹L �C 0.5-1 Vmm[75, 127]) and line rates of up to 400 Gbit/s [75] 
became possible. Even though all of these platforms offer highest line rates, the 
dimensions of these devices are still relatively large. The photonic nature of these 
devices and the traveling wave electrode designs required for high-speed operation 
ultimately limit dense integration capabilities.  

In addition to speed and compactness, drive voltages compatible with CMOS levels 
(�G 1 V) and small device capacitances are required in order to keep electronics and on-
chip heat management relaxed. These requirements can be expressed by the energy 
that an electrical driver has to provide to modulate one bit, Ebit, [3], which ideally 
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would be below a femtotjoule per bit (fJ/bit ). While intensity modulators have already 
demonstrated sub-fJ/bit  modulation [43, 59, 223] only few have shown to operate 
with lowest energy consumption at highest-speed (70 Gbit/s)[43].  

Recently, plasmonic approaches have emerged as a promising alternative.[201] The 
success of these schemes relies on a combination of plasmonic slot-waveguides and 
an organic [127] or ferroelectric[224] nonlinear material. These modulators promise 
lowest voltage-length products (U�‹L �C 40 Vµm)[100], ultra-fast electro-optic 
modulation featuring an extraordinary EO bandwidth far beyond 100 GHz [160, 225] and 
up to the THz[226], and a most compact footprint. [100, 210] The small size has 
already enabled dense modulator arrays for interconnect applications demonstrated 
on a microscopic footprint. [124, 132] And while plasmonics has already shown compact 
footprints, and low electrical energy consumptions, [76] it is not clear if the technology 
can also offer lowest-drive voltages with sub-fJ/bit  electrical energy consumptions at 
highest-speed.  

In this paper, we demonstrate compact plasmonic IQ modulators on silicon with an 
active section occupying as little as 4 × 25 µm × 3 µm of footprint and show stable 
operation at data rates up to 400 Gbit/s with a small U�‹L �C 130 Vµm. Furthermore, the 
devices operate with sub-1 V driving electronics at 100 GBd. Since the devices feature 
capacitances of a few femtofarad only, this technology features among the lowest 
electrical energy consumption of any IQ modulator technology demonstrated to date. 
We calculate electrical energy consumptions to be as low as 0.07 fJ/bit  at 50 Gbit/s, 
0.3 fJ/bit  at 200 Gbit/s, and 2 fJ/bit  at 400 Gbit/s. This new generation of IQ 
modulators takes advantage of the combination of silicon photonics, [18, 50] organic 
electro-optics, [82, 83] and plasmonic sub-wavelength light confinement, [77-80] all 
of which allow for efficient electro-optic modulation on micrometer footprints. The 
content of this work is in part based on preliminary results first presented at the CLEO 
conference. [227] 
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5.2 Results 

5.2.1 Plasmonic IQ Modulators 
The plasmonic-organic hybrid IQ modulators discussed here, consist of two 
imbalanced high-speed plasmonic Mach-Zehnder modulators (MZMs) [134] 
integrated into a SiP Mach-Zehnder interferometer (MZI), see Fig. 5.2.1(a). The phase 
delay between I and Q branches can be adjusted either by a thermo-optic phase 
shifter (heater) or by tuning the wavelength, enabled by the imbalance in the SiP MZI. 
DC biases are used to independently adjust the operating points of the two MZMs. 
The active sections of the MZMs consist of 15 µm or 20 µm long plasmonic slot 
waveguides[9] with a slot width of 130 nm, Fig. 5.2.1(b). The metal-insulator-metal 
(MIM) plasmonic slot waveguide is filled with the organic electro-optic (OEO) material 
composite HD-BB-OH/YLD124.[117] Within the active section, both the electrical RF 
driving field and the optical field are tightly confined to the plasmonic slot and are 
overlapping nearly perfectly, Fig. 5.2.1(c,d). 

 

 
Fig. 5.2.1 – (a) Colorized scanning electron microscope picture of a plasmonic IQ modulator.. (b) 
Zoom into the active section of the modulator, a plasmonic slot waveguide. Light from silicon (Si) 
feeding waveguide is coupled to the gold (Au) slot waveguide by tapered mode converters. The 
slot is filled with an organic electro optic (OEO) material (not depicted). (c-d) Cross section of the 
plasmonic slot waveguide with simulated (c) electrical driving field and (d) optical field. 
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The linear electro-optic effect in the OEO material allows efficient encoding of the 
electrical driving signal onto the optical carrier.[129] The devices feature voltage-
length products of U�‹L �C 130 Vµm and on-chip optical losses between 11.2 dB for the 
device with 15 �Pm and 13.7 dB and 14.5 dB for the devices with 20 �Pm length. The on-
chip losses can be attributed to photonic-plasmonic conversion losses of ~1.7 dB per 
converter and phase shifter losses of ~0.5 dB µm-1. These losses are higher than what 
was expected from previous fabrication runs (~0.5 dB per converter, 0.38 dB µm-

1  [131]). In addition, we measure fiber-to-chip coupling losses of 4 dB per coupler. 
With optimized fabrication and coupling techniques, fiber-to-fiber losses below 10 dB 
should already now be possible. By further exploiting the design freedom offered by 
organic electro-optics, higher in-device nonlinearies may be expected. [8] Ultimately, 
fiber-to-fiber losses below 6 dB should become practical, see Section 5.4.1. 

5.2.2 High-speed Data Modulation with Driving Amplifiers 
The plasmonic IQ modulators introduced here offer high line-rate complex 
modulation up to 400 Gbit/s on a compact footprint. The active sections occupy only 
4 × 25 µm × 3 µm, the contacting electrodes for easy testing consume 
~400 µm × 600 µm – but are not needed if cointegrated with electronics. The devices 
were tested for high-speed signal generation at 50 GBd and 100 GBd, each with QPSK 
and 16QAM. This corresponds to line rates from 100 Gbit/s up to 400 Gbit/s. Fig. 5.2.2 
plots the measured bit error ratios (BERs) for three investigated devices IQ1 – IQ3 (see 
Table 5.4.1, Methods Section) as a function of the line rate. For QPSK modulation, all 
devices showed BERs well below the KP4 forward error correction (FEC) limit of 2×10-4 
at both 50 GBd and 100 GBd. [228] For 16QAM modulation, BERs are well below the 
HD-FEC limit of 3.8×10-3 at 50 GBd and below the SD-FEC limit of 4×10-2 at 100 GBd 
(400 Gbit/s).[72] At 400 Gbit/s the device IQ3 dissipates an electrical energy as low as 
2 fJ/bit  when operated with a driving signal of U�u�����•�ñ�ì�O�U�‰�‰ = 1.48 V. The voltage is 
provided by an electrical driving amplifier and has been measured using a 50 �O 
oscilloscope.  

Furthermore, we test the compatibility of plasmonic IQ modulators in systems without 
electronic equalization. Table 3.1.3 summarizes the performed measurements. We 
found BERs below the KP4 FEC limits for at 50/100 GBd QPSK and below the SD-FEC 
limit at 50 GBd 16QAM. At 100 GBd, a static digital post distortion was applied to 
account for the strong low-pass characteristics of the electronic components. The 
experimental setup, information on the individual measurements and the used DSP 
can be found in Section 5.4.6. 
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Fig. 5.2.2 – High-speed data modulation.  (a). BER as a function of the line rate for three devices, 
IQ1-3 (blue, red, and yellow). QPSK: circles, 16QAM: diamonds. Operation well below the KP4 FEC 
threshold for all QPSK measurements. Operation below the 7% HD-FEC threshold at 50 GBd 
16QAM and the SD-FEC limit 100 GBd 16QAM. Measurements with BERs below 1×10-5 are 
grouped. (b) Constellation diagrams for 100 GBd 16QAM and QPSK. 

Table 5.2.1: Device operation without electronic equalization. (a) 100 GBd 16QAM and (b) 
QPSK. Static digital post distortion (DPD) was applied to correct the low-pass characteristics of 
the electronic components. (c) 50 GBd 16QAM and (d) QPSK. No DPD was applied at 50 GBd. 

 (a) 16 QAM 

100 GBd 

(b) QPSK 

100 GBd 

(c) 16 QAM 

50 GBd 

(d) QPSK 

50 GBd 

Line Rate  400 Gbit/s 200 Gbit/s 200 Gbit/s 100 Gbit/s 

Const 
Diagr. 

 

     

BER 4.5×10-2 6.5×10-5 6.8×10-3 1.9×10-9 

5.2.3 High-speed Data Modulation with sub-1 V Driving 
Electronics 

Plasmonic IQ modulators offer high-speed data modulation without the use of 
expensive and energy-hungry electrical RF amplifiers. Sub-1 V driving electronics in 
combination with device capacitances in the range of ~3 fF allows for sub-fJ/bit  
electrical energy consumptions up to 200 Gbit/s. The electrical energy efficiency of a 
modulator is determined by its drive voltage Upp and device capacitance C. It can be 
estimated to be proportional to CUpp

2, derived in [229] and adapted for QAM 
modulation formats in [100]. Note that the voltage drop UIQ,pp across the plasmonic 
IQ’s active section is estimated to be twice the voltage measured with a 50 �O��
oscilloscope, hence, Upp,IQ  �C��2U�‰�‰�U�u�����•�ñ�ì�O, see Methods Section. Neither heaters nor 
driving amplifiers were used to operate the device. 
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Table 5.2.2 shows selected constellation diagrams at (a) 100 GBd, (b,c) 50 GBd and (d) 
25 GBd, all operated with sub-1 V driving electronics. At 200 Gbit/s the device was 
operated with a drive voltage of Umeas�ñ�ì�O,pp = 567 mV, resulting in an electrical energy 
consumptions of 0.3 fJ/bit . At 50 Gbit/s, the device was operated with 
U�u�����•�ñ�ì�O,pp  = 145 mV resulting in an electrical energy consumption of 0.07 fJ/bit . The 
slight asymmetry that can be seen in the constellation diagrams of the QPSK signals 
(a) and (d) is due to an imperfect IQ angle and led to a small BER penalty. 

 

Table 5.2.2 Device operation with sub-1 V driving electronics without driving amplifier. 
Constellation diagrams and sub-fJ/bit electrical energy consumptions at (a) 100 GBd, (b,c) 

50 GBd, and at (d) 25 GBd.  
 (a) QPKS 

100 GBd 

(b) 16QAM 

50 GBd 

(c) QPSK 

50 GBd 

(d) QPSK 

25 GBd 

Line Rate  200 Gbit/s 200 Gbit/s 100 Gbit/s 50 Gbit/s 

Const 
Diagr. 

