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Zusammenfassung

Die Photonikindustrie ist einer der schnellst wachsenden
Wirtschaftszweige mit einem geschatzten weltweiten Umsatz von 282
Milliarden US-Dollar im Jahr 2018 und einer anhaltenden Wachstumsrate von
7,6 % [1]. Dieses Wachstum wird wesentlich vom Kommunikationssektor
vorangetrieben, in dem die Photonik die Schliisseltechnologie darstellt, mit der
man den stetig wachsenden Anforderungen an die Energieeffizienz und
Leistungsfahigkeit ~der ~ Kommunikationsnetzwerke  begegnet  [2].
Schatzungsweise 77 % des gesamten Datenverkehrs fallen innerhalb der
Rechenzentren an [3]. Diese internen Verbindungen verwenden meist direkt
modulierte Laser und erreichen dadurch schnell ihre maximale
Ubertragungskapazitat. Eine Mdoglichkeit weitaus groRere Datenraten zu
erzielen bieten elektro-optische (EO) Modulatoren, die eine externe Modulation
der Laser erlauben. Da in Datenzentren eine hohe Anzahl solcher extern
modulierter Laserverbindungen notwendig ist, sind EO-Modulatoren mit
niedrigem Energieverbrauch, geringer GroRe und niedrigen Herstellungskosten
entscheidend.

Photonisch integrierte Schaltungen (engl. photonic integrated circuits,
P1C) auf Siliziumbasis erweisen sich als vielversprechende Technologie, um die
Bedurfnisse der Kommunikationsindustrie zu erfllen. Hierbei macht sich die
Silizium-Photonik etablierte Fertigungsverfahren elektronischer CMOS-Chips
zu Nutze und ermdglicht somit die Herstellung von PICs auf groRflachigen
Wafern mit geringem Ausschuss. Im Laufe der Jahre wurde von kommerziellen
Foundry-Unternehmen ein umfangreiches Portfolio an fortschrittlichen
photonischen Bauelementen und standardisierten Prozessdesign-Kits zur
Verfugung gestellt. Wahrend bereits eine umfangreiche Bibliothek verlustarmer
passiver Bauelemente auf Siliziumbasis verfugbar ist, stellt die Realisierung
aktiver Elemente wie Laser oder Modulatoren nach wie vor eine
Herausforderung dar. Insbesondere die Realisierung von Modulatoren auf
Silizium ist auf Grund des fehlenden linear elektrooptischen Effekts (Pockels-
Effekt) problematisch. Hybride Integrationskonzepte, die die jeweiligen
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Vorteile von Silizium und zusatzlichen Materialien verbinden, erlauben
dennoch schnelle und energieeffiziente EO-Modulatoren.

Diese Arbeit befasst sich mit EO-Hochgeschwindigkeitsmodulatoren, die
passive photonische Siliziumkomponenten mit effizienten organischen EO-
Materialien kombinieren. Dabei liegt der Fokus auf zwei unterschiedlichen
hybriden  Integrationskonzepten:  den  silizium-organischen  Hybrid-
Modulatoren (SOH-Modulatoren) und den plasmonisch-organischen Hybrid-
Modulatoren (POH-Modulatoren). Beide Technologien verwenden organische
EO-Materialien fur die Modulation, unterscheiden sich jedoch in der Fiihrung
des Lichts. In SOH-Modulatoren werden photonische Schlitzwellenleiter
verwendet, wahrend die POH-Modulatoren plasmonische Strukturen nutzen.
Die Herstellung dieser Bauelemente erfordert spezielle Prozesse, die im
Rahmen dieser Arbeit entwickelt wurden.

Kapitel 1 stellt siliziumphotonisch integrierte Schaltkreise vor und
diskutiert unterschiedliche hybride Integrationskonzepte.

Kapitel 2 liefert theoretische Hintergriinde und erOrtert verschiedene
Konfigurationen von EO-Modulatoren auf Basis organischer Materialien.
Dariber hinaus wird der Herstellungsprozess dieser Modulatoren vorgestellt.

In Kapitel 3 werden die Ultrabreitband-Eigenschaften von POH-
Modulatoren mit einer Rekord-Bandbreite von mehr als 360 GHz vorgestellt.
Des Weiteren wird die Anwendung solcher breitbandigen EO-Modulatoren in
der drahtlosen Terahertz-Kommunikation vorgestellt und erstmals die direkte
Umwandlung von Terahertz-Signalen in optische Signale demonstriert. In einer
drahtlosen Ubertragungsstrecke wurden dabei Datenraten von bis zu 50 Gbit/s
erzielt.

In Kapitel 4 wird ein neuartiger Aufbau von POH-Modulatoren
vorgestellt, der auf  horizontal ausgerichteten plasmonischen
Schlitzwellenleitern beruht und dadurch die Anforderungen an die
Fertigungstoleranzen stark reduziert. Gezeigt wird ferner, dass die horizontal
ausgerichtete Schlitzwellenleiter-Konfiguration von POH-Modulatoren zu
einer 25-prozentigen Steigerung der Modulationseffizienz fiihrt.

Vi
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Kapitel 5 stellt neuartige kapazitiv gekoppelte (engl. capacitivly-
coupled) SOH-Modulatoren vor, die groflie Bandbreiten bieten und gleichzeitig
die optischen Verluste gering halten. Durch die Fertigung eines Bauteils mit
amorphem Bariumtitanat wird gezeigt, dass die CC-SOH-Modulatoren duf3erst
effizient sind und eine hohe EO-Bandbreite von 76 GHz aufweisen. Dies ist die
hochste Bandbreite die jemals auf der Silizium-Plattform demonstriert wurde.
Darliber hinaus wird die Leistungsfahigkeit des CC-SOH-Modulators in
optischen  Kommunikationsverbindungen gezeigt, indem 4-Zustands-
Pulsamplituden-modulierte (PAM4) Signale mit Datenraten von bis zu
200 Gbit/s erzeugt wurden.

Kapitel 6 fasst die Arbeit zusammen und gibt einen Ausblick auf weitere
mogliche Verbesserungen der Leistungsfahigkeit der Hochgeschwindigkeits-
EO-Modulatoren.

Vil






Preface

The photonic industry is one of the fast growing industrial sectors with
an estimated global revenue of $282 billion in 2018 and a persistent growth rate
of 7.6 % [1]. A substantial part of this growth is driven by the optical commu-
nication industry where photonics is a key enabling technology to meet the en-
ergy efficiency demands, and the ever-growing capacity challenges of optical
networks [2]. With an estimated 77 % [3] of the total data center traffic account-
ing to within the data center, current optical links with directly modulated lasers
are soon reaching their maximum capacity. These links must be replaced with
high-capacity networks relying on lasers that are externally modulated using
high-speed electro-optic (EO) modulators. In order to deploy hundreds and
thousands of such externally modulated laser links in a data centre, it is imper-
ative that the EO modulators should feature low energy consumption as well as
small footprint thus allowing low-cost high-density integration.

Photonic integrated circuits (PIC) in silicon emerged as a promising tech-
nology to fulfil the demands of the communication industry. Silicon photonics
exploits highly mature complementary metal-oxide-semiconductor (CMOS)
fabrication processes and offers PICs that can be realized with high yield on
large-area wafers. Over the years, a rich portfolio of advanced photonic devices
were made available by commercial foundry services together with well-devel-
oped process design kits. While an extensive library of low-loss passive ele-
ments are currently available in the silicon photonic platform, challenges still
remain to be addressed in bringing active elements such as lasers and modula-
tors to the silicon photonics platform. The absence of linear electro-optic effect
(Pockels effect) in silicon forced the researchers towards hybrid integration con-
cepts, which combine the complementary strengths of different material sys-
tems, to realize high-speed and energy-efficient EO modulators.

In this work, we rely on a hybrid integration platform that combines pas-
sive silicon photonic components with efficient organic EO materials to realize
high-speed EO modulators. This thesis is focused on two different hybrid inte-
gration concepts — the silicon-organic hybrid (SOH) modulators and the plas-
monic-organic hybrid (POH) modulators. While both technologies use organic

IX
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EO materials for modulation, the SOH modulators confine light using silicon
photonic slot waveguides whereas the POH modulators use plasmonic struc-
tures for light confinement. The fabrication of these devices required dedicated
processes which are developed in the framework of this thesis. The structure of
this thesis is summarized as follows:

Chapter 1 introduces silicon photonic integrated circuits and discusses
different hybrid integrated platforms.

Chapter 2 provides a brief theoretical background and presents different
configurations of EO modulators based on organic materials. Further, the fabri-
cation processes of these modulators is also presented.

Chapter 3 presents the ultra-broadband characteristics of POH modula-
tors with a record-high bandwidth of more than 360 GHz. We highlight the ap-
plication of such broadband EO modulators in THz wireless communications
with the very first demonstration of direct terahertz-to-optical conversion of
wireless signals on a carrier at 0.288 THz.

Chapter 4 presents a novel architecture of POH modulators relying on
horizontal plasmonic slot waveguides, which greatly relaxes the required fabri-
cation tolerances of POH modulators. We further show that the horizontal-slot
configuration of POH modulators results in a 25 % increase in the modulation
efficiency.

Chapter 5 presents a novel architecture of capacitively-coupled SOH
(CC-SOH) modulators that offer large bandwidths while keeping the optical
losses low. Using a proof-of-concept device with amorphous BaTiOsz, we show
that the CC-SOH modulators are very efficient and feature a record-high EO
bandwidth of 76 GHz that has ever been demonstrated in a silicon photonic
platform. Furthermore, we show the viability of the CC-SOH modulator in op-
tical communication links by generating 4-state pulse amplitude modulated
(PAMA4) signals with data rates up to 200 Gbit/s.

Chapter 6 summarizes the work of this thesis and provides an outlook for
further improvements in the performance parameters of high-speed EO modu-
lators.
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Achievements of the present work

In this doctoral thesis, novel electro-optic (EO) modulators are investigated with
the goal to realize a large EO bandwidth as well as high efficiency. The EO
modulators rely on organic electro-optic (OEO) materials to achieve efficient
EO modulation. Two different device concepts — plasmonic-organic hybrid
(POH) and capacitively-coupled silicon-organic hybrid (CC-SOH) — are pur-
sued in this thesis to realize modulators that are capable of high-speed modula-
tion. Furthermore, the applicability of ultra-broadband POH modulators for di-
rect terahertz-to-optical conversion of data signals in a THz wireless
communication link is investigated. Such implementations allow to greatly sim-
plify the receiver systems for future wireless communication links.

Apart from the development of dedicated fabrication processes for realizing
these high-speed EO modulators, the scientific achievements of this work are
summarized as follows:

First demonstration of an electro-optic modulator with a 3dB bandwidth
extending into the THz spectrum: We demonstrate that a compact POH mod-
ulators with a footprint of about 600 um? has an ultra-wide modulation band-
width with a flat frequency response of more than 0.36 THz. This work has been
published in Nature Photonics [J3].

First demonstration of a THz link that is seamlessly integrated into a fibre-
optic network using direct THz-to-optical (T/O) conversion at the wireless
receiver: Using an ultra-broadband POH modulator, we show that a THz com-
munication link can be seamlessly integrated into a fiber-optic network by di-
rectly modulating the THz data signals onto an optical carrier at the wireless
receiver. In a proof-of-principle demonstration, we transmitted data signals up
to 50 Gbit/s on a 0.288 THz carrier over a distance of 16 m and converted the
data signals directly into the optical domain using POH modulator. This result
Is also part of the previously mentioned publication in Nature Photonics [J3].

Demonstration of horizontal-slot POH modulator: We propose and demon-
strate POH modulators with horizontal plasmonic slot waveguides to improve

Xi
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the m-voltage-loss product of POH modulators. Using a proof-of-concept de-
vice, we show that the n-voltage-loss product of horizontal-slot POH modula-
tors can be improved by 25 % in comparison to conventional vertical-slot POH
modulators [C1].

First demonstration of a capacitively-coupled SOH (CC-SOH) modulator,
offering the largest 3dB bandwidth so far achieved by a silicon photonic
modulator: We propose a CC-SOH modulator relying on a high-k radio fre-
quency (RF) slotline that can overcome the bandwidth limitations of conven-
tional resistively-coupled SOH devices. In a proof-of-concept experiment, we
show that a CC-SOH modulator using BaTiOs features a 3dB EO bandwidth
beyond 75 GHz, the largest bandwidth so far achieved with silicon photonic
modulators based on dielectric waveguides. This work has been published in
Optica [J1].

First demonstration of four-state pulse amplitude modulation (PAM4) sig-
nals generated with a modulator on the silicon photonic platform at data
rates of 200 Gbit/s: We prove the capability of the novel CC-SOH modulators
by generating the PAMA4 signals with data rates up to 200 Gbit/s which were at
the time the highest data rate that is demonstrated with silicon photonic modu-
lators. This result is also part of the previously mentioned publication in Optica
[J1].

Xii



1 Introduction

Communication with light has come a long way from the centuries old light
beacon systems to today’s complex network of submarine optical communica-
tion systems that juggle a few terabits/s between the continents. With the advent
of cloud-based services, content streaming and the internet of things (10T), the
number of devices connected to the communication networks would reach 3
times the global population by 2022 [2]. It is estimated that the global internet
traffic is rising by 26 % every year [2] with a large fraction of data that is pro-
cessed within the data centers. To sustain this explosive growth in data rates,
the capacity of short-reach optical links needs to be increased while reducing
their energy consumption. A key component of an optical communication link
Is an electro-optic (EO) modulator that converts the information from the elec-
trical to the optical domain by controlling either one or more physical properties
of light — the intensity, the phase, or the polarization. EO modulators based on
lithium niobate (LiNbO3) [4] has long been the workhorse of optical communi-
cation systems. But they are rather bulky and are not well suited for short-reach
links where integration density, size and power consumption are crucial param-
eters. Since the inception in early 90’s, photonic integrated circuit (PIC) [5]
technology has considerably matured, providing advanced photonic functional-
ities on a compact chip with an exponential increase in their integration density

[6].

A plethora of material platforms have been investigated to realize photonic in-
tegrated circuits — polymers, silica-on-silicon, indium phosphide (InP), and sil-
icon to name a few. Of these, the semiconductor material platforms stand out as
they leverage on the well-developed semiconductor processing technology from
the electronic IC industry and also provide to a path for compact photonic cir-
cuits (owing to a high index contrast between the waveguide core and the clad-
ding). InP has a dominating presence in the PIC market due to the broad port-
folio of functional elements such as laser diodes, semiconductor optical
amplifiers, photodetectors, electro-absorption modulators and electro-optic
modulators [7]. However, the early InP technology relied on expensive fabrica-
tion processes that are limited to relatively small wafer sizes (< 75 mm) hence
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resulting in high manufacturing cost and low-throughput [8]. Despite the recent
advantages in cost and performance made possible with the availability of
150 mm InP wafers, many optical equipment vendors find the silicon photonic
platform more attractive [9]. This is because of the ability to leverage the eco-
system of advanced CMOS foundries to produce low-cost, high-volume PICs,
thereby facilitating a quick market entry [9]. An additional advantage of silicon
photonics is the possibility for seamless co-integration of electronic controllers
and drivers on a photonic integrated circuit, leading to co-integration of elec-
tronic and photonic circuits on the same die [10]. A recent demonstration of
such technologies has gained much attention [11].

One of the key elements of a PIC transmitter is an optical modulator that pro-
vides an interface between the electrical and the optical circuits. An attractive
approach for optical modulators is based on the Pockels effect that provides
pure phase modulation with large electro-optic (EO) bandwidths. However, the
Pockels effect is absent in bulk silicon due to inversion symmetry of the under-
lying crystal lattice. Instead, state-of-the-art all-silicon modulators rely on the
plasma-dispersion effect [12] where the refractive-index of silicon is modulated
through a change in the carrier density. Although some silicon depletion-type
modulators [13] have been demonstrated with reasonably large EO bandwidths
of 48 GHz, the weak plasma-dispersion effect leads to cm-scale device lengths
making it difficult to achieve high integration density. Furthermore, a carrier-
induced refractive index modulation is associated with a change in optical loss
[14] and poses a challenge for implementation of complex modulation formats.
A way to circumvent this problem is to bring the Pockels effect onto silicon
through a hybrid integration. A recent breakthrough in bonding and nano-struc-
turing lithium niobate (LN) thin films [15], [16] on oxidized silicon wafers led
to the demonstration of modulators with EO bandwidths up to 100 GHz [17] on
the lithium niobate on insulator (LNOI) platform [18], [19]. However, due to
the weak EO activity of lithium niobate (r;; ~ 30 pm/V), the modulator lengths
typically range in the order of a few centimeters. An alternative material for
hybrid integration on silicon is crystalline BaTiOs (barium titanate, BTO) [20]—
[22] offering very attractive EO coefficients (r,, ~ 920 pm/V) [23]. However,
the bandwidth of these devices is rather small and so far limited to only 20 GHz
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[24]. It is to be noted that the hybrid platforms with LN and BTO involve tech-
nologically demanding processes for bonding, integration, and etching, which
are not part of commercial CMOS foundries.

An alternative approach to realize efficient EO modulators on silicon is to com-
bine passive silicon photonic circuits with organic EO (OEQ) materials. With a
theory-based design and targeted chemical synthesis, OEO materials can be
synthesized to maximize their EO activity while being resilient against harsh
environmental conditions [25]. An additional advantage is the ease of pro-
cessing where the OEO materials can be spin-coated, dispensed, or printed in a
back-end-of-line post-processing step, and are thus compatible with any plat-
form of photonic integrated circuits. By combining low-loss silicon slot wave-
guides with efficient organic materials having large EO coefficients (rs;
~ 390 pm/V), the so-called silicon-organic hybrid (SOH) modulators were
demonstrated with ultra-low voltage-length products down to 0.32 V mm [26]
and EO bandwidths up to 100 GHz [27]. The SOH concept thus opens a path
towards compact devices with sub-1mm device lengths and sub-1 V operation
voltages [28], [29] that can be directly driven by highly scalable CMOS circuits
without the need for a separate electrical amplifier [30]. However, without a
supporting gate voltage [27], the EO bandwidth of highly efficient slot-wave-
guide SOH modulators is limited to, e.g., 25 GHz or less [31]. This is due to the
intrinsic RC time constant associated with the capacitance of the slot and the
resistance of the adjacent silicon (Si) slabs [32] of conventional resistively-cou-
pled SOH (RC-SOH) modulators. In order to avoid this bandwidth limitation,
the Si slot waveguides can be replaced by metal-insulator-metal (or plasmonic
slot) waveguides in the so-called plasmonic-organic hybrid (POH) technology
[33]-[36]. Owing to the high conductivity of the metals, the theoretical band-
width of POH modulators is expected to extend up to 1 THz [36]. However, the
high optical absorption of metals results in a rather large insertion loss of POH
modulators. In order to achieve a large EO bandwidth as well as a small inser-
tion loss simultaneously, the resistive slabs of a conventional RC-SOH modu-
lator can be replaced by a high-k dielectric material, resulting in a capacitively-
coupled SOH (CC-SOH) modulator.

