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Abstract
With global data traffic growing continuously, a communication
infrastructure capable of dealing with the ever-increasing bandwidth
demands of the global society is required. A large amount of traffic arises
inside the datacenters that house thousands of servers for computing and
storing information [1]. These servers are interconnected by communication
links that more and more rely on optical rather than electrical technologies
mainly due to the high bandwidth offered by optical interconnects.
Recently, the field of plasmonics has attracted attention by the scientific
community for applications in optical communications [2-6]. The main
feature of plasmonics is the ability to process optical signals at the nanometer
scale. Device dimensions even below the wavelength of light are achieved,
because plasmonic devices are not limited by diffraction unlike conventional
optical approaches. Furthermore, plasmonic waveguides rely on metals and
dielectrics only, which allows the metals to function as their own electrical
contacts. The low resistances of the electrical contacts and the small
capacitances given by the small device dimensions offer high-speed
operation, since limiting RC time constants are minimized. The small
dimensions further ensure sufficiently large electric fields to manipulate the
signals, even at low drive voltages. The low drive voltages and small
capacitances permit low-power operation. Additionally, the technology is
suitable for cheap mass-production and may be processed together with
electronic circuits on the same chip.
In this thesis, two kinds of plasmonic devices are investigated: a modulator
and a memristive switch. The modulator relies on phase modulation due to
the linear electro-optic effect of an organic material that is integrated into a
plasmonic waveguide. The plasmonic phase modulator is combined with a
silicon photonic Mach-Zehnder interferometer to achieve efficient intensity
modulation at highest speed. Furthermore, the modulator was demonstrated
to function reliably in an optical interconnect, thus showing that plasmonics
is indeed a viable proposition for future interconnect concepts. The
plasmonic memristive switch is an electrically controlled plasmonic switch
with a memory effect. The operation principle is based on the reversible
formation of a conductive path in the dielectric layer. The device may find
applications as a latching switch that maintains its state after activation and
as a new kind of memory.
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The thesis is organized as follows
Chapter 1 starts by giving an introduction to the challenges and requirements
of optical interconnects. Then, the chapter outlines state of the art of
plasmonic devices and in what way they meet the requirements of optical
interconnects. Finally, a vision for future interconnects is given.
Chapter 2 considers the fundamentals of the thesis. It briefly introduces the
theory of surface plasmon polaritons, including plasmonic waveguides and
coupling schemes. After this, the concept of electro-optic Mach-Zehnder
modulators is explained with a focus on organic electro-optic materials. Next,
the plasmonic modulator with its optical and radiofrequency (RF)
characteristics is investigated in detail. Finally, the basics of optical
interconnects are explained.
Chapter 3 presents an experimental high-speed demonstration of the
plasmonic modulator. The electro-optic response was characterized up to an
RF frequency of 170 GHz. The modulator was further operated at
100 GBd NRZ and 60 GBd PAM-4 signaling with the active section as short as
20 µm.
Chapter 4 continues with experimental results of the plasmonic modulator
towards applications in optical communications. In particular, an optical
interconnect with arrays of plasmonic modulators and germanium
photodetectors was developed. The modulators and detectors were
packaged with standard driving electronics through electrical wire-bonds,
while the optical interface is provided by a multicore fiber. Data modulation
was demonstrated at 4 x 20 GBd NRZ.
Chapter 5 deals with the plasmonic memristive switch. Extinction ratios of
12 dB were achieved in 10 µm long devices at operating voltages of ±2 V.
Chapter 6 summarizes the main results of the thesis and gives an outlook on
future work.
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Zusammenfassung
Mit
dem
zunehmenden
globalen
Datenverkehr
wird
eine
Kommunikationsinfrastruktur
benötigt,
die
den
steigenden
Bandbreitenanforderungen gerecht wird. Ein grosser Teil des Datenverkehrs
fällt in den Rechenzentren an, die tausende von Servern und Speicherelementen zum Rechnen und Speichern von Informationen bereitstellen [1].
Diese Server sind über Kommunikationslinks verbunden, die mehr und mehr
auf optischen statt auf elektrischen Technologien beruhen, vor allem
aufgrund der grossen Bandbreite optischer Interconnects.
In letzter Zeit hat das Gebiet der Plasmonik für Anwendungen in der
optischen Kommunikation in der Wissenschaftsgemeinschaft für
Aufmerksamkeit gesorgt [2-6]. Das Hauptmerkmal der Plasmonik ist die
Möglichkeit optische Signale in der Nanometerskala zu verarbeiten.
Bauelemente, deren Dimensionen kleiner als die Lichtwellenlänge ist, werden
möglich, weil plasmonische Bauelemente im Gegensatz zu herkömmlichen
optischen Ansätzen nicht durch das Beugungsgesetz limitiert sind. Zusätzlich
bestehen plasmonische Wellenleiter lediglich aus Metallen und Dielektrika,
wobei die Metalle gleichzeitig die elektrischen Kontakte bilden. Die kleinen
Widerstände der elektrischen Kontakte und die kleinen Kapazitäten bedingt
durch die winzigen Abmessungen ermöglichen hohe Geschwindigkeiten, weil
limitierende RC-Zeitkonstanten minimiert werden. Die kleinen Abmessungen
erlauben ausserdem ausreichend grosse elektrische Felder, um die Signale
auch bei geringen Betriebsspannungen zu manipulieren. Die geringen
Spannungen und Kapazitäten ermöglichen einen Betrieb mit niedrigem
Energieverbrauch. Zusätzlich ist die Technologie für eine kostengünstige
Massenproduktion geeignet und kann zusammen mit elektrischen
Schaltungen auf dem gleichen Chip prozessiert werden.
In dieser Arbeit werden zwei Arten plasmonischer Bauteile untersucht: ein
Modulator und ein memristiven Schalter. Der Modulator basiert auf der
Phasenmodulation aufgrund des linear elektro-optischen Effekts in einem
organischen Material, das in einen plasmonischen Wellenleiter integriert ist.
Der plasmonische Phasenmodulator ist kombiniert mit einem
siliziumphotonischen Mach-Zehnder Interferometer, um effiziente
Intensitätsmodulation bei höchsten Geschwindigkeiten zu erreichen.
Ausserdem wurde die zuverlässige Funktion des Modulators in einem
optischen Interconnect demonstriert. Dies zeigt, dass die Plasmonik in der Tat
ein zukunftsträchtiger Weg für Interconnects darstellt. Der plasmonische
iii
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memristive Schalter ist ein elektrisch gesteuerter plasmonischer Schalter mit
einem Memoryeffekt. Das Funktionsprinzip basiert auf der reversiblen
Bildung eines leitfähigen Pfads in der dielektrischen Schicht. Das Bauteil kann
sowohl als Schalter, der nach Aktivierung seinen Zustand speichert, als auch
als neuartiges Speicherelement eingesetzt werden.
Die Arbeit ist wie folgt aufgebaut:
Kapitel 1 beginnt mit einer Einführung in die Herausforderungen und
Anforderungen optischer Interconnects. Danach gibt das Kapitel eine
Übersicht über den Stand der Entwicklung plasmonischer Bauelemente und
zeigt auf inwiefern diese die Anforderungen optischer Interconnects erfüllen.
Zum Abschluss wird eine Vision für zukünftige Interconnects gegeben.
Kapitel 2 behandelt die Grundlagen der Arbeit. Es führt kurz die Theorie von
Oberflächenplasmonen ein, inklusive plasmonischer Wellenleiter und
Kopplungsschemas. Im Anschluss wird das Konzept des elektrooptischen
Mach-Zehnder-Modulators erklärt mit Fokus auf organische elektrooptische
Materialien. Danach wird der plasmonische Modulator mit seinen optischen
und hochfrequenz-Eigenschaften im Detail untersucht. Am Ende werden die
Grundlagen optischer Interconnects erklärt.
In Kapitel 3 werden die experimentellen Ergebnisse der Hochgeschwindigkeitsmessungen am Modulator dargelegt. Das elektrooptische
Verhalten wurde bis zu einer Frequenz von 170 GHz charakterisiert.
Ausserdem wurde der Modulator mit 100 GBd NRZ und 60 GBd PAM-4
Datensignalen betrieben, wobei der aktive Bereich des Bauteils nur 20 µm
lang ist.
Kapitel 4 fährt fort mit den experimentellen Ergebnissen des Modulators in
Hinblick auf Anwendungen in der optischen Kommunikation. Insbesondere
wurde ein optischer Interconnect mit Arrays plasmonischer Modulatoren und
Germanium-Photodetektoren entwickelt. Die Modulatoren und Detektoren
sind über elektrische Bonddrähte mit konventionellen elektrischen Treibern
verbunden. Das optische Interface bildet eine Multicore-Faser.
Datenmodulation wird gezeigt bei 4 x 20 GBd NRZ.
Kapitel 5 behandelt den plasmonischen memristiven Schalter. Ein
Auslöschungs-verhältnis von 12 dB wurde in 10 µm langen Bauteilen mit
Spannungen von ±2 V erreicht.
Kapitel 6 fasst die wesentlichen Ergebnisse der Arbeit zusammen und gibt
einen Ausblick auf zukünftige Entwicklungen.
iv

Achievements of This Work
In this thesis, two kind of plasmonic devices for applications in optical
communications were developed: a modulator and a memristive switch. The
modulator utilizes the linear electro-optic effect of an organic material that is
integrated into a plasmonic waveguide to introduce a phase shift, as has been
shown in reference [7]. For intensity modulation, two plasmonic phase
modulators are arranged in a silicon photonic Mach-Zehnder interferometer,
see references [8, 9]. The plasmonic memristive switch is a new kind of
electrically controlled plasmonic switch with a memory effect. The operation
principle is based on the reversible formation of a conductive path in the
dielectric layer. The main achievements of this work are summarized in the
following
•

•
•

•

•

Detailed analysis of the RF characteristics of the plasmonic MachZehnder modulator (MZM). The device impedance was determined
with numerical simulations and compared with S-parameter
measurements.
New approach to determine the optimal length (10…30 µm) of the
plasmonic phase modulators by comparing the power penalty due
to a limited extinction ratio to that of increased insertion losses.
First experimental demonstration of a plasmonic MZM operating at
a modulation frequency of 170 GHz. A flat frequency response was
shown between 75 MHz and 170 GHz [J4, C1]. Previous
measurements were limited to 70 GHz [8, 10].
First demonstration of a plasmonic MZM at 100 GBd non-return-to
zero (NRZ) data modulation in direct detection [J4, C1]. A bit error
ratio (BER) <1.7 × 10−5 was obtained. This is exceeding performance
of previously published results in which 40 GBd NRZ signaling with
direct detection showed a BER <6 × 10−4 [9]. Furthermore, four-level
signaling at 60 GBd pulse-amplitude modulation (PAM-4) was
demonstrated with direct detection at a BER of 9.2 × 10-3. This
improves the previous result, where a BER of 1.8 × 10−2 was
measured with 54 GBd PAM-4 and a coherent detector [8].
First plasmonic MZM array [J10, C21]. The 4-channel array was
interfaced by a multicore fiber with an optical channel spacing of
50 µm. The electrical channel spacing of 300 µm was only limited by
the size of the contact pads needed to address the device with RF
probes. The optical interchannel crosstalk was below -31 dB while
no electrical crosstalk was observed. The array was operated with
v
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•

•
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binary phase shift keying (BPSK) signals at 4 × 36 Gbit/s, achieving
BERs of 4.3 × 10-4, 1.3 × 10-6, <5.0 × 10-6, 1.4 × 10-5.
Development of a new optical interconnect concept [J3, C6]. A
customized transmitter package was built with a plasmonic MZM
array connected to its driving electronics via electrical wire-bonds.
The receiver consisted of an integrated germanium photodetector
array packaged with trans-impedance limiting amplifiers on an
evaluation board. Operation at 4 × 20 GBd NRZ signaling was
demonstrated with BERs of 1.8 × 10-3, 6.3 × 10-3, 2.0 × 10-4,
1.8 × 10-4.
Development of a plasmonic memristive switch [J13, C24]. The
switch features the characteristics of electronic resistive random
access memories. Extinction ratios of 12 dB (6 dB) were achieved in
10 µm (5 µm) long devices at operating voltages of ±2 V.

1 Introduction
This chapter gives an introduction to this work. The challenges of optical
interconnects are introduced by detailing their requirements and explaining
integration concepts. After that, state of the art of plasmonics for applications
in optical interconnects is reviewed with a focus on plasmonic modulators
and memristive switches. Finally, a vision for future interconnects is given.

1.1

Optical Interconnects: The Challenge

In modern global society, continuous access to social media, high quality
video calling and streaming, cloud storage and computing, and many other
applications are pushing for more and more bandwidth [11]. Although
nowadays Ethernet speeds have reached 100 Gbits/s, the availability of more
bandwidth enables new applications that in turn increase the demand for
bandwidth even further. A key element in this game is the supporting
infrastructure, the large-scale datacenters. Datacenters consist of hundreds
of thousands of computer servers; performing computations and storing as
well as serving information such as media files. These servers are
interconnected by a largely parallel network (see Fig. 1.1). Furthermore,
several datacenters are typically interconnected with each other. According
to reference [1], the amount of global datacenter traffic has reached
4.7 Zettabyte per year in 2015 and is projected to reach 15.3 Zettabyte per
year by 2020. The main contribution to this traffic comes from data exchange
inside the datacenter, accounting for 77% by 2020. Inside the datacenter, a
large number of interconnects is required at low cost and low power
dissipation [11]. In contrast, between datacenters, only a small number of
interconnect is needed at maximum capacity. Here, expensive cutting-edge
technologies are typically implemented. The focus of this work is on links
inside the datacenter, referred to as short-reach interconnects with a typical
reach up to 2 km.
At present, short intra-rack links are the domain of low-cost copper cables.
Yet, at data rates of >25 Gbit/s and reaches of beyond tens of meters,
electrical signals in copper wires experience high propagation losses, so that
they require large amounts of power [12]. Although industry tries to push the
limits of electrical interconnects, physics simply imposes a constraint. This is
why high-speed optical interconnects are replacing electrical solutions for
short-reach links. Even rack-to-rack, board-to-board or chip-to-chip
communications may be equipped with optical interconnects [13].
1
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Fig. 1.1 Google datacenter: Rows of racks each containing tens of servers. The cable trays on the
top contain fibers for optical interconnects. Today, intra-rack links are copper based, whereas
optical solutions come into play for longer distances. [14]

Optical solutions either rely on multi-mode-fibers (MMFs) in combination
with vertical-cavity-surface-emitting-lasers (VCSELs) or alternatively on
single-mode-fibers (SMFs) with edge-emitting lasers using III-V compound
materials, along with emerging silicon photonics. MMFs are dominating in
datacenters today, because they currently offer the lowest costs. However,
some new mega datacenters (> 250k square foot area) have chosen to install
SMFs to cover longer reaches and higher data rates [15]. Each technology
comes with its own benefits and challenges.
1.1.1
Requirements of Short-Reach Interconnects
To satisfy the requirements of short-reach links inside the datacenter, optical
interconnects must offer highest bandwidth at lowest cost, low power
consumption and on a compact footprint [11, 16, 17]. Additionally, latency
plays a role for high performance services. This section reviews these
performance metrics.
Bandwidth
There are several ways to address the ever-growing bandwidth requirements.
One method is to aggregate several lower-speed channels to create a virtual
higher-speed link. Another way is to increase the speed of an individual
channel by using higher symbol rates and/or advanced modulation formats.
For example, 100 Gibt/s links were first enabled by ten channels running at
10 Gbit/s and later by four channels at 25 Gbit/s [18]. A transceiver with
2
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4 x 25 Gbit/s is typically realized with four optical wavelengths (wavelengthdivision multiplexing, WDM) or four parallel fibers (parallel single mode,
PSM4). In the near future, single channel speeds of 50 Gbit/s are expected to
enable 400 Gbit/s. Beyond this, the channel count is expected to be around
eight, which would make 800 Gbit/s links feasible when serial channels could
run at 100 Gbit/s. While only 4% of the >25 million transceivers shipped in
2013 were multi-channel, the emerging mega datacenters with their unique
bandwidth needs drew attention to multi-channel transceivers [15].
Additionally, upgrades to higher order modulation formats such as four-level
pulse-amplitude modulation (PAM, see section 2.4.2) and discrete multi-tone
(DMT) are pursued to increase the capacity of a single channel.
Costs
Given the large number of interconnects inside a datacenter, the overall costs
are sensitive to the dollar per Gbit/s of the chosen technology. The optical
transceiver price is a major part of the total cost. In particular, packaging plays
an important role, accounting for 80-90% of the transceiver cost [13, 19].
Today’s cost are at 5$ per Gbit/s and the target is to lower this to <0.1$ per
Gbit/s after 2020 [13]. SMF-based solutions employing III-V materials typically
require costly hermetically sealed packages to avoid condensate, which can
cause reliability issues [11, 15]. This is particularly important, if
thermoelectric coolers are needed, for example, to ensure laser wavelength
accuracy in dense wavelength-division multiplexing (DWDM) schemes. Silicon
photonics, on the other hand, comes with the advantage of an oxide seal
inherently provided by the fabrication process. Furthermore, silicon
photonics uses the same processes as silicon electronics, which ensures costeffective manufacturing. Yet, it is not clear, if silicon photonics can indeed
provide a cost advantage. One problem is that the external laser still needs a
hermetic package due to the inability of silicon to generate light. In contrast,
VCSEL-based interconnects generally offer relatively low packaging cost in a
non-hermetic environment. In addition to the transceiver costs, cabling costs
come into play when choosing between SMF and MMF. In fact, MMF is more
expensive per unit length than SMF. Still, at present, multimode VCSEL
solutions provide the lowest costs for short-reach links.
Power consumption
Power consumption is another important parameter. Today’s transceivers
consume ~10 pJ/bit with the target to lower to <200 fJ/bit by 2025 [13]. As it
stands, VCSEL-based approaches generally consume less power than their
3
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competitors due to their high efficiency. However, with increasing complexity
and data rates, bandwidth limited VCSELs will require more power hungry
signal processing, equalization and forward error correction (FEC) [20]. In this
case, electronics will actually determine the overall transceiver power
consumption. In contrast, external modulator based solutions exhibit high
bandwidth and can be scaled to higher data rates with less effort on the signal
processing side. In this case, the optical components play a significant role in
the overall transceiver power consumption. In this respect, monolithic
integration concepts (see section 1.1.2) with both electronics and photonics
on the same chip promise a reduced power consumption. The reason for that
is minimized parasitic elements in the electrical wiring such as undesired
resistances, inductances and capacitances.
Size
The form factor of pluggable optical transceivers is usually not limited by the
size of the individual components, but by the power dissipation of the latter
[11]. Still, minimizing device size is important, since the costs of the chip are
associated with die area. Additionally, chip-to-chip or even on-chip optical
interconnects require optical functions on a small footprint.
Latency
Low latency communication is needed to deliver high performance services.
For example, propagation in a 100 m long SMF causes 500 ns of latency.
Additionally, FEC has been adopted for 100 Gbit Ethernet which roughly adds
tens to one hundred nanoseconds of latency [11]. Stronger FEC such as softdecision based FEC that is suggested for future implementations may lead to
several microseconds of latency.
1.1.2
Integration Concepts
When building transceivers for optical interconnects, optical and electrical
components need to be integrated. There are two paths to follow, both
continuing to pose a challenge, when the requirements for short-reach
interconnects have to be met. One path is with separate chips for optical and
electrical circuitries, referred to as heterogeneous integration. The
alternative path is to integrate both optical and electrical devices on the same
chip, called monolithic integration [21]. Heterogeneous integration has the
advantage of an independent fabrication process for optimal optical and
electrical device performance. In contrast, monolithic integration offers
simpler packaging along with lower parasitics. This section discusses both
4
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integration concepts and their challenges. Furthermore, the integration of
light sources is addressed and traditional pluggable transceivers are
compared to future embedded optics.
Heterogeneous Integration
Many groups in industry and academia have been working on heterogeneous
integration concepts, including Aurrion [22], Finisar [23], IBM [24, 25], Intel
[26], Luxtera [27], ST Microelectronics [28], and several others [29, 30].
Generally, the challenges of heterogeneous integration are complicated
packaging and parasitic effects from bond pads and wires. Traditionally, both
chips are interconnected via wire bonds. One example is IBM’s
heterogeneously integrated 30 Gbit/s chip-to-chip optical link with III-V/Si
photonics and 32 nm silicon-on-insulator (SOI) complementary metal-oxidesemiconductor (CMOS) electronics [24]. Furthermore, flip-chip assembly of
an electronic chip onto the photonic one is deployed (see Fig. 1.2). Flip-chip
bonding interconnects the bond-pads of the two chips through micro-bumps.
Diameters of only 20 µm and pitch sizes as small as 40 µm are possible [23].
Since those interconnects are very short, parasitic effects are minimized with
10 fF of parasitic capacitance and 10 pH parasitic inductance. Care must be
taken with regards to the thermal management of the package, since the
performance of photonic components is sensitive to heat [28].