 
 

  
BER 1.4×10-3 2.0×10-2 2.0×10-4 2.0×10-3 

Umeas�ñ�ì�O,pp 426 mV 567 mV 326 mV 145 mV 

Ebit 0.61 fJ/bit  0.30 fJ/bit  0.36 fJ/bit  0.07 fJ/bit  

5.2.4 Stable Device Operation 
Plasmonic IQ modulators offer reliable and stable operation. We demonstrate stable 
operation for >10 h as well as operation at elevated temperatures of up to 75 °C. The 
plasmonic IQ modulator IQ1 (see Table 5.4.1, Methods Section) was operated for ~8 
hours before we started testing at elevated temperatures. To perform experiments at 
higher temperatures, the device was mounted on a temperature-controlled sample 
stage.  Fig. 5.2.3 depicts the operating temperature and error vector magnitudes 
(EVM) taken at five different measurement points M1-M5 (circles) during the 
operating time of this experiment. After a reference measurement at 42°C was 
performed (measurement M1), the device was heated and operated for 70 min at 
65°C and for 80 min at 75 °C. Test measurements M1-M5 have been recorded during 
this time span. We observe the expected burn-in within the first ~30 minutes at 60 °C. 
During this burn-in process the OEO molecules relax to a stable orientation, after 
which a stable device performance is found. No degradation of the modulation 
performance was observed during the temperature tests. More information on the 
operation at elevated temperatures can be found in the Methods Section. 
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We identified ~75 °C as the upper temperature limit for stable device operation for 
the OEO material used in this work. While device IQ1 was operating stably at this 
temperature during and after the test, we observed de-poling of device IQ3. This 
temperature of 75 °C is slightly below the temperature of  ~80 °C where we noticed 
de-poling in an earlier experiment.[210] At these temperatures even small variations 
in temperature and optical power may induce de-poling, which typically occurs around 
30 °C [230] [102, 231] below the OEO material’s glass transition temperature Tg (in 
this work, Tg~110 °C)[117]. It is important to note that high-Tg and cross-linked OEO 
materials potentially offer much better long-term stability at higher temperatures. [83, 

139, 232]  

 

 
Fig. 5.2.3 – Optical modulation at elevated temperatures for the device IQ1 Operation 
temperature (solid red) and EVM (dashed blue) as a function of the operating time. The EVM 
remains nearly constant and stays around 20 % for all temperatures. All measurements at 50 GBd 
QPSK. More information on measurements M1-M5 can be found in the Methods Section, Table 
5.4.4.  

5.3 Discussion 
We have presented compact IQ modulators with an active section occupying 4 × 25 
µm × 3 µm operating with drive voltages below 1.5 V at up to 400 Gbit/s. We 
furthermore show high-speed operation of the modulators with sub-1 V driving 
electronics. We demonstrate low electrical energy consumptions of 0.07 fJ /bit  at 50 
Gbit  s-1, 0.3 fJ /bit  at 200 Gbit  s-1. At 400 Gbit  s-1  and a drive voltage of ~1.5 V we find 
an electrical energy consumption of 2 fJ/bit  These devices have optical on-chip losses 
between 11 dB and 15 dB, demonstrate stable performance (tested for >10 h), and 
operation at elevated temperatures up to 75 °C. Due to the compactness and energy-
efficiency of our modulators, they can be easily parallelized on a tiny footprint at low 
cost.  

The plasmonic modulator technology is a solution that can meet the energy and 
footprint needs of future optical communications systems. It enables highly 
parallelized, high-speed coherent communications on a most compact footprint. With 
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this technology, coherent optical communications may become accessible to a much 
broader field of applications ranging from inter/intra datacenter communications all 
the way up to access and backbone networks .[214, 217, 218] Potentially, it even may 
find applications in chip-to-chip communications and communications between cores 
of multi-core processors. [4] 
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5.4 Methods Section 

5.4.1 Devices 
Within this work, three similar devices (IQ1-IQ3) have been investigated. They feature 
the properties given in Table 5.4.1. Losses were measured at maximum transmission. 

Table 5.4.1 Summary of investigated devices including fiber-to-fiber and on-chip losses.  
Device Lactive 

 

[µm] 

wslot 

 

[nm] 

On-chip 
loss 

 

[dB] 

Photonic-
plasmonic 

converter loss 

[dB] 

Loss 
plasmonic 
section 

 

[dB] 

Fiber-to-
chip 
coupling 
loss  

[dB per 
coupler] 

Fiber-to-
fiber loss 

 

[dB] 

IQ1 
621 

15 130 ~11.2 ~1.7 ~7.8 ~4 19.2 

IQ2 
622 

20 130 ~14.5 ~1.7 ~11.1 ~4 22.5 

IQ3 
626 

20 130 ~13.7 ~1.7 ~10.3 ~4 21.7 

 

Note that both the fiber-to-fiber and the on-chip loss leave room for improvement. By 
relying on dedicated fabrication processes and the use of established coupling 
techniques, fiber-to-fiber losses of below 10 dB should be within reach.  

By switching to established coupling techniques of the industry, the fiber-to-fiber 
losses can be reduced by 5 dB to ~14.2 dB.  Our current fiber-to-chip coupling of ~4 dB 
per coupler is higher than what is offered by the industry. SiP foundries offer ~2.5 dB 
per coupler. [233] Blazed GCs similar to the ones used within this work, but optimized 
for perpendicular incidence offer ~1.5 dB per coupler[90]. Standard edge coupling 
offers similar losses of ~1-1.5 dB per coupler. [233] 

Furthermore, the photonic-to-plasmonic converters (PPCs) used in this work were 
optimized for slot widths of 80 nm instead of 130 nm and show higher losses than 
expected. These linearly tapered PPCs introduce losses of ~1.7 dB per converter while 
~0.5 dB per converter are possible with optimized structures. These more efficient 
converters would improve the fiber-to-fiber losses by another 2.4 dB to ~11.8 dB. 
Plasmonic propagation losses were estimated using four IQ modulators with two 
different lengths to be 0.5 dB µm-1, being in good agreement with reference 
structures on the same chip. In previous experiments, such losses of 0.5 dB µm-1 have 
been found in 80 nm wide slots, [131, 134] while slot widths of 130 nm should result 
in values below 0.38 dB µm-1 [131]. We attribute these increased losses compared to 
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previous runs to higher roughness and impurity of gold, deposited in a multi-user and 
multi-material deposition system. Switching to a dedicated deposition tool should 
reduce the fiber-to-fiber losses further to 9.9 dB. Alternatively, a higher gold quality 
would permit reduction of the slot width to 80 nm, while keeping the losses the same. 
This would reduce the voltage-length product from U�‹L �C 130 Vµm by a factor of 
approximately two to U�‹L �C 65 Vµm. Hence, with current fabrication techniques and 
coupling options sub-10 dB fiber-to-fiber losses are within reach.  

Additionally, the plasmonic-organic hybrid modulator technology offers an intriguing 
route to improve performance without altering the device structure: the technology 
can be used with alternative, higher performance OEO materials that have been 
recently been developed or proposed. While in the current experiment, in-device 
nonlinearities of ~160 pm V-1 are achieved, higher in-device nonlinearity EO materials 
with good thermostability are within reach. A doubling of the EO coefficient from 
~160 pm V-1 with the current material to 320 pm V-1 (recently demonstrated in-device 
nonlinearity: 390 pm V-1)[60], would allow to reduce the length of the device by a 
factor of two, potentially reducing the fiber-to-fiber losses to 6 dB. Because the 
required drive voltage of a plasmonic MZM depends linearly on the length of the 
plasmonic section and the nonlinearity of the OEO material [131], a doubling of the 
material’s nonlinearity would allow for a 50 % shorter device, while keeping the drive 
voltage constant. Alternatively, the drive voltage could be reduce by a factor of two.  

Optimizing OEO materials for plasmonic applications promises further improvements 
with nonlinearities of >1000 pm V-1 [8, 117] and consequently will allow to further 
reduce the fiber-to-fiber loss and the voltage-length product. 
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5.4.2 Energy Consumption per Bit and Drive Voltage 
The energy consumption per bit Ebit has emerged as a figure-of-merit (FOM) to 
compare different electro-optic modulator technologies [229]. It depends mainly on 
the device impedance (capacitance) and the electrical drive voltage. Low Ebit values 
indicate that the devices can be operated with energy efficient electrical driver 
circuits.  

The Ebit FOM of a purely capacitive Mach-Zehnder modulator operated with an NRZ 
signal is given by [59, 229] �' �`�g�r= 1/ 4 �„�%�b�c�t�7�n�n

�6 / bit , where �%�b�c�t is the device 
capacitance and �7�n�n is the peak-to-peak drive voltage. For complex modulation 
formats such as QPSK and 16QAM [100]: 

 �' �`�g�r,�U�T�W�O�@1/ 4 �„�%�Q�^�Q�7�n�n
�6 / bit , (5.1) 

 �' �`�g�r,�5�:�U�E�Q�@5/ 72 �„�%�Q�^�Q�7�n�n
�6 / bit , (5..2) 

where �%�Q�^�Q is the capacitance of a single MZM.  

The electrical peak-to-peak voltage �7�n�n applied to the device can be measured using 
an electrical oscilloscope. Most driving electronics and RF measurement equipment 
have an impedance of 50 �O�X�� �,�}�Á���À���Œ�U�� �š�Z���� �‰�o���•�u�}�v�]���� �u�}���µ�o���š�}�Œ�•�� ���Œ���� �‰�µ�Œ���o�Ç��
capacitive. [22] When applied to a standard 50 �O�� �•�}�µ�Œ�����U�� �š�Á�]������ �š�Z���� �ñ�ì �O-specified 
voltage can be utilized by the capacitive device.[22, 59]. For calculation of Ebit we 
consider twice the measured voltage Upp = 2U�u�����•�ñ�ì�O,pp. We do not take the frequency 
dependent RF-probe loss into account amounting to between ~0.25 dB at 7 GHz and 
~1.1 dB at 67 GHz. Therefore, the effective drive voltages applied to the device is 
slightly lower than the values in this manuscript. 