This thesis investigates two novel device concepts and architectures to over-
come the bandwidth limitation of conventional RC-SOH modulators — POH and
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CC-SOH. Chapter 2 presents the theoretical background of electro-optic Mach-
Zehnder modulators (MZM) and provides insights into the bandwidth limitation
of RC-SOH modulators. Furthermore, the concepts of plasmonic-organic hy-
brid (POH) modulators and capacitively-coupled SOH (CC-SOH) modulators
are introduced along with insights into the fabrication processes of these mod-
ulators. In Chapter 3, we experimentally verify the broadband characteristics of
POH MZM and show that the EO modulation bandwidth of these modulators
extends beyond 360 GHz. Leveraging the broadband nature of the POH modu-
lators, we perform proof-of-principle experiments that seamlessly integrate a
wireless THz communication link into a fiber-optic network. This experiment
highlights the very first demonstration of terahertz-to-optical (T/O) conversion
of wireless signals on a 0.288 THz carrier. In this demonstration, data rates up
to 50 Ghit/s were reached. In Chapter 4, a novel architecture of POH modulators
with horizontal plasmonic slot waveguides is presented. We show that these
horizontal-slot POH (HS-POH) modulators are robust to fabrication tolerances
and offer larger modulation efficiencies in comparison with their counterparts
with vertical plasmonic slot waveguides. Through experiments, we demonstrate
a 25 % improvement in the modulation efficiency of POH modulators by adopt-
ing horizontal plasmonic slot waveguides. Chapter 5 presents the novel concept
of CC-SOH modulators, in which the doped silicon slabs of RC-SOH modula-
tors are replaced with a material having large relative permittivity (high-k die-
lectric). Using a proof-of-concept device with amorphous BaTiOsz, we show that
the CC-SOH modulator has a very small n-voltage-length product of 1.3 V mm
with a 3dB EO bandwidth of 76 GHz. This demonstration corresponds to the
highest bandwidth so far achieved with a silicon photonic modulators, without
employing plasmonic structures. Based on simulations, we estimate that the EO
bandwidth of an optimized CC-SOH modulator can extend far beyond
100 GHz. Furthermore, we show the viability of the CC-SOH modulator in op-
tical communication links by generating signals with data rates up to 200 Gbit/s.
The work presented in this thesis demonstrates the enormous potential of high-
speed EO modulators for application in optical communications, optical metrol-
ogy, ultra-fast signal processing and in disruptive technologies such as THz
communications.



2 Electro-optic modulators for high-
speed signal processing

This chapter covers the theoretical and the technological background related to
the work presented in this thesis. Section 2.1 begins with fundamentals of the
Pockels effect and presents theoretical background of electro-optic (EO) Mach-
Zehnder modulators and digital modulation techniques used in modern commu-
nication systems. Section 2.2 introduces various configurations of hybrid mod-
ulators using OEO materials along with their bandwidth limitations. Finally,
Section 2.3 gives some insights into the fabrication techniques developed for
realizing high-speed EO modulators.

2.1 Theoretical background

Electro-optic (EO) modulators rely on the Pockels effect that influences the re-
fractive index of a second-order nonlinear material. This section presents the
fundamentals of nonlinear electric polarization and the Pockels effect, followed
by the principle of a Mach-Zehnder modulator. Towards the end of this section,
a brief introduction to the modulation formats used in digital communication
systems is presented.

2.1.1 Nonlinear electric polarization

An externally applied electric field E induces a polarization P in a dielectric
medium by altering its dipole moment. The overall polarization of the medium
IS given by

P=P® 1 p@ PO (2.1)

where P® denotes the linear polarization that depends linearly on the electric
field, while P® and P® represent the second-order and third-order contribu-
tions of the electric field, respectively. In the following, we limit the description
until the second-order polarization only.
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Assuming a dielectric material which is time-invariant, local in space, and ho-
mogenous, the time-dependent vector components i e{x, y,z} of the electric
polarization P can be expanded in a Volterra series of the applied electric field
E,

R(t)=¢ I ;(ij(l) (71) Ei(t-7)dgn
= 2.2)

+00 400

& I _[ Zijk(Z)(Tl’TZ)Ej (t—fl)Ek (t—rz)drldrz,

—00 —00

where &, is the vacuum permittivity, 7, , are time integration variables. The
Volterra kernels z;® and y;, @ with i, j,k €{x,y,z} represent the linear and
the second-order nonlinear response functions with tensor ranks of 2 and 3, re-
spectively. Since the polarization response of the medium is causal, the tensor
component » =0 for (zy,7,) <0. The second-order polarization of Eq. (2.2)
can also be expressed in short-form notation as

—+00 +00

le (71,72): (t Tl)E(t—rz)drldrz, (2.3)

—00 —00

where the double multiplication sign “:” indicates component-by-component
multiplication. The electric field E can be expressed as a superposition of L
different monochromatic waves @, and their corresponding complex time do-
main amplitudes E(a) as

1« ~
ZEZ 1+ 6,0 )E (e )e!", (2.4)

where ¢j; is the Kronecker delta defined by

1fori=j
I (25)
Ofori=j

Note that the fore factor (1+ 8y ) is introduced to avoid a situation in which a
zero-frequency (DC) electric field is associated with an amplitude of E(«y,)/ 2.
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By substituting Eq. (2.4) in Eq. (2.3), we find that the second-order polarization
IS given by

_ 1 L
PRO=7% 2 (rd0)t+5,0)75 (0 ) -

: E(a)ll)E(a)lz)ej(wll'Fa)lz)t’

where ;((2) (0510, ) corresponds to the two-dimensional Fourier transform
of ;( (rl,rz) given by

7 (o Loy, @) = _[ I 7P (@) e drdr,, (2.7)
In this relation, the argument wy = o, +a, denoted the sum frequency gener-
ated by nonlinear interaction of monochromatic waves at @y, and @, . Similar
to Eq. (2.4), the electric polarization P® can also be expressed asasum of M
monochromatic waves with various sum frequencies @, =y and correspond-
ing complex time-domain amplitudes P(w,,) as

M .
F(t)= 2 (1 Sy0)B (o )" (28)
e

From Eqgs. (2.6) and (2.8), the complex time-domain amplitudes for which the
sum frequencies corresponds to @, is given by

1+ 6, 0)(1+ 5
P(Z)(a)p)——eo Z ( |1o)( IZO)
S(wyp) 1+ 5po)

7% (o,:0,,0,):E(0)E(@,).

(2.9)

where the quantity S(w,) indicates a summation over all permutations of fre-
quencies @ , e, which amountin sumto w,,.

2.1.1.1 Pockels effect

The Pockels effect is a second-order nonlinear process that occurs in materials
that lack inversion symmetry. It describes the linear modulation of the refractive
index by an applied electric field that is used to modulate the phase of an optical
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carrier at frequency «,. The applied electric field may be static or slowly vary-
ing with a modulation frequency w,, < @, such that we can assume @,, =0 in
this quasi-static case. In such a case, the Eq. (2.9) can be simplified as

P (@) = 2602 (@, @, ) E( ) Eey), (2.10)
with the vectorial components given by
PP (@,) = 2¢o 48 (@, : @, 00 E (@, )Ey (@p), (2.11)

By describing the electric displacement field D(t) =, E(t) + P(t) as a superpo-
sition of monochromatic waves with complex amplitudes, we find that

Di(;) = &o (& + 27 (coc))g (@)

(2.12)
+ 280 52 (@, : @, 0 E (09) Ex (@),

where &;; is the Kronecker delta as defined in Eq. (2.5). From Eq. (2.12), the
radio-frequency (RF) dependent optical permittivity can be expressed as

& = &o( 0y + 25 + 24 E (on)) (2.13)
Historically, the Pockels effect is described in terms of the impermeability ten-
sor 77;;, Which is defined as the inverse of the permittivity 7; = ¢ -1 Assuming
that the optical carrier o, is far away from the material resonances then ¢; is
real and symmetric [37]. Limiting to the second-order nonlinearity, the imper-

meability tensor can be expressed in the strength of the low-frequency electric
field E, (w,,) as

ij = 77|j(0) * Fijk (@6)Ex (@), (2.14)

where 77”(0) is the case when no external electric field is applied, and K, is the
EO tensor, which is used to quantify the strength of the nonlinearity of a
Pockels-type material. The EO tensor Iy and the second-order susceptibility
tensor x{%) is given by

250, 2 o, 00) = — n 2 (@)% (@) iy (,), (2.15)
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where n; and n; denote the refractive indices along the principal axes of the
indicatrix for the case when no external electric field is applied. Since 7; is real
and symmetric, it follows that £, is thus symmetric in its first two indices. The
third-rank EO tensor £, can therefore be represented as a two-dimensional ma-
trix r,, using a contracted notation [37],

1forij=11
2 forij=22
3forij=33
h= J (2.16)

4forij=230r32
5forij=13o0r 31
6forij=12o0r 21

Although the EO tensor has 18 components, some of 1, are restricted by any
rotational symmetry properties that the medium may possess [37]. In most prac-
tical cases, e.g., for lithium niobate and OEO materials, a single element of the
EO tensor dominates. In such cases, this direction can be chosen to be along the
3 axis, such that the component r;; of the EO tensor dominates. The induced
change in refractive index along the main principal axis of the optical indicatrix
is then given by

ANy (@) = = 1y () Es () @.17)

2.1.2 Mach-Zehnder modulator (MZM)

To take advantage of the dominant EO coefficient r;; of most materials, both
the modulating field E,, and the optical field are oriented along the z-axis. The
change in the refractive index is therefore given by

An :%n3r33Em. (2.18)

The phase shift ¢ experienced by the optical carrier while traversing a modu-
lator of length L is given by
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Figure 2.1: Schematic and characteristics of an electro-optic Mach-Zehnder modulator
(MZM). (a) Schematic of a MZM where the incoming light E;, is split in two arms, each of
which contains a phase modulator. The top MZM arm has an additional bias phase ¢, that
defines the operating point of the MZM by adjusting the relative phase difference between the
two MZM arms. Two RF modulating signals u, (t) and u, (t) in the upper and lower arm of
the MZM result in a modulation of ¢, (t) and ¢, (t), respectively. After modulation, the light
from the two arms is coherently combined at the output E,; of the MZM. (b) Intensity trans-
fer function T of a push-pull MZM as a function of the relative bias phase ¢, between the
phase modulating arms. A relative phase difference ¢, = z/2 results in a quadrature operating
point of the MZM, where the intensity modulation varies linearly for a small RF modulation
signal. For ¢, =7, the MZM s said to be operating at the its null-point where the optical
carrier is suppressed.

where k, =27/, is the vacuum wavenumber and 4, is the vacuum wavelength
of the optical carrier. The phase modulation of the optical carrier can be trans-
formed into an intensity modulation by using an interferometric waveguide
structure such as a Mach-Zehnder interferometer, resulting in the so-called
Mach-Zehnder modulator (MZM).

A schematic representation of an MZM is depicted in Fig. 2.1(a) where an op-
tical carrier with the complex electric field E;, (t) is fed to the input. The carrier
Is split into two arms with each arm featuring a phase modulator. A bias phase
shift ¢, is introduced in one of the arms which allows for adjustment of the
operating point of the MZM. An RF voltage U, , (t) applied to each phase mod-
ulator produces a phase shift ¢ , (t) of the optical carrier that is proportional to
the applied voltage. Assuming that the splitters/combiners do not introduce any
phase shift, the interference signal at the output of the MZM is given by

Eour (1) = % £ (1)) 42074 ) (2.20)

10
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Such an operation of the MZM, in which the individual phase shifters in the two
arms can be driven independently, is called a dual-drive operation. The MZM
Is said to be operated in push-push mode when both the phase shifters induce
an equal phase shift, ¢, = @, = ¢, thereby modulating only the phase of the out-
put signal. A push-pull operation is obtained when the phase shifts induced in
both arms is equal but have an opposite sign, i.e., ¢, =—@, =@ . The electric
field transfer function of a push-pull MZM is given by

Bout _ L{ iolt) | o-io(t)+idy | _ nity/2 b
£ _2(e +e )—e cos| (t) > | (2.21)

The MZM is said to be balanced when both the arms have the same length such
that there is no bias phase shift between the MZM arms, i.e., ¢, =0. For a dif-
ferent lengths of the MZM arms, i.e., ¢, =0, the MZM is unbalanced and the
intensity transfer function, see Fig. 2.1(b), of a push-pull MZM is given by,

2
E

out

T:

:%(1+ COSAG), AO=2¢(t)+4,. (2.22)

in

The bias phase shift ¢, determines the operating point of the unbalanced MZM.
For ¢, =x/2, i.e., for the so-called quadrature-point, the output of the MZM
results in a linear intensity modulation when driven by an RF signal with small
amplitude. In order to supress the optical carrier, the MZM is set for operation
at its null-point where ¢, = 7. The n-voltage U . of a push-pull MZM is defined
as the drive voltage required to achieve a relative phase difference of  between
the two arms of the MZM, thus driving the intensity transfer function from its
maximum value to the minimum.

11
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Figure 2.2: Exemplary constellation diagrams for advanced digital modulation formats.
(a) Constellation diagram for on-off keying (OOK) modulation format showing two states of
carrier intensity. (b) For a quadrature phase shift keying (QPSK) format, both the in-phase (I)
and the quadrature-phase (Q) components are modulated with a binary signal and hence allows
to transmit 2 bits/symbol. (c) Constellation diagram of 16-state quadrature amplitude modula-
tion (L6QAM) format that allows transmission of 4 bits/symbol.

2.1.3 Digital communications

In digital communication systems, the information is encoded into a sequence
of binary digits where a logical “0” is represented by “low” intensity signal
(symbol) of light or “light off” and a logical “1” corresponds to a “high” inten-
sity signal of light or “light on”. However, to make efficient use of the available
spectrum, quadrature amplitude modulation (QAM) formats are used where
each symbol transmits more than one bit [38]. This is possible using two MZMs
nested in a Mach-Zehnder interferometer, the so-called in-phase and quadra-
ture-phase (IQ) modulator, which can address arbitrary phase and amplitude
states in a complex plane. Using an 1Q modulator, the binary information is
mapped to one of M symbols. Each symbol can be represented in complex no-
tation as B =y |+ jby o, where k=1,2,3..M. The carrier then transports
log, M bits of information. The rate at which the symbols are transmitted is
called the symbol rate R, also referred to as symbol rate or Baud (Bd). The
number of bits transmitted per second, R,, is connected to the symbol rate and
is given by R, =R;log, M. The in-phase component by ; and the quadrature-
phase component bk,Q of each symbol can be represented graphically in the
complex plane in a so-called constellation diagram, see Fig. 2.2. In the simplest
case of on-off keying (OOK) as shown in Fig. 2.2(a), the amplitude of the opti-
cal carrier has two allowed states. This modulation format is also called two-
level pulse amplitude modulation (PAM2) and carries 1 bit per symbol. The

12
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number of bits can be increased by using more amplitude levels, for example, a
four-level pulse amplitude modulation (PAM4) signal contains four amplitude
levels and hence carries 2 bits per symbol. However, the noise tolerance is re-
duced as the number of amplitude levels is increased. The OOK and PAM4
formats are prominent for short-reach communication links as the intensity-en-
coded information is recovered using a simple photodiode and hence keeps the
receiver architecture simple. The number of transmitted bits per symbol can be
increased by using more advanced modulation formats where information is en-
coded onto both the in-phase and the quadrature-phase components of the car-
rier. Quadrature phase shift keying (QPSK), also called 4-state quadrature am-
plitude modulation (4QAM) is the most basic modulation format using | and Q
components of the carrier. As shown in Fig. 2.2(b), QPSK modulation allows a
transmission of 2 bits per symbol. The most common way of generating a QPSK
signal is by driving an 1Q modulator with two streams of binary signals. By
using multi-level drive signals for the | and Q components of the 1Q modulator,
higher-order QAM signals such as 16QAM, see Fig. 2.2(c), or 64QAM can be
generated.

In a digital communication system, the received data stream is influenced
due to various phenomena such as noise, interference, dispersion, or other dis-
tortions. A measure of the transmission performance of a digital communication
system is bit error probability or bit error ratio (BER), a dimensionless quantity.
BER is the ratio of number of bit errors to the total number of bits transmitted
during a particular interval of time. A BER of 107° states that the transmission
has a probability of 1 bit error per 1 million transmitted bits.

2.2  Silicon photonic modulators based on organic
EO materials

The silicon-on-insulator (SOI) platform has gained prominence over the past
years due to the mature semiconductor fabrication technology, and because it
offers the possibility to co-integrate electronic and photonic circuits. Although
a large library of photonic building blocks are currently available, the silicon
photonic platform lacks efficient electro-optic modulators. This is because of
the absence of the linear Pockels effect in silicon owing to its centro-symmetric

13



Electro-optic modulators for high-speed signal processing

crystal structure. To overcome these limitations, state-of-the-art silicon pho-
tonic modulators [39] rely on plasma-dispersion effect [40] in a reverse-biased
pn-junction integrated into in a silicon strip waveguide. A modulating electric
field applied across the pn-junction changes the width of the depletion region.
Due to the change in the density of the free carriers in the depletion region, the
refractive index is altered, thereby resulting in a phase modulation of the optical
carrier. However, the plasma-dispersion effect is weak, and the modulators re-
lying on this effect have modulator lengths up to a few centimetres [13], making
their on-chip integration expensive. An efficient way to overcome these limita-
tions is to combine passive silicon slot waveguides or plasmonic slot wave-
guides with organic electro-optic materials [41], in a silicon-organic hybrid
(SOH) or plasmonic-organic hybrid (POH) integration respectively [36], [42].
EO modulators based on the integration of ultra-efficient organic EO materials
into passive waveguiding structures open a path for compact, high-speed de-
vices.