Fig. 1.2 Heterogeneous integration. (a) Electronic integrated circuit (EIC) over photonic integrated
circuit (PIC). Electrical and optical chips are flip-chip bonded in a 3D integration approach.
(b) Cross-section of micro bumps for flip-chip bonding. Adapted from [28] © 2015 IEEE.

Monolithic Integration
With monolithic integration, packaging can be minimized, which promises a
cost advantage [31]. Furthermore, the limiting pad capacitances and bond
inductances of heterogeneous integration are replaced by smaller LC
parasitics of on-chip interconnects, promising high speeds and low power
consumption. However, thermal management poses a challenge to
5
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monolithic integration, since optical components are placed close to the
electronic circuit that constitutes a heat source. Moreover, manufacturing
conflicts prevent dissemination.
Monolithic solutions rely either on SOI wafers [19, 31-35], or on bulk silicon
[21]. The SOI approach is optimal for guiding photonic waves. 25 Gbit/s
transceivers were successfully demonstrated in a 130 nm CMOS SOI process
[33]. However, the costs associated with this this approach are too high to
make the process economically feasible. These costs are determined by the
inefficient use of die area and the increased complexity of the manufacturing
process [27]. This is particularly true, when porting to high-speed CMOS
nodes (<65 nm would be needed [28]), since photonic devices would need a
thicker silicon and buried oxide (BOX) layer for optimal performance. Still, a
single-chip integration in a 45 nm CMOS process was recently realized (see
Fig. 1.3) [35]. Leakage of the optical mode into the silicon handle wafer was
avoided by selective removal of the substrate under the regions with optical
devices. However, demonstrated data rates did not exceed 2.5 Gbit/s due to
considerable design constraints. Alternatively, a thick BOX layer can be used
only for the photonic devices which is removed locally for the electronic
devices [36]. In contrast to SOI wafers, bulk silicon wafers, allow for costaware high-volume applications, but lack a BOX layer for photonic
waveguiding. When starting with a bulk silicon wafer, a possible approach is
to fill a deep trench in the silicon wafer with an oxide and deposit amorphous
silicon on top. Yet, experimental data rates were shown to be only 5 Gbit/s
[21]. Monolithic integration certainly faces substantial manufacturing
challenges, but still appears to be the ultimate goal. Once available, there can
be little doubt that it will have considerable economic impact [37].

Fig. 1.3 Monolithic integration: Optical devices and electrical transistors share the same chip. [35]
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The Optical Interface
One of the integration challenges is coupling light from a laser source to the
photonic integrated circuit (PIC). This can be realized by a (III-V) laser device
or material that is integrated on top of the PIC, where the laser mode is
evanescently or diffractively coupled to the waveguide mode. Alternatively,
light from an external laser source can be transferred to the PIC through a
fiber, in either an edge-coupling or a grating-coupling scheme. In this case,
the mismatch between mode-sizes must be overcome. While the mode-field
diameter of a standard single-mode fiber is ~10 µm, the cross-section of a
standard SOI strip waveguide is 220 nm x 450 nm. When multiple fiber
channels are needed, a fiber-array is used which consists of a glass end-cap
with V-grooves into which the fibers are inserted. Typical channel pitches are
127 µm or 250 µm. Moreover, multicore-fibers have been proposed for
coupling to an array of grating couplers [38]. The cores, i.e. the individual
channels, can be separated by only ~40 µm.
Pluggable versus Embedded Transceivers
A traditional network line card consists of an ASIC with a pluggable optical
transceiver at the front panel, i.e. at the card edge [11]. The pluggable
transceiver comprises clock-and-data-recovery (CDR) and transceiver optics.
Another approach is the use of embedded optics. In this design, the
transceiver optics is placed on board and close to the ASIC with an optical
jumper building a connection between optics and front panel. The main
challenge of this solution is that it is more difficult to access and maintain the
optical module, so the reliability must be higher. Further, the ASIC poses a
heat source, thus challenging the optical components. Embedded
transceivers are less flexible than pluggable ones, since the same line card
cannot accommodate copper, multimode and singlemode technology.
However, considering future requirements of bandwidth density, embedded
optics may be essential. Embedded transceivers further eliminate the need
for CDRs and potentially reduce power consumption. One implementation is
IBM’s optical printed circuit board technology, in which polymer waveguides
connect a silicon photonics chip with the card edge [39].
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1.2

Plasmonics for Optical Interconnects: State of the Art

The field of plasmonics is considered a promising path towards nextgeneration optical interconnects by the scientific community [2-6]. The
essential feature of plasmonics is that it enables optical signal processing at
the nanometer scale. Photonic devices are diffraction limited and can
therefore not be scaled down below the wavelength of light. However,
utilizing so-called surface plasmon polaritons (SPPs) the light can be confined
to the sub-wavelength regime. SPPs are electromagnetic waves coupled to
charge oscillations at a metal-dielectric interface (see Fig. 1.4). With a
plasmonic signal traveling along the metal-dielectric interface, the
wavelength can be reduced relative to its free-space value, while the
frequency of the signal remains the same. The following section describes the
potential and challenges of plasmonics for applications in optical
interconnects. Afterwards, passive and active plasmonic devices are
discussed with a focus on modulators and memristive switches.
1.2.1
Meeting the Requirements of Short-Reach Interconnects
Following the requirements of short-reach interconnects (see section 1.1.1),
plasmonics promises high bandwidth, low-cost fabrication, low power
consumption, and, of course, smallest circuit dimensions. Despite the
potential of plasmonic devices, several challenges remain to be solved. The
main issues are inevitable propagation losses and the coupling of light to the
nanoscale waveguides [5, 40]. Also, the ability to pattern plasmonic materials
at the nanoscale and with high quality remains a challenge [41]. The following
section examines how plasmonics meets the requirements of short-reach
interconnects.

Fig. 1.4 Surface plasmon polaritons (SPP) travel along metal-dielectric interfaces. The light can be
confined to the sub-wavelength regime.
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Bandwidth
High bandwidth is available in the case of plasmonics because of the small
capacitances that can be achieved with nanoscale devices, so that limiting RC
time constants can be reduced significantly. For example, a capacitance of
only 2 fF was obtained for a plasmonic photodetector, indicating RC time
constants of only 100 fs and hence, several hundreds of GHz bandwidth [42].
Furthermore, the metals of the plasmonic waveguide can serve as their own
electrical contacts, allowing for dense and efficient integration with electrical
functions [43, 44].
Costs
Relying on metals and dielectrics, plasmonic devices can be fabricated with
high-volume CMOS technology [45, 46]. While silicon photonic devices are
CMOS compatible as well, they are bulky compared to electronic ones. Hence,
photonic devices become expensive when processed in advanced CMOS
nodes [47]. Furthermore, advanced CMOS nodes typically require bulk silicon
or SOI substrates with thin silicon and BOX layers [28]. These substrates are
not well suited for photonic devices that require thick silicon and BOX layers.
Plasmonics, on the other hand, truly benefits from reduced feature sizes
available in advanced CMOS nodes and are compatible with the
corresponding substrates. So far, most plasmonic devices are laboratory
demonstrations based on silver and gold, which are not included in the CMOS
process. In order to bring plasmonics out of the lab, the devices have to
become entirely compatible with an industrial fabrication workflow [48].
Despite the challenges ahead, eventually, plasmonic devices may even be
monolithically integrated with electrical circuits on the same platform, thus
minimizing packaging costs.
Power consumption
With respect to electrical power consumption, a monolithic integration of
electronics and plasmonics is particularly attractive, since it offers lowest
parasitics. So far, plasmonics has only been demonstrated in a heterogeneous
integration concept (see section 4.2), but a monolithic integration of
electronics and plasmonics in an advanced CMOS process is the logical next
step. Moreover, the enhanced electric fields of plasmonic modes compared
with their excitation field boost non-linear processes, thus reducing drive
voltages.
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Size
The nanoscale confinement of plasmonics has several advantages in terms of
speed, costs and power consumption. However, it also comes with its own
challenges, i.e. relatively high propagation losses, difficulties in fiber-to-chip
coupling and sensitivity to fabrication imperfections.
Beating the diffraction limit with the help of free carriers in the metals comes
at the price of electron scattering in the same [49]. Typical propagation
lengths of highly confined plasmonic modes are only a few tens of
micrometers. The high field concentration of plasmonics enhances nonlinear
processes, but whatever this improvement achieves may not be deteriorated
by increased losses. In principle, propagation losses might be offset by gain,
but the required gain would be very large [5, 50]. Yet, advances in fabrication
methods and material qualities promise reduced losses [51]. Furthermore,
plasmonic devices may also be combined with photonic ones. This appears
particularly attractive, if small-scale plasmonics is used for active devices in
combination with low-loss photonics for passive ones.
Further, coupling light from a fiber to a plasmonic circuit is not
straightforward due to the small mode field diameter of plasmonic
waveguides. A promising approach is separating the coupling into two steps,
by coupling from a fiber to a photonic on-chip waveguides in a first step, and
exciting a plasmonic mode via the photonic mode in a second step [52].
Fabricating nano-scale devices is quite challenging. SPPs are very sensitive to
the properties of the metal and the dielectric [53]. This property of SPPs helps
building active devices such as sensors, but it also comes with the challenge
of depositing and patterning the materials with high quality. Even relatively
small fabrication imperfections such as roughness and grain boundaries
disturb device performances. This is why the community is searching for highquality plasmonic materials. In particular, thin metallic films with high purity,
low surface roughness and large grain sizes are needed [51, 54].
1.2.2
Passive and Active Plasmonic Devices
Plasmonic devices include passive components such as waveguides and
splitters, but also active devices such as sources, modulators/switches and
detectors. Combining the aforementioned devices, opens the door for
plasmonic circuits. Recently, simple examples have successfully been
demonstrated [40, 43, 55] (see Fig. 1.5). The focus of this section is on
waveguide-coupled devices. Modulators and memristive switches are
discussed separately in more detail in the following sections.
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Fig. 1.5 Example of a plasmonic circuit with nano-LED and slot-waveguide components, including
splitters, a directional coupler and slot antennas. [43]

Many types of plasmonic waveguides have been discussed, including metal
nanoparticle chains [56], thin metal films [57], dielectric loaded plasmonic
waveguides [58], metal-insulator-metal (MIM) slots [59, 60], grooves [41],
nanowires [61], and sharp metal wedges [5, 40]. Furthermore, there are
hybrid plasmonic waveguides formed by a dielectric waveguide coupled to a
metal surface [62, 63]. A comprehensive review is given in [5, 40] and more
details will be discussed in section 2.1.2.
Various approaches for on-chip plasmonic sources exist [64]. A promising
example is a plasmonic laser that consists of a semiconductor nanowire on a
metal film with a spacer in-between [65, 66]. The nanowire, made of gallium
nitride, for example, constitutes both gain material and resonator due to
reflective end facets. However, electrical pumping, low thresholds (due to
large cavity loss), as well as coupling to a waveguide remains challenging for
plasmonic lasers [43, 50]. An alternative on-chip light source is an electrically
driven nano light-emitting diode (LED) that is based on a light-emitting
semiconductor in a plasmonic MIM waveguide [43].
Realizing an efficient detector that converts a plasmonic signal to an
electronic one is also important. For example, a silicon surface-plasmon
Schottky photodetector was demonstrated in [67]. With this scheme,
responsivities of 0.25 and 13.3 mA/W were found for 1.55 and 1.31 µm
wavelength. Another concept is a metal-semiconductor-metal photodetector
linked to a plasmonic MIM waveguide [68, 69].
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1.2.3
Plasmonic Modulators
SPPs are attractive for switching applications, because the strong local
electric fields help inducing nonlinear processes and thus enhance
modulation [53]. Additionally, SPPs are very sensitive to changes of the
refractive index of the dielectric medium [70]. Plasmonic modulators make
use of the thermo-optic effects, the plasma dispersion effect or the electrooptic effect. Though there are also optically controlled switches, the focus
here is on electrically controlled devices that may find practical applications
in optical interconnects. This section is by no means exhaustive and only gives
a few examples to explain the basic concepts. A more comprehensive review
can be found in reference [71].
Thermo-optic plasmonic modulators were among the first plasmonic
modulators being experimentally demonstrated [44]. These modulators
typically employ dielectric-loaded SPP waveguides [72, 73]. They are limited
to low-speed applications in the microsecond range and show a relatively
high power consumption of a few milliwatts. Still, small device lengths of
60 µm and high extinction ratios of 14 dB have been achieved [72].
Another concept is to make use of the plasma dispersion effect, where
changes of the free carrier concentration in the waveguide alter the
material’s refractive index and absorption coefficient. The first device of this
kind was based on a voltage-induced free carrier injection in silicon [74]. The
resulting refractive index change perturbed the photonic and plasmonic
mode in the thin-film structure. Later, this concept was also investigated in
more advanced CMOS-compatible structures [75, 76] and a 3 dB extinction
ratio was measured at 6.5 V with a 4 µm long device. Furthermore, an
absorption modulator using carrier accumulation or depletion in transparent
conductive oxides (TCO) was suggested in references [77, 78] and studied by
various groups [79-81]. These modulators benefit from the epsilon-near-zero
properties of the TCO, which means that they operate in the crossing region
where the permittivity changes its sign. This gives rise to a large field
enhancement in the TCO layer. High extinction ratios were shown in small
devices. Though high speeds were theoretically predicted as well, an
experimental demonstration seems to be challenging [82]. The reason for
that might be the very thin insulators used, so that much slower resistive
effects (see next section) dominate over the plasma dispersion effect [71].
However, only recently, 2.5 Gbit/s data modulation was achieved with a 4 µm
long device [83].
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An alternative route towards high-speed applications is to introduce a
material, which makes use of the linear electro-optic effect. An early example
with still poor performance is a thin film plasmonic modulator that utilizes
the electro-optic material barium titanate [84]. Our group later demonstrated
the first high-speed plasmonic phase modulator [7]. The modulator made use
of an organic electro-optic material. It was only 29 µm long and operated at
40 Gbit/s. This concept was further developed by the group and integrated
into a plasmonic Mach-Zehnder interferometer (MZI), thus demonstrating
72 Gbit/s with 10 µm long phase modulators [10]. Furthermore, the phase
modulators have been combined with silicon photonic MZIs showing line
rates of 108 Gbit/s and static extinction ratios of 25 dB [8]. The drawback of
these devices is that the organic materials are not considered CMOS
compatible. A solution might be the inorganic material barium titanate and
only recently, a plasmonic modulator was demonstrated in a 72 Gbit/s data
modulation experiment [85]. The device exhibits an extinction ratio >15 dB
with 10 µm long plasmonic phase modulators that are arranged in a silicon
photonic MZI.
1.2.4
Plasmonic Memristive Switches
Plasmonic memristive switches are electrically controlled plasmonic switches
with a memory effect. They typically show moderate speed in the MHz range,
which makes them unsuitable for short-reach optical interconnects. Their
scope in the field of optical communications is to function as latching switches
that are triggered once and maintain their state without or little power
consumption. Further, they may find applications as a new kind of memory
that is electrically written and optically read out or as a digital switch in optical
computing. This section gives a short overview of plasmonic memristive
switches. The interested reader is referred to reference [86] for a more
detailed review.
Memristors (memory resistors) have actively been researched in electronics
for many years and can be identified by their characteristic pinched hysteresis
loop in a current-voltage (I-V) plot. Interestingly, there are very different
physical principles that cause the same kind of I-V characteristics. For this
reason, memristors were defined experimentally by their measured electrical
behavior, independent of the underlying physics. Typical memristor
structures have a capacitor-like MIM structure. The physical origin of the socalled resistive switching mechanism observed in memristors is local changes
in the material properties. One can distinguish the phase transition effect,
valence change effect and electrochemical metallization.
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The phase transition effect is a thermally induced reversible transition
between the insulating and the metallic phase of a material. This kind of
effect was reported in vanadium dioxide (VO2) integrated into a plasmonic
waveguide [87]. By applying a current through VO2, the material changed
between its insulating and metallic phase. This change in material properties
was observed in both the electrical and plasmonic signals. In particular, the
change of the absorption properties of the cladding altered the transmission
of the plasmonic signal that showed a hysteresis similar to the electrical
signal. Extinction ratios of 16 dB and insertion losses of 6 dB were achieved
with 7 µm long devices. Switching speeds were in the kHz range as it is typical
for thermally activated devices.
The valence change effect is the motion of oxygen vacancies forming a
conductive path in transition metal oxides. While this effect was not yet
reported in an integrated plasmonic waveguide, it was observed optically in
zinc oxide (ZnO) that was sandwiched between an aluminum top and a highly
doped silicon bottom electrode [88]. The aluminum was patterned with a
grating structure and the optical reflection was measured in the mid-infrared,
while applying a voltage between the electrodes. Both electrical and optical
signal showed a hysteresis as it is typical for memristors. Additionally,
transmission electron microscopy and X-ray spectroscopy support the
hypotheses of oxygen vacancy filaments. An extinction ratio of 0.35 dB was
measured.
Switching based on the formation of a metal filament instead of oxygen
vacancy filaments is called electrochemical metallization This effect was first
shown in a hybrid plasmonic waveguide, where a filament of silver ions was
created in amorphous silicon [89]. Only recently, discrete quantum
conductance levels were demonstrated in a plasmonic MIM waveguide on
top of a silicon photonic waveguide [90]. The filament was created in
amorphous silicon at the tip of a silver electrode, where the optical switching
indicated a resonant behavior. An extinction ratio of 9 dB and a switching
speed in the MHz range were measured.
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1.3

Plasmonics for Optical Interconnects: Vision

The future goal envisioned here is a transceiver with plasmonic, photonic and
electronic circuits on the same chip. Fig. 1.6 shows plasmonic active
components such as modulators and photodetectors being implemented
either at the front-end in the electrical wiring layer or at the back-end on top
of the chip. Silicon photonic passive elements for coupling and routing can be
placed on the same layer as the transistors. For example, photonic gratings
may couple light from an optical fiber to the chip or between two chips.
Similarly, coupling between photonic and plasmonic layers can be realized by
means of gratings. Electrical vias connect transistors and electro-optic
devices. Note that the figure is not to scale. The transistor and plasmonic
components on a real chip would be much smaller than the photonic
elements.
This proposal provides the high speed, the low power consumption and the
low cost requirements of short-reach interconnects. High speed is achievable,
since active devices such as modulators and photodetectors are based on
small-scale plasmonics that offers small RC time constants. Further, on-chip
electrical interconnects of monolithic integration have much lower LC
parasitics than chip-to-chip electrical wire bonds of heterogeneous
integration. Low power consumption is assured by the small capacitances of
plasmonic devices, while realizing efficient coupling and routing with the help
of photonics. Costs are minimized, since the monolithic approach simplifies
packaging.

Fig. 1.6 Monolithic integration of plasmonic, photonic and electrical devices on the same chip.
This scheme provides the high speed, the low power consumption and the low costs needed for
short-reach optical interconnects.
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Comparing front-end and back-end integration of plasmonic devices, a backend implementation has the advantage of an easier integration of advanced
materials such as electro-optical materials. Moreover, the lower metals
typically ensure electrical functionality and cannot be sacrificed for other
applications. On the other hand, implementing plasmonics at the front-end
takes advantage of the standard CMOS process, which provides smaller
feature sizes in the lower than in the upper metal stack. Additionally,
electrical connections between electrical and plasmonic devices are shorter
than in the case of back-end integration.
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2 Fundamentals
The purpose of this chapter is to provide insights into the fundamentals of
plasmonic modulators for optical interconnects. Section 2 introduces
fundamental phenomena of plasmonics. Section 2 and 3 provide an
introduction into plasmonic modulators based on the plasmonic organic
hybrid platform. In particular, section 2 deals with the organic electro-optic
materials and the modulator concept. Section 3 discusses the parameters
critical to optimize the performance of plasmonic modulators. Section 4
introduces fundamentals of optical interconnects, that are necessary to
understand the subsequent chapters.