 
Fig. 5.4.1 – Measured electrical eye diagram and the probability density function (PDF). The PDF 
represents the voltage level distribution at the maximum eye opening where the peak-to-peak 
electrical drive voltage U�u�����•�ñ�ì�O�U�‰�‰ is measured.  

Fig. 5.4.1 shows a measured electrical eye diagram used to determine the electrical 
drive voltage U�u�����•�ñ�ì�O,pp It shows the in-phase component of a 25 GBd QPSK signal. 
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The peak-to-peak drive voltage U�u�����•�ñ�ì�O,pp is measured using the probability density 
function (PDF) at the maximum eye opening. In this example, it is measured to 
U�u�����•�ñ�ì�O,pp = 145 mV. This measurement was performed for in-phase and quadrature 
signals for all electrical driving signals used in this work. 

5.4.3 Device Capacitance  
The modulator impedance was determined with and without RF contact pads using 
frequency domain simulations in CST microwave studio. We follow the method 
published in Reference [22], where simulations and experimental verifications can be 
found. For the simulation without RF contact pads, the MZM was modelled as a 1 µm 
wide strip separated by narrow gaps from two ground planes on either side, see Fig 
2.14 and Table 1 in Reference [22]. The device impedance was calculated from the 
simulated reflection coefficient �5�5�5 at the device input  using �<�b =
Z�P (1 + �5�5�5) (1 
F �5�5�5)�¤  with �<�P= 50 �3. The capacitance was determined from the 
simulated imaginary part of �<�b with �%�b =  
F1/ Im{�<�b2�è𝜋𝜋} ,  yielding �%�b = 3.4  fF at 
20 GHz (IQ1: 2.6 fF). When including the electrical contact pads, the capacitance 
yielded �%�b = 36  fF. Even if the large pads are added, the energy consumption is 
below 1 fJ/bit  at 50 Gbit/s and below 5 fJ /bit  at 200 Gbit/s. 

5.4.4 High-Speed Experiments with Driving Amplifiers 
The high-speed experiments were performed using the setup depicted in Fig. 5.4.2. At 
the transmitter, electrical signals (100 GBd NRZ and 50 GBd NRZ, QPSK and 16QAM) 
are generated offline and are sent to two (one for in-phase (I) and one for quadrature 
(Q) component) digital-to-analog converters (DAC, Micram DAC4, 100 GSa s-1, 
3 dB BW: 40 GHz, vertical resolution of 6 bit). Subsequently, the electrical signals were 
amplified by electrical driving amplifiers (RF amps: 3 dB BW: 55 GHz or 3 dB BW: 
65 GHz) before they were combined with a DC bias to control the operating points of 
the MZMs (between 0 V and 8 V) using bias tee (3 dB BW: 65 GHz). The electrical 
signals are fed by two RF probes (ground-signal-ground (GSG) configuration, 1 dB BW: 
~60 GHz) to the device under test (DUT). The IQ bias was adjusted by using the 
thermo-optic phase shifter, with an electrical heating power between 0 and ~20 mW.  

Light from an external cavity laser (ECL) (wavelength around 1550 nm) was amplified 
to 15 dBm – 20 dBm using an erbium-doped fiber amplifier (EDFA) and was fed to- and 
from the chip using fiber-to-chip grating couplers. The modulated light is coupled back 
to fiber and send to the optical coherent receiver. At the receiver the signal is 
amplified by and EDFA and mixed with the local oscillator in a 90° optical hybrid. Two 
balanced photo diodes (3 dB BW: 70 GHz) receive the signal which is digitized by a 
digital sampling oscilloscope (160 GSa s-1 3 dB BW: 63 GHz). 
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Fig. 5.4.2 – Experimental setup for high-speed data generation experiment with driving amplifier  
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Table 5.4.2 Measurements of Fig. 5.2.2. 
Modulation Device U�u�����•�ñ�ì�O�U�‰�‰ 

[V] 

 Ebit 

[fJ/bit ] 

BER BER without el. 
equalizer 

Popt 

[dBm] 

UIQ,pk 

[V] 

50 GBd QPSK 
(100 Gbit/s) 

IQ1 

IQ2 

IQ3 

~2.0 

1.92 

1.92 

 10.2 

12.4 

12.4 

6.86×10-

8*  

4.96×10-6
�¥  

8.25×10-
23*  

3.3×10-4  

5.9×10-4�¥   

1.9×10-9*  

20 

15 

18 

~2.0 

1.92 

1.92 

50 GBd 
16QAM 
(200 Gbit/s) 

IQ1 

IQ3 

2.95 

1.99 

 8.1 

3.7 

1.9×10-4�¥  

3.1×10-4 

6.6×10-3�¥  

6.8×10-3 

20 

18 

2.95 

1.99 

100 GBd 
QPSK 
(200 Gbit/s) 

IQ1 

IQ2 

IQ3 

2.23 

3.45 

1.77 

 12.7 

40.0 

10.5 

6.63×10-

9*  

1.26×10-
6*  

2.97×10-
7*  

1.6×10-6 

5.2×10-5 

6.5×10-5 

18 

19 

18 

2.23 

3.45 

1.77 

100 GBd 
16QAM 
(400 Gbit/s) 

IQ1 

IQ2 

IQ3 

2.75 

2.67 

1.48 

 5.36 

6.64 

2.04 

1.37×10-2 

1.48×10-2 

2.36×10-2 

6.3×10-2 

6.4×10-2 

4.5×10-2 

20 

15 

20 

2.75 

2.67 

1.48 

* BER estimated from SNR, no/not enough errors counted for statistical relevant measured BER.[234]  

�PMeasurement performed with uncalibrated transmitter, BER estimated from SNR. 

 

5.4.5 High-speed Data Modulation with sub-1 V Driving 
Electronics 

The experimental setup used during low drive voltage experiments is depicted in 
Fig. 5.4.3. It is similar to setup Fig. 5.4.2, however, the electrical driving amplifiers have 
been removed. Electrical 6 dB attenuators have been inserted to achieve sub-300 mV 
electrical drive voltages. The thermo-electric heater has not been used during 
experiments without electrical driver amplifiers. The IQ operating point was adjusted 
by using the operating wavelength.  

In the transmitter, electrical output swing voltages between 350 mV and 650 mV have 
been set. To measure the electrical drive voltage applied to the device, the bias-Ts 
have been removed from the RF-probes and connected to a real-time oscilloscope. 
Peak-to-peak voltages between 145 mV and 570 mV have been measured.  Note, that 
the RF probes introduce additional losses of ~0.25 dB at 7 GHz and ~1.1 dB at 67 GHz. 
These additional RF losses are not taken into account. 
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Fig. 5.4.3 – Experimental setup for low-drive voltage data generation experiment without driving 
amplifier.  

Table 5.4.3 Electrical energy consumption per bit at different symbol rates / modulation 
formats. All measurements performed with IQ3. 

Modulation U�u�����•�ñ�ì�O�U�‰�‰ Ebit  BER UDAC,pp UIQ,pk Attenuator 

25 GBd QPSK 
(50 Gbit/s) 

145 mV 

187 mV 

0.07 fJ/bit  

0.12 fJ/bit 

2.0×10-3 

1.66×10-5*  

350 mV 

450 mV 

145 mV 

187 mV 

6 dB 

6 dB 

50 GBd QPSK 
(100 Gbit/s) 

326 mV 0.36 fJ/bit  2.0×10-4 350 mV 326 mV 0 dB 

50 GBd 16 QAM 
(200 Gbit/s) 

567 mV 0.30 fJ/bit  2.0×10-2 650 mV 567 mV 0 dB 

100 GBd QPSK 
(200 Gbit/s) 

426 mV 0.61 fJ/bit  1.4×10-3 650 mV 426 mV 0 dB 

100 GBd 16QAM 
(400 Gbit/s) 

1.48 V 2.04 fJ/bit  2.36×10-2 650 mV 1.48 V RF Amplifier 

* BER estimated from SNR, no/not enough errors counted for statistical relevant measured 
BER.[234]  
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5.4.6 Offline DSP: 
Offline digital signal processing (DSP) for waveform generation and synchronization 
was applied. Before the actual measurements, the setup was calibrated in an electrical 
back-to-back configuration.  

The electrical transmitter consisted of a 100 GSa s-1 DAC (Micram DAC4). The 
realization of different symbol rates was done by tuning the oversampling ratio in the 
transmitter DSP. To maximize the statistically relevance of our measurements, we 
always generated waveforms derived from randomly distributed bits with a length as 
close to the memory size of the DAC of 219 samples as possible. 

The optical receiver detected the in-phase and quadrature part of the waveform and 
sampled the signal with 160 GSa s-1. For the 100 GBd measurements, we applied a 
static digital post-distortion filter at the beginning of the DSP. [235] The following 
steps were timing synchronization, carrier recovery and linear and non-linear 
equalization. Finally, we measured the bit to error ratio (BER). The noise distribution 
of the synchronized symbols was used to estimate EVM and SNR.[234] In case of very 
few or no counted bit errors, the BER was estimated using the SNR. 

5.4.7 Temperature Stability Measurement 
The chip was mounted on top of a thermo-electric heater with thermal paste. The 
surface temperature of the heater was measured using a PT1000 temperature sensor 
and set to the desired temperature by feeding an electrical current through the 
thermo-electric heater. For each measurement the DC bias of the individual MZMs 
was adjusted in a range between ±8 V, the IQ bias was adjusted using the on-chip 
thermo-optic phase shifter. 

Table 5.4.4: Operation at elevated temperatures. Measurement parameters of measurements 
M1-M5  shown in Fig. 5.2.3. All measurements at 100 Gbit/s (50GBd QPSK). 

 Temp  Time at temp  Operating time BER EVM  

 ~22.5 >8h 7h 8.4×10-06* �P 22.5 %�P 

M1 42 °C 20 min 7.8 h 3.9×10-8*  18.4 % 

M2 65 °C 25 min 8.7 h 6.38×10-7*  20.1 % 

M3 65 °C 70 min 9.4 h 9.24×10-6*  22.6 % 

M4 75 °C 20 min 10 h 7.08×10-7*  20.4 % 

M5 75 °C 80 min 11 h 2.31×10-6*  21.2 % 

* BER estimated from SNR, no/not enough errors counted for statistical relevant measured 
BER.[234] �PMeasurement performed with uncalibrated transmitter. 