2.2.1 Resistively-coupled silicon-organic hybrid (RC-SOH)
modulator

Over the previous years, the viability of SOH modulators has been demonstrated
in a series of experiments [43]-[45]. These devices consist of a silicon slot
waveguide which is coupled to a metal transmission line via doped resistive
silicon slabs. While such resistively-coupled SOH (RC-SOH) modulators can
be readily realized using state-of-the-art silicon photonic fabrication process
flows, they suffer from an inherent bandwidth limitation. The cross-section of
a resistively-coupled SOH (RC-SOH) Mach-Zehnder modulator on the SOI
platform is depicted in Fig. 2.3(a). A pair of silicon rails (green) confine the
light to a silicon slot waveguide [46] having a typical slot width in the order of
w=100nm. A buried oxide (BOX) acts as a lower cladding material, and a
spin-coated EO material as an upper cladding material. The modulating signal
is carried by an RF transmission line (yellow) arranged in a ground-signal-
ground (GSG) configuration, see Fig. 2.3(a). The silicon rails are connected to
the metal transmission line using n-doped silicon slabs (dark green) having a
height in the order of 70 nm. The doped silicon slabs provide a resistive con-
nection between the electrodes and the silicon rails, hence the name resistively-
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Figure 2.3: Resistively-coupled silicon-organic hybrid (RC-SOH) modulator. (a) Cross-
section of RC-SOH Mach-Zehnder modulator (MZM) on the silicon-on-insulator platform.
The slot waveguide consists of two silicon rails separated by a slot of width w. The slot wave-
guide is electrically connected to the RF transmission line arranged in ground-signal-ground
(GSG) configuration via thin lightly doped silicon slabs. The upper cladding is formed by the
organic electro-optic (EO) material which also fills the slot. The chromophores of the EO ma-
terial are aligned (depicted along the red arrows) in a poling process, where a poling voltage
Upo (in red) is applied across the floating ground terminals at elevated temperatures. After
cooling down and removing the voltage, the chromophores are locked in this orientation. An
RF modulating signal U,,, applied to the GSG terminals of the RC-SOH MZM drops predom-
inantly in the slot. The modulating electric field (depicted along the black arrows) is oriented
parallel to orientation of the EO chromophores in one arm, and is anti-parallel in the other arm,
thus resulting in a push-pull operation of the MZM. (b) Plot of the field profile of the quasi-TE
optical mode that is confined to the silicon slot waveguide. The discontinuity at the interface
between silicon and the organic material leads to an enhancement of the electric field in the
slot. (c) Plot of the field profile of the RF modulation signal. An RF voltage applied across the
transmission line drops predominantly in the slot region leading to a large overlap between the
optical and the RF fields.

coupled SOH modulator. Figure 2.3(b) shows the field profile of the quasi-
transverse electric (quasi-TE) mode confined to the silicon slot waveguide. The
electric field inside the silicon slot experiences a strong enhancement along the
x-axis [46] due to the discontinuity of the normal electric field component at the
interface of the silicon rail (ng; =3.5) to the EO material (ngo ~1.7). The fun-
damental quasi-TE mode is fed in and out of the slot waveguides using standard
silicon strip waveguide and mode converters [47]. A modulating voltage U,
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applied to the metal transmission line predominantly drops across the slot re-
gion, see Fig. 2.3(c). This results in a strong interaction of the modulating field
with the optical mode in the slot, leading to an efficient phase modulation of the
optical carrier.

To achieve a high modulation efficiency, an organic material with a large
EO coefficient ry;is essential. After deposition of the organic material, the EO
coefficient is virtually zero due to the random orientation of the dipolar chro-
mophores. The chromophores of the organic material are aligned in a process
called poling, in which dipole orientation is induced by an electric field while
heating the material to its glass transition temperature T,. After aligning the
chromophores, the chip is cooled down to room temperature while maintaining
the poling electric field, thereby locking the acentric order of the chromophores.
In a single-drive MZM poling is accomplished by applying a DC voltage U,
(indicated with a red dashed line) across the floating ground electrodes of the
RF transmission line as depicted in Fig. 2.3(a). Consequentially, approximately
half of the poling voltage drops across each silicon slot resulting in an antisym-
metric alignment of the dipolar chromophores (indicated by red arrows) with
respect to the modulation field of the transmission line (indicated by black ar-
rows). The two phase modulators therefore provide a phase shift of equal mag-
nitude ¢ but opposite in sign, resulting in a push-pull operation of the MZM.
The phase shift ¢ experienced by an optical carrier as it travels through an SOH
phase shifter of length L is given by

1 3 Um
¢ =—Ngl — Tk, L. 2.23
2 EO'33 W 0 ( )

In the above equation, K, =27r//10 is the vacuum wavenumber of the optical
carrier having a wavelength 4,, and T" is the field interaction factor that quan-
tifies the overlap of the optical and RF fields confined to the slot region. As-
suming a parallel-plate approximation, the modulating electric field
E,, =U,,/w is assumed to be constant in the slot region A, which is defined
by the width w=100 nm of the slot and the height h =220 nm of the silicon
rails. The field interaction factor T" is evaluated by an overlap integral of the
vectorial electric and magnetic mode fields E,(x,y) and Hy(x,y) of the quasi-
TE mode with the slot region and is given by [36]
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I[,. [Eo(x.y)f" dxdy
[[Re{Eq(x,y)x Ho(x, )} -e,dxdly

where ¢ is the vacuum speed of light and & is the vacuum permittivity. The
n-voltage U, p\, of the SOH phase modulator is defined as the modulating volt-
age required to achieve a phase shift ¢ = 7 and is given by

wA

=, 2.25
3o rasl (2.25)

Uﬂ',PM

For a push-pull MZM, the modulating voltage U, \yzy required to achieve a n
phase difference between the output fields of the two arms is halved with respect
to the n-voltage U p\, of a pure phase modulator due to the opposite signs of
the phase imparted in the each arm of the MZM,

1 wih

U ==
7,MZM 3 -
2 Tngglsl

(2.26)
From Eg. (2.26), it can be noticed that U _ «c1/L, meaning that the U_ of a
modulator can be reduced by increasing the length L of the modulator. There-
fore, the m-voltage-length product U _L is regarded as a meaningful figure-of-
merit for the modulator efficiency.

2.2.1.1 Bandwidth of an RC-SOH modulator

The operation bandwidth of a modulator ascertains its capability to respond to
high-frequency modulation signals. The bandwidth of a RC-SOH modulator is
limited by three factors: microwave (RF) propagation loss, beam walk-off, and
RC cut-off frequency. The microwave propagation loss « reduces the modula-
tion efficiency as it constantly diminishes the available modulation voltage
along the length of the modulator. Furthermore, as the frequency increases, the
microwave propagation loss a(a)) increases due to the skin effect, and there-
fore limits the bandwidth of the modulator. As mentioned in the previous sec-
tion, the n-voltage U . of the modulator can be reduced by increasing its length
L. However, if the group velocities of the optical and the microwave (RF) sig-
nals are not matched, the optical and the RF signals experience a spatial ‘walk-
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Figure 2.4: Equivalent-circuit models for estimation of EO bandwidth of RC-SOH MZM. All
elements represent lumped differential quantities. (a) Equivalent-circuit of an infinitesimally
short element of the transmission line formed by RC-SOH MZM. The differential elements
Ry, Ly, and Cqy (yellow) correspond to the metal transmission line. The differential elements
Gg, and C. (green) represent the RC shunt load formed by the doped-Si slab and the Si slot
waveguide respectively. (b) Telegrapher-type equivalent-circuit representation of an MZM
transmission-line element. The equivalent-circuit of RC-SOH MZM shown in (a) is trans-
formed into a telegrapher-type model using a frequency-dependent differential shunt conduct-
ance G’ and a frequency-dependent differential shunt capacitance C’.

off” and result in a reduced bandwidth of the modulator. A significant contribu-
tion to the bandwidth limitation is due to the RC time constant arising from the
finite resistance of the doped silicon slabs and the capacitance of the silicon slot.
This RC time constant determines the charging and discharging rate of the ca-
pacitor that is formed by the silicon slot waveguide.

The equivalent-circuit model of the RC-SOH MZM s depicted in Fig. 2.4(a).
The lumped differential elements Ry, Lt and C; (yellow) represent the
equivalent-circuit of the metal transmission line according to the telegrapher’s
equation. The slot region is represented in the equivalent circuit Fig. 2.4(a) by
series-connected differential elements (green) slab conductance Gg, and slot ca-
pacitance C;. The equivalent-circuit in Fig. 2.4(a) can be transformed into a
telegrapher-type equivalent-circuit, see Fig. 2.4(b), where G'(@) and C'(®)
represent the frequency-dependent conductance and capacitance, respectively
of the slot region including the resistive silicon slabs. The complex propagation
constant of the loaded transmission line in Fig. 2.4(b) is given by

y=a+iB=(Ri+jonLi )G + jon(C'+Cr), (2.27)

where « and £ are the amplitude attenuation constant and phase constant of
the RF modulating signal with an angular frequency o, =27 f,.
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The frequency-dependent sinusoidal phase modulation ¢ considering the mi-
crowave attenuation and the velocity mismatch of the optical and RF waves is
given by [48]

1k Aty
P(on ) =go T '[ e %% cos| w, hz-t]|dz (2.28)
0

where ¢, corresponds to the phase modulation at an angular frequency @,, =0,
and where At, ., is the temporal walk-off between the optical and the electrical
waves, described by

L L

Aty o, =

o,m

(2.29)
\Y

go Vgm

In this relation, vy, and v, ,, are the group velocities of the modulation signal
and the optical signal, respectively. The quantities n, , and ny, correspond to
the group refractive index of the optical and the RF modulating signal, respec-
tively. From Eq. (2.29), the contribution due to the microwave attenuation can
be introduced by a frequency-dependent effective device length L.,

L (@) = joLe‘“<“’m)z dz = é(l— e‘“(“’m)L). (2.30)

The EO frequency response m(a)m) of a modulator is given by the magnitude
of the induced phase shift go(a)m), normalized to its value at low frequency,
I. e., oy =0. Neglecting the beam walk-off (nglo = ng,m), the EO response of a
modulator with a geometrical modulator length L is given by [49]

m( o, :(p(a)m)zl ), 2
( m) gD(O) 1LHRC( m)Leff( m)’ (2.31)

"1+ jw,C/G"

HRC(a)m)

where Hge (@) is the fraction of the modulation voltage that is effective
across the slot capacitance due to the voltage divider formed by the differential
shunt conductance G’ and the differential shunt capacitance C’, see Fig. 2.4(a).
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Figure 2.5: Surface plasmon polariton (SPP) propagating along a metal-dielectric inter-
face. (a) Schematic of the electric (red) and magnetic (blue) fields of the SPP at the metal-
dielectric interface along with the charge oscillations in the metal. (b) Plot showing the expo-
nential decay of the electric field further away from the metal-dielectric interface. The electric
field decays much stronger in the metal due to the higher optical absorption.

H

5,

A A

It is evident from Eqg. (2.31) that the EO frequency response m(a)m) is larger
for a smaller C'/G’ time constant. This RC-time constant of an RC-SOH mod-
ulator can be reduced by increasing the doping concentration of the silicon
slabs. However, this leads to higher optical losses due to the close proximity of
the charge carriers to the silicon slot waveguide.

2.2.2 Plasmonic-organic hybrid (POH) modulator

The bandwidth limitations of the resistively-coupled SOH (RC-SOH) modula-
tor can be overcome by combining organic EO materials with plasmonic wave-
guides, leading to the so-called plasmonic-organic hybrid (POH) integration
concept. This section introduces the fundamentals of plasmonic waveguides and
the concept of POH modulators along with their bandwidth capabilities.

2.2.2.1 Plasmonic slot waveguides

Plasmonic waveguides allow confinement of light beyond the diffraction
limit [50] and rely on surface plasmon polaritons (SPPs). SPPs are discussed
here to an extent that is necessary for the understanding of this thesis. For a
deeper understanding of the fundamentals of plasmonics, the reader is referred
to the text book of Stefan Maier [51]. Surface plasmon polaritons (SPPs) are
electromagnetic waves coupled to electron plasma oscillations at the metal-di-
electric interface and decay exponentially away from the interface. Figure 2.5(a)
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Figure 2.6: Schematic showing a plasmonic slot waveguide with the dielectric and the metal
electrodes infinitely extending in z- and y- direction. The plot shows the electric E, -field of
the symmetric and anti-symmetric modes that can propagate in the metal-insulator-metal
(MIM) slot waveguide.

shows the electric and the magnetic fields of a SPP that are coupled to the os-
cillating charges along a metal-dielectric interface. As shown in Fig. 2.5(b), the
SPP is strongly confined to the interface and exponentially decays along the =X
direction.

The optical mode can be squeezed into a much smaller volume by using more
than one metal-insulator interface. A plasmonic slot waveguide, also called a
metal-insulator-metal (MIM) slot waveguide, consists of two metal layers sep-
arated by a dielectric gap having a width w, see Fig. 2.6. Each metal-insula-
tor interface supports an SPP mode, and when the two interfaces are brought
closer, the SPP modes couple, resulting in a plasmonic slot mode. The coupling
of two SPP modes results in two solutions, a symmetric mode and an anti-sym-
metric mode that propagate along the MIM slot. In the case of the symmetric
mode, the E, -field is strongly confined to the dielectric slot region, and it de-
cays exponentially into the metals along the x-direction. The E, -field of the
anti-symmetric mode changes sign in the dielectric slot region. At telecommu-
nication wavelengths and at technically relevant slot widths the anti-symmetric
mode is below its cut-off frequency. A more detailed description of MIM slot
waveguides can be found in [52], [53].

2.2.2.2 Principle of operation & bandwidth of POH modulators

The plasmonic-organic hybrid (POH) modulator combines plasmonic MIM slot
waveguides with organic EO materials. Figure 2.7(a) depicts the cross-section
of a POH Mach-Zehnder modulator (MZM) built on the SOI platform. Each
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Figure 2.7: Plasmonic-organic hybrid modulator. (a) Cross-section of POH Mach-Zehnder
modulator (MZM) on the SOI platform. Each MZM arm consists of a plasmonic slot wave-
guide of width w,, formed by the gold strips. The slots are filled with an organic EO material
and the chromophores are aligned in a poling process, see Sec 2.2.1. An RF signal applied to
the gold electrodes drops in the slot and modulates the plasmonic mode propagating through
it. (b) Plot of the electric field profile of the RF modulation field tightly confined to the plas-
monic slot. (c) Plot of the field profile of the symmetric optical mode that propagates through
plasmonic slot waveguide. A high overlap between the optical and the RF fields results in a
high efficiency of the POH modulators.

arm of the MZM contains a POH phase modulator section comprising a narrow
metallic slot having a typical width w,,; =75nm...100 nm between gold elec-
trodes (yellow) with a height h,, =150 nm. The slots are filled with an organic
EO material, and the chromophores are aligned in a poling process similar to
the one explained in Sect. 2.2.1. A modulating RF signal applied to the gold
electrodes drops predominantly across the metal slot region, see Fig. 2.7(b). At
the same time, the optical mode is also tightly confined to the plasmonic slot

waveguide, see Fig. 2.7(c), leading to a strong overlap between the optical and
the RF electric fields. The POH MZM is configured to be operated in push-pull
mode by appropriately choosing the poling field and the RF field, see
Sect. 2.2.1. POH modulators are more efficient than SOH modulators due to the
much larger field interaction factor ', see Eq. (2.24). For a similar slot width,
the field interaction factor can be up to 3 times larger than for SOH devices [36],
see Fig. 2.8. This is due to both the tight confinement of the plasmonic mode to
the slot region, and the reduced group velocity of the plasmonic slot waveguide
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Figure 2.8: Field interaction factor I" of the optical mode with the EO cladding material in the
slot region as a function of slot width w,, for both POH and SOH waveguides at a wavelength
of 1550 nm. For the SOH modulator, a slot waveguide having a height of 220 nm, a Si rail
width of 240 nm and a Si slab of 70 nm are chosen for the calculations. The POH devices
considered for the calculations have a gold thickness of 150 nm. In general, POH devices fea-
ture a 2.5 — 3.5 times larger field interaction factor than SOH devices due to the tight confine-
ment of the plasmonic mode to the slot region and due to a reduced group velocity of the
plasmonic slot mode. Figure and caption adapted from [36].

mode. As a consequence, record-low voltage-length products down to
UL =0.05Vmm were demonstrated with POH devices [54]. This leads to de-
vice lengths as small as few tens of microns, which makes POH devices suitable
to high-density on-chip integration. However, the high propagation loss of SPPs
in a plasmonic slot waveguide leads to a rather large insertion loss of POH de-
vices. For 150 nm thick gold layers separated by a 75 nm wide plasmonic slot,
the insertion loss amounts to about 0.8 dB/um [55] resulting in an insertion loss
of 16 dB for a 20 um long POH modulator.

The RF bandwidth of the POH modulator is limited by the RC cut-off frequency
only. The bandwidth limitation due to the microwave loss and the walk-off be-
tween optical and the microwave signals is negligible because the POH device
lengths are much shorter than the RF wavelength. In fact, POH devices do not
have any intrinsic bandwidth limitations, since the slot capacitance is connected
to the driving source by a highly conductive (R—0) metal film. The ultra-
small slot capacitance C, =3fF of a POH modulator permits a theoretical RC
cut-off frequency in excess of 1 THz [34], [36] when connected to a driving
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Figure 2.9: Horizontal-slot POH (HS-POH) modulator. (a) Cross-section of HS-POH
Mach-Zehnder modulator (MZM) on the SOI platform. The horizontal slot configuration of
POH modulators relaxes the alignment tolerances of conventional POH modulators and allows
fabrication of high aspect ratio plasmonic slot waveguides. (b) Plot of the electric field profile
of the RF modulation field tightly confined to the plasmonic slot. (c) Plot of the field profile
of the symmetric optical mode confined to the plasmonic slot waveguide.

source with a 50 Q internal impedance. The broadband characteristics of the
POH modulator have been experimentally verified in Sect. 3.3.

Horizontal-slot plasmonic-organic hybrid (HS-POH) modulator

Plasmonic-organic hybrid modulators offer extremely high operating band-
widths, however, their fabrication requires lithographic techniques with very
strict alignment tolerances. Furthermore, the field interaction factor of conven-
tional POH modulators is limited due to the process-imposed restrictions that
limit the aspect ratio of the plasmonic slot waveguides, see Sect. 2.3.2. The as-
pect ratio r/d . of a plasmonic slot waveguide is defined as the ratio of the width
r of the metal rails to the distance d between the metal rails. The POH modu-
lators presented in the previous section feature a vertical plasmonic slot and
have a maximum possible aspect ratio r/d=hy, /W, =3 thatis limited due to
the fabrication process, see Sect. 2.3.2. On the contrary, the horizontal-slot POH
(HS-POH) modulator, shown in Fig. 2.9(a), relaxes the fabrication process for
realizing plasmonic slot waveguides with aspect ratios larger than 12. HS-POH
modulators with high-aspect ratio plasmonic slot waveguides lead to a larger
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Figure 2.10: Capacitively-coupled silicon-organic  hybrid (CC-SOH) modula-
tor. (a) Cross-section of CC-SOH Mach-Zehnder modulator (MZM) on the silicon-on-insula-
tor platform. Each MZM arm comprises a silicon slot waveguide having a slot width w. The
slot waveguide is electrically connected to the RF electrodes arranged in ground-signal-ground
(GSG) configuration via high-k dielectric slabs. The upper cladding is formed by the organic
electro-optic (EO) material that also fills the slot. (b) Plot of the field profile of the quasi-TE
optical mode that is confined to the silicon slot waveguide. The discontinuity at the interface
between silicon and the organic material leads to an enhancement of the field in the slot.
(c) Plot of the electric field profile of the RF mode confined to the slot region. The modulating
RF field drops predominantly in the slot region and experiences a strong field enhancement
due to the large difference in the relative permittivity of high-k dielectric slab with respect to
the silicon rail as well as the organic EO material.

field interaction factor, see Sect. 4.2, and thereby increase the modulation effi-
ciency. Figure 2.9(b) and (c) show the electric field profiles of the RF modulat-
ing field and the quasi-TE optical mode confined to the plasmonic slot wave-
guide, respectively.