2.1

Plasmonics

The purpose of this section is to introduce the fundamentals of plasmonics.
Much can be understood by examining the properties of a single interface
between a metal and a dielectric. Further, two important plasmonic
waveguide geometries are introduced. Finally, coupling to the waveguides is
discussed.
2.1.1
Surface Plasmon Polaritons at a Single Interface
Surface plasmon polaritons (SPPs) are electromagnetic excitations
propagating at the interface between a dielectric and a conductor,
evanescently confined in the perpendicular direction. To understand the
properties of SPPs a one-dimensional problem of a single interface is
considered here. The focus lies on determining the dispersion and the spatial
field profile of SPPs, by following the approach of reference [91]. The
interested reader is also referred to references [70, 92] for a didactic
introduction to the properties of SPPs. Fig. 2.1 depicts the interface
considered here consisting of a dielectric with a positive real dielectric
constant 𝜖𝜖d and a conducting material with a dielectric function 𝜖𝜖m (𝜔𝜔) and
with 𝑅𝑅𝑅𝑅{𝜖𝜖𝑚𝑚 } < 0. 𝑅𝑅𝑅𝑅{𝜖𝜖𝑚𝑚 } < 0 is fulfilled at frequencies 𝜔𝜔 below the plasma
frequency 𝜔𝜔p , which is the case for several metals in the visible and nearinfrared.

17

Fundamentals

Fig. 2.1 Field components of a surface plasmon polariton (SPP). (a) SPPs are oscillations of the
free electron gas at metal-dielectric interfaces coupled to electromagnetic fields. The mode is
propagating in z-direction. (b) Magnitude of the magnetic field. The field is enhanced near the
surface and decays exponentially in y-direction. Adapted from [86]

When assuming harmonic time dependence of the field, a propagation along
𝑧𝑧-direction and homogeneity in 𝑥𝑥-direction, the magnetic fields can be
described by
𝑯𝑯(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = 𝑯𝑯(𝑦𝑦)𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖

(2.1)

with the propagation constant 𝛽𝛽 of the travelling wave. Inserting this
expression into the Helmholtz equation gives the desired wave equation
𝜕𝜕 2 𝑯𝑯(𝑦𝑦)
+ (𝑘𝑘02 𝜖𝜖r − 𝛽𝛽 2 )𝑯𝑯 = 0
𝜕𝜕𝑦𝑦 2

(2.2)

with the free-space wavenumber 𝑘𝑘0 = 𝜔𝜔/𝑐𝑐 and the speed of light in
vacuum 𝑐𝑐. Of course, a similar expression is found for the electric field 𝑬𝑬. The
curl equations (with 𝜕𝜕⁄𝜕𝜕𝜕𝜕 = 𝑖𝑖𝑖𝑖 and 𝜕𝜕⁄𝜕𝜕𝜕𝜕 = 0 ) give a set of equations for
the different field components of 𝑬𝑬 and 𝑯𝑯. For transverse magnetic (TM
modes), where only 𝐻𝐻x , 𝐸𝐸y and 𝐸𝐸z are non-zero, the following set of equation
holds
𝜕𝜕 2 𝐻𝐻x
+ [𝑘𝑘02 𝜖𝜖r − 𝛽𝛽 2 ]𝐻𝐻x = 0
𝜕𝜕𝑦𝑦 2
𝐸𝐸y =

𝐸𝐸z =

−𝛽𝛽
𝐻𝐻
𝜔𝜔𝜖𝜖0 𝜖𝜖r x

−𝑖𝑖 𝜕𝜕𝐻𝐻x
.
𝜔𝜔𝜖𝜖0 𝜖𝜖r 𝜕𝜕𝜕𝜕

Note that surface plasmon polaritons only exist for TM polarization.
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Further, the field decays exponentially in y-direction, so that the following
Ansatz can be used
𝐻𝐻x = �

𝐴𝐴d 𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖 𝑒𝑒 −𝑘𝑘d 𝑦𝑦
𝐴𝐴m 𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖 𝑒𝑒 𝑘𝑘m𝑦𝑦

for 𝑦𝑦 > 0
for 𝑦𝑦 < 0

(2.6)

The boundary conditions require continuity of 𝐻𝐻x and 𝜖𝜖𝑗𝑗 𝐸𝐸y (𝑗𝑗 = 𝑚𝑚, 𝑑𝑑) at the
interface, which yields
𝐴𝐴d = 𝐴𝐴m

𝑘𝑘d
𝜖𝜖d
=− .
𝑘𝑘m
𝜖𝜖m

𝐻𝐻𝑥𝑥 further has to fulfill equation (2.3), resulting in
𝑘𝑘d2 = 𝛽𝛽 2 − 𝑘𝑘02 𝜖𝜖d

2
𝑘𝑘m
= 𝛽𝛽 2 − 𝑘𝑘02 𝜖𝜖m .

(2.7)
(2.8)

(2.9)
(2.10)

Combining (2.8),(2.9) and (2.10) leads to the SPP dispersion relation
𝛽𝛽 = 𝑘𝑘0 �

𝜖𝜖d 𝜖𝜖m
.
𝜖𝜖d + 𝜖𝜖m

(2.11)

The SPP propagation constant 𝛽𝛽 relates to the SPP wavelength
𝜆𝜆SPP = 2𝜋𝜋/𝑅𝑅𝑅𝑅{𝛽𝛽}. The SPP wavelength is the period of the surface charge
density oscillation as schematically depicted in Fig. 2.1(a). The effective
refractive index is given by 𝑛𝑛eff = 𝛽𝛽/𝑘𝑘0 .

SPPs are attenuated as they propagate. Their propagation length is found
from the imaginary part of 𝛽𝛽 as 𝐿𝐿SPP = 1/(2𝐼𝐼𝐼𝐼{𝛽𝛽}). The propagation loss is
calculated as
𝛼𝛼 [dB⁄µm] = 20 log10 e ⋅ 𝐼𝐼𝐼𝐼{𝛽𝛽},

(2.12)

where 𝛽𝛽 is given in 1/µm.

To illustrate the dispersion relation, a Drude metal with
𝜖𝜖m = 1 − 𝜔𝜔p2 /(𝜔𝜔2 + 𝑖𝑖𝑖𝑖𝑖𝑖) and the damping coefficient 𝛾𝛾 is considered. Since
the dielectric is usually only weakly dispersive, 𝜖𝜖d can be assumed constant.
Fig. 2.2 shows the dispersion relation for the simple case of a lossless metal
with 𝛾𝛾 = 0 and air as a dielectric (𝜖𝜖d = 1).
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Fig. 2.2 SPP dispersion relation: real and imaginary part of the wave vector assuming air and a
lossless Drude metal. The light line, i.e. the dispersion for light in free space, is shown for
comparison.

For low frequencies, 𝛽𝛽 is close to 𝑘𝑘0 , i.e. the surface wave is predominantly a
light wave. For frequencies approaching the so-called surface plasmon
frequency 𝜔𝜔sp , 𝛽𝛽 → ∞ (when 𝜖𝜖m = −𝜖𝜖d ). The surface plasmon frequency is
given by
𝜔𝜔p
𝜔𝜔sp =
.
(2.13)
�1 + 𝜖𝜖
d

Between 𝜔𝜔p and 𝜔𝜔sp there is a frequency gap with purely imaginary 𝛽𝛽 which
prohibits propagation. For 𝜔𝜔 > 𝜔𝜔p , radiation into the metal occurs in the
transparency regime. In reality, metal losses cannot be neglected, of course
(𝛾𝛾 ≠ 0). In this case, the wave vector is finite at 𝜔𝜔sp and the region between
𝜔𝜔sp and 𝜔𝜔p is allowed.
The field confinement is described by the penetration depth into the metal
and the dielectric. The penetration depth is given by [41]
𝛿𝛿𝑖𝑖 =

1

�𝑘𝑘𝑗𝑗 �

=

1 𝜖𝜖m + 𝜖𝜖d
�
��
𝑘𝑘0
𝜖𝜖𝑗𝑗2

(2.14)

with 𝑗𝑗 = 𝑚𝑚, 𝑑𝑑 and 𝛿𝛿d /𝛿𝛿m = |𝜖𝜖m |/𝜖𝜖d . Since typically |𝜖𝜖m | ≫ 𝜖𝜖d , the
penetration depth in the dielectric is much higher than in the metal (see
Fig. 2.1). This is surprising from a photonics perspective, where the light is
confined in the region with higher refractive index. A dielectric with higher
refractive index results in a reduced penetration depth 𝛿𝛿d and therefore an
increased overlap with the lossy metal and a shorter propagation length.
Further, at frequencies close to 𝜔𝜔sp (𝛽𝛽 → ∞), there is a strong field
confinement, because 𝑘𝑘𝑗𝑗 gets large as can be seen from (2.9) and (2.10).
20

Fundamentals

The concept of a single interface can be extended to multilayer systems and
a more detailed treatment can be found in [91]. Generally, when the
separation between two interfaces is in the order of the penetration depth
or smaller, coupled SPP modes exist in the system. A typical structure of such
kind consists of a thin dielectric core sandwiched between two metals, a
metal-insulator-metal (MIM) heterostructure [57].
2.1.2
Plasmonic Waveguides
The properties of SPPs can be exploited to build integrated waveguides. As
mentioned in section 1.2.2 there are many different types of plasmonic
waveguides. Comprehensive reviews can be found in references [5, 93]. The
following section focuses on metal-insulator-metal (MIM) slots and hybrid
plasmonic waveguides that were used in this thesis. The plasmonic mode
properties are analyzed numerically with the commercial finite element
method package COMSOL. Scattering boundary conditions were used for the
simulations.
MIM slot waveguide
A metal-insulator-metal (MIM) slot waveguide consists of two metal layers
separated by a dielectric gap of width 𝑤𝑤 as shown in Fig. 2.3 [59, 60, 94]. The
key advantage of this structure for applications in electro-optic devices is that
the metals can directly serve as electrodes. Additionally, the gap can be filled
with an optically active medium, such as an organic electro-optic material,
see section 2.2.4. Besides, tight confinement with low cross talk and sharp
corners can be achieved.
Here, the fundamental mode was studied and selected by choosing the mode
with the highest effective index. The fundamental mode is of particular
interest, since it has a strong field confinement to the insulator with the
dominant electric field component (TE-polarized) in the same direction as the
poling of the organic electro-optic material. Furthermore, the mode shows

Fig. 2.3 Schematic of a metal-insulator-metal (MIM) slot waveguide. It consists of two metal strips
separated by a dielectric gap of width w.
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no cut-off when reducing the gap width. In a first step, the dispersion relation
and the mode profile of a representative waveguide were determined. In a
second step, the SPP propagation constant was studied for various slot
widths.
In a first step, to determine the dispersion relation, 𝛽𝛽 was calculated for
various frequencies. The height of the metal layer was fixed to 150 nm and
the slot width to 100 nm. Gold (Au) was chosen as a metal and silicon dioxide
(SiO2) as an insulator for both substrate and cladding. The dielectric
properties of the materials were taken to be 𝜖𝜖d = 1.442 for SiO2 and
𝜖𝜖m = −104.3 + 5.8158i for Au. Fig. 2.4(a) shows the resulting dispersion
relation. In contrast to the dispersion relation shown in Fig. 2.2, 𝛽𝛽 is finite,
since the material losses are not neglected. At 1550 nm telecommunication
wavelength, the excitation is well below the surface plasmon frequency. The
SPP is close to the light line, but 𝑅𝑅𝑅𝑅{𝛽𝛽} > �𝜖𝜖d 𝑘𝑘0 , so that the SPP wavelength
𝜆𝜆SPP is less than the free space wavelength. Fig. 2.4(b) shows the mode
profile at 1550 nm wavelength. The electric field is strongly confined in the
slot region. Associated with the strong confinement is a sensitivity of the SPP
mode to changes in refractive index of the dielectric.
In a second step, the complex SPP propagation constant 𝛽𝛽 was determined
for various slot widths. In doing so, the field localization and the SPP
propagation loss can be understood. The wavelength was fixed to 1550 nm
and the metal height to 150 nm. Here, the electro-optic material DLD164 with
𝜖𝜖d = 1.832 was used as a cladding [95]. Fig. 2.5(a) shows the real part of the
propagation constant 𝛽𝛽 of the fundamental mode for varying slot width.

Fig. 2.4 (a) Dispersion of the fundamental odd mode in a metal-insulator-metal (MIM) slot
waveguide. The real part of the propagation constant is shown in blue. For comparison, a single
Au-SiO2 interface (red) and the light line in SiO2 (yellow) are shown as well. The dashed purple line
corresponds to the telecommunication frequency (wavelength of 1550 nm). (b) Mode profile
(normalized electric field) for 1550 nm wavelength, 100 nm slot width and 150 nm metal height.
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Fig. 2.5(a) Propagation constant and (b) propagation loss of a metal-insulator-metal (MIM) slot
waveguide.

With decreasing gap width, 𝑅𝑅𝑅𝑅{𝛽𝛽} increases due to the larger overlap of the
mode with the metal. It is interesting to note that this mode does not have a
cut-off for vanishing core layer thickness, so that a strong field localization
can be achieved. However, decreasing the core size comes at the cost of an
increasing amount of energy in the metal along with associated losses. With
increasing width larger than the metal height, the mode behaves more like
an edge mode with most power around the corners [93]. Fig. 2.5 (b) shows
the propagation loss as a function of the slot width. For a representative
waveguide with 100 nm slot width, the propagation loss is 𝛼𝛼 = 0.5 dB/µm
with a corresponding propagation length of 𝐿𝐿SPP ≈ 9 µm.

Hybrid plasmonic waveguides
Hybrid plasmonic waveguides are structures where a low-permittivity
dielectric separates a metal and a higher-permittivity dielectric material [62].
These structures provide lower propagation losses than MIM waveguides,
while still having strong mode confinement. Since the high-permittivity
material is not in direct contact with the metal, the high losses that are
typically associated with a high-permittivity dielectric are circumvented.
Hybrid plasmonic waveguides can be implemented on an SOI platform in form
of a metal cap on a silicon (Si) rib or strip waveguide (see Fig. 2.6(a)) [63, 96].
Such a structure was simulated for an Au-SiO2-Si structure. The silicon core
was fixed to a height of 340 nm and a width of 800 nm with 𝜖𝜖Si = 11.851.
Fig. 2.6(b) shows the hybrid nature of the fundamental quasi-TM mode for a
30 nm thick SiO2 layer at a wavelength of 1550 nm. The mode is
predominantly confined in the SiO2 gap with some residual field is in the
silicon core. In this example, propagation losses are only 0.05 dB/µm.
Generally, with increasing SiO2 thickness, the mode becomes more photonic
in nature with lower propagation losses as can be seen in Fig. 2.7.
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Fig. 2.6(a) Schematic of a hybrid plasmonic waveguide. A low-permittivity dielectric (SiO2)
separates a metal (Au) and a higher-permittivity dielectric material (Si). (b) Mode of a hybrid
plasmonic waveguide consisting of a gold layer on a silicon strip waveguide that is separated by
a SiO2 gap.

Fig. 2.7(a) Propagation constant and (b) propagation loss of a hybrid plasmonic waveguide.

2.1.3
Plasmon Coupling
Efficient coupling of light from an optical fiber to the plasmonic waveguide is
needed for practical applications (see section 1.1.2), but challenging, because
of the size mismatch between the two modes. Many excitation schemes of
SPPs suggested in literature are suitable for proof-of-concept
characterization only [91]. Generally, there are two categories of coupling
scheme: overcoming the phase mismatch or maximizing the field amplitude
overlap [41].
Phase-matching techniques supply the additional momentum for photon-toplasmon conversion. This is needed, since the SPP dispersion curve lies to the
right of the light line of the dielectric 𝑅𝑅𝑅𝑅{𝛽𝛽} > �𝜖𝜖d 𝑘𝑘0 . Phase-matching can be
achieved with prism coupling such as the Kretschmann method [97], grating
coupling [98] or nanoantennas [99, 100].
Alternatively, maximizing field overlap can be employed. Using so-called endfire coupling, a tapered polarization-maintaining fiber is aligned to the edge
of a plasmonic structure. However, plasmonic waveguides at telecom
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wavelength typically have sub-micrometer dimensions, while the mode
diameter of a tapered fiber is still a few micrometer. There is also a recent
demonstration of a direct end-fire coupling from a nano LED into a plasmonic
slot waveguide [43]. Major drawbacks of these methods are the need of a
cleaved sample end-facet and a high sensitivity to misalignment. Light may
also be coupled to plasmonic waveguides by means of integrated photonic
waveguides. For example, the plasmonic mode in a MIM waveguide can easily
be excited by means of a photonic one by a (tapered) transition between the
two [52, 55, 101-105]. Similarly, coupling to the hybrid plasmonic can be
achieved by a transition from a purely photonic mode in the silicon waveguide
to a predominantly plasmonic mode in the hybrid waveguide [96]. This
approach furthers allows to apply low-loss photonics for routing on chip,
while utilizing small-scale plasmonics for active devices.

2.2

Electro-Optic MZM with Electrically Poled Organic
Materials

This section deals with nonlinear optical effects. After a general introduction,
the focus is laid on the linear electro-optic effect as a special case of second
order nonlinear optical effects. This effect occurs in non-centrosymmectic
materials such as electrically poled organic electro-optic materials that are
utilized in this thesis to build electro-optic modulators. Material and device
figure-of-merits that are important for subsequent chapters are introduced.
Section 2.2 is based on references [37] and [106] where more detailed
information can be found.
2.2.1
Nonlinear Optical Effects
Nonlinear optical effects are important for photonic devices, as they enable
to change the optical properties of materials by applying static, radio
frequency (RF), or optical electric fields.
The response of a dielectric material to an applied electric field 𝑬𝑬 may be
described by the polarization 𝑷𝑷. It can be separated into the linear
polarization 𝑷𝑷𝐋𝐋 and the nonlinear polarization 𝑷𝑷𝐍𝐍𝐍𝐍 as
𝑷𝑷(𝑡𝑡) = 𝑷𝑷𝐋𝐋 (𝑡𝑡) + 𝑷𝑷𝐍𝐍𝐍𝐍 (𝑡𝑡) = 𝑷𝑷(1) (𝑡𝑡) + 𝑷𝑷(2) (𝑡𝑡) + 𝑷𝑷(3) (𝑡𝑡) + ⋯. (2.15)
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The polarization is often expressed by a Taylor series expansion of the electric
field
𝑷𝑷(𝑡𝑡) = ϵ0 �𝜒𝜒 (1) 𝑬𝑬(𝑡𝑡) + 𝜒𝜒 (2) 𝑬𝑬2 (𝑡𝑡) + 𝜒𝜒 (3) 𝑬𝑬3 (𝑡𝑡) + ⋯ �

(2.16)

with the vacuum dielectric constant 𝜖𝜖0 , the linear susceptibility tensor 𝜒𝜒 (1)
and the nonlinear susceptibility tensors 𝜒𝜒 (𝑖𝑖) , 𝑖𝑖 > 1. Note that equation (2.16)
assumes an instantaneous material response. The most important nonlinear
effects are of second and third order, described by the nonlinear
susceptibility tensors 𝜒𝜒 (2) and 𝜒𝜒 (3) . Generally, nonlinear optical processes
allow for frequency conversion effects (second harmonic generation, sum
frequency generation, difference frequency generation), generation of static
fields (optical rectification) and for field-induced changes in the optical
properties (linear electro-optic effect, quadratic electro-optic effect). Since
the focus of this thesis lies on the linear electro-optic effect, this effect is
explained in more detailed in the following. Note that nonlinear optical
process of the second order require a medium without inversion symmetry
(non-centrosymmetric).
2.2.2
Linear Electro-Optic Effect
The linear electro-optic effect (Pockels effect) describes a refractive index
change induced by a static or low-frequency electric field 𝑬𝑬𝛀𝛀 on an electrical
field 𝑬𝑬𝝎𝝎 (Ω ≪ 𝜔𝜔). The induced second-order polarization can be expressed
by
𝑷𝑷(2) = ϵ0 𝜒𝜒 (2) (𝑬𝑬𝜔𝜔 + 𝑬𝑬Ω )2 .

(2.17)

𝑷𝑷(2) (𝜔𝜔) = ϵ0 2𝜒𝜒 (2) 𝑬𝑬Ω 𝑬𝑬𝜔𝜔 .

(2.18)

We are only interested in the terms oscillating with 𝜔𝜔
In components we rewrite the tensor to
(2)

𝑃𝑃𝑖𝑖

(2)
(𝜔𝜔) = ϵ0 2𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖
𝐸𝐸Ω,k 𝐸𝐸𝜔𝜔,𝑗𝑗 .

(2.19)

However, historically, the electro-optic effect is often expressed in terms of
the linear electro-optic coefficient 𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖 instead of the nonlinear susceptibility.
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The electro-optic coefficient is defined via the optical indicatrix, which is given
by
1
Δ � 2 � = 𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖 𝐸𝐸Ω,𝑘𝑘
𝑛𝑛 𝑖𝑖𝑖𝑖

with the refractive index 𝑛𝑛.