Methods Section 

  141 

5.4.8 Device Fabrication 
The plasmonic IQ modulators were fabricated in-house on a silicon-on-insulator (SOI) 
wafer consisting of a 220-nm-thick silicon device layer and a 3-�­m -thick buried oxide. 
Electron-beam lithography using a Vistec EBPG5200 system was applied to pattern the 
structures in all process steps. A negative tone electron-beam resist was used to 
pattern photonic components comprising waveguides, MMIs and fiber-to-chip grating 
couplers (GCs).[90] The patterns were transferred into the silicon device layer (fully 
etched structures) by applying an inductively coupled plasma - reactive ion etching 
(ICP-RIE). Partial etching (70 nm deep) of blazed GCs was realized with the use of a 
positive tone electron-beam resist and the ICP-RIE process as in the case of the fully 
etched silicon structures. A 700-nm-thick SiO2 cladding layer was deposited by plasma-
enhanced chemical vapor deposition (PECVD) and locally opened in the active 
plasmonic sections using reactive ion etching (RIE). Plasmonic MIM waveguides and 
electrodes as well as the heater structure were produced with a lift-off process applied 
to a 150-nm-thick e-beam evaporated layer of gold. The organic electro-optic (OEO) 
material composite 75 %wt HD-BB-OH / 25 %wt YLD124 [117] was deposited in a post-
processing step by spin coating. Subsequently, a poling process induced the 
nonlinearity. [131] 
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6 Nonlinear Frequency Generation in Plasmonic-
Organic Devices 

A tremendous effort has been directed towards the realization of compact on-chip 
coherent light sources [236-240] . Despite fabrication complications, high costs and 
often limited performances, a significant progress has been made in the on-chip 
integration of laser gain materials with CMOS (complementary metal-oxide-
semiconductor) compatible photonics [240-243]. However, the variety of available 
optical frequencies provided by these devices remains very limited. Alternatively, 
nonlinear frequency conversion is a remarkable solution, which allows satisfying the 
needs for coherent light sources at frequencies not accessible with the currently 
available “classical” lasers.  

Nonlinear frequency conversion processes based on the second-order nonlinear 
susceptibility require non-centrosymmetric materials [104]. Inorganic crystals without 
�]�v�À���Œ�•�]�}�v�� �•�Ç�u�u���š�Œ�Ç�� �o�]�l���� �����K�� �~�t-barium borate), KDP (potassium dihydrogen 
phosphate), KTP (potassium titanyl phosphate) or LiNbO3 (lithium niobate) have been 
commonly used to generate coherent light over a broad range of frequencies spanning 
from the ultra-violet to the mid infrared [244-246]. The dimensions of these materials 
are typically in the range of several millimeters, which makes these materials 
acceptable for free-space applications but rather impractical for on-chip integration. 
Recently, several research groups demonstrated on-chip SHG employing 
polycrystalline materials like AlN, GaN and SiN [247-250] as well as metamaterial 
nanolaminates [251]. Despite the fabrication complexity and relatively poor 
performance obtainable with such devices, the endeavors show a big demand for on-
chip light sources not attainable otherwise. Therefore, new cost efficient solutions 
with a superior performance could make a remarkable contribution towards the 
realization of on-chip coherent light sources. 

In this chapter, the applicability of two-dimensional nonlinear polymer crystals (2Dp) 
[252] sheet packages with typical dimensions of 20-100 nm in thickness integrated 
into hybrid-plasmonic waveguide structures are investigated for on-chip frequency 
conversion.  

Section 6.1 investigates the applicability of hybrid plasmonic waveguides for on-chip 
second harmonic generation as a coherent visible light source. Section 6.2 discusses 
the application of hybrid plasmonic waveguides for on-chip difference frequency 
generation (DFG) as tunable, coherent THz sources.  
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6.1 On-Chip Second-Harmonic Generation 
For the realization of on-chip coherent light sources, hybrid-plasmonic waveguides 
have been studied theoretically and optimized with numerical simulations for the best 
performance. A fabrication process was developed and the first generation of devices 
was produced on a SiN photonics platform. In these devices, two-dimensional polymer 
(2Dp) crystals are [252] sandwiched between a SiN waveguide and a layer of gold. The 
layer of gold is necessary for realization of a hybrid plasmonic-photonic section, which 
provides a strong confinement for both pump and SHG light to the crystal, where the 
nonlinear frequency conversion process takes places. Phase matching between the 
pump and SHG waves is obtained by mode dispersion engineering [253-256]. The SiN 
waveguides on both sides of the hybrid-plasmonic section are used for delivering the 
pump light from one side and extraction of the SHG light on the other side.  

6.1.1 Hybrid Plasmonic Waveguides on Silicon Nitride 
Hybrid plasmonic waveguides consist of a metal-dielectric interface supporting a SPP 
mode, coupled to a photonic waveguide [95, 255]. They combine the advantages of 
plasmonic and photonic waveguiding. The photonic nature of the hybrid mode brings 
low propagation losses of below 0.1 dB/µm at a wavelength of 1550 nm. The 
plasmonic nature allows high confinement in a low refractive index NLO material. 
Fig. 6.1.1(b) shows a schematic of the hybrid-plasmonic waveguide used in this work. 
It consists of a Silicon Nitride (SiN) photonic waveguide with the 2Dp as NLO material 
on top. A thin layer of gold adds the plasmonic properties to the waveguide. SiN 
photonics is a promising platform for on-chip wavelength conversion. In contrast to 
silicon, the large bandgap (5 eV) of SiN not only ensures optical transparency at both 
visible and infrared wavelengths but also allows to overcome the two-photon 
absorption and free-carrier absorption limitations of silicon. At the same time, the 
compatibility of silicon nitride with CMOS technology enables low-cost photonic 
structures at large fabrication scales similar to silicon photonics. 

Fig. 6.1.1(a) depicts the simulated �' �ì -field of the hybrid-plasmonic TM mode at a 
wavelength of �ã= 1550 nm in a 900 nm wide waveguide. The SiN has a height of 
750 nm, the 2Dp crystal a thickness of 50 nm, and gold has a thickness of 150 nm. The 
plasmonic nature of the mode leads to an enhanced field in the nonlinear active 2Dp 
crystal. At the same time, the losses of �Ù< 0.1 dB/ �Jm are comparably low. 
Fig. 6.1.1(c) depicts the fundamental TM mode at a wavelength of 775 nm, 
Fig. 6.1.1(d) the asymmetric 1st order TM mode at 775 nm.  
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Fig. 6.1.1 Hybrid-plasmonic waveguide (a) Ey-field of the fundamental TM mode at 
(a) wavelength of 1550 nm. (b) Schematic of the waveguide structure. (c) Fundamental and (d) 
asymmetric  1st order TM mode at a wavelength of 775 nm. 

6.1.2 Second-Harmonic Generation and Phase Matching 
Second-harmonic generation (SHG) describes a nonlinear frequency conversion 
process in a second-order nonlinear material [104]. A pump wave of frequency �ñp 
interacts with a �ï(�6)  material. According to Equation (2.12) with 
 �|
é�Ü

(�6) (�ñ�á + �ñ�à ) = �|
é�Ü
(�6) 
k�ñ�n + �ñ�n
o= �|
é�Ü

(�6) (�XSHG), a new field at double the 
frequency �ñSHG= 2�ñp is generated within the �ï (�6)  material. Fig. 6.1.2(a) depicts a 
sketch of the process. Light of frequency �ñp interacts with a �ï (�6)  material over the 
length L. The SHG process doubles the frequency to �ñSHG= 2�ñp. Fig. 6.1.2(b) shows 
the photon description of the three wave interaction. Two photons of energy �0�ñ�ã 
excite an electron to a virtual state. Upon relaxation, a photon of energy  
�0�ñ�W�L�K= �0�ñ�ã + �0�ñ�ã is generated.  
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Fig. 6.1.2 Schematic of the SHG process (a) The frequency of light is doubled in a �ï (�6)  nonlinear 
material by the SHG process (b) Photon description of the process: two pump photons excite an 
electron to a virtual energy state. Upon relaxation, a photon with twice the pump photon energy 
is generated. Figures adapted from [104]. 

The position dependent amplitudes of the pump field 
k�#p
o and the SHG field (�#SHG) in 
a NLO waveguide along z can be described with a set of coupled differential equations 
[104, 105, 130, 256].  

 

 

�ò�#�n

�ò𝜕𝜕
=  
F

�Ù�n 

2
�#�n + j

�ñ�n

4
�â�n�#�n

�Û�#�W�L�K�A�h�ñ𝛥𝛥𝛥𝛥

� �̃#�W�L�K

� �̃V
=  
F

�Ù�W�L�K 
2

�#�W�L�K+ j
�ñp

4
�â�W�L�K�#p �#�n�A�?�h�ñ𝛥𝛥𝛥𝛥 .

 (6.1) 

The change of the amplitudes along z (�ò𝜕𝜕/ �ò𝜕𝜕) depends on the loss �Ù at the specific 
frequency, the coupling coefficient �â, the amplitudes of the two waves, and the phase 
mismatch between the to waves �� �Ú. The coupling coefficients are given by  

 

�H�n = �ó�4
µ �Ñ
å(�6) (�T, �U): �qSHG
�Û �qP �„
k�qp,t 
F �qp,z
od�Td�U 

�H�W�L�K= �ó�4
µ �Ñ
å(�6) (�T, �U): �qp�qp �„
k�qSHG,t
F �qSHG,z
od�Td�U. 
(6.2) 

Where �qt are the field components transverse to the propagation direction, and �qz 
the field component in propagation direction. Note that only in the active section of 
the hybrid plasmonic waveguide �Ñ
å(�6) (�T, �U) 
M0, thus, coupling only occurs in the 2Dp 
crystal.  

Assuming monochromatic waves, the phase mismatch ���Ú is given by  

 

���>= �Ú�W�L�K
F2�Úp =
2�è

�ã�W�L�K
�Jeff,SHG
F2

2�è
�ã�n

�Jeff,p 

=
2�è

�ãSHG

k�Jeff,SHG
F �Jeff,p
o=

2�è
�ãSHG

(�� �J�c�d�d). 
(6.3) 

Note for pulsed systems the effective group refractive indices need to be phase 
matched. 

In order to achieve efficient SHG, the coupling �â should be maximized, the phase 
mismatch minimized. A high coupling coefficient is provided by the hybrid-plasmonic 
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waveguide [256]. Within the 2Dp crystal, neither the E-field of the pump nor of the 
SHG have a change in sign. Furthermore, the E-field in the 2Dp crystal is enhanced by 
the plasmonic property of the mode. 