2.2.3 Capacitively-coupled SOH (CC-SOH) modulator

Although POH devices offer a solution to overcome the bandwidth limitation
of RC-SOH modulators, they are limited in application due to high insertion
losses. In contrast, capacitively-coupled SOH (CC-SOH) modulators offer large
bandwidths while simultaneously keeping the insertion loss tolerable. The
cross-section CC-SOH Mach-Zehnder modulator (MZM) on the SOI platform
Is depicted in Fig. 2.10(a), in which the doped silicon slabs in the RC-SOH

25



Electro-optic modulators for high-speed signal processing

o J_ o
I Cfﬂ(
Ci
o T
Figure 2.11: Equivalent-circuit of an infinitesimally short element of the transmission line
formed by CC-SOH MZM. The differential elements Ry, , Ly, and Ct, (yellow) correspond
to the metal transmission line. The elements C/, (red) and C{ (green) represent the shunt

load formed by the high-k dielectric slab and the Si slot waveguide respectively. All elements
represent lumped differential quantities.

MZM, see Fig. 2.3(a), are replaced by high-k dielectric slabs. A pair of silicon
slot waveguides having a slot width w confine the light along the length of the
device, a buried oxide (BOX) acts as a lower cladding material, and an EO ma-
terial that infiltrates the slot acts as an upper cladding material. The modulating
signal is carried by an RF transmission line (depicted in yellow) arranged in a
ground-signal-ground (GSG) configuration. If the high-k dielectric has a rela-
tive permittivity &, much larger than that of Si and the EO polymer, the RF
voltage drops predominantly across the slot region. The high-k dielectric is cho-
sen such that its refractive index for optical wavelengths is smaller than ng;
such that the confinement of the optical mode to the slot region is not impaired.
Figures 2.10(b) and (c) show the electric field profiles of the RF mode and the
optical quasi-TE mode of the CC-SOH phase modulator, respectively. Since the
relative permittivity of the high-k dielectric is much larger than the relative per-
mittivity of the Si or of the EO polymer, the RF field in the slot region is strongly
enhanced [56]. The CC-SOH modulator thus combines a silicon photonic slot
waveguide for optical frequencies with a high-k dielectric slot waveguide for
RF frequencies [57]. The strong confinement of both the optical and RF fields
to the EO material of the slot region ensures an efficient modulation, without
the need for doping the Si rails.

The equivalent-circuit model of the CC-SOH MZM is depicted in Fig. 2.11. The
lumped differential elements Ry, L1, and Ct, represent the equivalent-circuit
of the metal transmission line according to the telegrapher’s equation. The slot
region is represented in the equivalent circuit Fig. 2.11 by series-connected el-
ement high-k capacitance Cy, (red) and slot capacitance C; (green). In analogy
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to Eq. (2.31), the EO frequency response m(«y, ) of the CC-SOH MZM is given
by

(D(O)m) 1
= =—H L ,
m(@p, ) o(0) L cc(@m) Ler (@m)
1 (2.32)
H =7
CC(wm) 14 mecs
jwmcf;k

where Hcc(ay,) is the fraction of the modulation voltage that is effective
across slot capacitor due to the voltage divider formed by the high-k capacitance
Cik and the slot capacitance C.. For high-k dielectric materials satisfying the
relation C{, > C., it follows that HCC(a)m) ~1. Thus, the CC-SOH modulator
overcomes the RC limited bandwidth of the conventional resistively-coupled
SOH devices.

2.3  Fabrication processes for high-speed EO
modulators

The high-speed EO modulators presented in this thesis were fabricated in clean-
room facilities of the Institute of Microstructure Technology (IMT) and the
Karlsruhe Nano Micro Facility at Karlsruhe Institute of Technology (KIT). This
section briefly describes the processes that were developed for the fabrication
of POH and CC-SOH modulators. The detailed fabrication recipes can be found
in Appendix C. The manufacture of both types of modulators begins with the
fabrication of the respective passive silicon structures.
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Figure 2.12: Fabrication process flow for passive silicon structures on SOI substrates.
The cross-section shown in the side-view corresponds to the dashed line shown in the top-
view. (a) Patterning of octagonal marker into the PMMA resist. (b) Development of PMMA
resist to reveal the silicon device layer in the exposed regions. (c) Evaporation of gold onto the
PMMA mask followed by the stripping of the resist. The steps from (a) — (c) form the so-called
‘lift-off” process. (d) Patterning and development of PMMA resist to create a mask for shal-
low-etch of silicon, e.g., for shallow-etched grating couplers. (e) Reactive-ion-etching of sili-
con to fabricate shallow-etch structures followed by stripping of the PMMA resist. (f) Pattern-
ing and development of the HSQ resist for fully-etched structures in silicon. (g) Reactive-ion-
etching of silicon to realize fully etched structures.
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Figure 2.13: Scanning electron microscope (SEM) images of passive silicon structures
fabricated on an SOI chip. (a) Tilted view of a silicon strip waveguide with HSQ resist on
top. (b) Silicon slot waveguide. (c) Multi-mode interference (MMI) coupler. (d) Fully etched
grating coupler (FEGC). (e) Partially etched grating coupler (PEGC). (f) Zoom-in of the PEGC
structure showing the shallow etch regions.

2.3.1 Fabrication of passive silicon structures

The POH and CC-SOH modulators are fabricated on silicon-on-insulator (SOI)
substrates consisting of a 220 nm thick silicon device layer and a buried silicon
dioxide (SiO2; BOX) with a thickness of 2 um on a 725 pum thick silicon handle
wafer. Before fabrication, a 200 mm SOI wafer is diced into 2 cm x 2 cm large
chips. The structures are patterned using two different electron beam (e-beam)

resists — a positive-tone polymethyl methacrylate (PMMA) resist and a nega-
tive-tone hydrogen silsesquioxane (HSQ) resist. The patterns are exposed into
the resist layers using a Raith EBPG5200 e-beam lithography system. The un-
derlying processes to realize passive silicon structures are summarized in
Fig. 2.12.

For the multi-step lithographic process, a set of gold markers is fabricated at the
four corners of the chip to enable an alignment accuracy down to 20 nm between
different lithography steps. The markers are fabricated in a lift-off process,
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Figure 2.14: SEM images of plasmonic slot waveguide and contact pads of POH modula-
tor. (a) Before lift-off: Patterns exposed and developed in the PMMA resist. (b) After lift-off:
Gold pads forming plasmonic slot waveguides of a POH Mach-Zehnder modulator. (c) Tilted
view of a POH MZM before the deposition of organic EO material, showing the silicon feed
waveguides and the plasmonic section along with the RF contact pads.

where an exposed and developed octagonal pattern in PMMA resist is deposited
with 50 nm gold, followed by a subsequent removal of the PMMA resist in ac-
etone from the unexposed regions, see Fig. 2.12(a)-(c). In some device genera-
tions, partially etched grating couplers (PEGC) are used for improved fiber-to-
chip coupling efficiency. The PEGC are fabricated in a two-step lithographic
process. In the first step, PMMA resist is patterned and developed to define the
shallow etch regions which are subsequently etched into the silicon device layer
using an inductively-coupled-plasma reactive-ion-etching (ICP-RIE) tool. For
better control of the etch depth, the partial silicon etch is carried out by using a
chemistry of Sk; and CHF; gases at room temperature, see Fig. 2.12(d) and (e).
The passive silicon structures such as strip waveguides, multi-mode interfer-
ence (MMI) couplers, and fully etched grating couplers (FEGC), that require a
full etch of the silicon device layer, are fabricated using an HSQ mask. The
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patterns are exposed into the HSQ resist and developed using a 25 % aqueous
solution of tetra-methyl ammonium hydroxide (TMAH). The exposed resist
patterns are then transferred to the silicon device layer by ICP-RIE. To achieve
a 90° sidewall for the silicon waveguides and to attain a good etch selectivity
with the HSQ mask, silicon is etched at a cryogenic temperature of —110°C
using a chemistry of Sk and O, gases, see Fig. 2.12(d) and (e). Figure 2.13
shows scanning electron microscope (SEM) images of some passive silicon
structures fabricated on the SOI chip.

2.3.2 Fabrication of POH modulator

Following the fabrication of the passive silicon structures as described in
Sect. 0, the core structures of the POH modulator comprising the plasmonic slot
waveguides and the RF contact pads are realized in an additional lithography
step. Both structures are fabricated using a lift-off process with PMMA resist,
see Fig. 2.12(a)-(c). The process parameters, i.e., the resist thickness, the devel-
opment time, and the evaporation rate of gold, are carefully optimized to obtain
plasmonic slot waveguides with slot widths down to 50 nm. Figures 2.14(a) and
(b) show the SEM images of plasmonic slot waveguides before and after the
lift-off process, respectively. The POH Mach-Zehnder modulator along with the
silicon waveguides and the RF contact pads is shown in Fig. 2.14(c).

For the vertical slot POH modulators, an optimal gold thickness of 150 nm is
chosen as a trade-off between the performance of the POH modulator and the
reliability of the lift-off process. This limitation arises due to the stability of the
developed PMMA structures that are required to be undistorted at an elevated
temperature during the evaporation of gold. Therefore, the height-to-width ratio
of vertical plasmonic slot waveguides is limited to a maximum value of 3, which
restricts the field interaction factor that can be attained with vertical plasmonic
slot waveguides, see Sect. 2.2.2.

Fabrication of horizontal-slot POH (HS-POH) modulator

The HS-POH modulator described in Sect. 2.2.2 allows increasing the field in-
teraction factor, and thereby the efficiency of POH modulators, by overcoming
the aspect-ratio limitations of the vertical-slot plasmonic waveguides. After the
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Figure 2.15: Fabrication process flow for horizontal-slot plasmonic waveguides. (a) Pat-
terning of the bottom metal layer in PMMA resist. (b) Evaporation of gold for the bottom metal
layer, followed by lift-off of PMMA resist. (c) Exposure of HSQ resist to define the region
that forms the horizontal slot. (d) Patterning and development of PMMA resist to create a mask
for the top metal layer. (e) Evaporation and subsequent lift-off that forms the top metal layer.
(f) Sacrificial wet-etch of HSQ resist to form the horizontal plasmonic slot waveguide.

fabrication of passive silicon structures as described in Sect. 0, the fabrication
of HS-POH modulator requires three additional lithography steps. The fabrica-
tion process flow is summarized in Fig. 2.15. In the first lithography step, the
bottom gold layer is fabricated by defining the patterns in PMMA resist fol-
lowed by a lift-off of the resist after gold evaporation, see Fig. 2.15(a) and
(b). The second lithography step in HSQ resist then defines the slot region of
the horizontal plasmonic slot waveguide, see Fig. 2.15(c). The height of the
plasmonic slot can be defined very precisely by controlling the spin parameters
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Figure 2.16: Horizontal-slot POH (HS-POH) modulator. (a) Patterning of the HSQ resist
to define the slot region of the HS-POH modulator, see Fig. 2.15(c). The horizontal plasmonic
slot is fabricated adjacent to the silicon waveguide (Si WG) to enable photonic-to-plasmonic
coupling. (b) Horizontal plasmonic slot waveguide after lift-off and sacrificial removal of the
HSQ resist. (c) Top-view of the HS-POH Mach-Zehnder modulator (MZM). (d) 10-um-long
horizontal plasmonic slot waveguide of one of the MZM arms.

of the HSQ resist, see SEM in Fig. 2.16(a). The last lithography step in PMMA
resist defines the regions for the deposition of the top metal layer, which after
lift-off forms a gold bridge structure, see Fig. 2.15(d) and (e). The sacrificial
HSQ resist that fills the horizontal plasmonic slot waveguide is removed by a
wet-etch process using hydrofluoric (HF) acid, thus forming a free-standing
horizontal plasmonic slot waveguide, see Fig. 2.15(f) and SEM in Fig. 2.16(b).
After the sacrificial removal of the HSQ resist, the sample is dried using a crit-
ical-point dryer (CPD) in order to avoid a collapse of the top gold layer due to
the surface tension. The micrographs in Fig. 2.16(c) and (d) show the top-view
of the fabricated HS-POH MZM and a horizontal plasmonic slot waveguide,
respectively.
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Figure 2.17: SEM image of the CC-SOH Mach-Zehnder modulator after the lift-off of gold
strips and the BaTiOg slabs on either side of the silicon slot waveguide.

2.3.3 Fabrication of CC-SOH modulator

After the fabrication of the passive silicon structures described in Sect. 0, the
CC-SOH modulator is realized with two additional lithography steps in combi-
nation with lift-off processes. In the first lift-off process, the RF transmission
lines and the contact pads of the CC-SOH MZM are realized using PMMA resist
and a 150 nm thick layer of gold. The high-k dielectric material, in this case
amorphous BaTiOs (BTO), is deposited and structured via a second lift-off pro-
cess. The CC-SOH devices investigated in this thesis are realized using a
150 nm thick BTO film that is deposited using room-temperature RF magnetron
sputtering with Ar. For a better lift-off of the BTO films, it is important that the
sample temperature remains below the glass transition temperature T, ~110°C
of the PMMA resist during the sputtering process. To ensure this, a sufficient
pause is introduced between the deposition cycles to cool the samples. Because
of the room-temperature sputter deposition, the BTO films are expected to be
amorphous in nature. Figure 2.17 shows a scanning electron microscope (SEM)
image of the fabricated CC-SOH MZM depicting the gold (Au) transmission
lines and the BaTiOs slabs.
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3 Ultra-broadband POH modulator

The current chapter discusses the broadband characteristics of POH modulators
and demonstrates application of POH modulators as direct terahertz-to-optical
converters for future THz wireless communication links. The chapter is taken
from a publication [J3] in Nature Photonics. The contents of the journal publi-
cation are adapted to fit the structure and layout of this thesis. Methods and
Supplementary Information associated with the publication can be found in Ap-
pendix A.

For this publication, Sandeep Ummethala (S.U.), Tobias Harter (T.H.), Wolf-
gang Freude (W.F.) and Christian Koos (C.K.) developed the concept and de-
signed the experiment. S.U. and Zheng Li designed the modulators and fabri-
cated them with support from Kira Koehnle, Sascha Muhlbrandt, Suresh K.
Garlapati, Andreas Bacher and Lothar Hahn. S.U. and T.H. performed the trans-
mission experiments and analyzed the data together with Juned Kemal, Jochen
Schaefer and Pablo Marin-Palomo. Yasar Kutuvantavida developed the poling
procedure for the POH modulators and formulated the organic EO material.
Axel Tessmann and Martin Walther developed and provided the THz MMIC
amplifiers. The work was supervised jointly by Thomas Zwick. Sebastian Ran-
del, W.F., and C.K. S.U., W.F., and C.K. wrote the paper. All authors revised
the paper.

[Start of paper [J3]]

THz-to-Optical Conversion in Wireless Communications
Using an Ultra-broadband Plasmonic Modulator

Nature Photonics, 13(8), pages: 519-524
DOI: 10.1038/s41566-019-0475-6
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Future wireless communication networks need to handle data rates of tens or
even hundreds of Gbit/s per link, requiring carrier frequencies in the unallocated
terahertz (THz) spectrum [58], [59]. In this context, seamless integration of THz
links into existing fiber-optic infrastructures [60] is of great importance to com-
plement the inherent portability and flexibility advantages of wireless networks
by the reliable and virtually unlimited capacity of optical transmission systems.
On the technological level, this requires novel device and signal processing con-
cepts for direct conversion of data streams between the THz and the optical
domains. Here, we report on the first demonstration of a THz link that is seam-
lessly integrated into a fiber-optic network using direct terahertz-to-optical
(T/O) conversion at the wireless receiver. We exploit an ultra-broadband sili-
con-plasmonic modulator having a 3 dB bandwidth in excess of 0.36 THz for
T/O conversion of a 50 Gbit/s data stream that is transmitted on a 0.2885 THz
carrier over a 16 m-long wireless link. Optical-to-terahertz (O/T) conversion at
the wireless transmitter relies on photomixing in a uni-travelling-carrier photo-
diode.

3.1 Introduction

Data traffic in wireless communication networks is currently experiencing ex-
plosive growth [61] and will account for more than 60 % of the overall internet
traffic by 2021. In order to cope with the associated capacity challenges, wire-
less communication networks need to exploit frequency windows of low atmos-
pheric attenuation in the unallocated THz spectrum beyond [58] 0.275 THz.
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Moreover, future wireless links have to be intimately integrated into the fiber-
optic infrastructures, for example in terahertz-over fiber (ToF) [60] or fiber-to-
the-antenna (FTTA) [62] architectures. This requires seamless connection of
optical fibers to THz transmitter (Tx) and receiver (Rx) front-ends.

At the THz Tx, optoelectronic down-conversion of data streams from the optical
to the THz domain has been demonstrated to offer a variety of advantages [58]
over conventional all-electronic approaches. These advantages include wide-
band tunability of the THz carrier frequency and the ability to capitalize on ad-
vanced optical circuitry for generation and multiplexing of data streams prior to
conversion to the THz domain. Wireless transmission with data rates of
100 Gbit/s or more have previously been demonstrated [63]-[65] by direct op-
tical-to-THz (O/T) conversion of a wavelength-division multiplexing signal in
an ultra-fast uni-travelling-carrier [66] (UTC) photodiode. In contrast to that,
direct conversion of data signals from the THz-to-optical (T/O) domain at the
receiver has not yet been demonstrated, and previous transmission experiments
[63]-[65], [67]-[69] still rely on all-electronic down-conversion [58] of the sig-
nals to the baseband using, e.g., sub-harmonic mixers [70] or Schottky diodes
[71].

In this letter, we report on the first demonstration of a THz wireless link that is
seamlessly integrated into a photonic network, complementing direct O/T con-
version at the THz Tx by direct T/O conversion at the THz Rx. The wireless
link operates at a carrier frequency of 0.2885 THz with a maximum line rate of
50 Gbit/s and bridges a distance of 16 m. The THz signal is generated by O/T
conversion in a UTC photodiode. At the receiver, the THz signal is converted
to the optical domain by using an ultra-broadband plasmonic-organic hybrid
(POH) modulator. The POH modulator features a flat frequency response [72],
[73] up to 0.36 THz along with small footprint of about 600 um?, thus lending
itself to high-density photonic integration. To the best of our knowledge, this is
the first demonstration of direct conversion of a THz wireless data signal to the
optical domain without prior down-conversion to the baseband or to an inter-
mediate frequency. We expect that the combination of direct O/T and T/O con-
version in ultra-compact devices has the potential to greatly accelerate THz
communications and to advance the integration of THz wireless links into fiber-
optic infrastructures.
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3.2 Integration of THz links with fiber-optic
infrastructures

The concept, presented in Fig. 3.1(a), relies on distributed THz transceiver
(TRx) front-ends that are connected to powerful centralized digital signal pro-
cessing (DSP) sites through widely deployed fiber-optic network infrastructures
that exploit optical carriers to efficiently carry data signals over large distances.
The architecture relies on direct O/T and T/O conversion at the TRx front-end,
which is key to efficiently interface optical fibers to THz antennae. Direct con-
version between analogue optical signals and THz waveforms considerably re-
duces complexity at the antenna site and improves scalability to a large number
of geographically distributed high-performance THz links or cellular networks.