(2.20)

For small changes and anisotropic materials, the refractive index change
along the main direction is approximated by
1
Δ𝑛𝑛𝑖𝑖 ≈ − 𝑛𝑛𝑖𝑖3 𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖 𝐸𝐸Ω,𝑘𝑘 .
2

(2.21)

If the index change is along the same direction as the applied field, the indices
of 𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖 may be omitted as follows
1
Δ𝑛𝑛 = − 𝑛𝑛3 𝑟𝑟𝐸𝐸Ω .
2

(2.22)

Phenomenologically, the electro-optic effect describes the change in the
optical refractive index as a linear function of the externally applied electric
field. The higher 𝑛𝑛3 𝑟𝑟, the higher the refractive index change. This is why 𝑛𝑛3 𝑟𝑟
is a figure-of-merit (FOM) for the electro-optic material.

Inserting equation (2.19) into the wave equation and assuming a small
refractive index change, relates the electro-optic tensor coefficients 𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖 and
(2)
the second-order susceptibility 𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖
1
(2)
𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖 ≈ − 𝑛𝑛𝑖𝑖2 𝑛𝑛𝑗𝑗2 𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖
2

(2)

(2.23)

where 𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖 , 𝑛𝑛 and 𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖 are generally wavelength-dependent.

2.2.3
Electro-Optic Modulator Concept
The linear electro-optic (EO) effect is used in electrically controlled optical
devices such as phase modulators as shown in Fig. 2.8(a). Applying an electric
field along an EO material causes a change in the refractive index that is seen
by the incoming light, see eq. (2.22). This results in a phase difference at the
output of the device
𝜑𝜑 =

2π
𝜋𝜋𝑛𝑛3 𝑟𝑟 𝐿𝐿
Δ𝑛𝑛 𝐿𝐿 ≈ −
𝑉𝑉 .
λ
𝜆𝜆
𝑤𝑤

(2.24)

with the voltage 𝑉𝑉, the wavelength of light 𝜆𝜆, the length of the EO material 𝐿𝐿
and the electrode distance 𝑤𝑤.
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Fig. 2.8(a) A phase modulator using the electro-optic effect: The applied electric field causes a
change in the refractive index of the EO material. This causes a phase difference at the output of
the device. (b) Mach-Zehnder modulator (MZM) with phase modulators in each arm.

Incorporating the phase modulator into a Mach-Zehnder interferometer
(MZI), intensity modulation can be achieved, see Fig. 2.8(b). Continuous wave
(CW) laser light is evenly split into two beams with a power splitting ratio of
1/2 . The two beams then pass the phase modulators (𝜑𝜑1 , 𝜑𝜑2 ), before being
evenly recombined. The amplitude transfer function of the MZI is given by
𝐸𝐸out (𝑡𝑡)
𝐸𝐸in (𝑡𝑡)

1

= 𝑒𝑒 𝑗𝑗(𝜑𝜑1+𝜑𝜑bias) +
2

1
2

𝑒𝑒 𝑗𝑗𝜑𝜑2 = 𝑒𝑒 𝑗𝑗�

𝜑𝜑1 +𝜑𝜑2 𝜑𝜑bias
+
�
2
2

𝛥𝛥𝛥𝛥

cos � � .
2

(2.25)

with the bias phase adjustment 𝜑𝜑bias and the phase difference Δ𝜑𝜑 = 𝜑𝜑1 +
𝜑𝜑bias −𝜑𝜑2 .

Generally, any arbitrary combination of amplitude and phase can be
addressed at the output of the device by choosing the voltages accordingly.
However, if 𝜑𝜑2 = −𝜑𝜑1 is chosen, the phase remains constant. This mode is
called push-pull operation. In this case, the amplitude transfer function is
𝜑𝜑bias
𝐸𝐸out (𝑡𝑡)
𝜑𝜑bias
= 𝑒𝑒 𝑗𝑗� 2 � cos �𝜑𝜑1 +
�.
𝐸𝐸in (𝑡𝑡)
2

(2.26)

This operation is most commonly used, because it inherently suppresses
phase modulation that would cause a detrimental chirp of the signal. The
corresponding intensity transfer function characteristics is
�
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𝐸𝐸out 2
𝛥𝛥𝛥𝛥
� = cos 2 � �
𝐸𝐸in
2

𝜑𝜑bias
= cos 2 �𝜑𝜑1 +
�=
2
1
= (1 + cos(2𝜑𝜑1 + 𝜑𝜑bias )).
2

(2.27)
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The voltage being required for a phase shift of Δ𝜑𝜑 = π between the two arms
of the MZI, is the π-voltage
𝑉𝑉π = (𝜆𝜆⁄2𝑛𝑛3 𝑟𝑟) (𝑤𝑤 ⁄𝐿𝐿).

(2.28)

Note that the phase shift in the two phase shifters is 𝜑𝜑 = ±π/2. The πvoltage is the voltage needed to switch from the off- to the on-state of the
MZM. Inserting equation (2.28) and (2.24) into (2.27) yields
�

𝐸𝐸out 2
𝜋𝜋 𝑉𝑉
1
𝜋𝜋
� = cos 2 �
� = �1 + cos � 𝑉𝑉��.
𝐸𝐸in
2 𝑉𝑉π
2
𝑉𝑉π

(2.29)

In this context, the 𝑉𝑉π 𝐿𝐿-product has become an important quality metric for
device applications with the aim to achieve a small drive voltage and a small
device footprint. For a given wavelength and device geometry, 𝑉𝑉π 𝐿𝐿 is
minimized by maximizing the material FOM 𝑛𝑛3 𝑟𝑟. Another way to decrease
𝑉𝑉𝜋𝜋 𝐿𝐿 is to reduce the electrode distance 𝑤𝑤. For integrated optical modulators,
this is limited by the diffraction of light, since the electrode distance is liked
to the waveguide dimensions. In the case of plasmonics, however, subwavelength waveguide dimensions are possible, so that 𝑤𝑤 is greatly reduced.

Fig. 2.9 shows the amplitude and the intensity transfer functions of the MZM
in push-pull mode. The operating point depends on the targeted modulation
format and is determined via the bias 𝜑𝜑bias . If the so-called Null-Point is
chosen, the amplitude transfer function is linear (Δ𝜑𝜑 = π), whereas in the
quadrature point, the intensity transfer function is linear (Δ𝜑𝜑 = π⁄2).

Fig. 2.9(a) Amplitude transfer function and (b) intensity transfer function of an MZM in push-pull
mode as a function of the applied voltage.
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The extinction ratio is defined as the ratio between the on-state power 𝑃𝑃1 and
the off-state power 𝑃𝑃0
𝑟𝑟ex =

𝑃𝑃1
.
𝑃𝑃0

(2.30)

Note that if the splitting is not equal, the light at the modulator output cannot
be extinguished completely and the extinction ratio is finite.
2.2.4
Electrically Poled Organic Materials
The performance of EO modulators strongly depends on efficiency of the EO
materials. Traditionally, inorganic materials such as the crystal LiNbO3 are
used to build EO modulators with electro-optic coefficients of 𝑟𝑟33 ≈ 34 pm/V
[107]. Much higher electro-optic coefficients have been reported in organic
EO materials. In most cases, organic EO molecules are chromophores. These
chromophores comprise a donor and an acceptor group that are linked by a
π-conjugated bridge [108]. Via the π-bridge, an electron is transferred from
donor to acceptor, thus inducing a molecular dipole moment. Organic EO
materials are created by design and in the last few years, new materials have
come up with ever-increasing electro-optic coefficients, reaching 𝑟𝑟33 >
400 pm/V in bulk [37]. In-device electro-optic coefficients are much smaller,
but values up to 𝑟𝑟33 ≈ 230 pm/V have still been reported [108]. Further, it
has been reported that EO coefficients in plasmonic slot waveguides decrease
with the slot width 𝑤𝑤, which can be explained by a surface interaction
between the organic molecules and the slot sidewalls [109]. This detrimental
effect is in part compensated by the reduced electrode distance that boosts
the linear EO effect according to equation (2.24). Additionally, the field
localization of the SPP increases with decreasing slot width, which increases
light-matter interaction, see section 2.1.2.
Organic and inorganic materials have different characteristics [37]. Organics
have a lower dielectric constant than inorganic materials, thus leading to
smaller capacitances, which is an advantage for high-speed and low power
applications. Further, organic electro-optic materials feature an almost
constant electro-optic coefficient over a wide frequency range, which is
beneficial for broadband devices. The electro-optic coefficient of a poled
organic material given by its microscopic material properties is [37]
𝑟𝑟33 = 𝑁𝑁𝑁𝑁(𝜖𝜖, 𝜔𝜔) 〈cos 3 𝜃𝜃〉 𝑔𝑔(𝜖𝜖, 𝑛𝑛)

(2.31)

where 𝑁𝑁 is the chromophore number density, 𝛽𝛽(𝜖𝜖, 𝜔𝜔) is the molecular first
hyperpolarizability, 〈cos 3 𝜃𝜃〉 is the non-centrosymmetric order parameter,
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𝑔𝑔(𝜖𝜖, 𝑛𝑛) is the modified Lorentz-Onsager factor which takes into account the
partial screening of the external electric field.

Most organic EO devices are based on materials where a noncentrosymmetric order is induced by electric field poling. In the initial state,
before poling, the molecular dipole moments cancel each other out. The
material is unordered and consequently centrosymmetric without any
second-order nonlinearity. However, in a so-called poling process, the global
orientation of dipoles can be aligned to break the symmetry. To achieve this,
the material is heated to its glass transition temperature, while applying a
static poling field to align the molecular dipoles. When the material is cooled
down afterwards, the introduced global dipole moment remains. When it
comes to practical utility, adequate thermal stability is important. This is why
the materials should feature a high glass transition temperature, so that they
do not lose the non-centrosymmetric order during device operation. Further,
lattice hardening by crosslinking subsequent to electric field poling can be
employed to enhance thermal stability.
In this thesis, the organic EO materiel DLD164 was used [95]. The in-device
characteristics of this material were analyzed in detail in reference [109]. The
drawback of DLD164 is the glass transition temperature of only 66 °C, which
requires a moderate operating temperature. However, DLD164 offers an EO
coefficient of up to 𝑟𝑟33 ≈ 180 pm/V, which is much higher than what was
achieved for commercially available EO materials. Together with the
relatively high refractive index of 𝑛𝑛 = 1.83 at a wavelength of 1550 nm, the
material FOM 𝑛𝑛3 𝑟𝑟 is as high as 1103 pm/V and a 𝑉𝑉π 𝐿𝐿 of 50 Vµm was found for
slots of 40 nm width [109]. Fabricating such narrow slots is difficult, however.
Considering manufacturing tolerances, a slot width between 75 and 100 nm
was chosen for the experiments in this thesis.
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2.3

Plasmonic Organic Hybrid Modulators

In this thesis, a plasmonic modulator in the plasmonic-organic hybrid (POH)
approach was used to encode information onto an optical carrier. In
particular, two plasmonic phase modulators were integrated into a MachZehnder configuration. This chapter first gives an overview of the operation
principle of the modulator. After that, optical design considerations are
discussed, before the RF characteristics are explained in more detail.
2.3.1
Operation principle
The plasmonic-organic hybrid (POH) approach combines plasmonic MIM slot
waveguides with electrically poled organic EO materials. A plasmonic phase
modulator (PPM) consists of two metallic strips separated by a narrow slot in
which the organic EO material is integrated, see Fig. 2.10(a). This
configuration is suited for EO modulators, as the metals of the SPP waveguide
can directly serve as electrical contacts. When an electric field is applied
across the slot, the refractive index of the EO material changes due to the
linear electro-optic effect. This then causes a change of the effective index of
the waveguide.
The described PPM is integrated into a silicon photonic Mach-Zehnder
interferometer (MZI) to translate the phase modulation into an amplitude
modulation (see Fig. 2.10(b)). This way, low-loss photonic waveguides are
used for passive routing and highly integrated plasmonic waveguides for
active modulation. Fig. 2.10 shows the structure of the plasmonic MachZehnder modulator (MZM). Light is fed to the device via fiber-to-chip grating
couplers and silicon photonic access waveguides. Power splitters and
combiners are realized as multimode interference (MMI) couplers in silicon.
A tapered transition couples between photonic and plasmonic waveguides.
The plasmonic MZM is electrically contacted by a ground-signal-ground (GSG)
configuration. The modulator is operated in push-pull mode by inducing
opposite refractive index changes in the two phase modulators. For this
purpose, the direction of the driving voltage is antiparallel to the poling
direction in one arm and parallel in the other one. The operating point is set
by a phase offset 𝜑𝜑bias , either by applying a bias DC voltage or by adjusting
the wavelength of the imbalanced interferometer. The imbalance of the
interferometer is a length difference of the two arms. It allows to simply
characterizing the interferometer by varying the wavelength and determining
the extinction ratio optically without the need to apply an electrical signal.
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Fig. 2.10(a) Plasmonic phase modulator (PPM) in the plasmonic-organic hybrid (POH) approach.
Two metallic strips are separated by a narrow slot that is filled with an organic EO material. When
an electric field is applied across the slot, the SPPs travelling along the metal-insulator-metal
waveguide experience a phase shift due to the linear EO effect. (b) Two PPMs are arranged in a
silicon photonic MZI. Silicon multimode interference (MMI) couplers act as splitters and
combiners. The MZM is driven in a ground-signal-ground (GSG) configuration in push-pull mode.

2.3.2
Optical Design Considerations
For the optical modulator design, there is a tradeoff between extinction ratio
and insertion loss. Generally, decreasing the phase modulator length
decreases the insertion losses. At the same time, the interaction length
decreases, so that the phase difference Δ𝜑𝜑 decreases according to equation
(2.24). If the drive voltage cannot be increased accordingly, the transfer
function is not exploited fully and the extinction ratio is finite. These non-ideal
conditions lead to an increase of the required optical input power at the
receiver to maintain the same bit error ratio, referred to as power penalty.
This tradeoff between extinction ratio and insertion loss is analyzed in the
following.
To determine the power penalty for a limited extinction ratio, reference [110]
is followed. For an on-off keying (OOK) communication channel and for a
given 𝑉𝑉𝜋𝜋 𝐿𝐿, the extinction ratio depends on the drive voltage 𝑉𝑉 and the length
of the phase modulator according to the intensity transfer function of the
Mach-Zehnder modulator (see equation (2.27))
𝑃𝑃1
1
𝜋𝜋
𝑟𝑟ex =
= � �1 + cos �
𝑉𝑉𝑉𝑉���
𝑃𝑃0
2
𝑉𝑉𝜋𝜋 𝐿𝐿

−1

(2.32)

Fig. 2.11 shows the intensity transfer function and the extinction ratio as a
function of the phase modulator length for three different drive voltages
assuming a voltage-length-product of 𝑉𝑉π 𝐿𝐿 = 85 Vµm [8].
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Fig. 2.11(a) Intensity transfer function and (b) extinction ratio as a function of the phase
modulator length and for various drive voltages. The extinction ratio is maximal, if voltage and
length approach the 𝑉𝑉𝜋𝜋 𝐿𝐿-product.

Due to noise, the signal at the receiver fluctuates around 𝐼𝐼0 and 𝐼𝐼1 for being
either a 0 or a 1, assuming a Gaussian portability distribution with respective
variances 𝜎𝜎0 and 𝜎𝜎1 . The 𝑄𝑄-factor is defined as
𝑄𝑄 =

𝐼𝐼1 − 𝐼𝐼0
.
𝜎𝜎1 + 𝜎𝜎0

(2.33)

It is a statistical figure of merit that is linked to the bit error ratio (BER) via
BER ≈

exp(− 𝑄𝑄2 ⁄2)
𝑄𝑄√2𝜋𝜋

.

(2.34)

The 𝑄𝑄-factor and the extinction ratio can be related by inserting the photo
currents 𝐼𝐼1 = ℛ𝑃𝑃1 and 𝐼𝐼0 = ℛ𝑃𝑃0 with the responsivity ℛ of the photo diode.
Using the average received power defined as 𝑃𝑃rec = (𝑃𝑃1 + 𝑃𝑃0 )/2, the quality
factor can be written as
𝑄𝑄 =

rex − 1 2ℛ𝑃𝑃rec
⋅
.
rex + 1 𝜎𝜎1 + 𝜎𝜎0

(2.35)

Assuming that the thermal noise is dominant and equal for both power levels
(𝜎𝜎0 = 𝜎𝜎1 = 𝜎𝜎th ),
𝑃𝑃rec =

𝑟𝑟ex + 1 𝜎𝜎th 𝑄𝑄
⋅
.
𝑟𝑟ex − 1 ℛ

(2.36)

The power penalty due to a finite extinction ratio is therefore
𝛿𝛿ex = 10 log10 �
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𝑃𝑃rec (𝑟𝑟ex )
𝑟𝑟ex + 1
� = 10 log10 �
�
𝑃𝑃rec (∞)
𝑟𝑟ex − 1

(2.37)
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Fig. 2.12 shows the power penalty for a finite extinction ratio. Ideally,
𝑃𝑃0 ≪ 𝑃𝑃1 and 𝑟𝑟ex → ∞, so that the power penalty is negligible. However, it
becomes significant for a limited extinction ratio. For example, an extinction
ratio 𝑟𝑟ex = 3 dB causes a power penalty of 4.8 dB.
The power penalty for an increased insertion loss is simply assumed [8] to be
𝛿𝛿prop = 𝐿𝐿 ⋅ 0.5 dB/µm

(2.38)

The total penalty is the sum of 𝛿𝛿ex and 𝛿𝛿prop as shown in Fig. 2.13(a) for a
drive voltage of 3 V. A broad range of lengths between 10 µm and 30 µm can
be chosen with little impact on performance. It is not necessary to exactly hit
𝑉𝑉𝜋𝜋 𝐿𝐿, corresponding to 𝐿𝐿 = 28.3 µm. Fig. 2.13(b) shows a comparison to a
lower drive voltage and to higher propagation losses. In case of relatively high
propagation losses of 1 dB/µm, there is a more distinct minimum of the
power penalty at a length of 9 µm. When decreasing the drive voltage from
3 V to 1 V, an additional input laser power of about 10 dB is needed.

Fig. 2.12 Power penalty for a limited extinction ratio.

Fig. 2.13(a) The total power penalty is the sum of the power penalty due to a limited extinction
ratio and due to increased insertion losses. Propagation losses of 0.5 dB/µm and a drive voltage
of 3 V were assumed. (b) Power penalty for different drive voltages and propagation losses.
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2.3.3
RF Characteristics
The RF characteristics of the modulator determine energy consumption and
RF bandwidth of the device and influences the driver design. Since the
modulator is a metal-insulator-metal structure, its impedance is mainly
capacitive in nature. In the following chapter, the RF characteristics of the
plasmonic MZM are analyzed. The device impedance is determined with
static and frequency domain simulations in CST microwave studio and
compared with S-parameter measurements. Furthermore, an equivalent
circuit model is determined. Results are compared for a representative MZM
with 12.5 µm long PPMs with 75 nm wide slot and at a frequency of 20 GHz.
In a first step, the modulator itself is considered without RF contact pads. This
is the situation of a monolithic integration where vias contact the modulator
from the top or bottom of the chip. In a second step, the characteristics are
determined for the whole system including RF contact pads. The contact pads
are needed in a heterogeneous integration approach for addressing the
device with RF probes or electrical wire-bonds. Last, energy consumption and
RF bandwidth are discussed.
Device characteristics
In a first step, the modulator was considered without RF contact pads. After
first analytical estimations, the capacitance was calculated using electrostatic
and frequency domain simulations.
Fig. 2.14 shows a cross-sectional view of an MZM without RF contact pads.
The parameters were chosen according to Table 1. The MZM consists of a
center strip separated by narrow gaps from two ground planes on either side.
A lower and an upper dielectric material surround the conductors. The lower
dielectric is silicon dioxide with a silicon substrate below. The upper dielectric
is the EO material that is filled into the slot of the modulator. The dielectric
constant of the EO material (here DLD164) is dispersive. It was measured up
to 1 MHz and extrapolated to the GHz range according to [111]
𝜖𝜖DLD (𝑓𝑓) = −0.135 ⋅ ln(𝑓𝑓⁄Hz) + 7.692.

(2.39)

In the following, the frequency was fixed to 20 GHz, unless noted otherwise.
A first estimate of the capacitance of the MZM is given by looking at two plate
capacitors in a parallel circuit and neglecting any interaction with the
substrate. Assuming a device with 150 nm metal height, 75 nm slot width and
12.5 µm length, this simple model yielded a capacitance of 𝐶𝐶d = 2.0 fF.
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Fig. 2.14 Cross section of a Mach-Zehnder modulator: A center strip is separated by narrow gaps
from two ground planes. The conductors have a length 𝐿𝐿.
Table 1 Parameters for the simulation at 20 GHz
ℎAu

150 nm

𝑤𝑤

75 nm

𝐿𝐿

12.5 µm

𝑠𝑠

1 µm

ℎDLD

500 nm

ℎSiO2

3 µm

𝜖𝜖DLD

4.49

𝜖𝜖SiO2

3.9

𝜖𝜖Si

11.9

The capacitance can further be analytically estimated by considering the
MZM as a coplanar waveguide as used in microwave engineering. This model
is described in Appendix B:. It includes substrates effects and resulted in a
capacitance of 𝐶𝐶d = 2.3 fF.