Phase-matching (�� �Ú= 0) is usually one of the most challenging tasks in realization of 
devices based on nonlinear frequency conversion. To mitigate this challenge the 
waveguide geometry is optimized such that the fundamental mode of the pump and 
the first-order mode of the SHG have the same effective refractive index (�� �Jeff = 0) 
and thus propagate along the waveguide with the same velocity, see Fig. 6.1.1(a,d). 

To find the optimum waveguide dimensions the height and the width of the SiN core 
are swept, while keeping the thicknesses of the crystal and of the gold layer fixed at 
50 nm and 150 nm, respectively. The thickness of the crystal corresponds to an 
average thickness of the exfoliated crystals used later for fabrication of the devices. 
The dispersion relation for the refractive index of SiN as well as of gold were measured 
on calibration samples with ellipsometry, see Appendix B: Simulation Environment. 
Since dimensions of the crystals are too small for ellipsometric measurements, the 
refractive index of the crystals was approximated using index-matching oils and the 
dispersion slope was found to be comparable with poly methyl methacrylate (PMMA). 

�d�Z���� �•�]�u�µ�o���š������ ���]�(�(���Œ���v������ �}�(�� �š�Z���� ���(�(�����š�]�À���� �Œ���(�Œ�����š�]�À���� �]�v�����Æ�� �4�veff between the 
fundamental TM mode of the pump signal (at 1550 nm) and the first order TM mode 
of the SHG signal (at 775 nm) is plotted as a function of the SiN height and width in 
Fig. 6.1.3. The red line represents the phase matching condition �� �J�c�d�d= 0. It shows 
that there are many possible combinations of SiN height and width suitable for phase-
matched SHG.  
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Fig. 6.1.3 Effective index mismatch. Refractive index mismatch between the fundamental pump 
mode and the asymmetric second-harmonic mode. 

6.1.3 Device Design 
The device was designed according to fulfill the phase matching condition. At the same 
time the photonic SiN waveguide should support only the fundamental TM mode for 
the pump signal (at 1550 nm) to ensure efficient coupling to the fundamental mode 
in the hybrid photonic-plasmonic section. These conditions are satisfied with a SiN 
height of 750 nm and a width of 900 nm, which is defined as an optimum and 
fabrication tolerant waveguide geometry for the hybrid-plasmonic device.  

Figure Fig. 6.1.4 shows a schematic of the designed device. The device consists of SiN 
feeding waveguides on a SiO2 substrate. It features a hybrid-plasmonic waveguide of 
length L and inverted tapers to couple to- and from the hybrid-plasmonic section. The 
hybrid plasmonic waveguide consists of a two-dimensional polymer crystal (2Dp) 
sandwiched between a top gold layer and the SiN waveguide, cf. Fig. 6.1.1. 

Coupling to- and from the hybrid plasmonic section was optimized in 3D frequency 
domain simulations, see Appendix B: Simulation Environment. An inverse taper 
structure was found to offer optimum conversion at the in- and output. Photonic-to-
hybrid-plasmonic conversion losses of ~1 dB were found for the fundamental TM 
mode at the pump wavelength. For out-coupling of the 1st order SHG TM mode to the 
fundamental SHG photonic waveguide mode resulted in conversion losses below 1 dB. 
Fig. 6.1.5(a) shows the simulated structure. Fig. 6.1.5(b,c) plot the normalized |�' |-field 
in a xz-cut at half the 2Dp crystal height and in a yz-cut through the center of the SiN 
waveguide for (b) the pump field and (c) the SHG field.  
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Fig. 6.1.4 Schematic of the designed device. The device consists of SiN feeding waveguides on a 
SiO2 substrate. It features a hybrid-plasmonic waveguide of length L and inverted tapers to couple 
to- and from the hybrid-plasmonic section. The hybrid-plasmonic waveguide consists of a two-
dimensional polymer crystal (2Dp) sandwiched between a top gold layer and the SiN waveguide. 
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Fig. 6.1.5 Converter simulation. (a) Screenshot of the simulation environment.(b,c) Simulated  |�' |-
fields. Cut through the xz-plane at half the 2Dp crystal thickness and cut through the yz plane in 
the center of the SiN waveguide. (b) 1550 nm, excited from the fundamental photonic TM mode 
and (c) 775 nm, excited with the 1st order asymmetric TM mode in the hybrid-plasmonic 
waveguide. 

The devices were fabricated as described in Appendix C: Device Fabrication. Fig. 6.1.6 
depicts the fabricated mask layout, SiN waveguides in blue. The structure consists of 
four parallel active devices, see zoom-ins Fig. 6.1.6(b,c). 90° waveguide bends 
between the in- and output avoid direct crosstalk between in- and the output. 
Fig  6.1.7 shows a microscopy picture of the final fabricated device with a zoom-in into 
the active section. The topography of the 2Dp crystal is transferred to the gold layer 
on top. The crystal was deposited in such a way, that it is flat within the active section.  
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Fig. 6.1.6 Mask layout of the device. (a) Overview of the device with feeding waveguides and the 
active section. (b) and (c) zoom in into the active section, with four parallel SiN waveguides (blue) 
covered with gold (yellow). The inverted tapers convert the photonic SiN mode to the hybrid-
plasmonic mode.  

 

 

 

 
Fig  6.1.7 Fabricated device. (a) Microscope picture of the active section with (b) zoom-in. 
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6.1.4 Device Characterization 
The devices have been investigated in passive transmission measurements and 
actively for SHG. Prior to crystal transfer and metal deposition the SiN photonic 
waveguides were characterized using the setup schematically represented in 
Fig. 6.1.8. 

Two tunable lasers sources (TLS) with wavelengths ranging from 1310 nm to 1328 nm 
and from 1460 nm to 1570 nm were used. The lasers provide the TM mode required 
for the experiments. Light is guided by a polarization maintaining fibers (PMF) to the 
chip and is coupled to tapered SiN waveguides using a polarization maintaining lensed 
optical fiber. A lensed single mode fiber (SMF) collects the transmitted power at the 
chip output and delivers it to a power meter (PM) or an optical spectrum analyzer 
(OSA). Typical propagation losses of 3.5-6 dB/cm have been determined with a cut-
back measurements using waveguides of different length. By performing transmission 
measurements on active structures before and after crystal transfer and metal 
deposition we determined plasmonic propagation losses of between 0.25-0.55 dB/µm 
with photonic-to-plasmonic losses of 2-5 dB/converter, being slightly higher but in 
reasonable agreement with simulations.  

 
Fig. 6.1.8 Passive characterization. Light from tunable laser sources (TLS) around 1310 nm and 
1550 nm was coupled to the chip using a polarization maintaining (PMF) lensed fiber. At the chip 
output, a lensed standard single mode fiber (SMF) collected the transmitted light. Light was either 
analyzed by an optical spectrum analyzer (OSA) or a power meter (PM). 
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Fig. 6.1.9 Microscope pictures of free-space coupling experiments. (a) Top view: visible light 
coupled to the device from free-space. (b) Output facet: Visible light at the output of the 
waveguide.  

Active SHG characterization has been performed at the Laboratory for Multifunctional 
Ferroic Materials (Ferroic-Lab), ETH Zurich. At the Ferroic-Lab, a free-space-to-chip 
coupling setup has been developed, constructed and optimized. In order to couple a 
free-space nanosecond pulsed laser to the device, in a first step a continuous-wave 
(CW) visible light laser was used for first alignment. The alignment laser was coupled 
to the active waveguide by a microscope objective. The coupled light propagates from 
the waveguide input via a 90° waveguide bend to the output, see Fig. 6.1.9(a). The 
output facet is in the focus of the output objective. The output facet emits light that 
was previously guided in the waveguide to free-space, Fig. 6.1.9(b). The light is 
collected by the output objective. Specific waveguides can be addressed individually 
by adjusting the focus of the input objective. After the system was aligned, the 
nanosecond pulsed laser with a wavelength of 1550 nm was fed into the free space 
system. At the output of the chip, a nitrogen-cooled CCD camera was installed in order 
to detect SHG photons. SHG measurements turned out to be challenging and no 
second-harmonic photons could be detected yet. The following steps are suggested 
to experimentally verify the feasibility of on-chip SHG of 2Dp chrystals in SiN hybrid 
plasmonic waveguides: First, free-space-to-chip coupling could be improved by 
implementing advanced edge-coupling techniques [257] to ensure that pump-light is 
efficiently coupled to the chip. Second, the nonlinearity of thin 2Dp crystal stacks 
should be confirmed. So far, SHG was only show in µm-thick 2Dp crystal stacks, SHG 
in thin stacks still needs to be investigated. Alternative materials such as the organic 
nonlinear crystal DAST [258] promise high second-order nonlinearities and could 
enable efficient on-chip SHG based on the proposed structures. 
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6.2 Difference Frequency Generation 

 Section 6.2 has been published in [WH.C5]:   

 
Mid-IR Generation by Difference Frequency 

Generation in a Hybrid Plasmonic Waveguide 
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Koch, Christian Haffner, and Juerg Leuthold., Advanced 
Photonics 2017, New Orleans, Louisiana, USA, 2017, IM2A.2. 

For consistency, figures and formatting have been adapted from 
the original publication. 

 

 

 

Abstract:  

We suggest an integrated mid-IR light source based on difference frequency 
generation. Using modal phase matching in hybrid plasmonic waveguides we show a 
tunable, on-chip mid-IR source concept. 

6.2.1 Introduction 
On-chip nonlinear frequency conversion is of great interest for applications like 
spectrochemical analysis and optical gas sensing [259]. In particular, there is a great 
demand for coherent light sources in the mid-infrared region (3-50 µm), where many 
chemical species show strong absorption due to transitions between their vibrational 
and rotational states. A tremendous effort has been directed towards the realization 
of compact on-chip coherent light sources baseed on various approaches [236-243, 
253-256, 260, 261]. Quantum cascade lasers represent the standard semiconductor 
light sources available in the mid-infrared spectral region [260, 261]. Also a significant 
progress has been made in the on-chip integration of laser gain materials with CMOS 
compatible photonics, despite fabrication complications, high costs, and often limited 
performance [236-243]. However, the variety of available optical frequencies 
provided by these devices remains very limited. Alternatively, nonlinear frequency 
conversion is a remarkable solution, which might allow to generate coherent light at 
frequencies not accessible with currently available “classical” lasers.  