Similarly, the concept of moving computationally expensive digital processing
of baseband (BB) signals to centralized sites such as large-scale data centers
offers unprecedented network scalability, flexible and efficient sharing of cru-
cial resources as well as improved network resilience. Seamless combination of
short-reach THz links with long-reach fiber-optic networks may thus represent
a key step towards overcoming the capacity bottlenecks in wireless communi-
cation infrastructures. Note that the scheme presented here is mainly geared to-
wards wireless THz connections between fixed transmitter and receiver stations
rather than towards serving mobile terminals, for which steered THz beams
would be required.

At its heart, the architecture depicted in Fig. 3.1(a) relies on THz transmitter
(Tx) and receiver (Rx) front-ends that allow for direct conversion between op-
tical and THz signals. The underlying concepts are illustrated in Fig. 3.1(b) and
(c). After generating the analogue baseband waveform of the data signal at the
DSP site, it is modulated onto an optical carrier at frequency f, by an optical
transmitter (Opt. Tx) and then sent to the THz Tx through a fiber-optic network.
At the THz Tx, see Fig. 3.1(b), the optical signal is then converted to a THz
waveform by photomixing with a continuous-wave (CW) local oscillator (LO)
tone at frequency fr, | o ina UTC photodiode, see Inset of Fig. 3.1(b). The THz
data signal, centered at the difference frequency fr, =|fr, o — fo|, is then
transmitted into free-space by an antenna. At the T/O converter, Fig. 3.1(c), the
THz data signal is received by another antenna and fed to a THz amplifier. For
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Figure 3.1: Seamless integration of THz wireless links into fiber-optic infrastructures by direct
optical-to-THz (O/T) and THz-to-optical (O/T) conversion. (a) Vision of a future communica-
tion network architecture that combines geographically distributed analogue THz transceiver
(TRx) front-ends with powerful centralized digital signal processing (DSP) sites through fiber-
optic network infrastructures. Our work focusses on direct T/O and O/T conversion of ana-
logue waveforms at the THz front-end, which allows to efficiently interface optical fibers to
THz antennae. This considerably reduces complexity at the antenna site and improves scala-
bility to a large number of THz links or cellular networks. The envisaged concept may thus
represent a key step towards overcoming the capacity bottlenecks in wireless communication
infrastructures. (b) Concept of direct O/T conversion: The baseband (BB) waveform is first
modulated onto an optical carrier at frequency f;. and sent to the O/T converter. The optical
signal is then translated to a THz carrier by photomixing with a continuous-wave (CW) local
oscillator (LO) laser tone at a frequency fry | o in an ultra-fast uni-travelling-carrier photodi-
ode (UTC-PD). The THz data signal is radiated into free-space by an antenna. The inset shows
the optical data spectrum (center frequency fy), the LO tone (frequency frx Lo ), and the THz
spectrum (center frequency fry, ) after O/T conversion. (c) Concept of direct T/O conversion:
The THz data signal is received by an antenna, amplified by a THz amplifier, and then fed to
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a plasmonic Mach-Zehnder modulator (MZM) for modulation onto a CW carrier at optical
frequency fgy o . After modulation, the optical signal from the MZM contains an upper and a
lower modulation sideband. An optical band-pass filter (BPF) is used to suppress the carrier
and to select one of the modulation sidebands. The inset depicts an illustration of the spectrum
of the THz signal (carrier frequency fry, ) along with the optical LO tone (frequency fexLo)
and the optical signal sidebands generated by THz modulation. The BPF is configured to select
one of the sidebands (center frequency fry o + fri,). (d) False-colored scanning electron
microscope (SEM) image of a plasmonic MZM with ground-signal-ground (GSG) contact
pads (yellow) and integrated silicon photonic waveguides (blue). Scale bar — 20 pm. (e) Zoom-
in of the plasmonic section of the MZM showing two 15 pm-long phase modulators with pho-
tonic-to-plasmonic mode converters (see Inset). Scale bar — 2 um. Each section consists of a
plasmonic slot waveguide, featuring a 75 nm-wide gap between two extended gold pads (yel-
low). (f, g) Field profile of the optical quasi-TE mode and the THz field respectively. Both
figures indicate the magnitudes of the complex electric field vectors. It can be noticed that the
optical and the electronic modes are tightly confined to the slot region, thereby ensuring strong
interaction and efficient modulation

conversion to an optical carrier, the amplified signal is then coupled to a plas-
monic-organic hybrid [33]-[35], [74]-[77] (POH) Mach-Zehnder modulator
(MZM), which is fed by an optical carrier at frequency fg, . The POH MZM
generates an upper and a lower modulation sideband. An optical band-pass filter
(BPF) is used to suppress the carrier and to select one of the modulation side-
bands, see Inset of Fig. 3.1(c). This scheme allows for operation over a wide
range of THz frequencies, and does not require any down-conversion to an in-
termediate frequency before encoding the data onto an optical carrier, and hence
considerably reduces the complexity at the THz front-end. After T/O conver-
sion, the analogue signal is sent back through fiber-optic network to an optical
receiver (Opt. Rx) in the centralized DSP site. The scheme illustrated in
Fig. 3.1(c) crucially relies on ultra-broadband electro-optic modulators, offering
modulation bandwidths that extend into the THz spectrum.

3.3 Bandwidth measurement of POH MZM

High-speed MZM have previously been demonstrated using lithium niobate as
the electro-optic medium — either as bulk material [78] or as thin films on silicon
[17] or quartz [79] substrates. However, these devices are usually realized in
travelling-wave configuration with typical device lengths on the millimeter or
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centimeter scale, which is not well suited for high-density integration. Moreo-
ver, while some lithium niobate devices show measureable sidebands up to
modulation frequencies [79] of 0.5 THz, the underlying 3 dB bandwidths [17],
[78], [79] are so far limited to approximately 0.1 THz. These bandwidth limita-
tions can be overcome by plasmonic-organic hybrid modulators [33]-[35],
[74]-[77] that combine organic electro-optic (EO) materials with ultra-compact
plasmonic slot waveguides [80]-[82]. The POH concept allows to considerably
reduce the device footprint and offers a route towards high-density co-integra-
tion [76] with advanced silicon photonic circuitry [11], [83]. A fabricated POH
MZM is shown in the false-colored scanning electron microscope (SEM) image
in Fig. 3.1(d). Light is coupled to the silicon photonic (SiP) chip via on-chip
grating couplers (not shown) and propagates in silicon strip waveguides (blue)
as a quasi-transverse electric (quasi-TE) mode. A multimode interference
(MMI) coupler splits the light from the input waveguide and launches it into the
two arms of an unbalanced MZM. An MMI coupler at the other end of the MZM
combines the modulated signals into an output waveguide which is connected
to another grating coupler. Each arm of the MZM contains a POH phase mod-
ulator section comprising a narrow metallic slot (width w = 75 nm) between the
gold electrodes (yellow), see Fig. 3.1(e). A pair of tapered silicon waveguides
in each arm is used to convert [84] the photonic mode of the silicon strip wave-
guide to the surface plasmon polariton (SPP) mode in the metallic slot wave-
guide and vice versa, see Inset of Fig. 3.1(e). The slots are filled with the organic
EO material [85] SEO100. A THz signal applied to the ground-signal-ground
(GSG) contacts of the POH MZM leads to a THz electric field in the slots of
each of the two arms and thus creates an optical phase shift. Fig. 3.1(f) and (g)
show that both the optical quasi-TE field and the THz electric field are tightly
confined to the metallic slot waveguide, leading to a strong overlap and a high
modulation efficiency. The MZM is configured to operate in push-pull mode
with phase shifts of equal magnitude but opposite signs in each arm. This is
accomplished by an appropriate choice of the poling directions [36] of the EO
material with respect to the modulating THz field inside the two slot wave-
guides.

Due to the strong interaction of the THz field and the optical field in the metallic
slot waveguide, POH phase shifters can be very short. This leads to ultra-small
parasitic capacitances of the order of a few fF, thereby permitting theoretical
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Figure 3.2: Bandwidth measurement of POH modulator. (a) Experimental setup for meas-
uring the frequency-dependent phase modulation index 7 of the POH MZM. CW light from
an external-cavity laser (ECL) is coupled to the modulator, which is driven by a RF/THz signal.
The resulting optical spectrum is recorded by an optical spectrum analyzer and the phase mod-
ulation index is extracted from the power ratio of the modulation sidebands and the CW carrier.
(b) Frequency dependence of the normalized modulation index 7, according to Eq. (3.1). The
POH MZM features an ultra-broad frequency response up to at least 0.36 THz and shows no
indication of a bandwidth limitation. The gap around between 0.17 THz and 0.22 THz is due
to the lack of a signal source in this frequency range.

RC cutoff frequencies in excess of 1 THz when connected to a signal source
with a 50 Q internal impedance [34], [36]. For our experiments, we fabricated
a 15 um-long POH MZM with a slot width of 75 nm and characterized its re-
sponse over an extended frequency range of up to 0.36 THz, limited by the sig-
nal sources available in our lab. Fig. 3.2(a) shows the basic setup for the band-
width measurement. The optical CW carrier at a frequency f. is derived from
an external-cavity laser (ECL) and launched into the POH MZM that is driven
by a small sinusoidal RF or THz signal with varying drive frequency f., . The
intensity-modulated optical signal is then amplified by an erbium-doped fiber
amplifier (EDFA) and detected by an optical spectrum analyzer to evaluate the
phase modulation index r( f,,) . Due to the small electrical drive powers of the
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THz sources in combination with the comparatively high insertion loss of the
specific POH MZM used in our experiments, an EDFA was necessary to boost
the optical output power for these measurements. The EDFA could be omitted
for later device generations with reduced insertion loss, see Appendix A.2 for
details. For each drive frequency, the optical spectrum exhibits a peak at f,
along with two first-order sidebands at f, £ f,. Assuming that the MZM is
biased at its quadrature (3 dB) point and that both arms of the MZM have the
same phase modulation index 7, the sideband-to-carrier power ratio R, , allows
to calculate » according to the relation [86] R, ~ 772/4 for small amplitude of
the drive signal (7 < 1), see Appendices A.1 and A.2 for more details. Note that
the electric drive power P, provided by our signal source shows a strong de-
pendency on the modulation frequency f,,. Since the phase modulation index
n is proportional to the electric drive voltage U,, we can eliminate the impact
of the frequency-dependent drive power P,(f,,) by considering the ratio
1n(fn)/Ue(frn). Normalizing the frequency characteristic of this ratio to its
value at a reference modulation frequency of ., .+ =2 GHz, we obtain the di-
mensionless normalized phase modulation index

_ (fm)/Ue(fm)
Ty ( fm) = 20'0910[77(?m,ref )/Ue( o )] (3.1)

Raw data and details on the evaluation can be found in the Appendix A.2. The
results obtained for our 15 pm-long POH MZM are shown in Fig. 3.2(b). The
device features a flat frequency response over the entire measurement range
with no indication of any frequency-dependent decay. The noticeable variations
of approximately +2.5dB in the frequency response are attributed to uncertain-
ties of our measurement technique and do not represent an intrinsic property of
the POH MZM, see Appendix A.2 for details.

The experimental results hint to a 3 dB bandwidth that is significantly larger
than the highest measured frequency of 0.36 THz. To the best of our knowledge,
this represents the fastest EO modulator that has so far been published. Our
findings are well in line with earlier demonstrations of POH modulators, where
operation up to frequencies of 0.17 THz has been shown [77]. Note that POH
devices are not limited to gold as a plasmonic material, but may also be realized
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by employing CMOS compatible materials [87], which would allow for co-in-
tegration with silicon-based electronics.

3.4 Direct THz-to-optical conversion

For the THz wireless transmission experiments, we use a second-generation de-
vice with slightly longer phase shifter sections (20 pum instead of 15 um) fea-
turing a slot width of 75 nm and the same electro-optic material (SEO100) as
the cladding. For this device, we measure an EO figure-of-merit (FOM) of
Niohs =315pm/V, leading to an estimated EO coefficient of ry; =64pm/V.
Note that there is vast room to further improve the EO FoM and to hence reduce
the drive voltage requirement by using more efficient EO materials. As an ex-
ample, EO FoM values of nZ;r; =1990pm/V (calculated for ngy =1.83 and
r;3 =325pm/V') have been previously demonstrated in POH devices [88], and
even higher values of nigr, =2300pm/V (ry=390pm/V for ngy =1.81)
have been recently achieved in silicon-organic hybrid (SOH) modulators [28].
Moreover, the plasmonic losses of the modulator can be greatly reduced by,
e.g., using silver for the plasmonic slot waveguide. Together with the highly
efficient EO polymers, this may lead to more than a 25-fold improvement in the
n-voltage-loss product of the POH MZM, see Appendices A.6 and A.7 for more
details.

Figure 3.3(a) shows photographs of the experimental setups used for the trans-
mission experiment. The THz Tx comprises a high-speed UTC photodiode with
a horn antenna to generate the THz signal as well as a plano-convex polytetra-
fluoroethylene (PTFE) lens that collimates the THz beam. After travelling over
a free-space distance of approximately 16 m, the THz signal is coupled to the
POH MZM (not shown) through a second lens, a horn antenna, and a two-stage
THz amplifier. A more detailed description of the THz components and a tech-
nical sketch of the experimental setup can be found in Appendices A.3 and A.
respectively. In the transmission experiment, a quadrature phase-shift keying
(QPSK) data stream at a symbol rate of 15 GBd is encoded on an optical carrier
at f, =193.3THz and superimposed with a CW LO tone at f, . Photomix-
ing in the UTC photodiode is used to transfer the optical data stream to a THz
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Figure 3.3: Demonstration of THz wireless data transmission using direct O/T and T/O
conversion. (a) Photograph of the THz transmitter (Tx) and receiver (Rx) setup, separated by
a distance of 16 m. The THz Tx comprises a high-speed UTC photodiode (UTC-PD), a horn
antenna, and a plano-convex polytetrafluoroethylene (PTFE) lens that collimates the THz
beam. After travelling over a free-space distance of approximately 16 m, the signal is coupled
to the POH MZM through a second lens, a horn antenna, and a two-stage THz amplifier. A
more detailed description and a technical sketch of the data transmission setup can be found in
Appendix A.4 and in Fig. A.7. (b) Optical spectrum measured at position ‘A’ of the THz Tx
shown in Fig. 3.1(b). The spectrum consists of a 15 GBd QPSK data signal (inset) at a carrier
frequency of 193.3 THz and a CW tone, detuned from the carrier of the data signal by the
targeted THz carrier frequency of 0.2885 THz. The THz signal is generated by photomixing in
an UTC photodiode. (c) Filtered optical spectrum measured at position ‘B’ of the THz Rx, see
Fig. 3.1(c). Upon modulating the THz signal onto the optical carrier, the upper sideband and
the carrier are suppressed by an optical band pass filter such that only the lower sideband and
the residual carrier are visible. The lower sideband contains a 15 GBd QPSK signal (inset)
centered at 194.286 THz. (d) Bit error ratios (BER) of QPSK signals at different symbol rates
upon T/O conversion and coherent intradyne detection. Red triangles represent measured BER
obtained from 10° symbols of the received signal. Filled blue circles represent the BER estl-
mated from the signal-to-noise power ratio (SNR) in the signal bandwidth. For BER <107

this estimate becomes increasingly unreliable — the associated BER values are indicated by blue
open circles. The measured BER for higher symbol rates (>8 GBd) fit well to the estimations.
For lower symbol rates, the measured BER differs strongly from the (unreliable) estimations
due to phase noise of the LO laser in the coherent optical receiver and due to nonlinear distor-
tions caused by the THz amplifiers, see Appendix A.5 for details. The BER stays below the 7
% hard-decision forward error correction (FEC) limit up to a symbol rate of 18 GBd. Higher
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symbol rates require 20 % soft-decision FEC. (e) Constellation diagrams of the received QPSK
signal for data rates of 20 Gbit s%, 30 Gbit s, 40 Gbit s%, and 50 Gbit s™.

carrier frequency of fr, +, =|fo — fry Lo[=0.2885THz . Fig. 3.3(b) shows the
optical spectrum at the input of the UTC photodiode, marked as position ‘A’ in
Fig. 3.1(b). At the THz RX, the received signal is boosted by two cascaded THz
amplifiers to drive the POH MZM via a ground-signal-ground (GSG) probe
with a hollow-core waveguide. The amplifiers are based on millimeter-wave
monolithic integrated circuits (MMIC) and feature a total gain of approximately
40 dB for frequencies between 0.270 THz and 0.310 THz, see Appendix A.3
for details. The POH MZM is biased at its quadrature (3 dB) point and hence
imposes an intensity modulation on the CW carrier at fz, | o =194.57 THz ob-
tained from another ECL. The optical data signal is amplified by erbium-doped
fiber amplifiers (EDFA) and sent through an optical filter which suppresses the
carrier at fz, | o along with the upper modulation sideband. The corresponding
spectrum taken after the optical filter, i.e., at position ‘B’ in Fig. 3.1(c), is dis-
played in Fig. 3.3(c). The optical QPSK signal is detected and evaluated using
an optical modulation analyzer with an in-built optical LO for coherent intra-
dyne reception. Note that intensity-modulating a THz QPSK signal onto an op-
tical carrier and selective filtering of one of the sidebands generates an optical
QPSK signal even though the THz Rx contains only a simple MZM. Note also
that, due to the limited tuning range of the optical filter, we chose to isolate the
lower sideband of our optical signal rather than the upper one, as sketched in
Fig. 3.1(c).

The QPSK data signal is analyzed offline using standard DSP techniques and
the bit error ratio (BER) is extracted. Fig. 3.3(d) shows the BER as a function
of the QPSK symbol rate, where the red triangles indicate the measured BER,
while the filled blue circles correspond to the estimated BER from the signal-
to-noise power ratio (SNR) of the T/O converted signal. This estimate becomes
unreliable for BER <10™° which are represented by blue open circles, see Ap-
pendix A.5 for more details. Up to 18 GBd (line rate 36 Gbit s), the BER stays
below the 7 % hard-decision forward error correction (FEC) limit [89], while
we have to resort to a 20 % soft-decision FEC for higher data rates. For higher
symbol rates, the BER agrees well with estimations from the SNR, and is mainly
limited by the amplified spontaneous emission (ASE) noise of the first EDFA
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after the POH MZM [EDFA 1 in Appendix A Fig. A.7(b)]. For smaller symbol
rates, however, the measured BER differs greatly from the SNR-based (unreli-
able) estimations due to phase noise of the LO laser in the coherent optical re-
ceiver and due to nonlinear distortions caused by the THz amplifiers, see Ap-
pendix A.5 for a detailed analysis. Fig. 3.3(e) shows the QPSK constellations
for line rates of 20 Gbit s, 30 Gbit s1, 40 Gbit st and, 50 Gbit s* respectively.
To the best of our knowledge, this experiment corresponds to the first demon-
stration of data transmission using direct THz-to-optical conversion.