The capacitance was then numerically calculated. Using electrostatic
simulations, potentials are defined on perfect electric conductors (PECs) and
lossless dielectrics are assumed. Here, the potential on the central strip was
defined as 1 V, the ground planes as 0 V. The boundary conditions were open.
The simulation yielded a capacitance of 𝐶𝐶d = 4.3 fF. Using the frequencydependent technique, the losses of the gold metal (𝜌𝜌Au = 21.925 nΩm, CST
material library) and silicon dielectric ( 𝜌𝜌Si = 14 Ωcm, wafer datasheet) are
not neglected. A discrete face port was used between the signal and the
ground conductors to excite the device with 1 W of input power. The device
impedance was calculated from the reflection coefficient at the device input
𝑆𝑆11 using [112]
𝑍𝑍d = ZL (1 + 𝑆𝑆11 )⁄(1 − 𝑆𝑆11 )

(2.40)

with𝑍𝑍L = 50 Ω. The derivation of equation (2.40) is given in Appendix A:. The
capacitance was determined from the imaginary part of 𝑍𝑍d with
yielding 𝐶𝐶d = 2.7 fF.

𝐶𝐶d = −

1
,
𝐼𝐼𝐼𝐼{𝑍𝑍d 2𝜋𝜋𝜋𝜋}

(2.41)
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Fig. 2.15 further shows the calculated electric field at 20 GHz that is highly
confined in the slots. There is a strong overlap between the RF and optical
field (cf. Fig. 2.4), which is one of the major assets of these slot structures.

Fig. 2.15 Magnitude of the electric field at 20 GHz using the frequency domain solver. The electric
field is strongly confined in the slots.

System characteristics including RF contact pads
In a second step, the electrical contact pads of the modulator were added and
the impedance was determined for the whole system both in simulations and
experiment. In the simulation, the capacitance was calculated using the
electrostatic and frequency domain solver. In the experiment, the reflection
coefficient 𝑆𝑆11 at the device input was measured. Further, an equivalent
circuit model of the modulator was developed and fitted to the
measurement. The dimensions of the ground pads were 66 µm x 100 µm, the
signal pad was 89 µm x 100 µm.
Using the electrostatic simulation, the electric field was calculated and the
capacitance was determined for various slot widths and lengths (see
Fig. 2.16). As expected, the capacitance decreases with increasing slot width
and with decreasing device length. For 75 nm slot width and 12.5 µm length,
the capacitance was 29 fF. For a more accurate simulation, including losses
and frequency dependence, the frequency domain solver and equation (2.41)
were used. In agreement with the electrostatic simulations, a capacitance of
30 fF was found.
To determine the device impedance experimentally, the reflection coefficient
𝑆𝑆11 at the device input was measured with a vector network analyzer. A
calibration substrate was used to take into account the RF probes and the
cables. The device impedance was then calculated using equation (2.40). A
capacitance of 29 fF is obtained with equation (2.41), which is in agreement
with the simulations.
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Fig. 2.16(a) Electric field of a PPM (one arm of the MZM) calculated with the electrostatic solver.
The electrical contact pads were included in the simulation. (b) Capacitance for various slot widths
and device lengths.

To aid analysis, an equivalent circuit model of the MZM was developed and
fitted to the measured impedance. The MZM is a parallel circuit of two phase
modulators. The proposed equivalent circuit of the phase modulator is shown
in Fig. 2.18. It consists of a capacitor that is frequency dependent according
to the EO material properties: 𝐶𝐶m (𝑓𝑓)~𝜖𝜖d (𝑓𝑓) (see equation (2.39)). In parallel
to 𝐶𝐶m , a resistor 𝑅𝑅s and a capacitor 𝐶𝐶s account for substrate effects.
Additionally, a parasitic inductor 𝐿𝐿p was considered in series. This model was
fitted to the measured impedance Zd , yielding 𝐶𝐶m = 𝜖𝜖DLD (𝑓𝑓) ⋅ 2.7 fF,
𝐶𝐶s = 43 fF, 𝑅𝑅s = 2 kΩ, 𝐿𝐿p = 340 pH.

Fig. 2.17 Equivalent circuit of a phase modulator. The MZM can be considered as a parallel circuit
of two phase modulators.

Fig. 2.18 shows the measured, simulated and fitted 𝑆𝑆11 parameters, which are
in good agreement with each other. Only for frequencies >35 GHz there is a
mismatch between experiment and simulation. Overall, the results indicate
that the influence of the parameters slot width and length on the impedance
is small compared to the influence of the RF contact pads. The capacitance of
the modulator including contact pads is about a factor of 10 higher than the
capacitance of the device itself. Since the RF contact pads are limiting, they
should be further minimized in size in future designs.
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Fig. 2.18(a) Smith chart and (b) input reflection coefficient magnitude versus frequency for a MZM
with 75 nm wide and 12.5 µm long phase modulators. Blue: measured value, red: fitted using the
equivalent circuit model of Fig. 2.18 and yellow: frequency domain simulations.
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Energy consumption
The electrical energy consumption strongly depends on the drive voltage.
Longer devices could in principle be operated with lower drive voltages.
However, this increases the optical losses that need to be compensated.
To determine the electrical energy consumption, the device impedance and
the driver circuit need to be considered. In the simplest case, the impendence
of the plasmonic modulator 𝑍𝑍d can be modelled as a capacitor. Since the
device is much shorter than the RF wavelength, it can be operated without
termination as a lumped device, see Fig. 2.19. This means that the drive
voltage 𝑉𝑉drive can approach the full open-circuit voltage of the
50 Ω-source 𝑉𝑉0 . In contrast, long devices such as travelling-wave modulators
require a termination to avoid back-reflections of the RF wave. In this case,
the drive voltage is only 𝑉𝑉0 /2. The drive voltage is assumed to be a bipolar
rectangular signal which varies between −𝑉𝑉0 /2 and 𝑉𝑉0 /2. Since the power
dissipation is independent of a DC bias, the calculation is also valid for a nonreturn-to-zero (NRZ) signal that varies between 0 V and 𝑉𝑉0 [113]. Note that
the open circuit voltage 𝑉𝑉0 is twice the voltage amplitude measured with a
scope that is matched to 50 Ω. Photocurrents and leakage currents were not
observed in experiments and are not considered here.

Fig. 2.19 Modulator and driver circuit. The lumped modulator is operated without termination
and the drive voltage can approach the full open circuit voltage of the 50 Ω-source.

The active power dissipated in both the internal source resistor (50 Ω) and
the device can be found by looking at the real part of the impedance
1
𝑃𝑃 = 𝑅𝑅𝑅𝑅{𝑉𝑉0 ⋅ 𝐼𝐼 ∗ } = 𝑉𝑉02 𝑅𝑅𝑅𝑅 �
�.
𝑍𝑍d + 50 Ω

(2.42)

The energy consumption per bit is the dissipated power multiplied by the
symbol duration 𝑇𝑇,
𝑊𝑊bit = 𝑇𝑇 ⋅ 𝑃𝑃.

(2.43)
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To take into account the frequency dependence of the device impedance, the
dissipated power is calculated for each frequency component and an
integration is performed over the power spectrum. The power spectral
density 𝜃𝜃0 (𝑓𝑓) of a bipolar NRZ drive signal is [111]
2

𝑉𝑉0 2
sin(𝜋𝜋𝜋𝜋𝜋𝜋)
𝜃𝜃0 (𝑓𝑓) = � � 𝑇𝑇 �
� .
2
𝜋𝜋𝜋𝜋𝜋𝜋

(2.44)

Note that the power spectral density includes the statistical properties of the
data. Inserting (2.42)and (2.44) and into (2.43) gives
∞
1
𝑊𝑊bit = 𝑇𝑇 ⋅ 2 ⋅ � 𝜃𝜃0 (𝑓𝑓) ⋅ 𝑅𝑅𝑅𝑅 �
� 𝑑𝑑𝑑𝑑.
(𝑓𝑓)
𝑍𝑍
+ 50 Ω
d
0

(2.45)

The factor 2 accounts for the negative frequency components. Equation
(2.45) depends on the data rate 𝑅𝑅, because 𝜃𝜃0 (𝑓𝑓) depends on 𝑇𝑇 = 1/𝑅𝑅. Here,
a data rate of 20 Gbit/s, 𝑉𝑉0 = 6.6 V and the experimentally determined 𝑍𝑍d (𝑓𝑓)
are assumed as used in chapter 4. The upper integration limit is 50 GHz, which
is the highest measured frequency. This results in an energy per bit of
462 fJ/bit.
Equation (2.45) can be simplified, when assuming the device impedance to
be a series of a resistor 𝑅𝑅𝑑𝑑 and a capacitor 𝐶𝐶𝑑𝑑 , according to 𝑍𝑍𝑑𝑑 (𝑓𝑓) = 𝑅𝑅𝑑𝑑 +
1
. Further, the resistor can be combined with the source resistor to a
𝑖𝑖2𝜋𝜋𝜋𝜋𝐶𝐶𝑑𝑑
series resistor 𝑅𝑅𝑠𝑠 = 𝑅𝑅𝑑𝑑 + 50 Ω. This gives:
1
1
𝑅𝑅𝑅𝑅 �
� = 𝑅𝑅𝑅𝑅 �
�
𝑍𝑍d + 50 Ω
𝑅𝑅s + 1⁄(𝑖𝑖2𝜋𝜋𝜋𝜋𝐶𝐶d )
𝑅𝑅s − 1⁄(𝑖𝑖2𝜋𝜋𝜋𝜋𝐶𝐶d )
= 𝑅𝑅𝑅𝑅 �
� (2.46)
(𝑅𝑅s + 1⁄(𝑖𝑖2𝜋𝜋𝜋𝜋𝐶𝐶d ))(𝑅𝑅s − 1⁄(𝑖𝑖2𝜋𝜋𝜋𝜋𝐶𝐶d ))
1
1
=
⋅
.
𝑅𝑅s 1 + 1/(2𝜋𝜋𝜋𝜋𝑅𝑅s 𝐶𝐶d )2

The energy consumption per bit therefore becomes

∞
𝑇𝑇
1
⋅ � 𝜃𝜃0 (𝑓𝑓) ⋅
𝑑𝑑𝑑𝑑
𝑅𝑅s −∞
1 + 1⁄(2𝜋𝜋𝜋𝜋𝑅𝑅s 𝐶𝐶d )2
(2.47)
2
∞
𝑇𝑇 2 𝑉𝑉0 2
sin(𝜋𝜋𝜋𝜋𝜋𝜋)
1
=
⋅� � ⋅� �
� ⋅
𝑑𝑑𝑑𝑑.
𝑅𝑅s
2
𝜋𝜋𝜋𝜋𝜋𝜋
1 + 1⁄(2𝜋𝜋𝜋𝜋𝑅𝑅s 𝐶𝐶d )2
−∞

𝑊𝑊bit =

Using 𝜏𝜏 = 𝑅𝑅s 𝐶𝐶d and 𝜔𝜔 = 2𝜋𝜋𝜋𝜋
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2

∞
𝑇𝑇 2
𝑉𝑉0 2
sin(𝜔𝜔𝑇𝑇 ⁄2)
1
⋅� � ⋅� �
� ⋅
𝑑𝑑𝑑𝑑
⁄
⁄
(𝜔𝜔𝜔𝜔)2
2𝑅𝑅s 𝜋𝜋 2
𝜔𝜔𝑇𝑇
2
1
+
1
−∞
∞
𝑇𝑇
𝑉𝑉0 2
sin2 (𝜔𝜔𝑇𝑇 ⁄2)
=
⋅� � ⋅�
⋅ 𝑑𝑑(𝜔𝜔𝜔𝜔 ⁄2)
2
2
𝑅𝑅s 𝜋𝜋 2
−∞ (𝜔𝜔𝜔𝜔 ⁄2) + (𝑇𝑇⁄2𝜏𝜏 )
𝑉𝑉0 2 2τ
T
T
𝑇𝑇
(2.48)
⋅ � � ⋅ � π exp �− � sinh � ��
=
T
2τ
2τ
𝑅𝑅s 𝜋𝜋 2
𝑇𝑇
𝜏𝜏 𝑉𝑉0 2
= � � �1 − exp �− ��
𝜏𝜏
𝑅𝑅s 2
1
𝑇𝑇
2
= 𝐶𝐶d 𝑉𝑉0 �1 − exp �− ��.
4
𝜏𝜏

𝑊𝑊bit =

For symbol rates far below the RC cut-off, 𝑇𝑇 ≫ 𝜏𝜏 and
1
𝑊𝑊bit = 𝐶𝐶d 𝑉𝑉02 .
4

(2.49)

Note that for 𝑇𝑇 ≈ 𝜏𝜏, the energy consumption per bit would be reduced.
Equation (2.49) is in agreement with the arguments of reference [113], where
the power dissipation of the modulator is calculated by considering
charging/discharging of the capacitor. The power dissipation in both the
internal source resistance and the device resistance in charging the capacitor
from −𝑉𝑉0 /2 to 𝑉𝑉0 /2 amounts to 𝐶𝐶d 𝑉𝑉02 /2. When driving with an NRZ signal,
charging and discharging occurs only for the transitions 1-0 and 0-1, but not
for the sequences 0-0 and 1-1. On average, charging/discharging occurs every
2 bits. Therefore, the energy consumption per bit amounts to
𝑊𝑊bit = 𝐶𝐶d 𝑉𝑉02 /4. For 𝑉𝑉0 = 6.6 V such as used for the modulator in chapter 4.2,
and a capacitance of 𝐶𝐶d (20 GHz) = 29 fF, the energy per bit amounts to
316 fJ/bit. For the modulator without RF contact pads, an energy per bit of
33 fJ/bit is estimated using equation (2.49) and 𝐶𝐶d = 3 fF as simulated for the
modulator itself.

While the energy consumption per bit has become a figure-of-merit to
compare modulators, the drive voltage is more relevant for real applications.
From an energy efficiency point of view low drive voltages would enable more
efficient driving circuits that reduce the overall energy consumption. Further,
the energy consumed by the modulator is much smaller than that dissipated
in the driver. For example, the driver used for the interconnect in chapter 4
consumed ~1.4 W at 20 Gbit/s or 70 pJ/bit. The power consumption could be
further reduced, if the driver is physically close to the modulator, thus
reducing parasitics at the interface between the two [114, 115].
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RF Bandwidth
The RF bandwidth of the POH modulator is mainly limited by the RC cut-off
[7]. The walk-off between optical wave and microwave does not play a role,
since the device lengths are much shorter than the RF wavelength. Further,
the linear EO effect is instantaneous. Carrier recombination lifetimes such as
in injection-type silicon modulators do not limit the bandwidth. Furthermore,
since the same metal is used to define the optical waveguide and the
electrical contact, there is no need of feeding transmission lines that would
cause additional RF attenuation. Assuming a simple low-pass filter of first
order, the RF cutoff frequency is 1/(2𝜋𝜋𝜋𝜋𝜋𝜋). With 𝑅𝑅 = 50 Ω and 𝐶𝐶 = 30 fF,
the expected RF bandwidth is in the order of 200 GHz. This model seems to
oversimplify the equivalent circuit model of Fig. 2.17. However, the predicted
RF bandwidth is supported by measurements as shown in chapter 3.

2.4

Optical Interconnects

This chapter introduces basic concepts of optical interconnects and discusses
selected modulation formats that are considered for short-reach links. It
largely follows references [116] and [117].
2.4.1
Basic Concepts
An optical communication system consists of a transmitter (Tx) a
communication channel such as an optical fiber, and a receiver (Rx). The Tx
converts an electrical signal into an optical one. The optical signal is generated
either by a direct modulation laser (DML) or a CW laser with an external
modulator. The Rx converts the optical signal back to an electrical one. The
performance of the communication system is characterized through the bit
error ratio (BER) that is the probability of incorrect bit identification.
Most optical interconnects employ intensity modulation with direct
detection. In this scheme an electrical signal modulates the intensity of an
optical carrier in the Tx and the Rx identifies bits as logical 1 or 0 directly
depending on the intensity of the signal. In alternative schemes, the
amplitude, frequency or phase of the optical carrier is modulated and the
optical signal is detected by combining it with a CW optical field before it falls
into the photodetector. Such a scheme is referred to as coherent. The CW is
typically generated locally at the Rx using a narrow linewidth laser, called
local oscillator (LO). Coherent receivers generally have much better sensitivity
than direct receivers, but they are more complex and expensive which is why
direct detection receivers are preferred for short reaches.
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Fig. 2.20 shows the block diagram of an intensity modulation direct detection
scheme [117]. The Tx consists of clock and data recovery (CDR) and
multiplexer (MUX), forward error correction (FEC) encoder, Tx digital signal
processing (DSP), digital-to-analog converter (DAC), clock multiplier, and Tx
optics. In this example, the Tx optics comprise a driver and a CW laser with
an external MZM. The Rx includes Rx optics, analog-to-digital converter
(ADC), Rx DSP, FEC decoder, clock recovery and De-MUX. The Rx optics is
made of a direct detection photodetector (PD) and a trans-impedance
amplifier (TIA). The DSP typically includes an adaptive equalizer at the Rx. The
equalizer corrects frequency-dependent distortions and thus reduces
intersymbol interference. FEC adds a parity code to the Tx data that enables
the Rx to correct errors [118]. Mainstream intra-datacenter links do not use
FEC, but higher-order modulation formats, that are being considered for the
future, require the coding gain provided by FEC.

Fig. 2.20 Intensity modulation with direct detection. Adapted from [117]

2.4.2
Selected Modulation Formats
When designing an optical communication system, the modulation format
has to be chosen as a first step. The three basic digital modulation schemes
are amplitude-shift keying (ASK, also called pulse-amplitude modulation
PAM), phase-shift keying (PSK) and frequency-shift keying (FSK). Typical intradatacenter interconnects operate in an ASK modulation scheme, because it is
technically simple and low in cost. A particular important scheme is on-off
keying (OOK), where a logical 1 corresponds to high signal power and logical
0 to no signal power. If the signal does not return to the logical 0 between
subsequent levels of a logical 1, the format is called non-return-to-zero (NRZ).
Alternatively, in a return-to-zero (RZ) format, the optical pulse is shorter than
the bit slot and the amplitude of a logical 1 drops to zero before the
successive logical 1. The NRZ format is often used in practice, because it
requires less signal bandwidth.
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Besides, simple higher-order modulation formats are also considered for
future intra-datacenter interconnects [117]. Higher-order modulation
formats use 𝑀𝑀 levels for encoding, such as 𝑀𝑀 amplitude levels for PAM-M .
Whereas the symbol rate 𝑅𝑅𝑆𝑆 equals the bit rate 𝑅𝑅 in the case of NRZ, 𝑅𝑅 =
𝑅𝑅𝑆𝑆 ⋅ log 2 𝑀𝑀 holds for PAM-M. For example, PAM-4 with 𝑅𝑅𝑆𝑆 = 50 GBd enables
a single optical channel to run at 𝑅𝑅 = 100 Gbit/s. This means that DAC and
ADC minimum (Nyquist) sampling rate for PAM-4 is half of that for NRZ for
the same bit rate. The drawback is that for a fixed peak amplitude the
separation between signal levels decreases with increasing number of
amplitude levels. Consequently, a higher signal-to-noise-ratio is required as
compared to NRZ.
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3 High-Speed Electro-Optic MZM on a Plasmonic
Organic Hybrid Platform
This chapter presents the experimental high-speed demonstration of the
plasmonic modulator described in section 2.3. The chapter was published in
a conference [C1] and in a scientific journal [J4], from which it is directly
copied here. Some variables have been adapted to keep the same
nomenclature in the document. A more detailed description of the setup for
the frequency response measurement is given in Appendix C:.

Plasmonic Modulator with
Demonstrated at 100 GBd NRZ

>170 GHz

Bandwidth

C. Hoessbacher, A. Josten, B. Baeuerle, Y. Fedoryshyn,
H. Hettrich, Y. Salamin, W. Heni, C. Haffner, C. Kaiser,
R. Schmid, D. L. Elder, D. Hillerkuss, M. Möller, L. R. Dalton,
and J. Leuthold
Optics Express, vol. 25; issue 3;pp. 1762-1768 (2017) [119].

We demonstrate a plasmonic Mach-Zehnder modulator (MZM) with a flat
frequency response exceeding 170 GHz. The modulator comprises two phase
modulators exploiting the Pockels effect of an organic electro-optic material
in plasmonic slot waveguides. We further show modulation at 100 GBd NRZ
and 60 GBd PAM-4. The electrical drive signals were generated using a
100 GSa/s digital to analog converter (DAC). The high-speed and small-scale
devices are relevant for next-generation optical interconnects.