In this paper we suggest a coherent on-chip mid-IR light source relying on phase 
matched difference frequency generation [262] in a hybrid plasmonic waveguide 
(HPW) [95, 253-256]. The source is tunable from 4 µm to 5 µm with powers >100 nW, 
assuming moderate nonlinearities and a pulsed pump laser. We numerically assess 
the device performance to demonstrate efficient and fabrication-tolerant mid-IR light 
generation.  
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6.2.2 Operation Principle of the Difference Frequency 
Generation Concept 

Fig. 6.2.1 (a) depicts the suggested mid-IR source including the active HPW and Si3N4 
feeding waveguides. Fig. 6.2.1(b) illustrates the idler output wavelength and the 
achievable idler output power for a given signal wavelength and a fixed pump 
wavelength with the structure from Fig. 6.2.2. Here we confine ourselves to the 
generation of coherent mid-IR light (~4 µm) in a HPW by modal phase matched 
difference-frequency generation. 

 
Fig. 6.2.1 Difference Frequency Generation Concept (a) Suggested device for on-chip difference 
�(�Œ���‹�µ���v���Ç�� �P���v���Œ���š�]�}�v�X�� �W�µ�u�‰�� �„p ���v���� �•�]�P�v���o�� �„s are fed to the device by photonic silicon nitride 
waveguides. A gold taper structure couples light to the hybrid plasmonic waveguide where the 
���&�'���‰�Œ�}�����•�•���š���l���•���‰�o�������X���d�Z�����P���v���Œ���š�������]���o���Œ���„i ���•���Á���o�o�����•���„s ���v���������Œ���u���]�v�]�v�P���„p are coupled out 
to a wide photonic waveguide that supports the mid-IR mode of the idler. (b) Idler output 
wavelength and achievable idler output power when operated with a pump of �„p = 1117 nm at a 
given signal wavelength �„s. The idler wavelength (dashed blue) detunes when adapting the signal 
wavelength (�ã�Ü

�?�5= �ã�ã�?�5
F �ã�æ�?�5). For shorter signal wavelengths (longer idler wavelengths) the 
output power increases due to more efficient modal coupling �â.  

The generation of the coherent mid-IR light takes place in the active section of the 
device, namely the HPW [236, 256]. This kind of waveguide combines the individual 
advantages of plasmonic and photonic waveguides with a high confinement 
(plasmonics) in the active material with low loss photonic waveguiding [95]. Fig. 
6.2.2(a) shows the cross section of the hybrid waveguide used in this work, comprising 
of the plasmonic metal (gold, 150 nm) with the nonlinear optical (NLO) material  
(50 nm) on top of the photonic Si3N4 waveguide (1290 nm). The waveguide is placed 
on a silicon dioxide substrate and has a width of 1530 nm. The used materials were 
chosen as they have beneficial material properties over a broad wavelength range (1-
10�Pm). In contrast to e.g. silicon, Si3N4 is transparent in the desired wavelength range 
and has low two-photon absorption. This is of particular importance when using high 
pump powers in NLO experiments. Gold was selected, as the plasma frequency of gold 
lies in the visible wavelength range such that this structure supports hybrid plasmonic 
(TM) modes at the desired pump, signal and idler frequencies, see Fig. 6.2.2(b). The 
subplots shows the y-components of the electrical mode fields at all three 
wavelengths. The field profiles at signal and idler wavelength represent the TM00 
mode, while the field profile at the pump wavelength shows the TM01 mode. This 
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method is called modal phase matching and allows to meet the phase matching 
condition as higher order modes have smaller effective indices than the fundamental 
mode at the same frequency. Furthermore, the phase of the field within the active 
material doesn’t change sign resulting in a high coupling coefficients �H�à  [254]. 

 
Fig. 6.2.2 (a) Hybrid plasmonic waveguide structure. (b) Modes used for modal phase matching, 
fundamental modes (TM00) for signal and idler, the first higher order mode (TM01) for pump. Note 
that the simulation domains have been chosen to exceed the visible range currently on display. 
The electric fields are fully decayed at the simulation boundaries. 

To maximize the mid-IR generation we optimize the coupling between the three 
involved wavelengths and ensure phase matching between the modes. During DFG, 
energy is transferred from the pump wavelength to signal- and idler wavelengths. This 
energy transfer can be described by coupled wave equations [262] 
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(6.4) 

with phase-matching term  �Â𝛥𝛥= �Ú�n 
F�Ú�q
F�Ú�g (where �Ú�à  is the propagation 
constant) and the attenuation coefficient �Ù�à . They are related to the wave vector and 
the effective refractive index by -j�Ù�à / 2 + �Ú�à = �G�à = 2�è�J�c�d�d,�à / �ã�à , where 
m denotes p,s,i for pump, signal and idler modes, respectively. The phase mismatch 
�Â𝛥𝛥 describes the difference in the propagation constants �Ú�à  of the three involved 
waves and defines the coherence length 

 �É=  �è/ |�¿�Ú| = 1/ 
k 2 �„�+
k�J�n/ �ã�n 
F �J�q/ �ã�q
F�J�g/ �ã�g
o�+
o. (6.5) 

In this work we ensure phase matching by modal dispersion engineering, a fabrication-
tolerant and attractive solution in HPWs [255, 256]. 
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Furthermore, the coupled wave equations Eq. (3.1) include the coupling coefficients 
�â: 

 

�â�Ü= �ó�4
µ �‹�í�ï
(�6) �q�æ

�Û�q�ã
k�q�Ü,�ç
F �q�Ü,�í
o�@𝑑𝑑�@𝑑𝑑, 

�â�æ= �ó�4
µ �‹�í�ï
(�6) �q�Ü

�Û�q�ã
k�q�æ,�ç
F �q�æ,�í
o�@𝑑𝑑�@𝑑𝑑, 

�â�ã = �ó�4
µ �‹�í�ï
(�6) �q�Ü�q�æ
k�q�ã,�ç
F �q�ã,�í
o�@𝑑𝑑�@𝑑𝑑. 

(6.6) 

Note that coupling takes place only within the NLO material as in the other materials 
�ï (�6) 
N0 pm/ V. The electric field of a wave propagating in +z direction is described by 
�q�à : 

 �q�à (�T,�U,�V) = �#�à (�V) �@�q�à ,�ç(�T, �U) + �q�à ,�í( �T,�U)�A�A�?𝑗𝑗�	 �Ø�í (6.7) 

�#�I ( �V) denotes the mode amplitude along z, �q�à ,�á(�T, �U) is the modal profile, the 
subscript n can either be a t for the transverse or z for the longitudinal component.  

6.2.3 Coherent Mid-IR Generation and Mode Simulation 
The hybrid plasmonic approach allows the efficient generation of light in the mid-IR 
range. Fig. 6.2.3(a) shows the optical power of the generated 4 µm idler wave (red), 
the 1.117 µm pump (solid blue) and the 1.55 µm signal (dashed blue) when 
propagating in the HPW along z and phase matching is fulfilled. It shows how an idler 
power of -39.5 dBm (113 nW) is generated at a length of Lpeak = 126 µm. To generate 
the idler, the signal is launched with 10 dBm (10 mW) in the TM00 mode of the HPW, 
while the pump is launched with 54.8 dBm (300 W) in the TM01 mode. Such pump 
powers are delivered with standard pulsed laser sources. The 4 µm idler power of –
39.5 dBm (113 nW) after a length of Lpeak = 126 µm is achieved when the nonlinearity 
is assumed to be �ï�R�P�S

(�6) = 420 pm/ V. Higher values of �ï(�6)  may increase the 
generated idler power to –32.0 dBm (625 nW) for 1000 pm/V [131] and –26 dBm 
(2.5 µW) for 2000 pm/V [258], respectively. For lengths larger than Lpeak, plasmonic 
propagation losses attenuate signal and pump, as well as the generated idler.  

The dimensions of the waveguide to achieve phase-matched mid-IR generation (hSi3N4 
= 1290 nm, wSi3N4 = 1530 nm) are selected by calculating the coherence length �É, Eq. 
(6.5), as well as the coupling coefficients �H�à , Eq.(6.7). Fig. 6.2.3(b) shows the 
calculated coherence length for a wide range of waveguide dimensions using modal 
phase matching between the pump in TM01, and signal/idler in TM00 mode. The HPW 
allows for phase matching between all three waves in many different waveguide 
configurations showing the versatility of this approach. At the selected dimensions 
there is phase matching (�É =  240 �Jm) and good coupling between the modes 
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(|�â�g| = 33 fs m�?�5W�?�4.�9). Fig. 6.2.3(b) furthermore shows the tolerance towards 
fabrication variations. For variations of ±30 nm in height or width of the waveguide 
the coherence length remains >150 µm, which is in the order of the propagation 
lengths [263] of the involved hybrid plasmonic modes (~100 µm). 

 
Fig. 6.2.3 Difference frequency generation. �~���•�� �W�}�Á���Œ�� �]�v�� �]���o���Œ�� �~�„i = 4 µm, red), pump 
�~�„p = 1.117 �R�u�U�� �•�}�o�]���� ���o�µ���•�� ���v���� �•�]�P�v���o�� �~�„s = 1.55 µm, dashed blue) when propagating along the 
hybrid plasmonic waveguide (hSi3N4 = 1290 nm, wSi3N4 = 1530 nm) for modal phase matched DFG. 
(b) Waveguide dimension dependence of the DFG’s coherence length with pump in TM01, signal 
and idler in TM00. 

To calculate the generation of the idler in the HPW, the mode equations Eq. (3.1) are 
solved numerically. Therefore, the mode fields of the waveguide modes are simulated 
in 2D using COMSOL Multiphysics, see Fig. 6.2.2(b). The wavelength dependent 
material properties of SiO2 are taken from [264, 265]. The relative permittivity of the 
NLO material is assumed to be  

�F
§�@2.178 + 6.1�ã�6 �„10�?�7
F1.5�ã�?�6�„10�?�7
F4.2�ã�?�8�„10�?�7…
…+ 7.3�ã�?�: �„10�?�8
F4.5�ã�?�<
F4.2�ã�?�8�„10�?�7+ 7.3�ã�?�: �„10�?�9�A+ 0.210�G

�6

= �ó�R�P�S,  

�„ in µm. For Au and Si3N4 the relative permittivities are measured by ellipsometry to 
be �ó�W�g�7�R�8= 
F2.3111 
F5.5454 �„(13.7868 eV)�6/  (�ñ�6 
F(13.7868 eV)�6) and �ó�E�s=
3.4391 
F(8.8427 eV)�6/ (�ñ�6 
F0.0409j eV�„�X) 
F2.7863 �„(3.1591 eV)�6/ (�ñ�6 
F
(3.1591 eV)�6 
F0.5887j eV�„�ñ), (�ñ in eV). 