3.5 Summary

In summary, we have demonstrated an optical-wireless-optical link with purely
optoelectronic frequency conversion both at the THz transmitter and the THz
receiver. The link spans a distance of 16 m and is operated at a carrier frequency
of 0.2885 THz. Key for this demonstration is a compact ultra-broadband POH
modulator offering an ultra-high modulation bandwidth of at least 0.36 THz.
With a 20 % soft-decision FEC, we achieve a fiber-to-fiber line rate of
50 Gbit s, In our current experiments, the transmission distance is limited to
16 m due to the width of our building. Further device improvements will allow
to extend the scheme to transmission distances of 1 km or more, while still
maintaining a reasonable loss margin, see Appendix A.7 for more details. These
results demonstrate the prospects of POH modulators as powerful subsystems
for THz receiver front-ends. Such devices lend themselves to co-integration
with the full portfolio of silicon photonic components that have emerged over
recent years[83], possibly complemented by silicon-based nano-electronic de-
vices[11]. We believe that direct T/O conversion at the Rx can boost terahertz
wireless links to data rates of hundreds of gigabit per second.

[End of paper [J3]]
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4 Horizontal-slot POH modulator

This chapter presents a novel architecture of POH modulators with horizontal
plasmonic slot waveguides to improve the fabrication tolerance as well as the
efficiency of conventional POH modulators. The chapter is taken from a con-
ference publication [C1] presented in CLEO 2020. The contents of the confer-
ence publication is modified and adapted to fit the structure and layout of this
thesis.

For this publication, Sandeep Ummethala (S.U.) developed the concept and de-
signed the modulators with support from Venkata Anirudh Pammi and Ahsan
H. M. Uddin. S.U. fabricated the devices with support from Lothar Hahn. S.U.
performed the experiments and analyzed the data. The work was supervised
jointly by Wolfgang Freude (W.F.) and Christian Koos (C.K.). S.U., W.F., and
C.K. wrote the paper. All authors revised the paper.

[Start of paper [C1]]

Horizontal-Slot Plasmonic-Organic Hybrid (POH) Modulator
Conference on Lasers and Electro-Optics (CLEO) 2020,

S. Ummethala®?, V. A. Pammi!, A. H. M. Uddin?, L. Hahn?,
W. Freude!, C. Koos'?

! Institute of Photonics and Quantum Electronics (IPQ), Karlsruhe Institute
of Technology (KIT), 76131 Karlsruhe, Germany

2 Institute of Microstructure Technology (IMT), Karlsruhe Institute of
Technology (KIT), 76334, Eggenstein-Leopoldshafen, Germany

We demonstrate horizontal-slot plasmonic-organic hybrid (HS-POH) modula-
tors and show that the n-voltage-loss product aU L is by 25 % better than for
conventional vertical-slot devices. The slot is realized by a sacrificial layer,
thereby relaxing extreme lithography-resolution requirements.
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4.1 Introduction

Plasmonic-organic hybrid (POH) electro-optic modulators combine plasmonic
slot waveguides with highly efficient organic electro-optic (EO) materials [90]
to achieve high modulation efficiencies. The devices offer ultra-small footprint
and lend themselves to co-integration with low-loss silicon photonic cir-
cuits [75]. As a prominent feature, POH modulators provide unprecedented EO
bandwidths of hundreds of GHz [55], [91], thereby opening a route towards
seamless conversion of data signals from THz carriers to optical carriers [55].
However, the practical application of POH modulators is still subject to various
limitations. POH devices suffer from comparatively high propagation losses of
the plasmonic slot waveguides, thereby limiting the interaction length and in-
creasing the required modulation voltage. This effect is quantified by the n-
voltage-loss product aU L, i. e., by the product of required n-voltage U . meas-
ured in V and the phase-shifter insertion loss aL in dB. Moreover, conventional
POH modulators rely on precise fabrication of high aspect-ratio plasmonic slot
waveguides using high-resolution lithography in combination with a sensitive
lift-off process. Mitigation of these challenges would be an important step to-
wards practical application of POH devices.

In this chapter, we demonstrate a novel structure for POH electro-optic modu-
lators, exploiting a horizontally oriented plasmonic slot. In contrast to litho-
graphically defined conventional vertical-slot plasmonic waveguides, the basic
structure of horizontal-slot POH (HS-POH) modulators is realized by spin-coat-
ing a thin sacrificial layer which allows to precisely adjust the slot dimensions,
even without using high-resolution lithography. We demonstrate HS-POH mod-
ulators with slot aspect ratios of more than 5, which allows decreasing the =-
voltage-length product U L by more than 40 % in comparison to the vertical-
slot structures. Based on electro-magnetic simulations, we show that the HS-
POH configuration can reduce the n-voltage-loss product aU L by more than
25 %. In addition, because the plasmonic section is side-coupled to silicon pho-
tonic strip waveguides, alignment tolerances can be relaxed without signifi-
cantly affecting the coupling efficiency.
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Figure 4.1: (a) Horizontal-slot plasmonic waveguide fabricated by using a sacrificial layer of
HSQ resist. (b) Photonic-to-plasmonic converter with directional coupler comprising a Si strip
and a horizontal-slot plasmonic waveguide. (c) False-colored micrograph of HS-POH MZM
showing GSG contact pads. The inset shows the gold rails with r =400 nm separated by
d =80 nm.

4.2 Horizontal-slot POH (HS-POH) Mach-Zehnder
modulator

The cross-section of a horizontal plasmonic waveguide, see Fig. 4.1(a), shows
a sacrificial layer of patterned hydrogen silsesquioxane (HSQ) resist between
two gold (Au) rails. When the HSQ layer is removed, the rails form a horizontal
plasmonic slot waveguide. The use of HSQ allows for precise control of the
spacing d between the metal rails (width r) that form the horizontal plasmonic
slot. In contrast to conventional vertical-slot POH (VS-POH) modulators, where
the slot is defined by lithographic structuring and subsequent lift-off using a
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Figure 4.2: Frequency response of the modulation index of the horizontal-slot plasmonic-or-
ganic hybrid (HS-POH) MZM.

poly-methyl methacrylate (PMMA) mask, the HS-POH structure gives better
control over the metal spacing d and the flatness of the metal rails. Specifically,
this configuration allows realizing plasmonic slot waveguides having signifi-
cantly larger aspect ratios r / d than those that are possible with conventional
VS-POH devices where the aspect ratio is limited to about 3. In the case of hor-
izontal-slot plasmonic waveguides, the maximum possible aspect ratio is lim-
ited only by the stability of the mechanical structure; an aspect ratio of 12 is
feasible.

The plasmonic slot is filled with an EO polymer and guides a surface plasmon
polariton (SPP). Light is coupled into the slot waveguide using a directional
coupler section comprising a silicon (Si) strip waveguide in close proximity to
the horizontal plasmonic slot, see Fig. 4.1(b). The Si waveguide carries a quasi-
transverse-magnetic (TM) mode. By appropriately choosing the length of the
directional coupler, a coupling efficiency of up to 90 % is possible [92]. Such a
side-coupling scheme for photonic-to-plasmonic mode conversion relaxes the
alignment tolerances greatly. A false-colored micrograph of an HS-POH Mach-
Zehnder modulator (MZM) is shown in Fig. 4.1(c). Light is coupled in and out
of the on-chip silicon photonic waveguides (green, width 500 nm,
height 220 nm) via grating couplers (not shown), and a multi-mode interference
(MMI) coupler is used to split the light to the two arms of the MZM. A geomet-
rical path length difference of 80 um between the MZM arms allows for the
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Figure 4.3: Color-coded m-voltage-loss product aU_L (in V dB) of (a) vertical-slot POH
modulator and (b) horizontal-slot POH modulators as a function of d and r.

selection of the operating point by tuning the wavelength. The RF signal is ap-
plied across the metal pads (dark yellow) with a ground-signal-ground (GSG)
probe. Each arm of the MZM contains a phase-shifter section comprising two
gold electrodes (bright yellow) with a rail width r = 400 nm, which are sepa-
rated by a distance d = 80 nm, see Fig. 4.1(c) and inset. After fabrication of the
HS-POH MZM, the metal slots are filled with an organic EO polymer (SEO100)
having a bulk EO coefficient ry; of 166 pm/V. For an L = 20 pm long HS-POH
MZM, we measure an insertion loss of 31 dB and an extinction ratio of more
than 20 dB. From dedicated cut-back measurements, we calculate a plasmonic
loss of 1 dB/um, a loss of 3.2 dB per mode converter, and a loss of 4.5 dB for
the passive waveguides and MMIs.

For a VS-POH modulator with d =80 nm and an aspect ratio r/d = 1.9, see
inset Fig. 4.3(a), we measure U_=12.6V, which reduces by 40 % to
U, =7.6V for an HS-POH modulator with the same d but an aspect ratio of
r/d=5, see inset Fig. 4.1(e). Figure 4.2 shows a flat frequency response of an
L =8 pum long HS-POH MZM up to 50 GHz (limited by the presently available
equipment), emphasizing the broadband characteristics of POH modulators. Us-
ing an electro-magnetic simulation tool, we calculate aU L values for different
geometrical variations of VS-POH and HS-POH modulators, see Figs. 4.3(a)
and (b). For d = 80 nm, the n-voltage-loss product can be reduced by 25 % from
43V dB to 32 V dB by increasing the aspect ratio r / d from 2 for a vertical slot
to 12 for a horizontal slot. The values of the aU L products specified here are
limited by the rather moderate EO coefficient rsz = 160 pm/V assumed in the
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calculations. By using more efficient EO materials [28] with rs3 values of
390 pm/V, aU L products down to 13 V dB can be achieved.

4.3 Summary

We realized a novel structure for POH electro-optic modulators, exploiting a
horizontally oriented plasmonic slot. The concept stands out due to the signifi-
cantly simplified fabrication process that requires neither high-resolution li-
thography nor a sensitive lift-off process. HS-POH modulators can be realized
with large slot aspect ratios, thereby strongly reducing the n-voltage-loss prod-
uct. We believe this robust design for POH modulators is a key step towards
practical application of the devices.

[End of paper [C1]]
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5 Capacitively-coupled SOH modulator

The current chapter discusses the novel concept of capacitively-coupled SOH
(CC-SOH) modulators and presents a proof-of-concept CC-SOH Mach-
Zehnder modulator that overcomes the bandwidth limitations of the conven-
tional resistively-coupled SOH (RC-SOH) modulators. This chapter is taken
from an article [J1] published in Optica. The contents of the journal submission
are adapted to fit the structure and layout of this thesis. The associated Supple-
mentary Information of the article can be found in Appendix B.

For this publication, Sandeep Ummethala (S.U.), Matthias Lauermann, Wolf-
gang Freude (W.F.) and Christian Koos (C.K.) developed the concept and de-
signed the experiment. S.U. and Ahmed Shariful Alam designed the modulators
and fabricated them with support from Sree Harsha Nandam and Lothar Hahn.
S.U. performed the experiments and analyzed the data together with Juned Ke-
mal and Artem Kuzmin. S.U. developed the poling procedure with support from
Yasar Kutuvantavida. Delwin L. Elder and Larry R. Dalton developed the EO
material. The work was supervised jointly by Thomas Zwick. Sebastian Randel,
W.F., and C.K. S.U., W.F., and C.K. wrote the paper. All authors revised the

paper.
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Electro-optic (EO) modulators rely on the interaction of optical and electrical
signals with second-order nonlinear media. For the optical signal, this interac-
tion can be strongly enhanced by using dielectric slot-waveguide structures that
exploit a field discontinuity at the interface between a high-index waveguide
core and the low-index EO cladding. In contrast to this, the electrical signal is
usually applied through conductive regions in the direct vicinity of the optical
waveguide. To avoid excessive optical loss, the conductivity of these regions is
maintained at a moderate level, thus leading to inherent RC-limitations of the
modulation bandwidth. In this chapter, we show that these limitations can be
overcome by extending the slot-waveguide concept to the modulating radio-
frequency (RF) signal. Our device combines an RF slotline that relies on Ba-
TiOs as a high-k dielectric material with a conventional silicon photonic slot
waveguide and a highly efficient organic EO cladding material. In a proof-of-
concept experiment, we demonstrate a 1 mm-long Mach-Zehnder modulator
that offers a 3 dB-bandwidth of 76 GHz and a 6 dB-bandwidth of 110 GHz
along with a small n-voltage of 1.3V (U.L = 1.3V mm). We further demon-
strate the viability of the device in a data transmission experiment using four-
state pulse-amplitude modulation (PAM4) at line rates up to 200 Gbit/s. Our
first-generation devices leave vast room for further improvement and may open
an attractive route towards highly efficient silicon photonic modulators that
combine sub-1 mm device lengths with sub-1 V drive voltages and modulation
bandwidths of more than 100 GHz.
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5.1 Introduction

High-speed electro-optic (EO) modulators are key devices for optical commu-
nications [93]-[95], optical metrology[96], microwave photonics [97], or ultra-
broadband signal processing at THz bandwidths [55]. Ideal modulators should
combine small n-voltages U, low insertion losses a, and short device lengths
L with large modulation bandwidths, while offering a path to cost-efficient
mass production and monolithic co-integration with advanced photonic cir-
cuitry. In practice, however, it is challenging to fulfill all these requirements
simultaneously. When it comes to scalability and high-density integration, the
silicon photonic (SiP) platform would be the technology of choice, exploiting
highly mature CMOS processes and offering a rich portfolio of advanced pho-
tonic devices that can be realized with high yield on large-area wafers [98].
However, due to the absence of the Pockels effect in silicon, conventional SiP
modulators rely on carrier injection or depletion in p-n junctions that are inte-
grated into the optical waveguides [99]. This leads to an inherent trade-off be-
tween device efficiency and modulation bandwidth. As an example, depletion-
type SiP modulators were demonstrated with bandwidths of 48 GHz, but the
efficiency of these devices was rather low with U_L products of 7.4 V mm [13].
The efficiency of SiP modulators can be greatly improved by combining low-
loss slot waveguides on silicon-on-insulator (SOI) with optimized organic elec-
tro-optic materials in a hybrid approach [36], [100]. These so-called silicon-
organic hybrid (SOH) devices can benefit from ultra-high in-device electro-op-
tic coefficients of, e.g., 390 pm/V, leading to ultra-low voltage-length products
down to U_L =0.32 V. mm [28]. However, without a supporting gate voltage
[27], the EO bandwidth of experimentally demonstrated slot-waveguide SOH
modulators is limited [32] to, e.g., 25 GHz or less [31] due to the RC time con-
stant associated with the capacitance of the slot and the resistance of the adja-
cent doped Si slabs [32]. Plasmonic-organic hybrid (POH) MZM [34], [36],
[55], [91], [101] can overcome these limitations by replacing the silicon slabs
with highly conductive gold pads and by exploiting surface plasmon polaritons
in the resulting metallic slot waveguide. This, however, comes at the price of
substantial optical losses a, leading to rather high loss-efficiency products [36]
aU_L of more than 10 V dB [55], [88] as compared to 1 V dB for SOH devices
[28], [29]. Other integration platforms such as thin-film lithium-niobate have
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shown impressive modulation bandwidths of up to 100 GHz [17], but their ef-
ficiency is limited by rather high voltage-length-products U_L in excess of
20 V. mm [17], and monolithic co-integration with other devices is difficult.
Modulators based on indium-phosphide (InP) can also offer large bandwidths
of, e.g., 80 GHz [102], but the voltage length-products of more than 6 V mm
are still comparatively high, and fabrication relies on rather expensive processes
that cannot compete with the scalability and maturity of the silicon photonic
platform. Thus, a scalable approach to realize highly efficient and low-loss
modulators with large electro-optic bandwidth is still lacking.

Here, we report on a novel concept for hybrid silicon photonic modulators that
allows combining the high efficiency of organic electro-optic materials with
large modulation bandwidths without the need for lossy plasmonic structures.
The device overcomes the RC limitations of conventional SOH slot-waveguide
modulators by replacing resistive coupling through the doped Si slabs with ca-
pacitive coupling via high-k dielectric material [103]. In a proof-of-concept ex-
periment, we demonstrate a 1 mm-long capacitively-coupled SOH (CC-SOH)
Mach-Zehnder modulator that exploits barium titanate (BaTiOs) as high-k die-
lectric and simultaneously offers a large EO bandwidth of 76 GHz and a small
n-voltage of 1.3V (U_L =1.3V mm). To validate the viability of the device,
we generate a 4-state pulse-amplitude modulation (PAM4) signals at symbol
rates (line rates) up to 100 GBd (200 Gbit/s) with bit-error ratios (BER) below
the threshold for soft-decision forward-error correction. As our first-generation
devices are not yet optimized and leave vast room for further improvement, we
believe that the CC-SOH concept opens an attractive route towards highly effi-
cient silicon photonic modulators that combine sub-1 mm device lengths with
sub-1 V drive voltages, sub-1 dB phase-shifter losses, and modulation band-
widths of 100 GHz or more.

5.2  SOH modulator: resistive coupling vs
capacitive coupling
The concept of capacitively-coupled silicon-organic hybrid (CC-SOH) modu-

lators and their advantages over resistively-coupled SOH (RC-SOH) devices
are explained in Fig. 5.1. Figure 5.1(a) shows the cross section of a conventional

57



Capacitively-coupled SOH modulator

() [EC material (b) RC-SOH

| E| (Optical) |E| RF)

(c) _ - CC-SOH

EO materlal S| ra|| -

High-k (undoped)
=l - -

|E| (Optical) |E| (RF)

Figure 5.1: Resistively-coupled vs. capacitively-coupled silicon-organic hybrid (SOH) mod-
ulator. (a) Cross-section of a conventional resistively-coupled SOH (RC-SOH) Mach-Zehnder
modulator (MZM) on the silicon-on-insulator (SOI) platform. The phase modulator in each arm
of the MZM comprises a silicon slot waveguide formed by two silicon (Si) rails (green) with typ-
ical heights h,,;; =200...400nm and widths w,,; =150...200nm, which are separated by a gap
of width w, =80...200nm. The device is covered by an organic EO material (light orange), which
also fills the slot. The Si rails are connected to the metal strips of the ground-signal-ground (GSG)
transmission line (yellow) through doped Si slabs (green) such that, at low frequencies, the RF
modulating voltage drops predominantly in the slot region. To reduce optical loss, a smaller doping
concentration ny is used in the rails and in the directly adjacent slab regions of width w (light
green), whereas the slab regions further away from the optical slot waveguide (dark green) are
subjected to a higher doping concentration ng [32]. A simplified equivalent-circuit model of the
RC-SOH MZM is depicted as a white overlay. In this model, the slot waveguide of each phase
modulator is represented by a capacitance C,/2, which is connected to the ground and the signal
strip of the transmission line through a total slab resistance 2R, . (b) Electric-field profiles of the
optical quasi-TE mode and the RF mode of the RC-SOH phase modulator. Both figures indicate
the magnitudes of the complex electric field vectors. The optical and the RF field show strong a
field overlap within the slot, resulting in a high modulation efficiency. (c) Cross-section of capac-
itively-coupled SOH (CC-SOH) MZM, where the doped Si slabs in (a) are substituted by a high-
k dielectric material (red), thus replacing the resistive coupling by a capacitive coupling. As de-
picted in the simplified equivalent circuit, the slot capacitance C,/2 of each MZM arm is now
electrically connected to the metal traces of the transmission line through a coupling capacitance
C. . The coupling capacitance C, is typically much larger than the slot capacitance C. > C,, such
that RF voltage applied to the transmission line drops predominantly across the slot. In contrast to
RC-SOH modulators, CC-SOH devices do not suffer from optical loss in the Si rails and from RC
time constants associated with resistive coupling. Appendix B.5 provides a more detailed design
study of CC-SOH devices and discusses the impact of the high-k slab width w, , height h,, , and
height h,, of the metal transmission-line traces (d) Electric-field profiles of the optical quasi-TE
mode and the RF mode of the CC-SOH phase modulator. Since the relative permittivity of the
high-k dielectric is much larger than the relative permittivity of the Si or the EO material, the
horizontal component of the RF field in the slot region is locally enhanced. The structure thus
combines a silicon photonic slot waveguide for optical frequencies and a high-k dielectric slotline
for RF frequencies. The strong confinement of both the optical and RF fields to the EO material
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in the slot region ensures strong interaction and leads to efficient modulation, see Appendix B.3A
for a quantitative model. The field distributions in subfigures (b) and (d) were calculated using a
commercial electromagnetic simulation tool (CST Microwave Studio), see Appendix B.1 details.