3.1

Introduction

High-bandwidth modulators are essential components for various application
such as optical interconnects, microwave photonics and optical frequency
comb generation [120-123]. They are particularly relevant for short-reach
optical interconnects (<2 km reach) that further require low costs, low power
consumption, and small footprints [11].
Optical interconnects featuring data rates of 400 Gbit/s are expected in the
near future [18, 124]. In general, there are two ways to scale data rates in
such systems. The first being to aggregate multiple channels at lower speed
to create a virtual higher speed link. The second approach is to increase
capacity by scaling the data rate on the individual physical channel through
higher symbol rates and advanced modulation formats such as four-level
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pulse-amplitude modulation (PAM-4). To go beyond, with total link capacities
exceeding 1 Tbit/s, per-channel data rates need to be increased to
>100 Gbit/s and low cost implementations will be a major challenge for the
datacom industry [11]. Traditionally, vertical cavity surface emitting lasers
(VCSELs) have been adopted for short-reach communications [20]. Yet, due
to the bandwidth limitations of VCSELs, higher data rate links can only be
implemented with more power hungry signal processing/equalization as well
as forward error correction (FEC) along with associated latency [11, 125].
Conversely, external modulator solutions exhibit a higher bandwidth and can
be scaled to higher data rates with less effort. Promising high-bandwidth
modulators on the silicon platform are based on the free-carrier dispersion
effect, the electroabsorption or electro-optic effect in graphene and the
linear electro-optic effect in organic materials. Among the modulators relying
on the free-carrier dispersion, those based on reverse biased pn junctions as
well as metal-oxide semiconductor (MOS) structures are particularly
attractive [126-130]. However, though showing high bandwidth, these
structures suffer from very small refractive index changes. This results in low
voltage length products and devices are typically several hundreds of
micrometer long [131]. For example, a bandwidth of 35 GHz has been
demonstrated in a reversed biased pn junction and prediction reach even
55 GHz, but voltage-length products were rather high with 2.4 Vmm [127].
Further, MOS modulators with a bandwidth of 25 GHz have been achieved,
but with a voltage-length product of 5 Vmm [129]. Moreover, modulators
based on graphene have attracted attention [132-134] and only recently,
broadband operation of 35 GHz has been achieved with a 30 µm long
electroabsoprtion modulator [132]. Still, the modulation depth was only 2 dB
at a voltage swing of 25 V. In contrast, highest bandwidth exceeding 100 GHz
has been demonstrated by employing organic electro-optic materials in
photonic and plasmonic structures [120, 121, 135-137]. A high light-matter
action is particularly achieved in plasmonic organic hybrid modulators with
voltage-length products of only 0.06 Vmm [10]. With plasmonic devices, even
higher bandwidths are anticipated, since limiting RC time constants are
minimized due to low resistance electrical contacts and smallest dimensions
[10, 136]. Yet, experimental proof supporting the claim for largest
bandwidths is still missing.
In this work, we report for the first time a plasmonic modulator showing an
operation bandwidth beyond 170 GHz. The modulator is based on an organic
electro-optic material (DLD164 [95]). The generation of the electrical drive
signal at such high frequencies is made possible by exploiting the higher
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harmonics produced by a Schottky diode. The response was measured with
an optical spectrum analyzer. The applicability of the plasmonic modulator
for short-reach optical interconnects was then confirmed in a high-speed data
modulation experiment. We use a direct detection scheme that allows for a
technically simple low-cost implementation. The electrical drive signals were
generated using a high-speed digital to analog converter (DAC) with a
sampling rate of 100 GSa/s [138]. We show modulation at 100 GBd NRZ with
a bit-error-ratio (BER) <1.7· 10-5 and 60 GBd PAM-4 (BER: 9.2 · 10-3). This is
exceeding performance of previous experiments in which we showed
40 Gbit/s with direct detection and a BER 6 · 10−4 [9] as well as 54 GBd PAM4 with coherent detection and a BER of 1.8 · 10−2 [8]. This is the first example
of a plasmonic modulator operating at 100 GBd NRZ.

3.2

Design and Fabrication

The plasmonic modulator consists of an imbalanced silicon photonic MachZehnder interferometer (MZI) with plasmonic phase modulators embedded
in each arm (see Fig. 3.1). The phase modulators [7] exploit the Pockels effect
in an organic EO material (DLD164 [95]) to modulate the phase of surface
plasmon polaritons (SPPs). The devices are similar to a previously published
design and were fabricated in-house [8, 139].

Fig. 3.1 Colorized optical microscopy image of the imbalanced silicon photonic MZI with MMIs to
split and combine the light. Each arm of the MZI contains a plasmonic phase modulator [7]. The
zoom-in shows a colorized scanning electron microscopy image of a typical plasmonic phase
modulator. The phase modulator consists of two gold electrodes separated by a 75 nm wide and
20 µm long slot. The slot is filled with an organic EO optical material (not shown).

Light is coupled to and from the MZI via silicon photonic strip waveguides
(450 nm x 220 nm) with grating couplers at each end. Silicon waveguide
bends of 90° and with a radius of 20 µm were applied for routing. The light is
split to the two arms of the MZI by a multimode interference (MMI) coupler
(7.8 µm x 3.01 µm). In each arm of the MZI the light experiences a phase shift
proportional to the applied electrical driving field. After that, it is combined
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in a second MMI which translates the phase modulation to an intensity
modulation. The arms of the MZI have an imbalance of 80 µm to set the
operation point by sweeping the laser wavelength.
The plasmonic phase modulator is based on a metal-insulator-metal
waveguide consisting of two gold electrodes (150 nm height) separated by a
narrow slot. The slot is filled with the EO material (inset of Fig. 3.1). The active
section of the plasmonic modulator used for the frequency response
measurement was 12.5 µm long with a 100 nm wide slot. For the data
experiment we used a more recent device generation of 20 µm length and
with a 75 nm wide plasmonic slot. To convert between the photonic and
plasmonic mode a tapering section is employed [104]. The electrical signal is
applied to the electrodes via RF probes. The contact pads are arranged in a
ground-signal-ground (GSG) configuration. The total modulator footprint
including contact pads is 287 µm x 270 µm. Note that the overall size is only
limited by the contact pads needed to address the device with RF probes.

3.3

Frequency Response

The frequency response of the plasmonic modulator was measured from
75 MHz to 170 GHz. To this end, we modulated CW laser light at ~1550 nm
with sinusoidal RF signals of various frequencies 𝑓𝑓m . In order to cover the
aforementioned spectrum, five different setups were required to generate
the RF signals for different frequency ranges (75 MHz…12 GHz, 15…70 GHz,
70…95 GHz, 115…140 GHz, 141...170 GHz).
In the lowest frequency range (75 MHz…12 GHz), we used an HP71400C
lightwave signal analyzer. The lightwave signal analyzer combines an RF
spectrum analyzer with a calibrated optical receiver. The RF signals 𝑓𝑓m were
swept in steps of 15 MHz to determine the EO transfer function of the
plasmonic modulator.
For the frequency range from 15 GHz to 170 GHz, the modulated signal was
recorded with an optical spectrum analyzer, while sweeping the frequencies
in steps of 1 GHz. We determined the modulation amplitude by the power
ratio between the optical carrier 𝑓𝑓c ≫ 𝑓𝑓m and the modulation sidebands
around the carrier at frequencies 𝑓𝑓c + 𝑓𝑓m and 𝑓𝑓c − 𝑓𝑓m . The RF signal in the
mentioned range was generated in several steps. For the frequency range
15…70 GHz, an RF synthesizer provided the signal directly. For higher
frequencies, the nonlinearities of a Schottky diode (Virginia Diodes) were
exploited to produce higher harmonics. Subsequently, a hollow waveguide
filtered undesired harmonics. For the range 70…95 GHz, the frequencies were
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multiplied by a factor of six. In the frequency range 95…114 GHz, the
unwanted harmonics could not be suppressed in our setup, which prohibited
a proper calibration. For the range 115…170 GHz, we used a frequency tripler.
Since the undesired harmonics were separated by a larger frequency gap,
they could be filtered out efficiently. This way, the frequency bands
115…140 GHz and 141…170 GHz were addressed.
Due to the extremely broad frequency range the microwave probe setup
needed to be adapted for the different frequency bands. Coaxial cables and
waveguide inputs were chosen accordingly. Further, an RF amplifier was
used. To keep the power at the device constant within each frequency band,
we calibrated the output power of the synthesizer by determining the power
at the input of the RF probe with a broadband power meter. Power levels
were set to -3 dBm, -3 dBm, -1 dBm, and 0 dBm for the frequency bands
15…70 GHz, 70…95 GHz, 115…140 GHz, and 141…170 GHz, respectively. The
optical spectrum for a RF frequency 𝑓𝑓m =170 GHz is displayed in Fig. 3.2 as an
example.

Fig. 3.2 Optical spectrum for an RF frequency of 170 GHz.

After the measurement, we subtracted the losses of the RF probes given in
the datasheets. Subtracting the RF probe losses is permitted, since the
modulation depends linearly on the applied RF power. For 115…170 GHz
there was no datasheet available. Here, the RF probe was assumed constant
across the measurement range. In a last step, the determined modulation
amplitude was normalized to the mean of all data points of each frequency
range.
The measured frequency response is shown in Fig. 3.3. There is no indication
for a bandwidth limitation over the whole frequency range. As discussed in
[136], an even larger bandwidth is predicted in theory. The frequency
response measured here is in agreement with our published results across
different frequency bands (below 110 GHz) with multiple devices from
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various fabrication batches [8, 10, 136, 139]. The device here can thus be
considered to be representative for the plasmonic organic hybrid modulators.

Fig. 3.3 Measured electro-optic response up to 170 GHz.

3.4

Data Modulation Experiment

To investigate the application of plasmonic modulators in optical
interconnects, we performed a 2-ary and a 4-ary pulse amplitude modulation
(PAM) experiment. Figure 4 shows a block diagram of the experimental setup.

Fig. 3.4 Experimental setup of the data modulation experiment. The electrical signal was
generated using Micram’s DAC4 prototype. The modulated signal was received in a direct
detection scheme by a photodiode and a real-time scope. At the receiver, post-equalization was
applied to compensate for frequency limitations of the electronics. In the upper right hand corner
we show eye diagrams of the electrical signal at 100 GBd NRZ measured with a digital sampling
oscilloscope: (a) after the DAC and (b) after the RF amplifier.

The electrical drive signal was generated with offline digital signal processing
(DSP) and a high-speed DAC. No pre-emphasis was used in the transmitter
DSP. The digital waveform was stored in the internal memory of a Micram
VEGA DAC4 prototype [138] that generated the data signals. The DAC4 is a
6 bit digital-to-analog converter with a sampling rate of up to 100 GSa/s and
a 3 dB bandwidth of >40 GHz. An RF amplifier with 55 GHz bandwidth
amplified the signal to a peak-to-peak voltage of 4 Vpp for 50 Ω termination.
The signal was applied to the plasmonic modulator with an RF probe having
>67 GHz bandwidth.
Light from a tunable laser source at ~1540 nm wavelength was amplified
before coupling to the chip by an erbium-doped fiber amplifier (EDFA) to
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20 dBm and 25 dBm for PAM-2 and PAM-4, respectively. Such high powers
were necessary to compensate for the high losses of the non-optimized
silicon grating couplers and feeding waveguides (26 dB). Note that the
insertion loss of the plasmonic MZM itself was only ~8 dB. However, cut-back
measurements of the silicon photonic devices indicate fiber-to-chip coupling
losses of 11.8 dB per grating. The silicon photonic propagation loss for the
0.102 cm long feeding waveguides is ~2.7 dB. In fact, silicon photonic losses
in this work were rather high and are attributed to fabrication imperfections.
The modulated light was detected in a direct detection receiver. The direct
detection receiver consisted of an EDFA followed by a 2 nm pass-band filter
and a 70 GHz PIN photodiode. A real-time oscilloscope (160 GSa/s, 63 GHz
bandwidth) digitized the signal for offline DSP. In the offline DSP, we
resampled the signal to two samples per symbol and performed timing
recovery. We applied a feed forward equalizer with 61 taps to compensate
for the frequency responses of the electronics. Finally we made a symbol
decision and counted the BER.
In the first step, we generated a 100 GBd NRZ PAM-2 signal with a de Brujin
bit sequence (DBBS) having a pattern length of 215. To investigate the quality
of the electrical test signal at the transmitter we connected a digital sampling
oscilloscope to the output of the DAC, see Fig. 3.4(a), and to the output of the
RF amplifier, see Fig. 3.4(b). Though the eye diagram after the DAC is clearly
open, the electrical signal quality is degenerated after the RF amplifier due to
bandwidth limitations of the electronics. These bandwidth limitations are
compensated by a feed forward equalizer (FFE) in the receiver DSP. Fig. 3.5(a)
shows the 100 GBd NRZ eye diagram after direct detection and equalization.
The obtained symbols were resampled with a raised cosine pulse-shape (rolloff factor α = 1) to model the low-pass characteristic of the system. Error free
operation was obtained with 6 × 106 evaluated bits (BER <1.7 × 10-5).
In the second step, we investigated multi-level signals. We sent a 50 GBd
PAM-4 signal with NRZ pulse shape and a DBBS of pattern length 211. This
corresponds to a line rate of 100 Gbit/s. Furthermore, we sent a 60 GBd PAM4 signal (120 Gbit/s) with a square-root-raised cosine pulse shape (roll off
α = 0.05, DBBS with pattern length 211). The eye diagrams of the detected
signals are shown in Figs. 5(b) and 5(c). The measured BER for the 50 GBd
signal was 1.6 × 10-3. At 60 GBd we achieved a BER of 9.2 × 10-3. This
effectively corresponds to a net data rate of 105 Gbit/s assuming FEC with
14.3 % overhead [140]. The BER limitations were mainly due to the high
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coupling losses (26 dB) that led to fairly low power at the output of the
modulator.
In the future, the BER may be improved by reducing the insertion losses that
are mainly introduced by the non-optimized couplers. This would further
allow for longer plasmonic waveguides which could increase the interaction
length, so that driving voltages may go down.

Fig. 3.5 Eye diagrams and BERs measured at (a) 100 GBd NRZ, (b) 50 GBd PAM-4 (line rate
100 Gbit/s) and (c) 60 GBd PAM-4 (line rate 120 Gbit/s). The eye diagrams were resampled after
equalization with a raised cosine shape that resembles the low-pass characteristic of the system.

3.5

Conclusion

We have shown operation of a plasmonic modulator with a flat electro-optic
response from 75 MHz to 170 GHz. The plasmonic phase modulators are
arranged in a silicon photonic MZI. They employ an organic EO material and
are as short as 12.5 µm and 20 µm. Data experiments with 100 GBd NRZ and
60 GBd PAM-4 demonstrate the applicability of plasmonic modulators for
next-generation optical interconnects.
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4 Plasmonics for Optical Interconnects
This chapter shows experimental results of the plasmonic modulator towards
applications in optical interconnects. Section 1 deals with a 4-channel
plasmonic modulator array that demonstrates the reliability of the POH
concept. Section 2 presents a complete optical interconnect with arrays of
plasmonic modulators and germanium photodetectors, which are packaged
with their driving electronics on evaluation boards.

4.1

Dense Integration: Plasmonic Modulator Arrays

The content of this section is a direct copy of the Journal publication in Optics
Express [J10], in 2016. The results were also presented at a scientific
conference [C21]. Minor changes have been done to adjust the position of
figures and keep the same nomenclature in this document.

High speed plasmonic modulator array
enabling dense optical interconnect solutions
W. Heni,* C. Hoessbacher,* C. Haffner, Y. Fedoryshyn,
B. Baeuerle, A. Josten, D. Hillerkuss, Y. Salamin,R. Bonjour,
A. Melikyan, M. Kohl, D. L. Elder, L. R. Dalton, C. Hafner and
J. Leuthold
Optics Express, vol. 23, pp. 29746-29757 (2016).
*These authors contributed equally to the work.

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 µm.
4.1.1
Introduction
High-speed optical interconnects are gradually replacing electrical solutions
[141]. To satisfy the ever growing bandwidth requirements, they must offer
highest speed at lowest power consumption with the smallest possible
footprint [16].
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
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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 [23]. As a fiber-to-chip interface, fiber
ribbons and plastic interconnect solutions are frequently used. However, the
typical spacing of ribbons (125 µm) does not allow particular dense
integration, and, furthermore, plastic interconnects are mostly a solution
only for short distances [39]. Alternatively, multicore fibers (MCF) that are
matched to out-of-plane surface couplers provide both, a relatively dense
optical interface [142] and transmission over long distances. The biggest
challenge though, remains a most dense integration of transmitters. Besides
approaches based on direct modulation of VCSELs [143, 144], silicon
photonics offers a variety of paths for combining an external laser source and
on-chip modulators [145, 146]. 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 [2, 147]. 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 [148, 149]. Moreover, plasmonics offers high speed [7,
150], line rates above 100 Gbit/s [151] 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 which was found to be below −31 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 µm. 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. Applications scenario 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 Refs [150, 152,
153].
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4.1.2
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. 4.1. 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 µm pitched ground-signal-ground (GSG) probes we increased
the distance between MZMs to 300 µm. However, the actual footprint
required by the devices is only a few tens of µm2. 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) [142].
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 ≈ 180 pm/V) [95, 154] was applied by spin-coating and poled by applying
a DC electric field at the glass transition temperature of the material.

Fig. 4.1 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.
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4.1.3

Characterization

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 in our
previous batch [150, 151].
To measure the modulation bandwidth of the individual modulators a −3 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(a). This technique [155] 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(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.

Fig. 4.2 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.
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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. 4.3(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. 4.3 (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.

Fig. 4.3 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 crosstalk below −30 dB was found.
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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. 4.4. Four CW laser sources (1549.3 nm to 1552.7 nm, Δλ ≈ 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-raised cosine, roll off α = 1) with De Bruijn bit sequences
(DBBS 215) that were amplified to 4 Vpp by RF amplifiers. D 1, D 2 , 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. 4.5 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 FEC limit of 2×10−3 (7 % overhead); no error was
detected within the 20 million recorded bits for channel 3.

Fig. 4.4 Experimental setup for data modulation experiments. Four lasers with different
wavelengths (Δλ ≈ 1 nm at λ ≈ 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. 4.5 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 FEC limit of 2×10−3.

60

Plasmonics for Optical Interconnects

4.2

Optical Interconnect Solution with Plasmonic Modulator
and Ge Photodetector Arrays

The content of this section is a direct copy of the Journal publication in
Photonics Technology Letters, in 2017 [J3]. The results were also presented
at a scientific conference [C6]. Minor changes have been done to adjust the
position of figures and notations of variables.

Optical Interconnect Solution with Plasmonic Modulator
and Ge Photodetector Array
C. Hoessbacher, Y. Salamin, Y. Fedoryshyn, W. Heni,
B. Baeuerle, A. Josten, C. Haffner, M. Zahner, H. Chen,
D. L. Elder, S. Wehrli, D. Hillerkuss, D. Van Thourhout,
J. Van Campenhout, L. R. Dalton, C. Hafner and J. Leuthold
IEEE Photonics Technology Letters, Accepted for publication (2017).