6.2.4 Conclusion 
We suggest a fabrication tolerant on-chip nonlinear frequency conversion approach 
for the generation of coherent mid-IR light around 4 µm based on a hybrid plasmonic 
waveguide. We investigate the applicability of phase matched DFG in the HPW for 
mid-IR light generation by means of simulation. We show that optical powers in the 
mid-IR of –39.5 dBm (113 nW) can be reached with pulsed pump lasers. This is 
achieved by employing modal phase matching in the HPW which is demonstrated to 
be tolerant towards fabrication variations. Furthermore, we show that the mid-IR 
output wavelength can be efficiently tuned by adjusting the input signal wavelength. 
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7 Summary and Outlook 

In this work, the plasmonic-organic hybrid (POH) modulator technology has been 
developed and demonstrated as a reliable, compact, high-speed, and energy-efficient 
modulator technology. The following achievements of this theses were milestones in 
the development of this technology: 

Optimizing organic electro-optic (OEO) materials in plasmonic slot waveguides for 
efficient EO modulation  
Organic electro-optic materials have been employed in plasmonic slot waveguides. 
Different OEO materials have been compared and their in-device performance has 
been investigated and optimized. Poling processes have been developed to reliably 
achieve high-in device nonlinearities. These optimizations then have enabled a variety 
of device demonstrations [WH1]-[WH10][WH14][WH17]-[WH20]. Furthermore, the 
slot-width dependent device performance has been studied. For slot widths below 
80 nm the device performance stays behind expectations [WH4]. It has been found, 
that interface effects between the OEO material and the gold waveguide lead to 
position depending ordering of the OEO chromophores. This strongly affects the 
refractive index in the slot as well as the in-device nonlinearity. Numerical studies 
revealed how these effects impair the modulator performance, explaining 
experimental results. Dielectric interface layers have been suggested to reduce the 
influence of the observed interface effects. Numerical studies showed that nm-thin 
layers high-k dielectric materials are most promising to improve the modulator 
performance.  

Development and demonstration of the POH Mach-Zehnder modulator (MZM) 
The POH MZM has been developed, designed, fabricated and characterized 
[WH1][WH.C1][WH23]. The MZM implementation developed in this thesis relies on 
two plasmonic slot waveguides integrated in a silicon photonic Mach-Zehnder 
interferometer. Both plasmonic and photonic components have been continuously 
improved throughout the thesis to allow for reproducible and low-loss components. 
The device became a standard component of the POH technology and was 
demonstrated in a variety of experiments to feature an electro-optic bandwidth 
beyond 500 GHz [10], to operate with speeds of up to 200 Gbit/s, and to feature 
electrical energy consumptions in the range of 1 fJ/bit [WH.C30].  

Development and demonstration of the POH in-phase/quadrature (IQ) modulator 
The POH IQ modulator was developed, optimized, and characterized. The device 
consists of two nested POH MZMs in a silicon photonic Mach-Zehnder interferometer. 
POH IQ modulators operate at speeds up to 400 Gbit/s, the highest line rate achieved 
with a plasmonic modulator so far. They furthermore operate with sub-1 V driving 
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electronics, enabling electrical energy consumptions below 1 fJ/bit [11] at speeds up 
to 200 Gbit/s, resulting in the best electrical energy efficiency of any plasmonic 
modulator demonstrated at high speed. 

Outlook and future perspective  
Long-term stability of POH modulators was not yet fully addressed. First experiments 
show stable device operation for several hours at room temperature, however, for 
telecom applications devices have to reliably operate for 2000 h at 85 °C [266] .The 
electro-optic materials used in this work do not yet allow for such operation 
conditions. High-glass-temperature and cross-linked OEO materials promise this 
required long-term stability while offering high EO coefficients [267] and thermal 
stability up to 250 °C [83, 268]. 

Furthermore, the POH technology offers the potential to enter new application and 
research fields: enabled by the high EO bandwidth, first demonstrations in electric 
field sensing [WH7] may open a new research field towards THz detection [WH15]. 
Another emerging research field may be microwave plasmonics [WH.C44] with 
applications in the radio-over-fiber [10] or wireless-to-fiber conversion [WH10]. 
Pursuing the quest for most-compact footprints, all-metallic [WH20][WH.C22] and 
ultra-compact [WH.C23] devices have emerged. These devices do not rely on the 
silicon photonics platform and may bring the POH technology onto new substrates 
and towards the monolithic cointegration with electronics.  
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Appendix A: Tables Electro-optic Modulators 
Table A.1 – State-of-the-art electro-absorption modulators 

Technology Fiber-fiber loss Device 
loss 

Upp  ER Active 
Length 

3 dB  EO 
Bandwidth 

Line rate Operation 
Wavelength 

Reference 

InP Platform - 

- 

- 

- 

~5 dB-8 dB 

- 

2 V 

2 V 

10 dB 

10-20 dB 

- 

230 µm 

100 µm 

100 µm 

>100 GHz 

~74 GHz 

~60 GHz 

204 Gbit/s 

50 Gbit/s 

320 Gbit/s 

1.55 µm 

1.3 µm 

1.3 µm 

[33, 34] 

[35] 

[269] 

Ge on Si Platform 16.4 dB 

16.5 

4.4 dB 

3.5 

2 V 

2.8 V 

4.2 dB 

2-7 dB 

80 µm 

40 µm 

>50 GHz 

>40 GHz 

100 Gbit/s 

112 Gbit/s 

1.56-1.60 µm  

1.61 µm 

[36, 37] 

[44] 

 

 

 

Table A.2  – State-of-the-art ring modulators 
Technology Fiber-fiber 

loss 
Device loss Upp  ER Length×width 3 dB  EO 

Bandwidth 
Line rate Operation 

Wavelength 
Reference 

FCD in Si 14.5 dB 
 

 

14 dB 

- 

~1 dB 
 

 

6 dB 

~4 dB 

0.2 V  
2.2 V 

 

2.5 V 

~2.4 V 

~11 dB 

 

 
10 dB 

>20 dB 

5 µm×5 µm 
 

 

30 µm×30 µm 

~20 µm×20 µm 

~17 GHz 
 

 

�' 25 GHz 

50 GHz 

25 Gbit/s 
44 Gbit/s 

 

~80 Gbit/s 

128 Gbit/s 

1.58 µm 
 

 

1.545 µm 

1.281  µm 

[40] 
 

 

[41] 

[47] 

Thin-Film 
LiNbO3 

12 dB 2 dB 5.66 V ~6.5 dB ~430 µm×30 µm 30 GHz 40 Gbit/s 1.575 µm [42] 
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Table A.3  – State-of-the-art Mach-Zehnder modulators 
Technology Fiber-fiber 

loss 
Device loss U�‹ Active 

Length 
U�‹L 3 dB  EO 

Bandwidth 
Line rate Reference 

LiNbO3 ~4 dB  <4 V   ~35 GHz   

Thin-film LiNbO3 ~10 dB 

~10 dB 

0.4 dB 

0.1 dB 

1.4 V 

4.4 V 

20 mm 

0.5 mm 

2.8 Vcm 

2.2 Vcm 

45 GHz 

100 GHz 

210 Gbit/s 

-  

[43] 

[43] 

Si (carrier 
depletion)  

~7.4 dB 

- 

- 

- 

3.7 dB 

5.4 dB 

4.3 dB 

3.3 dB 

~3.3 dB 

28 V 

7 V 

~9 V 

8 V 

32 V 

1 mm 

2 mm 

3.9 mm 

4.8 mm 

0.75 mm 

2.8 Vcm 

1.4 Vcm 

3.5 Vcm 

~3.8 Vcm 

2.4 Vcm 

< 25 GHz 

50-60 GHz 

~30 GHz 

~40-50 GHz 

~55 GHz 

50 Gbit/s 

128 Gbit/s 

112 Gbit/s 

128 Gbit/s 

70 Gbit/s 

[52] 

[53] 

[53] 

[53] 

[177] 

InP ~9 dB ~2 dB 1.5 V ~3.6 mm ~5.4 Vmm 80 GHz 400 Gbit/s [73, 270] 

Silicon-organic 
Hybrid 

16.5 dB 

18 dB 

17.1 dB 

6 dB 

9 dB 

8.2 dB 

0.5 V 

2.2 V 

0.2 V 

1 mm 

0.5 mm 

1.5 mm 

0.5 Vmm 

1.1 Vmm 

0.32 Vmm 

- 

- 

6 dB: 43 GHz 

40 Gbit/s 

120 Gbit/s 

40 Gbit/s 

[59] 

[271] 

[60] 
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Table A.4  – State-of-the-art IQ modulators 
Technology Fiber-fiber 

loss 
Device loss U�‹ Active 

Length 
U�‹L 3 dB  EO 

Bandwidth 
Line rate Reference 

LiNbO3 ~10 dB  - 3.5 V ~1 – 10 cm ~1 – 10 Vcm 37 GHz 600 Gbit/s [72, 272] 

GaAs 18 dB <8 dB 3 V 30 mm ~90 Vmm 27 GHz 150 Gbit/s [273] 

Si  ~15 dB 6.8 dB 7.25 V 4.5 mm ~30 Vmm 20 - 27 GHz 350 Gbit/s [222] 

InP 9 dB ~2 dB 1.5 V ~3.6 mm ~5 Vmm 67 GHz 448 Gbit/s [73, 74] 

Silicon-organic 
Hybrid 

17.5 8.5 1.6 V 600 µm 1 Vmm ~20 GHz-[274] 400 Gbit/s [75] 
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Appendix B: Simulation Environment 

The design, simulation, and optimization of the presented devices has been 
performed with different numerical tools. MATLAB has been used to control 
simulations and measurements, to process and analyze data, and to numerically 
approximate or solve analytic expressions. COMSOL Multiphysics was used to 
simulate optical and plasmonic modes, to optimize silicon photonic, photonic-
plasmonic, plasmonic, and hybrid-plasmonic components. The frequency domain 
electromagnetic wave solver in 2D and 3D was used. In order to simulate electro-optic 
effects, the simulations were coupled to the electrostatic solver. CST Microwave 
Studio was used to optimize silicon photonic components, photonic-to-hybrid 
plasmonic converters, and hybrid-plasmonic components in 3D. Both the frequency 
domain and the time domain solvers were used.  