RC-SOH MZM [36], realized on a silicon-on-insulator (SOI) substrate. Each
arm of the MZM comprises a silicon (Si) slot waveguide formed by two Si rails
(green), which typically feature rail widths w,,; =150...200nm and rail heights
h..i = 200...400nm which are separated by a slot of widthw, =80...200nm .
The radio-frequency (RF) modulating signal is carried by a coplanar transmis-
sion line (yellow) in ground-signal-ground (GSG) configuration. The Si rails
are connected to the metal trace of the transmission line via doped Si slabs (dark
green) having typical heights hy, =50...70nm and widths wy, =1.2...2.0um.
The slot region is filled with an organic EO material which, at near-infrared
telecommunication wavelengths, has a refractive index of (ngy~1.6...1.9),
much smaller than that of Si (ng; =3.5). This leads to a pronounced field en-
hancement of the optical quasi-transverse-electric (quasi-TE) mode in the slot
region, see Fig. 5.1(b) [46]. At the same time, when operated at sufficiently low
modulation frequencies, the voltage applied to the transmission line entirely
drops across the narrow slot region. This leads to a tight confinement of the
electric RF field to the slot, see Fig. 5.1(b), and ensures strong overlap with the
optical mode, which results in high modulation efficiency, see Appendix B.1
for details.

The concept of RC-SOH MZM opens a path towards compact devices with sub-
1mm phase shifter lengths and sub-1V operation voltages [28], [29] that can be
directly driven by highly scalable CMOS circuits without the need for a separate
amplifier [30]. At high operation frequencies, however, the slot capacitance
cannot be fully charged and discharged through the resistive slabs during one
modulation cycle [32]. For a quantitative description of the RC-SOH MZM dy-
namics, we use a simple equivalent-circuit model, illustrated as a white overlay
in Fig. 5.1(a). Each of the two slot waveguides is represented by a slot capaci-
tance C,/2, which is connected to the metal transmission line through a total
slab resistance 2R,. Taking into account the contribution of both arms, this
results in an intrinsic RC-limited bandwidth fre =1/(2nR,C;) for the RC-SOH
MZM. High-bandwidth RC-SOH devices require low slab resistivity and hence
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high doping concentration, which leads to larger optical losses. This trade-off
between optical loss and RC-limited bandwidth can be avoided by using a tai-
lored doping profile, where the Si rails and the directly adjacent slab regions
have a lower doping concentrations ny while much higher concentrations n}
are used further away from the slot [32], see Fig. 5.1(a). Still, the RC-limited
bandwidth turns out to be one of the most stringent restrictions of experimen-
tally demonstrated RC-SOH devices [31], [44], [45]. In laboratory experiments,
this limitation could only be overcome by applying a relatively high gate volt-
age Uy, across the buried SiO2 (BOX) layer [27] to induce a charge accumu-
lation layer in the Si slabs. However, this gate voltage typically exceeds 100 V
[27], [31] and is thus not a solution for practical devices.

CC-SOH MZM overcome these limitations by avoiding the resistive
slabs altogether and by using capacitive coupling instead. To this end, the doped
Si slabs in Fig. 5.1(a) are replaced by a high-k dielectric material, which forms
a large coupling capacitor between the optical slot waveguide and the metal
traces of the GSG transmission line, see Fig. 5.1(c). The simplified equivalent
circuit of this scheme is depicted as a white overlay in Fig. 5.1(c). Each phase
modulator of the MZM is modeled by a slot capacitance C,/2, which is con-
nected to the metal transmission line through a coupling capacitance C, to each
side of the slot. If the high-k dielectric has a relative permittivity &, much larger
than that of Si and the EO material such that C. > C,, then the RF electric field
drops predominantly across the slot region. The high-k dielectric is chosen such
that the refractive index for optical wavelengths is smaller than ng; such that
confinement of the optical mode to the slot region is not impaired, and thickness
of the high-k slabs may be chosen in the range hy, =150...600nm, see Appen-
dix B.5 which provides a more detailed design study of CC-SOH devices and
discusses also the impact of the height h,, and the signal width W, of the metal
transmission-line traces. Figure 5.1(d) shows the electric-field profiles of the
optical quasi-TE mode and RF mode of the CC-SOH phase modulator assuming
a refractive index n,, =1.85 for the high-k dielectric, see Appendix B.1 for
details on the calculation of the optical and RF mode fields. Since the relative
permittivity of the high-k dielectric (&, ~100) and of the Si (¢, #11.7) is
larger than that of the EO material (&,go ~5.68), the electric RF field in the
slot region is locally enhanced. The structure thus combines a silicon photonic
slot waveguide for optical frequencies with a high-k dielectric slotline for RF
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frequencies [57]. This leads to a strong EO interaction of the RF and the optical
fields, which can be quantified by a field interaction factor I'y that is obtained
from an overlap integral of the optical and the RF fields in the slot region, see
Appendix B.3A for details. For properly designed CC-SOH devices, these field
interaction factors I'y can assume values that are on par with those of conven-
tional RC-SOH devices, see Appendix B.5 for more details on advanced CC-
SOH device designs. By proper choice of high-k materials with low absorption
in the near infrared [57], CC-SOH devices should hence permit simultaneous
realization of low-loss and high modulation efficiency. Examples of high-k di-
electric materials with ¢, >100 and refractive indices ny, smaller than ng; are
TiO2, SrTiOs, BaSrTiOs and BaTiOas. Since the capacitive coupling between the
transmission-line electrodes and the slot of an ideal CC-SOH MZM is not asso-
ciated with a RC time constant, the bandwidth is only limited by the frequency-
dependent propagation loss of the modulating RF signal, by impedance mis-
match, and by the velocity mismatch between the RF and the optical wave. By
an optimized travelling-wave design, CC-SOH devices thus offer a route to-
wards low-loss, highly-efficient modulators featuring large electrical band-
widths.

5.3 Bandwidth measurement of CC-SOH MZM

To demonstrate the viability of the CC-SOH concept, we fabricated a 1 mm-
long CC-SOH MZM with amorphous BaTiOs (BTO) as high-k dielectric. The
device is realized on an SOI substrate having a 220 nm-thick Si device layer
and a 2 pum-thick buried oxide (SiOz), see Appendix B.2.1 for details. A sche-
matic layout of the MZM is depicted in Fig. 5.2(a). Light is coupled to the SiP
chip viaan on-chip grating coupler (GC). A multimode interference (MMI) cou-
pler splits the incoming light and launches it into the two arms of an unbalanced
MZM. The two arms have a path difference of 80 pum that allows for an adjust-
ment of the operating point by tuning the wavelength. The modulating RF signal
Is coupled to the MZM through a coplanar transmission line, which is realized
in ground-signal-ground (GSG) configuration. A second MMI at the other end
of the MZM combines the modulated light and feeds it to an output waveguide,
which is connected to another GC. Figure 5.2(b) shows a false-colored scanning
electron microscope (SEM) image of a section of the CC-SOH MZM as defined
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Figure 5.2: Capacitively-coupled SOH MZM using barium titanate (BaTiO3, BTO) as a
high-k dielectric. (a) Schematic of a CC-SOH MZM driven by a coplanar ground-signal-
ground (GSG) transmission line. Light is coupled in and out of the device via on-chip grating
couplers (GC). Multimode interference (MMI) couplers are used to split and recombine the
light of the two MZM arms. (b) False-colored SEM image of a CC-SOH MZM section, as
defined by the dashed green rectangle in (a). Each phase-shifter arm of the MZM comprises a
strip-to-slot converter (green) for coupling light from the Si strip waveguide to the Si slot wave-
guide. A coplanar ground-signal-ground (GSG) transmission line made from gold (yellow) car-
ries the RF signal. Amorphous BTO slabs (red) having a height of 150 nm and a width of
W, =1pm are deposited between the Si slot waveguide and the gold strips of the coplanar
transmission line. The phase shifter section of each arm is 1 mm long. The inset shows a zoom-
in of one of the MZM arms comprising a Si slot waveguide with a slot width w, =100 nm and
between 200 nm-wide Si rails. (c) Measurement of the n-voltage of a BTO-based CC-SOH
MZM showing the intensity-modulation at the device output (red) for a 0.3 kHz triangular drive
signal (green). The m-voltage U, =1.3V can be directly read from the voltage increment
needed to drive the intensity modulation from minimum to maximum transmission. (d) Dy-
namic behavior of a 1-mm-long CC-SOH MZM with YLD124 as EO cladding material: The
red curve shows the electro-optic (EO) response S,; g measured using a vector network ana-
lyzer (VNA) and a calibrated high-speed photodiode. The measured 3 dB EO bandwidth of the
1 mm-long CC-SOH MZM is 76 GHz. As a reference, we also derive the EO response from
the measured electrical S-parameters of the device using an analytical model [123], see Appen-
dix B.3C for details. The analytically derived result is indicated by the blue curve and agrees
well with the directly measured behavior. The strong frequency-dependent decay of the EO
response is mainly caused by the strong RF propagation loss of the modulating signal along the
coplanar transmission line having a thickness of only 150 nm. By using thicker gold strips, the
bandwidth of the MZM can be significantly increased. This is indicated by the green curve,
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which corresponds to the predicted EO response of an improved device design that relies on
600 nm-thick gold strips for the coplanar transmission line, see Appendix B.5 for details. Such
a device could offer 3 dB EO bandwidths well beyond 100 GHz.

by the dashed (green) rectangle in the Fig. 5.2(a). Each MZM arm consists of a
Si strip waveguide (width w=500nm; height h=220nm), which is trans-
formed into a slot waveguide using a strip-to-slot converter[47]. The slot wave-
guide comprises two Si rails (green) with widths wr.ii = 200 nm, which are sep-
arated by a slot of width w, =100nm, see inset in Fig. 5.2(b). A coplanar
transmission line made from 150 nm-thick gold electrodes (yellow) in ground-
signal-ground (GSG) configuration carries the RF signal. Amorphous BTO
slabs (red) having a height h,, =150nm and a width w,, =1um are deposited
between the Si slot waveguide and the metal electrodes using room-temperature
RF magnetron sputtering followed by a lift-off process, see Appendix B.2.1 for
details.

Note that, for high-performance devices, both the slab width w,, and the height
h, are generally subject to design trade-offs: Reducing the slab width w;, in-
creases the coupling capacitance C, and thus increases the modulation effi-
ciency, but also results in larger interaction of the optical mode with the metal
traces of the RF transmission line and therefore results in larger optical losses.
For the chosen slab width of w,, =1pm, the contribution to the optical loss is
of the order of 0.1 dB/mm or less and hence does not play a significant role, see
Fig. B.8 and the associated discussion in Appendix B.5 for details. Regarding
the slab height, we chose a value of h,, =150 nm due to limitations of an ex-
isting lift-off process that relied on a thin PMMA resist layer and that was used
for fabricating our devices. A thorough analysis of the associated design trade-
offs reveals that this value is too small and should be increased in future device
generations: If the slab is too thin, the coupling capacitance will be small and
the RF field does not have an good overlap with the optical mode, resulting in
a reduced field interaction factor I';. On the other hand, if the BTO slab is too
thick, the transverse capacitance of the line will increase and lead to a reduced
line impedance below the envisaged 50 Q, while the field interaction factor sat-
urates and does not increase further, see Appendix B.5 for a detailed analysis.
Given the fact that a certain operation voltage of the MZM is dictated by the
required phase shift, a lower impedance will increase the power consumption
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of the device, which is undesired. A more detailed design study for improved
CC-SOH devices shows that BTO films with a height of approximately
h. =350 nm would to a decent trade-off between these competing targets, see
Appendix B.5. Similarly, a height of h,, =150 nm was chosen for the metal
GSG traces to stay within the limitations of our lift-off-process, which leads to
significant RF propagation loss and turned out to be the main limitation of the
measured bandwidth. Future device designs should use thicker traces with
h,, =500 nm that significantly reduce the RF propagation loss, see Appendix
B.5. Such improved CC-SOH devices with thicker BTO and metal layers can
still be fabricated using lift-off process based on multi-layer resists [104], [105].

In the course of our experiments, we also characterized the optical properties of
the deposited amorphous BTO thin films, having a refractive index of
Ngto =1.85 at a wavelength of 1550 nm, see Appendix B.2.3 for details. After
fabrication of the device, an organic EO material (YLD124, nzg =1.9[54]) is
filled into the silicon slots. Note that the refractive indices of the BTO and the
EO material are very similar, ensuring a smooth transition of the optical mode
without significant reflections. To orient the organic chromophores, the EO ma-
terial is activated by a one-time poling process [36]. To this end, the chip is
heated above the glass transition temperature of the organic EO material, and a
DC voltage is applied across the floating ground electrodes to align the dipolar
chromophores in the two slots. The orientation of the chromophores is frozen
by cooling the chip to room temperature while maintaining the DC poling field.
This leads to a configuration where the driving electric RF field applied to the
GSG transmission line is parallel to the poling direction in one MZM arm and
antiparallel in the other arm, thereby enabling operation of the CC-SOH MZM
in push-pull mode [36].

To quantify the modulation efficiency, we measure the n-voltage U_ of the
MZM by driving it with a 0.3 kHz triangular signal U, as depicted in
Fig. 5.2(c), green curve. The intensity-modulated output (red curve) of the
MZM is detected by a photodiode and recorded along with the drive signal using
an oscilloscope. We measure a voltage difference of U_=1.3V that is needed
to drive the transmission of the MZM from its minimum to its maximum by
introducing a phase shift of = between the optical signals in the 1 mm-long
MZM arms, thus leading to a m-voltage-length product of U_L =1.3Vmm.To
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estimate the associated EO coefficient ry; of the organic EO material, we cal-
culate the field interaction factor I'y for the fabricated CC-SOH structure, see
Appendix B.3B. To this end, we first extract the relative permittivity &, gro =18
and the loss tangent tan gt = 0.03 of the amorphous BTO films from dedi-
cated test structures, see Appendix B.2.4 and B.2.5. Based on this, we calculate
the distribution of the RF field using a commercial numerical solver (CST Mi-
crowave Studio), and we estimate a field interaction factor of I'; =0.048 be-
tween the RF and the optical fields through electromagnetic simulations. Using
Eqg. (S11) in Appendix B.3A, we calculate an electro-optic coefficient of
I;3 *180 pm/V, which was obtained with a poling field of approxi-
mately 450 V/um in the slot region, see Appendix B.3B for details. The
achieved EO coefficient is in fair agreement with previously reported values for
the same or for similar materials. Specifically, an EO coefficient of
I3 ® 242(i37) pm/V was obtained for pure YLD124 when poling the material
through adjacent dielectric layers in a thin-film experiment[106]. Similarly, for
conventional RC-SOH MZM with 150 nm-wide slots, in-device EO coeffi-
cients r33 of approximately 250 pm/V [28] were obtained using poling fields of
approximately 400 V/um in combination with the organic EO material JRD1,
that has a chromophore structure similar to that of YLD124 [28]. Note that the
slot width w, =100 nm in our device is smaller, which is known to reduce the
poling efficiency [28].

We also measure the optical losses of our current devices. For a 1 mm-long CC-
SOH MZM, we obtain a fiber-to-fiber insertion loss of 19 dB, out of which an
overall 10 dB are caused by the two on-chip grating couplers while 3 dB origi-
nate from other passive on-chip structures such as transport waveguides, strip-
to-slot converters, and MMI couplers. The propagation loss in the CC-SOH
phase shifter amounts to 6 dB/mm, which we attribute to scattering losses due
to surface roughness that results from an imperfect waveguide fabrication pro-
cess, see Appendix B.2.2 for details. Note that these losses can be greatly re-
duced by optimized designs and fabrication processes [107]. Specifically, sys-
tematic optimization of strip-to-slot converters and MMI couplers may allow to
reduce the losses of these building blocks to 0.02 dB and 0.2 dB, respectively
[47],[108], leading to an overall loss contribution of less than 0.5 dB. We further
expect that propagation losses in the CC-SOH phase shifter section can be re-
duced to less than 0.2 dB/mm by using highly optimized waveguide fabrication
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procedures based on 193 nm deep-UV lithography and dry-etching processes
[107]. Note that amorphous and polycrystalline BTO has relatively low absorp-
tion losses in the visible and near infrared [109]-[113], such that the BTO slabs
directly adjacent to the Si rails should not contribute substantially to the overall
propagation loss. Accounting for an additional contribution of 0.1 dB/mm from
the interaction of the guided light with the gold traces of the GSG transmission
line, we expect that the propagation loss in the CC-SOH phase shifter may even-
tually be reduced to less than 0.3 dB/mm. Assuming a 1 mm-long CC-SOH
phase shifter and taking into account an additional 0.5 dB of loss from the strip-
to-slot converters and MMI couplers [47][108], on-chip insertion losses of the
order of 1 dB might eventually come into reach, which can very well compete
with low-loss RC-SOH devices of much lower bandwidth [29]. Fiber-chip and
chip-chip coupling losses can be greatly reduced by using 3D-printed micro-
lenses [114] or photonic wire bonds [115], [116].