We report on an optical chip-to-chip interconnect solution, thereby
demonstrating plasmonics as a solution for ultra-dense, high-speed shortreach communications. The interconnect comprises a densely integrated
plasmonic Mach-Zehnder modulator array that is packaged with standard
driving electronics. On the receiver side, a Germanium photodetector array is
integrated with trans-impedance amplifiers. A multicore fiber provides a
compact optical interface to the array. We demonstrate 4 × 20 Gbit/s on-off
keying signaling with direct detection.
4.2.1
Introduction
Optical interconnects provide the high throughput and parallelism needed to
cope with the continuously increasing bandwidth requirements in modern
data centers [145]. The challenge though is to find a transmitter (Tx) and
receiver (Rx) technology that can deliver ultra-fast communications on the
most compact footprint without suffering from crosstalk. In addition, shortreach interconnects inside the datacenter (typical reach up to 2 km) should
be technically simple and operate with conventional electronic drivers in an
on-off keying (OOK) modulation format.
Transceivers for optical interconnects are implemented either with separate
chips for optical and electrical devices, referred to as heterogeneous
integration or alternatively, with optical and electrical devices sharing the
same chip, called monolithic integration [21]. Current transceivers mostly
encompass heterogeneous integration which has the advantage of an
61

Plasmonics for Optical Interconnects

optimized fabrication process for best optical and electrical device
performance [24, 29, 156]. However, this strategy comes at the price of
complicated packaging, limited density and higher interconnect parasitic
capacitance. Monolithic integration can mitigate these issues. [21, 33-35].
Yet, the biggest challenge so far remains the integration of the Tx – and in
particular the modulator. Unless integrated into resonant structures, the
footprint of state-of-the-art modulators are far too large compared to their
electronic counterparts [145]. However, resonant structures only operate at
selected wavelengths and thus require sophisticated wavelength tuning.
Highly integrated Mach-Zehnder modulators (MZMs) that offer operation
across a large optical bandwidth remain a research topic to this day. Lately,
Tx solutions based on plasmonics have emerged [3]. The most attractive
feature of plasmonics is the ability to confine light below the diffraction limit.
Thus, the size of electro-optic devices shrinks by orders of magnitude. Only
recently, we have demonstrated high speed modulators in a plasmonic MachZehnder configuration with line rates up to 108 Gbit/s at micrometer size [8,
150]. On the Rx side, compact solutions have indeed been demonstrated; e.g.
based on germanium (Ge) photodetectors (PD) [157]. Another challenge
towards a dense integration is a fiber-to-chip interface. In this respect,
multicore fibers (MCF) have been proposed, offering both a small channel
spacing and transmission over long distances [38, 139].
In this paper, we report on the first chip-to-chip interconnect bringing
together the three components: a compact plasmonic Tx, a Germanium Rx
and an MCF as a fiber-to-chip interface. The Tx comprises a plasmonic MZM
array with its RF driving electronics. The size of the MZM array with 20 µm
long phase shifters is only dictated by the size of the electrical contact pads.
Light from an external laser source is fed to the Tx via an MCF providing a
channel spacing of only 50 µm. The Rx consists of a Ge PD array integrated
with trans-impedance amplifiers (TIAs). Finally, we show interconnect
operation at 4 × 20 Gbit/s with OOK signaling. The paper shows that
plasmonics is a feasible path towards an ultra-compact, high-speed and
technically simple interconnect.
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4.2.2
Vision
The interconnect solution envisioned here is shown in Fig. 4.6. The highly
dense transceiver is based on separate optical and electrical layers. The top
optical layer consists of an optical interface and the active components, i.e. a
plasmonic MZM array (Tx) and a Ge PD array (Rx). The optical interface
comprises an array of grating couplers (GCs) matched to the cores of the MCF.
The active components are driven individually by the underlying electronics.
Metallic vias are used to bridge both layers as shown in the inset.

Fig. 4.6 Compact high-speed optical interconnect scenario: Integrated transceiver consisting of a
plasmonic MZM array and a Ge photodiode array. For the Tx, (1) CW light of a central laser is
coupled to the chip by a multicore fiber (MCF) matched to on-chip grating couplers (GCs). (2) The
light is then distributed to the integrated plasmonic MZMs to encode a parallel data stream. (3)
After encoding, the signals are sent back and fed into separate cores of the MCF. On the Rx side,
(4) Ge PDs receive the signals stemming from different cores of the MCF. The electronic contacts
of the devices may be realized through vias from the bottom of the chip as indicated in the
magnified image.
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4.2.3
Transmitter
Towards the goal of a transceiver as shown in Fig 1, we built a prototype
plasmonic Tx, see Fig. 4.7(a). A customized housing was fabricated in-house
to assemble the photonic chip with the plasmonic MZM array and its driving
electronics via wire bonding. The data signals were fed to the Tx via highspeed RF connectors at the edge of the housing. The driving RF signals were
amplified by four RF amplifiers (Amp) mounted on an evaluation board that
was designed and built in-house as well. To minimize the length of the wire
bonds, the plasmonic MZM array was placed in a cavity in the middle of the
housing, which provides two RF signals from each side. The housing was
mounted on a copper block that acted both as an external heat sink to
dissipate the heat from the RF amplifiers, and also to adjust the height of the
sample to our characterization setup. No active cooling was required to
operate the Tx. Light was coupled in and out of the photonic chip via silicon
grating couplers (GCs) matched to an MCF and a standard single mode fiber
(SMF), respectively. Fig. 4.72(b) shows the facet of the MCF with a 50 µm
channel spacing in a hexagonal lattice of which only four cores were used in
this work.
The plasmonic modulator array is shown in Fig. 4.7(c). It consists of 20 µm
long plasmonic phase modulators that are arranged in an imbalanced silicon
Mach-Zehnder interferometer configuration. The chip was fabricated inhouse, see [139]. The spacing between adjacent MZMs of 300 μm is given by
the large size of the electrical contact pads required for wire bonding.
Ultimately, these pads will not be needed in a monolithic integration concept.
This way, the modulators may be contacted through vias from the bottom, so
that smallest footprints will become possible. It should be noted, that we
have already previously shown that multiple plasmonic MZMs can be
arranged as close as a few µm without disturbing the device performance
[158]. Further, while gold is not included in the CMOS process, it has been
shown that it may be replaced by e.g. copper [45]. Once photonics is
monolithically integrated with electronics, we expect lowest parasitics, thus
taking full advantage of the ultra-compact plasmonic phase modulators.
The driving electronics were tested independently of the plasmonic
modulators before wire bonding by using RF probes. Measurements of the Sparameters showed that the amplifiers provided >20 dB gain up to 10 GHz,
while the input reflection was better than -6 dB up to 40 GHz.
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Fig. 4.7 Plasmonic transmitter (Tx). (a) Customized package with plasmonic modulator array on
a photonic chip connected to its driving electronics via wire bonding. (b) Optical microscopy image
of the facet of the MCF with a channel spacing of only 50 µm. (c) Four-channel plasmonic
modulator array with silicon (Si) photonic Mach-Zehnder interferometers. The Si waveguides have
vertical grating couplers at each end that match spacing and mode field size of the MCF. (d)
Colorized scanning electron microscopy image of a plasmonic phase shifter consisting of two gold
(Au) electrodes being separated by a 75 nm wide and 20 µm long slot that is filled with an organic
second-order nonlinear optical material.

Data experiments at 20 Gbit/s resulted in open eye diagrams for all
amplifiers, see Fig. 4.8. The test signal was a non-return-to-zero (NRZ) signal
(pulse shape square-root-raised cosine SRRC, roll off α = 0.35, De Bruijn bit
sequences (DBBS), length 215, input voltage Vpp = 500 mV). A digital sampling
oscilloscope (DSO) was used to measure the quality factors Q2 of 14.4 dB,
14.1 dB, 14.4 dB, and 11.8 dB for channel (ch) 1…4, respectively.

Fig. 4.8. Eye diagrams and quality factors Q2 at 20 Gbit/s for the four amplifiers before bonding
to the plasmonic modulators. The eye amplitudes were 2.9 V, 2.9 V, 3.3 V, 3.3 V for ch1…4
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The plasmonic modulator array was also individually characterized using RF
probes. We demonstrated 4 × 36 Gbit/s in a coherent detection scheme with
an optical interchannel crosstalk below -31 dB as described in detail in [139].
In this work, the optical extinction ratios of the four imbalanced
interferometers were found to be >11 dB. The insertion loss of the plasmonic
modulators on chip were ~18…21.6 dB. Cut-back measurements of the silicon
photonic devices indicate fiber-to-chip coupling losses and propagation
losses of 8 dB per grating and 10 dB/cm, respectively, thus adding ~20 dB to
the loss budget. Assuming that for a single charging process the energy
dissipated in the modulator is CV2/2 and that charging and de-charging occurs
statistically every second bit [111, 113], the estimated energy consumption
of the modulator is wbit = Cd U 2 ⁄4 = 327 fJ⁄bit. Here, we used a driving
voltage of U = ±3.3 V and a capacitance of Cd = 30 fF that was determined
via reflection coefficient measurements for a similar device on the same chip.
While the plasmonic modulators feature an electro-optic bandwidth >70 GHz
[139, 159], the electrical wire bonds with lengths of ~2.5 mm introduce an
electrical bandwidth limitation at higher data rates and should be minimized
in future experiments.

4.2.4
Receiver
The receiver consist of an integrated photodetector array packaged with
trans-impedance limiting amplifiers (TIAs) on an evaluation board, see
Fig. 4.9. The PD array consists of four Germanium waveguide photodetectors
from IMEC’s fully integrated silicon photonics platform [157]. The PDs feature
a 50 µm spaced optical interface with GCs and responsivities of
0.5...0.65 A/W with a bandwidth >22 GHz. The detectors were wire bonded
to a 4-channel TIA array on an evaluation board. To minimize the length of
the wire bonds, the photonic chip was diced close to the contact pads and
placed in proximity to the electronic chip. Note that one channel could not be
operated, since one wire-bond detached from the pad.
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Fig. 4.9. Receiver (Rx). Evaluation board with Ge PD array wire-bonded to TIAs. The inset shows
the four-channel Ge PD array with an electrical channels spacing of 200 µm. One channel could
not be operated due to a faulty wire bond.

We tested the performance of the Rx with data experiments, as shown in
Fig. 4.10. Data was encoded on an optical carrier by a GaAs intensity
modulator (20 Gbit/s, NRZ, rectangular, DBBS 15, λ = 1550 nm). The signal
was used to characterize the three operational channels of the Rx
sequentially. The modulated light was coupled to the individual channels
using an SMF and GCs. The signal quality was evaluated using a DSO. A bias
voltage of −2 V was applied to the Ge PDs, while the Rx settings were
optimized for high quality factors Q2 of the received eye diagrams. Fig. 4.10
depicts open optical eye diagrams and quality factors Q2 of 22.9 dB, 23.7 dB,
and 25.1 dB of the investigated channels.

Fig. 4.10. Measurement setup and Rx optical eye diagrams with quality factor (Q2) of data
experiments at 20 Gbit/s for -1 dBm input power.
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4.2.5
Chip-to-Chip Interconnect
In a final step, transmitter and receiver were combined to a complete chipto-chip interconnect based on the setup shown in Fig. 4.11. The Tx was
operated at a wavelength of ~1550 nm. Non-return-to-zero (NRZ) signals at
10 Gbit/s and 20 Gbit/s with a rectangular pulse shape and a DBBS with a
pattern length of 215 were encoded on the optical carrier. The modulated
signal was amplified by EDFAs before it was sent to the Rx. At the Rx output,
the signals were measured with a real-time oscilloscope. Eye diagrams and
bit error ratios (BERs) were obtained by standard digital signal processing.
Each optical channel (ch1…4) was tested separately. As already mentioned in
the previous section, one channel of the Rx could not be addressed due to a
missing wire bond. For this channel (ch4), an external photodiode without TIA
was used instead. The power dissipation of one channel at the transmitter is
~1.4 W, while the receiver contributes with ~240 mW per channel. Fig. 4.12
depicts the measured BERs (40 million recorded bits) along with sample eye
diagrams. The eye diagrams were digitally interpolated. Note that the eye
diagram of ch4 looks different from the others due to the missing TIA. At
10 Gbit/s (20 Gbit/s) we achieved BERs of 1.1 × 10−6, <2.5 × 10−7, <2.5 × 10−7
and 1.9 × 10−5 (1.8 × 10−3, 6.3 × 10−3, 2.0 × 10−4, 1.8 × 10−4) for ch1…4. All
channels have bit error ratios (BERs) below the FEC limit of 7.0×10−3 (9.1 %
overhead) [140]. The BERs can be improved in the future by minimizing the
insertion loss of the modulator that is attributed to fabrication imperfections.

Fig. 4.11. Experimental setup for data modulation experiments of the complete chip-to-chip
interconnect. Laser light at λ ≈ 1550 nm was coupled to the Tx. Electrical data streams were
generated by an arbitrary waveform generator (AWG) and sent to the channel under test of the
Tx. The modulated signal was amplified and sent to the Rx. At the Rx output, eye diagrams and
bit error ratios were measured with a real time scope and standard digital signal processing. In
green, exemplary eye diagrams of 20 Gbit/s signals measured with a DSO for channel 3: (A)
Electrical signal after modulator drivers, (B) Optical signal leaving the Tx array measured with an
external PD and (C) Signal at the output of the Rx.
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Fig. 4.12. NRZ OOK at 10 Gbit/s (upper row) and 20 Gbit/s (lower row) for all channels. Note, for
ch4 an external photodiode without TIAs was used, since one wire bond on the Rx was missing.

4.2.6
Conclusion
A new chip-to-chip interconnect concept operating at 4 × 20 Gbit/s (OOK) is
introduced. The transmitter consists of an integrated plasmonic MZM array
that is operated with standard driving electronics. Light is coupled to the array
via an MCF with 50 µm core spacing. The receiver comprises a Ge PD array
packaged with TIAs. In conclusion, plasmonics is demonstrated as a compact,
high-speed and scalable solution for short-reach interconnects.
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5 Plasmonic Memristive Switch
This chapter covers the plasmonic memristive switch that was developed in
this thesis. The content of this chapter is a direct copy of the Journal
publication in Optica, in 2014 [J13]. The results have also been presented at
a scientific conference [C24]. Minor changes have been done to adjust the
position of figures and notations of variables.

The Plasmonic Memristor – A Latching Optical Switch
C. Hoessbacher, Y. Fedoryshyn, A. Emboras, D. Hillerkuss,
A. Melikyan, M. Kohl, M. Sommer, C. Hafner and J. Leuthold
Optica, vol. 1, pp. 198-202 (2014) [160].

We demonstrate a plasmonic memristor that features the characteristics of
the resistive random access memory (RRAM) for plasmonics. The device
enables latching optical switching, thus maintaining a state without power
consumption. The operation principle is based on the reversible formation of
a conductive path in the dielectric layer of a plasmonic metal-insulator-metal
waveguide. Extinction ratios of 12 dB (6 dB) are demonstrated in 10 µm
(5 µm) long devices for operating voltages of ±2 V. Our switch is integrated
on a silicon photonic platform operating at 1550 nm wavelength.

5.1

Introduction

Integrated optically readable memories are key elements in the toolbox of
next-generation information storage, as they permits one to replace electrical
data buffers in optical communication systems [161]. Moreover, latching
optical switches are needed for low power circuit switching [162].
Memory switching effects have been studied in electronics for many years
[163-165]. One important example is the so-called resistive random access
memory (RRAM or ReRAM) or memristor (memory resistor). RRAMs have
attracted attention as possible candidates for future non-volatile memories
as an alternative for today’s flash memories. Typical devices consist of a
capacitor-like metal-insulator-metal (MIM) structure. The two states of
RRAMs are accessed by applying a voltage between the two metals.
Depending on the voltage either a high-resistance or low-resistance
nanometer-scale conductive path is formed in the insulator between the two
metals.
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In plasmonics, the signal is encoded as a surface plasmon polarition (SPP) that
propagates along a metal-dielectric interface. The confinement of such SPP
modes may be below the diffraction limit, which is why the field of plasmonics
has triggered a number of suggestions for small-scale switch implementations
[7, 44, 78, 79, 166-168]. Most interestingly, the typical structure of a RRAM
device with its MIM layers also could serve as a plasmonic MIM waveguide
and thus might pave the way for a new resistive switch in the field of
plasmonics. Combining RRAMs with plasmonics allows one to relate the
electrical and the optical world with new applications in circuit switching and
memory concepts and ultimately could lead to the realization of a compact
latching switch with electrical write/erase and optical readout functionality.
Recently, optical switching with a 0.09 dB extinction for the first time
indicated the feasibility of a plasmonic RRAM device [89]. The device
consisted of a silver/amorphous silicon/p-silicon layer structure with the
resistive switching being caused by a formation and annihilation of a metallic
filament in the amorphous silicon layer. In another demonstration a thermally
induced insulator-metal phase transition based on vanadium-dioxide was
used to demonstrate plasmonic switching with a memory effect [87]. With
this scheme the authors could show a rather high extinction ratio of 10.3 dB
with a device of 5 µm length. The device however requires relatively high
electrical powers of about 28 mW for the thermally induced phase change.
In this work, we present a plasmonic memristor with a high extinction ratio.
More precisely, we demonstrate a latching optical switch based on an
electrically induced creation and elimination of a conductive path in a
gold/silicon oxide/indium-tin-oxide layer structure. The device is integrated
with a silicon photonic waveguide and performs switching with an extinction
ratio of 12 dB (6 dB) for a 10 μm (5 µm) long device. The operation power is
consumed only when the state of the switch is changed and is below 200 nW.

5.2

Design and Fabrication

The resistive switch consists of a hybrid waveguide with a plasmonic section
on top of a standard silicon photonic strip waveguide (800 nm x 340 nm) as
suggested in [78, 79]. Fig. 5.1 (a) shows the cross-section of the device. The
plasmonic waveguide itself is formed by a 30 nm thick silicon dioxide (SiO2)
layer sandwiched between a 10 nm thick indium-tin-oxide (ITO) layer and a
300 nm thick gold (Au) layer. The ITO layer has a nominal carrier
concentration of 1019 cm-3. In this structure, the optical field is highly confined
to the thin SiO2 layer. Fig. 5.1 (b) shows the corresponding electric field
distribution of the quasi-TM fundamental mode at 1550 nm wavelength
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obtained with numerical simulations using the commercial software CST
microwave studio. The ITO layer and the top metal further serve as bottom
and top electrodes, respectively. They are connected to metal pads for
contacting with electrical probes. The ITO bottom electrode is contacted via
a 300 nm thick Au layer at the side of the photonic waveguide, see Fig. 5.1 (a).
Light is coupled to the memristor by means of silicon strip waveguides.
The silicon photonic structures are fabricated on a silicon-on-insulator (SOI)
substrate with a 340 nm thick silicon layer and 2 μm thick buried oxide layer
using a single step e-beam lithography and an ICP-RIE process. The chip is
then covered by a PECVD-grown 500 nm thick SiO2 layer acting as cladding
for the photonic waveguide. Local openings in the SiO2 on top of the photonic
waveguides (1.6 μm wide) define the plasmonic sections of the devices. They
are fabricated via a photo-lithography and an RIE process. The 300 nm Au
bottom contact is produced using a photo-lithography, e-beam evaporation
and a lift-off process. This contact is laterally offset with respect to the
photonic waveguide. Next, the 10 nm ITO layer is RF-sputtered and
structured using photo lithography and lift-off. A 30 nm SiO2 layer is RFsputtered on top. A second 300 nm Au contact is deposited and structured
similarly to the bottom one. Finally, the 30 nm oxide is opened locally using
an RIE process to access the bottom contact pad. Fig. 5.2 shows an optical
microscope image of a fabricated device.

Fig. 5.1 (a) Cross sectional view of the plasmonic memristor. The device comprises the typical
memristor MIM layers that further serve as a plasmonic waveguide (gold/silicon oxide/ITO) on
top of a silicon photonic waveguide. (b) Electric field distribution of the quasi-TM fundamental
mode in the hybrid plasmonic and SOI waveguide. The mode is highly confined in the 30 nm thin
SiO2 layer.
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Fig. 5.2 Optical microscope image of the 5 µm long plasmonic switch. Light is coupled by means
of a silicon waveguide (Si-WG) to the plasmonic memristor. The golden squares are the electrical
contact pads.

5.3

Characterization

The device was characterized in two steps. First, we studied the quasi-static
behavior. We measured the hysteresis of the current and the optical
transmission while slowly sweeping the applied voltage. In a second step, we
investigated the time resolved switching process.
5.3.1
Quasi-Static Behavior
We measured the current and the optical transmission as a function of the
applied voltage. As indicated in Fig. 5.1, the voltage was applied between top
and bottom electrode. A compliance current of 100 nA was set to protect the
device from permanent breakdown. Continuous wave laser light at a
wavelength of 1550 nm was coupled to the chip through grating couplers. The
transmitted optical signal was measured with a power meter.
The electrical behavior of a 5 µm long device with the laser being turned off
is displayed in Fig. 5.3. The applied voltage was swept from -3 V to 3 V and
back in steps of 60 mV with a duration of 2 s per step. We observed a sudden
increase of the current at a threshold of ~2.9 V. Here, the current reached its
compliance limit. When scanning back, the current decreased while showing
a hysteresis. This hysteresis is typical for RRAM devices [165].
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Fig. 5.3 Electrical current-voltage characteristic of the plasmonic memristor. The response
indicates a hysteresis as it is typical for resistive switching memory cells. An abrupt increase of
the current is found with a threshold around 2.9 V. Note that the set voltage differs from the
actual (measured) voltage in the compliance limit.