For the field simulations optical properties were assume unless otherwise stated from 
the following references: SiO2 [264], Si [275], OEO material [131]. The refractive 
indices are in good agreement with in-house ellipsometric measurements of the 
fabricated materials and samples. The refractive indices of silicon nitride and gold 
were determined by ellipsometric measurements after thin-film deposition, see  

Silicon Nitride Gold 
omega = 1239.84./lambda; 
%lambda in nm, >500nm 
epsilon0 = - 2.3111; 
weight = 5.5454; 
omega0 = 13.7868; 
epsilon_SiN = epsilon0 -  
weight*omega0^2./(omega.^2 -  
omega0.^2); 
n = sqrt(epsilon_SiN); 
 

omega = 1239.84./lambda;  
%lambda in nm 
epsilon0 = 3.4391; 
omegaD = 8.4275; 
gammaD = 0.0409; 
weight = 2.7863; 
omegaL = 3.1591; 
gammaL = 0.5887; 
epsilon = epsilon0 -  
(omegaD^2)./(omega.*(omega+1i*gammaD)) 
-  weight*omegaL^2./(omega.^2 -  
omegaL^2 + 1i*omega*gammaL); 
n=sqrt(epsilon);  

Fig. B.1  
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omega = 1239.84./lambda; 
%lambda in nm, >500nm 
epsilon0 = - 2.3111; 
weight = 5.5454; 
omega0 = 13.7868; 
epsilon_SiN = epsilon0 -  
weight*omega0^2./(omega.^2 -  
omega0.^2); 
n = sqrt(epsilon_SiN); 
 

omega = 1239.84./lambda;  
%lambda in nm 
epsilon0 = 3.4391; 
omegaD = 8.4275; 
gammaD = 0.0409; 
weight = 2.7863; 
omegaL = 3.1591; 
gammaL = 0.5887; 
epsilon = epsilon0 -  
(omegaD^2)./(omega.*(omega+1i*gammaD)) 
-  weight*omegaL^2./(omega.^2 -  
omegaL^2 + 1i*omega*gammaL); 
n=sqrt(epsilon);  

Fig. B.1 (a) Measured refractive index of Silicon Nitride and (b) Gold. Below: 
Corresponding functions of the refractive indices of Silicon Nitride and Gold
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Appendix C: Device Fabrication 

The devices designed, fabricated, and tested within this work were fabricated in 
cleanroom facilities of the Binning and Rohrer Nanotechnology Center (BRNC) and the 
Frontiers in Research: Space and Time (FIRST) lab at ETH Zurich.  

Plasmonic-Organic Hybrid Modulators 
Devices have been fabricated on silicon-on-insulator (SOI) wafer consisting of a  
220-nm-thick silicon device layer and a 3-µm-thick buried oxide. Electron-beam 
lithography using a Vistec EBPG5200 system was applied to pattern the structures in 
all process steps. Before fabrication, the wafers were diced into 2 cm ×2 cm large dies. 
Photographs of a fabricated sample containing silicon photonic and plasmonic 
structures is depicted in Fig. C.2. 

 
Fig. C.2 Photograph of a 2 cm ×2 cm large sample containing silicon photonic and plasmonic 
structures. (a) Top view (b) Angled view upon white light illumination.  

Silicon passive components such as waveguides, multimode interference couplers 
(MMIs) and fiber-to-chip grating couplers (GCs) were written in a negative tone 
electron-beam resist. The exposed structures were developed using a general purpose 
developer. The pattern was transferred into the silicon layer by using inductively 
coupled plasma - reactive ion etching (ICP-RIE).  When partially etched grating 
couplers were used (devices of Section 4.2 and Chapter 5) a positive tone electron-
beam resist and the ICP etching process was applied to structure the 70 nm deep 
partial etch. Partially etched grating couplers (GCs) were covered by a 700-nm-thick 
SiO2 cladding layer. The SiO2 was deposited by plasma-enhanced chemical vapor 
deposition (PECVD) and was locally opened in the active plasmonic sections using 
reactive ion etching (RIE).  
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Fig. C.3 Scanning electron microscope pictures of silicon photonic components. 
(a) Fully-etched grating coupler (b) Partially-etched blazed grating coupler. (c) Multimode 
interference coupler. 

 

 
Fig. C.4 Scanning electron microscope pictures of plasmonic components. 
(a) Photonic-plasmonic converter (b) Plasmonic phase modulator. 
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Fig. C.3 shows scanning electron microscope pictures of silicon photonic components. 
Fig. C.3(a) shows a fully-etched GC, (b) a partially-etched blazed GC, and (c) a MMI. 

Plasmonic MIM waveguides and electrodes as well as heater structures were 
produced with a lift -off process using a positive tone electron-beam resist applied to 
an e-beam evaporated layer of gold. The gold height was chosen to be 200 nm for the 
devices in Sections 3.1 and 4.1 and 150 nm for the devices in Sections 4.2 and 5. Fig. 
C.4 depicts fabricated plasmonic components. Fig. C.4(a) shows a plasmonic photonic 
converter and (b) a plasmonic phase modulator.  

To activate the devices, an organic electro-optic (OEO) material was deposited in a 
post-processing step by spin coating. The EO material DLD164 [146] was used for the 
devices in Sections 4.1 and 4.2, JRD1 was used [88, 114] in Section 3.1, and the EO 
material composite 3:1 HL-BB-OH:YLD124 was used in Chapter 5. Subsequent to 
deposition, the materials were electric field poled close to the material’s glass 
transition temperature to induce the bulk nonlinearity.  

Hybrid-Plasmonic Waveguides on the Silicon Nitride Platform 
Devices have been fabricated on thermally oxidized silicon wafers featuring a 6.2-µm-
thick oxide layer. Electron-beam lithography using a Vistec EBPG5200 system was 
applied to pattern the structures in all process steps. Before fabrication, the wafers 
were diced into 2 cm ×2 cm large dies. A 750 nm thick layer of silicon nitride was 
deposited by PECVD. A negative tone electron-beam resist was used to define the 
silicon nitride photonic structures. After development of the resist, the waveguide 
structures were etched using CHF3 based reactive ion etching. (RIE).  

50 nm-thin exfoliated two-dimensional polymer crystals [252] were drop-casted from 
ethanol onto a silicon substrate. Crystals were selected by optical microscopy and 
transferred onto the silicon nitride photonic devices using a PPC on PDMS stamp [276].  

 
Fig. C.5 Optical microscopy image of 50 nm thick two-dimensional polymer crystal on top of SiN 
waveguides. (a) After the crystal was transferred. (b) After the gold lift-off process. 
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The crystal was positioned in such a way, that a flat and uniform section covers the 
SiN waveguides. Next to the waveguides larger SiN areas with the same height than 
the waveguides allowed the crystal to lie flat on top the waveguides. Fig. C.5(a) shows 
an optical microscopy image of a 50 nm thin two-dimensional polymer crystal on top 
of silicon nitride waveguides. Waveguides are in the center of the picture, with the 
larger SiN areas to the left and right. 

To fabricate the hybrid-plasmonic waveguides, a 150-nm-thick electron-beam 
evaporated gold layer was structured in lift-off process using a positive tone electron-
beam resist. Fig. C.5(b) shows an optical microscope picture of a fabricated device. Fig. 
C.6 (a) shows a zoom in and Fig. C.6 (b) a scanning electron microscope picture of the 
active section. 

Samples were cleaved in a post-processing step in order to access the silicon nitride 
waveguides for edge-coupling. Cleaving was preferred to dicing because of the facet 
quality, see Fig. C.7. 

 
Fig. C.6 (a) Optical microscopy image of the hybrid-plasmonic waveguide section.(a) Scanning 
electron microscopy picture of the active section.  

 

 
Fig. C.7 SiN on SiOz waveguide facets. (a) Diced facets. (b). Cleaved facets. 
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Appendix D: Acronyms  

 2Dp Two-Dimensional Polymer 

 ASK Amplitude Shift Keying 

 Au Gold 

 AWG Arbitrary Waveform Generator 

 BER Bit Error Ratio 

 BPD Balanced Photo Diode 

 BPSK Binary Phase Shift Keying 

 CMOS Complementary Metal-Oxide-Semiconductor 

 CW Continuous-Wave 

 DAC Digital-to-Analog Converter 

 DFG Difference-Frequency generation 

 DML Direct Modulated Laser 

 DSP Digital Signal Processing 

 DUT Device Under Test 

 EAM Electro-absorption Modulator 

 ECL External Cavity Laser 

 EDFA Erbium-Doped Fiber Amplifier 

 EO Electro-Optic 

 ER Extinction Ratio 

 FCD Free Carrier Dispersion 

 FE Fully Etched 

 FKE Franz-Keldysh Effect 

 GC Grating Coupler 

 GeSi Germanium on Silicon 

 GSG Ground-Signal-Ground 
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 InP Indium Phosphide 

 IQ In-phase / quadrature 

 LiNbO3 Lithium Niobate 

 MCF Multicore Fiber 

 MIM Metal-Insulator-Metal 

 MMI Multimode Interference Coupler 

 MZI Mach-Zehnder Interferometer 

 MZM Mach-Zehnder Modulator 

 NLO Nonlinear Optical 

 NRZ Non-return to Zero 

 OEO Organic Electro-optic 

 OSA Optical Spectrum Analyzer 

 PE Partially Etched 

 PM Phase Modulator 

 PMF Polarization Maintaining Fiber 

 POH Plasmonic-organic Hybrid 

 PPC Photonic-plasmonic Converter 

 PPM Plasmonic Phase Modulator 

 QAM Quadrature Amplitude Modulation 

 QCSE Quantum-confined Stark Effect 

 QPSK Quadrature Phase Shift Keying 

 SHG Second-Harmonic Generation 

 SHG Second-Harmonic Generation 

 Si Silicon 

 SiN Silicon Nitride 

 SiO2 Silicon Dioxide 

 SiP Silicon Photonic 
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 SMF Single Mode Fiber 

 SNR Signal to Noise Ratio 

 SOH Silicon-Organic Hybrid 

 SPP Surface Plasmon Polariton 

 TLS  Tunable Laser Source  

 TLS Tunable Laser Source 

 WDM Wavelength Division Multiplexing 
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