Fig. 5.4 (a) shows the normalized optical transmission for 50 consecutive
measurement cycles below threshold (±2 V, 20 mV per step, 2 s per step, total
duration of 13.3 min per cycle). We started at -2 V in the ON state. While
gradually increasing the voltage, the optical signal decreased. When
decreasing the voltage, the optical transmission increased again, while being
lower than for the forward sweep direction. This hysteresis indicates the
memory effect of the switch. The device returned to its initial state after
completion of each measurement cycle. This shows excellent repeatability of
the switching effect. The difference between the ON and the OFF state
(extinction ratio) was 6 dB. The latching extinction ratio between the latched
states was 3.5 dB. Since the device was operated below threshold, no
significant current was measured and no hysteresis was observed in the
I-V curve. Therefore, peak operating power during switching is below
200 nW.
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Fig. 5.4 Quasi-static performance of the plasmonic memristor. (a) Latching optical switch
behavior for a 5 µm long device: 50 measurement cycles of the normalized optical transmission
as a function of the set voltage showing a hysteresis and an extinction ratio of 6 dB. (b) Latching
optical switch behavior of a 10 µm long device showing an extinction ratio of 12 dB. During these
measurements below threshold, no hysteresis was observed in the I-V curve.

The dependence of the extinction ratio on the device length was investigated
as well. From Fig. 5.4 (b) one can see that increasing the length from 5 µm to
10 µm increases the extinction ratio from 6 dB to 12 dB. Thus, the extinction
ratio increases with increasing device length. While two devices with different
lengths do not yet provide sufficient statistics the result at least indicates a
trend.
Propagation losses in the hybrid waveguide section of 1 dB/µm and coupling
losses between the silicon photonic and the hybrid waveguide of 6.5 dB per
interface were determined through cut-back measurements.
The results of Fig. 5.3 and Fig. 5.4 can be explained as follows: When a positive
voltage is applied, a conductive path is formed in the oxide layer. As this
conductive path is bridging the two electrodes, the current increases. For the
reverse scanning direction, the conductive path is eliminated, so that the
current decreases. Since the plasmonic signal is highly confined in the
insulating layer, it is quite sensitive to the alteration of the insulating layer.
This is why, the switch may be operated below threshold. Even before
electrical switching, the plasmonic mode is strongly perturbed by the
conductive path, thus reducing the optical transmission.
The physical nature of the resistive switching mechanism was reviewed in
literature and is still not fully understood [163, 165]. Yet, it is known that
defects in insulating layers, such as metals and oxygen vacancies, play an
important role in resistive switching devices, as they enable the formation
and elimination of the conductive path. In the present device, the sputterdeposited SiO2 that is used as an insulating layer is expected to contain a large
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number of defects [169]. The switching mechanism might be explained by
positively charged ions being injected from the top electrode. The ions
thereby form narrow conductive filaments. This metal filament type of
resistive switching was even observed with in-situ transmission electron
microscopy studies [169]. Another switching mechanism suggested in
literature is based on a conductive path of oxygen vacancies that is formed in
the oxide layer. In that sense, silicon oxide might be utilized by locally
enriching silicon inside the silicon oxide matrix [169-173].
5.3.2
Dynamic Behavior
To further assess the device, we studied the dynamic behavior of the switch.
Here, we determined the step response of the device at both, minute and
millisecond time scales. Moreover, a MHz modulation was applied to the
device.
The slow switching process is depicted in Fig. 5.5. A voltage of 2 V was applied
to a 5 µm long device for five minutes, before switching the voltage off again.
The optical signal measured with a power meter showed a latching extinction
ratio of 3 dB. After that, the device was reset to its initial state by a negative
voltage of -2 V.

Fig. 5.5 Dynamic behavior for a 5 min switching process. A voltage of 2 V was applied for 5 min,
before switching the voltage off again (green). A latching extinction ratio of 3 dB was observed.
By applying a voltage of -2 V the device was reset to its initial state.

Furthermore, a 5 ms long electrical impulse of 2 V was applied to the optical
memristor (see Fig. 5.6). Here, the optical response of a 20 µm long device
was measured with a photodiode and a real-time oscilloscope. Despite the
short duration a latching switching behavior was found as well. The latching
extinction ratio was ~0.6 dB though. Thus, the extinction ratio increases with
the duration of the pulse that is applied. The energy required for a transition
is as little as 60 µJ or 1 nJ depending on the switching duration.
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Fig. 5.6 Dynamic behavior for a 5 ms switching process. (a) Measurement setup: An electrical
impulse was sent to the device under test (DUT) while measuring the optcial response with a
photodiode on a real-time oscilloscope. (b) Screenshot of the real-time oscilloscope showing the
switching process (yellow) for a 5 ms long electrical impulse of 2 V (green). The blue line is the
measured signal after a low pass filter. A latching extinction ratio of ~0.6 dB was observed.

To further investigate the switching speed, a sinusoidal modulation in the
MHz regime was applied to the device and detected with a photodiode and a
lock-in amplifier. This revealed a relatively flat frequency response between
40 kHz and 10 MHz. The 3 dB bandwidth at an operation with ± 2 V with
respect the amplitude at 40 kHz is 30 MHz (see Fig. 5.7, blue triangles).
However, switching times below 10 ns have been reported for electronic
memristors [165]. Higher speeds thus should be doable for plasmonic
memristors with optimized dimensions and material compositions.

Fig. 5.7 MHz frequency response of the plasmonic memristor. A sinusoidal signal was applied to
a 5 µm long device using an arbitrary waveform generator. The optical signal was detected with
a photodiode and a lock-in amplifier.
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5.4

Summary

In conclusion, we demonstrated a latching optical switch that combines the
memristor concept with plasmonics. The switch exploits the formation and
elimination of a conductive path in the insulating layer of a metal-insulatormetal layer stack. The conductive path leads to an attenuation of the optical
mode in the OFF-state and is ruptured when switching to the ON-state. The
plasmonic switch is integrated with a silicon photonic waveguide. Optical
extinction ratios of 12 dB at 1550 nm wavelength are shown for 10 µm long
devices. The operation power is consumed only when the state of the switch
is changed and is below 200 nW with operating voltages in the range of ±2 V
and currents below 100 nA. Tests with 50 write cycles and sinusoidal
modulation in the MHz regime demonstrate excellent repeatability of the
switching mechanism.
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6 Summary and Outlook
In the following, the main results and achievements of this work are
summarized, and an outlook on possible future research is given.
In this thesis, plasmonic modulators and switches for optical communications
were developed. Explicitly, a high-speed operation of a plasmonic MZM was
demonstrated and later shown to work reliably as an array in an optical
interconnect. Further, a plasmonic memristive switch as a new kind of
plasmonic switch was developed.
High-Speed EO MZM on a POH Platform
The plasmonic modulator exploits the linear electro-optic effect in organic
materials to attain phase modulation. Intensity modulation is achieved by
integrating two phase modulators into a silicon-photonic Mach-Zehnder
interferometer. Due to the small resistances of the electrical contacts and the
small device capacitances high-speed operation is achieved. In this thesis, the
frequency response was experimentally demonstrated to be flat between
75 MHz and 170 GHz. High-speed data modulation experiments at 100 GBd
NRZ and 60 GBd PAM-4 demonstrate the that the devices are well suited for
applications in optical communications.
In the future, the RF characteristics of the modulator may be improved by
minimizing the size of the electrical contact pads that determine the
impedance of the present device (see section 2.3.3). Furthermore, an
optimized driver, would reduce power consumption and improve signal
quality [115]. Rather than a single ended GSG configuration, a dual-drive
operation should be considered for future designs, as this supports the
benefits of differential operation. The optical characteristics of the modulator
could be improved by optimizing the coupling. As mentioned in section 3.4,
this would allow for slightly longer plasmonic waveguides, effectively
reducing drive voltages.
Plasmonics for Optical Interconnects
The applicability of plasmonic modulators for optical interconnects was
demonstrated by building a full link from transmitter to receiver. At first, the
modulators were shown to operate reliably as a 4-channel array. The array
was interfaced by a multicore fiber with an optical channel spacing of only
50 µm. The electrical channel spacing of 300 µm was merely limited by the
size of the contact pads needed to address the device with RF probes.
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The plasmonic MZM array operated at 4 × 36 Gbit/s BPSK signaling. Next, a
customized transmitter package was built with the plasmonic MZM array
connected to its driving electronics via electrical wire-bonds. The transmitter
was combined with a receiver that consisted of an integrated germanium
photodetector array packaged with trans-impedance limiting amplifiers.
Operation at 4 × 20 GBd NRZ signaling was demonstrated.
Several steps remain to be taken to show that plasmonics is indeed of
practical relevance. As explained in section 1.2.1, copper or aluminum that
are included in the CMOS process ought to replace gold which is currently
used as a metal. Additionally, the electrical connections between modulator
and driver need to be reduced to allow for higher data rates. Ultimately,
plasmonic, photonic and electrical devices might be monolithically integrated
on the same chip. Exciting times lie ahead as we learn how to bring
plasmonics out of the lab into next-generation communication systems.
Plasmonic Memristive Switch
The plasmonic memristive switch is an electrically controlled plasmonic
switch with a memory effect. The operation principle is based on the
reversible formation of a conductive path in the dielectric layer. The
plasmonic memristive switch features the characteristics of electronic
resistive random access memories. Extinction ratios of 12 dB (6 dB) were
achieved in 10 µm (5 µm) long devices at operating voltages of ±2 V. Tests
with 50 write cycles and sinusoidal modulation in the MHz regime
demonstrate excellent repeatability of the switching mechanism.
The speed of the plasmonic memristive switch can be improved by optimizing
the dimensions and material compositions. Switching times below 10 ns have
been reported for electronic memristors [165] and should be feasible with
plasmonic memristive switches as well. The physical origin of the switching
mechanism is not yet fully understood. Future investigations might be
conducted using in-situ transmission electron microscopy, where a voltage is
applied while taking high-resolution images.
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Appendix A: Relation Between Reflection Factor and
Impedance
In the following the relation between voltage reflection coefficient and
impedance is considered [112]. Assume a lossless transmission line
terminated in an arbitrary load impedance 𝑍𝑍L at the position 𝑧𝑧 = 0 as shown
in Fig. 6.1. An incident wave of the form 𝑉𝑉0+ 𝑒𝑒 −𝑗𝑗𝑗𝑗𝑗𝑗 is generated at 𝑧𝑧 < 0. The
ratio of voltage to current of the traveling wave is the characteristic
impedance 𝑍𝑍0 = 𝑉𝑉(𝑧𝑧)⁄𝐼𝐼(𝑧𝑧). When the line is terminated in 𝑍𝑍L ≠ 𝑍𝑍0 , the
ratio of voltage to current at the load must be 𝑍𝑍L and there is an a reflected
wave in +𝑧𝑧-direction.

Fig. 6.1 A transmission line terminated in a load impedance.

The total voltage on the line is the sum of incident and reflected wave
V(z) = 𝑉𝑉0+ 𝑒𝑒 −𝑗𝑗𝑗𝑗𝑗𝑗 + 𝑉𝑉0− 𝑒𝑒 𝑗𝑗𝑗𝑗𝑗𝑗 .

(6.1)

Accordingly, the total current is

The load impedance is

I(z) =
𝑍𝑍L =

𝑉𝑉0+ −𝑗𝑗𝑗𝑗𝑗𝑗 𝑉𝑉0− 𝑗𝑗𝑗𝑗𝑗𝑗
𝑒𝑒
−
𝑒𝑒 .
𝑍𝑍0
𝑍𝑍0

𝑉𝑉(0) 𝑉𝑉0+ + 𝑉𝑉0−
=
𝑍𝑍 .
𝐼𝐼(0) 𝑉𝑉0+ − 𝑉𝑉0− 0

(6.2)

(6.3)

The voltage reflection coefficient Γ is the amplitude of the reflected wave
normalized to the amplitude of the incident wave

Solving for 𝑍𝑍L gives

Γ=

𝑉𝑉0− 𝑍𝑍𝐿𝐿 − 𝑍𝑍0
=
.
𝑉𝑉0+ 𝑍𝑍𝐿𝐿 + 𝑍𝑍0

𝑍𝑍𝐿𝐿 =

1+ Γ
𝑍𝑍 .
1−Γ 0

(6.4)

(6.5)
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When 𝑍𝑍L = 𝑍𝑍0 , there is no reflected wave (Γ = 0).

The S-parameter 𝑆𝑆11 that can be measured with a vector network analyzer is
identical with the reflection coefficient Γ seen at port 1 when the port 2 is
terminated in a matched load (𝑍𝑍0 = 50 Ω).
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Appendix B: Capacitance from Coplanar Waveguide
Model
The MZM can be seen as a coplanar waveguide as known from microwave
integrated circuits. The model used here is according to reference [174]
chapter 2.2.5. It applies a conformal mapping technique assuming a quasistatic TEM mode propagation. The geometry is shown in Fig. 6.2. The
parameters were chosen according to Table 1 of chapter 2.3.3, but with
conductors of zero thickness (ℎAu = 0 nm) and with semi-infinite ground
planes. Further, the silicon substrate below the silicon oxide is neglected. The
total capacitance is the sum of three partial capacitances with only the lower
dielectric, only the upper dielectric and in the absence of both dielectrics. The
calculation is given below. This model resulted in a capacitance of 𝐶𝐶d =2.3 fF.

Fig. 6.2 Cross section of a Mach-Zehnder modulator in a coplanar waveguide model: A center
strip is separated by a narrow gap from two semi-infinite ground planes. The conductors have
zero thickness ℎAu = 0 nm.
% According to chapter 2.2.5 of reference [174]
% permittivities
e0 = 8.854187*10^(-12);
eSiO2 = 3.9;
eDLD = 4.49; %DLD at 20 GHz
%height of dielectrics
hSiO2=3*10^(-6);
hDLD=500*10^(-9);
%widths & lengths of coplanar stripes
s = 1*10^(-6);
w = 75*10^(-9);
L = 12.5*10^-6;
%k parameters
k0 = s/(s+2*w);
k0_prime = (1-k0^2)^(.5);
k1 = sinh(pi*s/(4*h1))/ sinh(pi*(s+2*w)/(4*h1));
k1_prime = (1-k1^2)^.5;
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k2 = sinh(pi*s/(4*h2))/ sinh(pi*(s+2*w)/(4*h2));
k2_prime = (1-k2^2)^.5;
% Elliptic Integrals
K0 = ellipke (k0);
K0_pr = ellipke (k0_prime);
K1 = ellipke (k1);
K1_pr = ellipke (k1_prime);
K2 = ellipke (k2);
K2_pr = ellipke (k2_prime);
%Capacities
C_air = 4*e0*K0/K0_pr;
C1 = 2*e0*(er1-1)*K1/K1_pr;
C2 = 2*e0*(er2-1)*K2/K2_pr;
C=C2+C1+C_air; %in F/m
C_coplanar = C*L
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Appendix C: Frequency Response Measurement Setup
In the lowest frequency range (75 MHz…12 GHz, in steps of 15 MHz), we used
an HP71400C lightwave signal analyzer as shown in Fig. 6.3(a). The lightwave
signal analyzer combines an RF spectrum analyzer with a calibrated optical
receiver. The RF signals were swept in steps of 15 MHz to determine the EO
transfer function of the plasmonic modulator. An optical power of 14 dBm
was set at the input of the optical probe. An RF power of 10 dBm was set at
the input of the RF probe (67A GSG100-DP, 1HN34). For the RF cabling, a 3 dB
attenuator, an SMA-to-K adpater and a K-to-2.4mm adapter was used. The
MZM operating point was set to the quadrature point by adjusting the laser
wavelength to 1550.6 nm.
For the frequency range from 15 GHz to 70 GHz (Fig. 6.3(b)), the modulated
signal was recorded with an optical spectrum analyzer, while sweeping the
frequencies in steps of 1 GHz. We determined the modulation amplitude by
the power ratio between the optical carrier 𝑓𝑓c≫𝑓𝑓m and the modulation
sidebands around the carrier at frequencies 𝑓𝑓c+𝑓𝑓m and 𝑓𝑓c−𝑓𝑓m. In this range,
the RF synthesizer provided the signal directly. The MZM operating point was
set to the NULL point (1559.5 nm). The laser power was set to 6 dBm and the
RF input power to -3 dBm with the same RF probe as before.
For the range 70…95 GHz (Fig. 6.3(c)), the nonlinearities of a Schottky diode
were exploited to produce higher harmonics. Subsequently, a hollow
waveguide filtered undesired harmonics. The frequencies were multiplied by
a factor of six. The laser power was set to 10 dBm and the RF input power
to -3 dBm. The MZM operating point was set to the NULL point (1548.2 nm).
A hollow waveguide probe (75…110 GHz) was used to contact the device.
The signals in the frequency range 115…140 GHz and 140...170 GHz were
generated with an RF synthesizer in combination with a frequency tripler
(Virginia Diodes, WR6.5x3) based on a Schottky diode (Fig. 6.3(d), Fig. 6.4).
The signal was applied to the device with an RF waveguide probe (170-GSG75-BT-M, 69215). Further, a WR60 hollow waveguide, an RF amplifier (NARDA
WEST DBOB-0143 S/N002) as well as a waveguide to V-connector adapter
(WILTRON 35WR19V) and a V-connector to K-connector adapter (Anritsu
34VFVF50) were used. The RF power was set to -1 dBm and 0 dBm for
155…140 GHz and 140…170 GHz, respectively. In this frequency range, there
was no datasheet of the RF probe available. The MZM operating point was
set to the NULL point (1552.4 nm).
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Fig. 6.3 Setups for the frequency response measurements. (a)
(b) 15 MHz…70 GHz, (c) 70…95 GHz, (d) 115…140 GHz and 140...170 GHz.

Fig. 6.4 Setup for 115…140 GHz and 140...170 GHz.
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Appendix D: Glossary
Latin Symbols
𝑐𝑐

Speed of light in vacuum

𝑓𝑓

Frequency

𝑯𝑯

Magnetic field

𝐿𝐿

Length of device

𝐶𝐶d

Device capacitance of an MZM

𝑓𝑓c

Optical frequency

𝐼𝐼

Intensity

𝑬𝑬

𝑓𝑓m
𝑘𝑘0
𝐿𝐿SPP
𝑛𝑛

Electric field

RF frequency

Free-space wavenumber
Propagation length of a surface plasmon polariton
Refractive index

𝑛𝑛eff

Effective refractive index

𝑷𝑷𝐋𝐋

Linear polarization

𝑃𝑃

𝑷𝑷

Power
Polarization

𝑷𝑷𝐍𝐍𝐍𝐍

Nonlinear Polarization

𝑟𝑟ex

Extinction ratio

𝑇𝑇

Symbol duraction

𝑅𝑅
𝑟𝑟

ℛ

Bit rate
Electro-optic coefficient
Responsivity

𝑆𝑆11

Reflection coefficient at the device input

𝑉𝑉π

Voltage required for a phase shift of 𝜋𝜋

𝑉𝑉

Voltage
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𝑤𝑤

𝑊𝑊bit

Slot width / electrode distance
Energy consumption per bit

𝑍𝑍d

Device impedance of an MZM

𝛼𝛼

Propagation loss

Greek Symbols
𝛽𝛽

Propagation constant

𝛿𝛿

Penetration depth

𝛾𝛾

Damping coefficient

𝜆𝜆

Wavelength of light

𝜎𝜎

Variance

𝜔𝜔p

Plasma frequency

𝛿𝛿ex

𝛿𝛿prop
𝜖𝜖

Power penalty due to a finite extinction ratio
Power penalty for increases insertion loss
Dielectric constant

𝜖𝜖0

Vacuum dielectric constant

𝜌𝜌

Electrical resistivity

𝜔𝜔

Angular frequency

𝜒𝜒

Susceptibility

𝜑𝜑, Δ𝜑𝜑
𝜃𝜃0 (𝑓𝑓)
𝜔𝜔sp

Phase difference

Power spectral density of the drive signal

Surface plasmon frequency

Acronyms
Au

Gold

BER

Bit error ratio

BOX

Buried oxide

CMOS

Complementary metal-oxide-semiconductor
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Glossary

CW

Continuous wave

DAC

Digital-to-analog converter

DSP

Digital signal processing

EDFA

Erbium-doped fiber amplifier

EO

Electro-optic

FEC

Forward error correction

FOM

Figure-of-merit

GSG

Ground-signal-ground

IR

Infrared

ITO

Indium-tin-oxide

MIM

Metal-insulator-metal

MMF

Multimode fiber

MMI

Multimode interference

MZI

Mach-Zehnder interferometer

MZM

Mach-Zehnder modulator

NRZ

Non-return-to-zero

OOK

On-off keying

PAM

Pulse-amplitude modulation

PD

Photodetector

PIC

Photonic integrated circuit

POH

Plasmonic-organic hybrid

PPM

Plasmonic phase modulator

RF

Radio frequency

Si

Silicon

SiO2

Silicon dioxide

SMF

Singlemode fiber

SOI

Silicon-on-insulator

SPP

Surface-plasmon polariton
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TCO

Transparent conductive oxide

TIA

Trans-impedance amplifier

TM

Transverse magnetic

Tx

Transmitter

VO2

Vanadium dioxide

ZnO

Zink oxide
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