To measure the frequency response of the CC-SOH MZM, the wavelength is
adjusted for operation in the quadrature point. An RF drive signal with fre-
quency in the range between 0.01 GHz and 110 GHz is supplied by a vector
network analyzer (VNA, Keysight PNA-X N5247) and is coupled to the GSG
transmission line of the MZM using a microwave probe. The other end of the
transmission line is connected to another microwave probe, which is terminated
by a 50 Q impedance. The intensity-modulated output of the CC-SOH MZM is
received by a calibrated high-speed photodiode (HHI, C05-W36) having a 3 dB
bandwidth of 78 GHz, which is connected to second port of the VNA. The
measured data is corrected by accounting for the frequency response of the pho-
todiode, the probes, and the RF cables, leading to the electro-optic (EO) re-
sponse S, go0f the CC-SOH MZM, see red curve in Fig. 5.2(d). For a 1-mm-
long BTO-based CC-SOH MZM, we measure a 3 dB EO bandwidth of approx-
imately 76 GHz. Note that the 3 dB EO bandwidth corresponds to a frequency
at which the phase-modulation index is reduced by a factor of 1/\/5 corre-
sponding to a 3 dB decay in the associated RF power generated by the photodi-
ode. Alternatively, the bandwidth can be specified in terms of the 6 dB band-
width, which corresponds to a power decay of the associated photocurrent by a
factor of four and amounts to approximately 110 GHz for the current device. In
the literature [32], [117]-[121] of EO modulators, both conventions of band-
width are used, often without an explicit mention of the adopted specification.
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Note that the bandwidth measured for the current MZM is not limited by the
device concept but is a consequence of the non-optimum electrical design of
our first-generation structures. Specifically, as described above, the metal trans-
mission line is fabricated using a lift-off process with a thin photoresist, which
limited the thickness of the gold layer to a rather small value of approximately
150 nm. This leads to significant RF propagation loss, which increases strongly
with frequency. To better understand the underlying bandwidth limitations, we
perform a detailed evaluation [122] of the device dynamics. In first step, we
measure the electrical S-parameters of the CC-SOH modulator, in particular the
frequency-dependent complex amplitude reflection factor S;; at the input and
the complex amplitude transmission factor S,,. From the measured S-parame-
ters, we then derive the line impedance, the RF propagation loss, and the RF
propagation constant, which is associated with the RF effective refractive index
N, rr- Adopting the analytical model described in [123], we predict the EO re-
sponse of the CC-SOH device which would be expected based on the electrical
behavior, see Appendix B.3C for details. This analysis includes the contribution
due to the losses of the underlying RF transmission line, impedance mismatch,
as well as the walk-off between the RF modulation signal and the optical signal.
The results of this analysis, indicated as a blue trace in Fig. 5.2(d), agree well
with the directly measured EO response of the device, red trace, and we con-
clude that the decay of the EO response mainly originates from the electrical
behavior of the RF line. We also find that walk-off between the RF signal and
the optical signal does not represent a significant limitation of the current de-
vices — based on an optical group refractive index ng ., =2.8 at 1550 nm and
an RF effective index n,gr=2.2, we estimate a walk-off-related 3 dB band-
width of approximately 220 GHz [124], see Appendix B.3C for details. As a
consequence, high RF propagation loss remains as the most important reason
for the strong decay in the frequency response of our first-generation CC-SOH
devices.

The RF propagation loss has two main contributions — conductor loss and die-
lectric loss. To investigate the contribution from the dielectric loss of BTO, we
analyze the RF properties of our BTO thin films, see Appendix B.2.4 and B.2.5
for details. We determine a frequency-independent relative permittivity
& gto =18 and a loss tangent tan ogro =0.02, which are in good agreement
with previously reported measurements of amorphous BTO films [125]-[128].
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At a frequency of 50 GHz, this loss tangent would lead to a dielectric loss less
than 0.4 dB/mm in bulk BTO, which is much smaller than the overall RF prop-
agation loss of 4.5 dB/mm measured for the fabricated CC-SOH MZM, see
Fig. B.7 in Appendix B.3C . We hence conclude that the ohmic loss of our trans-
mission-line traces dominates the attenuation of the modulating signal, which is
confirmed by an electrical simulation (CST Microwave Studio) of a transmis-
sion line built from 150 nm-thick gold transmission traces with a conductivity
of 2.6x10"S/m, see Appendix B.3C for details. The conductor loss can be sig-
nificantly reduced by using thicker gold layers for the transmission line elec-
trodes. For such an improved design of a CC-SOH modulator having a 600 nm-
thick metal electrodes, the 3 dB bandwidth of the 1 mm-long CC-SOH MZM
can be significantly higher than 100 GHz, see green curve in Fig. 5.2(d). Details
on the advanced device designs can be found in Appendix B.5 .

Besides increased modulation bandwidth, our first-generation CC-SOH modu-
lators also leave room for improving the modulation efficiency. The U_L prod-
uct of the devices may be greatly reduced by using polycrystalline BTO layers
with relative permittivity €, grg >100[126], [128], which is much larger than
the value of &, gy =18 measured for our current devices. This results in a much
better confinement of the modulating RF field to the slot, which, in combination
with increased heights of the BTO slabs of h,, =400 nm, will to a more than
three-fold increase of the field interaction factor from the current value of
I'; =0.048 to values of I'; =0.17, see Fig. B.10(a) in Appendix B.5 for details.
Moreover, the Si rails might be slightly doped to further improve the confine-
ment of the RF field mode to EO material in the slot, allowing for field interac-
tion factors I' > 0.3, which are comparable to those obtained by conventional
RC-SOH devices. A more detailed analysis of these approaches to improve the
field interaction factor can be found in Appendix B.5 . In addition to this, we
may use more efficient EO materials such as JRD1 [106], for which in-device
EO coefficients of 390 pm/V have been demonstrated in conventional RC-SOH
devices with 160 nm-wide slots [28]. Combining all these improvements, we
would hence expect that the current U_L product of approximately 1.3 Vmm
could be reduced by at least factor of three, such that values of less than
0.5 Vmm can be expected. This brings sub-1V drive voltages for sub-1 mm de-
vice lengths into reach.
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5.4 High-speed signaling experiments

Figure 5.3(a) shows the setup for evaluating the performance of a CC-SOH
MZM in high-speed data transmission. The electrical drive signals are synthe-
sized by a 120 GSal/s arbitrary-waveform generator (AWG, Keysight M8194A)
with an analog bandwidth of 45 GHz. We use a pseudo-random bit sequence
(length Y —1) along with pulse shapes featuring a raised-cosine power spec-
trum to generate two- and four-level electrical signals at symbol rates of 64 GBd
and 100 GBd. The drive signals are fed to an RF amplifier (Centellax,
UA1L65VM) followed by a 6 dB attenuator before being coupled to the GSG
pads of the CC-SOH MZM via a microwave probe (Cascade Microtech, i67A,
67 GHz bandwidth) and a bias-tee. The other end of the GSG transmission line
Is terminated with a 50 Q impedance via a second microwave probe. In addition
to the wavelength adjustment of the operating point in the unbalanced CC-SOH
MZM, a DC voltage U, is applied via the bias tee for fine-tuning. For gener-
ating high-speed optical signals, an optical carrier at a wavelength near 1550 nm
with input optical powers between 8 dBm and 10 dBm is provided by an exter-
nal cavity laser (ECL) and adjusted in polarization using a fiber-based polariza-
tion controller (PC). Light is coupled in and out of the CC-SOH MZM via on-
chip grating couplers (GC). The intensity-modulated output of the MZM is am-
plified by an erbium-doped fiber amplifier (EDFA), and the out-of-band ampli-
fied spontaneous emission (ASE) noise is suppressed by an optical band-pass
filter (Opt. BPF) with a 2 nm passband. The signal is finally fed to a high-speed
photodiode having a bandwidth of 70 GHz (Finisar XPDV3120R). The result-
ing electrical signal is first boosted using an RF amplifier and then recorded by
a 100 GHz real-time oscilloscope. For generating the electrical drive signals,
we use digital pre-emphasis to compensate for the frequency roll-off of the
AWG, of the subsequent RF amplifier, the 6dB attenuator, and of the bias-tee,
see Appendix B.4 for details. Note that the pre-emphasis does not correct for
the frequency roll-off of the CC-SOH MZM itself. The CC-SOH MZM is biased
at the quadrature point such that the modulation loss amounts to approximately
3 dB. The modulated signal is amplified to an average power of about 8 dBm at
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Figure 5.3. High-speed signaling with a CC-SOH MZM using BTO as a high-k dielectric.
(a) Setup for data signal generation and detection. An arbitrary-waveform generator (AWG)
followed by an RF amplifier and a 6dB attenuator are used to drive the modulator. The elec-
trical drive signal is fed to the ground-signal-ground (GSG) coplanar transmission line via a
microwave probe (not shown). The operating point of the MZM with un-balanced arm lengths
is set by the optical wavelength and fine-tuned by a DC voltage U,;,, applied through a bias
tee. Light from an external-cavity laser (ECL) is coupled to the CC-SOH MZM via a polariza-
tion controller (PC) and an on-chip grating coupler (GC). An erbium-doped fiber amplifier
(EDFA) is used to amplify the light from the output GC, and a band-pass filter (Opt. BPF)
suppresses the amplified spontaneous emission (ASE) noise, before a high-speed photodiode
receives the light. The RF signal from the photodiode is amplified and captured by a real-time
oscilloscope (RTO) (b) Eye diagrams for symbol rates of 64 GBd and 100 GBd along with the
histograms of the amplitudes in the sampling point and with measured bit error ratios (BER).
At 64 GBd, the BER is below 107® for on-off keying (OOK) and reaches 5x10° for four-
state pulse amplitude modulation (PAM4). At 100 GBd OOK, a BER of 4x107° is measured,
well below the forward error correction (FEC) limit for 7 % overhead. For 100 GBd PAM4
(line rate 200 Gbit/s), we measure a BER of 9x1072, which is still below the threshold for
soft-decision FEC (SD-FEC) limit with 20 % overhead.

the input of the receiver photodiode. In the transmission experiments, the mod-
ulator is driven by a signal with a maximum peak-to-peak voltage swing of ap-
proximately 1V, calculated from the RF power at the output of the bias-tee
and from the losses of approximately 1.2 dB of the RF probe at 50 GHz.

Figure 5.3(b) shows the eye diagrams and the histograms of the detected ampli-
tudes at the sampling point for symbol rates of 64 GBd and 100 GBd. For
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64 GBd on-off keying (OOK), no bit errors could be measured in our 15 ps-
long recordings, which contain approximately 10° symbols. We hence estimate
a bit error ratio (BER) below 107°. At 100 GBd OOK (100 Ghit/s line rate), a
BER of 4x107° is measured, which is well below the hard-decision forward
error correction [89] (HD-FEC) limit with 7 % overhead. For 64 GBd four-state
pulse amplitude modulation (PAM4), we measure a BER of 5x107°, which is
also below the FEC hard-decision FEC threshold with 7 % overhead. For
100 GBd PAM4 signaling with a line rate of 200 Gbit/s, we obtain a BER of
9x1073, which is below the threshold for soft-decision FEC (SD-FEC) limit
with 20 % overhead. We find that the rather high BER for 100 GBd PAM4 sig-
naling is mainly caused by the low quality of the electrical drive signal, for
which a BER of 1.7 x1073 was measured in an electrical back-to-back experi-
ment, in which the output of the RF amplifier was attenuated and then fed di-
rectly to the real-time oscilloscope. Still, the demonstrated performance of our
first-generation CC-SOH MZM is already on par with that of advanced RC-
SOH devices[29], in which the RC time constant has been reduced by applying
a gate voltage of approximately 200 V across the 2 um-thick buried-oxide layer
to induce a highly conductive electron accumulation layer that increases the slab
conductivity [27].

5.5 Summary

We demonstrated a novel concept for SOH electro-optic modulators that relies
on a capacitive coupling scheme to overcome the intrinsic bandwidth limitation
of conventional devices with resistively-coupled slot waveguides. In a proof-
of-concept experiment using amorphous BaTiOs as a high-k dielectric for en-
hanced capacitive coupling, we demonstrated a CC-SOH MZM having a 3 dB
EO bandwidth of 76 GHz. The device features a small n-voltage-length-product
U, L=1.3Vmm. The viability of the CC-SOH modulator is demonstrated in a
high-speed data transmission experiment, in which we generate PAM4 signals
at line rates up to 200 Ghit/s. These results are obtained with first-generation
devices that leave vast room for further improvements with respect to modula-
tion efficiency, bandwidth, and optical loss. We believe that the CC-SOH con-
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cept offers an attractive route towards highly efficient silicon photonic modula-
tors that combine sub-1 mm device lengths with sub-1V drive voltages, sub-
1 dB insertion losses, and modulation bandwidths of 100 GHz or more.

[End of paper [J1]]
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6 Summary and Outlook

6.1 Summary

High-speed electro-optic (EO) modulators are key devices for future data-hun-
gry optical communication modules, optical metrology solutions and micro-
wave photonic circuits. Leveraging mature CMOS fabrication technology, sili-
con-organic hybrid (SOH) modulators can overcome the lack of efficient
modulators in the silicon photonic platform. SOH modulators [42] combine sil-
icon photonic slot waveguides with organic EO cladding materials and have
been demonstrated with ultra-low drive voltages [26] and record-high data rates
up to 400 Ghit/s [44]. However, the underlying bandwidth of these devices is
limited due to the intrinsic RC time constant. This thesis investigated new con-
cepts to circumvent the bandwidth limitations of conventional SOH modulators.
The key accomplishments of this work are summarized as follows:

First demonstration of THz-to-optical (T/O) conversion using an ultra-
broadband plasmonic-organic hybrid (POH) modulator: The concept of or-
ganic hybrid modulators is extended to plasmonic slot waveguides which have
no intrinsic RC limitation due to the high conductivity of the metallic structures.
Using such plasmonic-organic hybrid (POH) modulators, ultra-compact devices
with a footprint of 600 um? and ultra-wide modulation bandwidths larger than
0.36 THz were demonstrated. Furthermore, using such an ultra-broadband POH
modulator, we demonstrated seamless integration of a THz communication link
into a fiber-optic network by directly modulating the THz data signals onto an
optical carrier at the wireless receiver. In a proof-of-principle demonstration,
we transmitted data signals up to 50 Gbit/s on a 0.288 THz carrier over a dis-
tance of 16 m and converted the data signals directly into optical domain using
the POH modulator.

Demonstration of horizontal-slot POH modulator: In order to reduce the
fabrication complexity of conventional vertical-slot POH modulators, we pro-
posed and demonstrated POH Mach-Zehnder modulators with horizontal plas-
monic slot waveguides. Using electromagnetic simulations and experiments, we
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demonstrated that the n-voltage-loss product of POH modulators can be im-
proved by at least 25 % by adopting horizontal plasmonic slot waveguides as
opposed to the vertical plasmonic slot structures.

First demonstration of a novel concept of capacitively-coupled SOH (CC-
SOH) modulator with the largest 3dB bandwidth in the silicon photonic
platform: Though POH modulators offer compact footprints and unprece-
dented bandwidths, they exhibit a rather large insertion loss owing to the plas-
monic nature of the device. In an alternative approach, we proposed a concept
of CC-SOH modulator that relies on a high-k radio frequency (RF) slotline and
that can overcome the bandwidth limitations of conventional resistively-cou-
pled SOH devices, while still maintaining small insertion losses. In a proof-of-
concept experiment, we show that a CC-SOH modulator using BaTiOs as the
high-k material features a 3dB EO bandwidth of 76 GHz, the largest so far
achieved with silicon photonic modulators based on dielectric waveguides. Fur-
thermore, we prove the capability of CC-SOH modulators by generating PAM4
signals at record-high data rates of up to 200 Gbit/s.

6.2 Outlook and future work

The high-speed EO modulators investigated in this thesis rely on organic clad-
ding materials. Though these organic materials offer record-high EO coeffi-
cients, their long-term stability, in particular their ability to withstand prolonged
operation at high temperatures, needs further investigation. According to Tele-
cordia standards [129], optoelectronic devices for telecommunication applica-
tions have to reliably operate for 2000 h at a temperature of 85°C. The organic
EO materials used in this work do not yet allow for such operation conditions.
However, side-chain EO materials with bulky adamantly units with high glass
transition temperatures promise the required long-term stability [130] while of-
fering high EO coefficients and thermal stability up to 250°C [131].

The POH modulators presented in this thesis offer great potential for high-speed
optical transmitters for next-generation communication networks as well as for
receivers for future THz communication networks. The core of the POH mod-
ulator technology are plasmonic slot waveguides that are filled with efficient
EO materials. Since the metallic slots can be fabricated on different material
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platforms, the POH modulator technology is platform-independent, provided
that the light can be coupled in and out of the device. To this end, high-speed
plasmonic modulators were demonstrated with a total device length of less than
40 um fabricated in a single metal layer [35]. More recently, a monolithically
integrated electro-optical transmitter is reported [132] by co-integrating a plas-
monic modulator with high-speed bipolar CMOS electronic elements, offering
symbol rates beyond 100 GBd. Apart from applications in communications, ul-
tra-broadband POH modulators can serve as frontends for photonic-based ana-
log-to-digital converters (ADCs) to convert a broadband electrical signal to the
optical domain. However, this unprecedented bandwidth of POH modulators
comes at a price — high insertion loss. For a slot width of 120 nm, typical prop-
agation losses range in the order of 0.5 dB/pm which results in a rather high
insertion loss of about 10 dB even for a phase shifter length of only 20 um. The
propagation loss may be reduced to about 0.2 dB/um by using optimized metal
deposition techniques [133] and by resorting to alternative materials which fea-
ture smaller plasmonic losses, for example silver. Nevertheless, for applications
that require large bandwidths extending into the THz spectrum, the ultra-broad-
band nature of POH modulators outweighs their high insertion loss.

The CC-SOH modulator overcomes the intrinsic bandwidth limitation of con-
ventional SOH modulators without use of plasmonic structures and therefore
maintains small insertion losses. The CC-SOH modulators presented in this the-
sis are first-generation proof-of-concept devices and therefore leave vast room
for further improvement of the device metrics. The EO bandwidth of 76 GHz
of the first-generation devices can be extended beyond 100 GHz by reducing
the on-chip RF propagation losses. Additionally, the bandwidth of the modula-
tor can be improved by increasing the capacitance of the high-k layer. By fine-
tuning the fabrication process to achieve smooth sidewalls and by using an op-
timized design of the other passive structures, the current phase shifter loss of
6 dB/mm can be brought down to less than 1 dB/mm. Furthermore, the low in-
device EO coefficients of the current generation devices can be improved by at
least a factor of 6 by poling the EO material with larger electric fields. This
directly translates to a factor-of-six reduction in the n-voltage-length product of
the modulator. We therefore believe that the CC-SOH concept opens an attrac-
tive route towards highly efficient silicon photonic modulators that combine
sub-1 mm device lengths with sub-1V drive voltages, sub-1 dB phase-shifter
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losses, and modulation bandwidths beyond 100 GHz. Consequently, the next
steps would be the device packaging and commercialization of the CC-SOH
modulators.
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Appendices
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A. Characterization of ultra-broadband
plasmonic modulator

The contents of this appendix is adapted from Methods and Supplementary In-
formation of a publication [J3] in Nature Photonics. The structure and layout is
modified to fit this document.

S. Ummethala, T. Harter, K. Koehnle, Z. Li, S. Muehlbrandt, Y. Ku-
tuvantavida, J. Kemal, P. Marin-Palomo, J. Schaefer, A. Tessmann,
S. K.Garlapati, A. Bacher, L. Hahn, M. Walther, T. Zwick, S. Randel,
W. Freude, C. Koos, “THz-to-optical conversion in wireless commu-
nications using an ultra-broadband plasmonic modulator” Nature
Photonics 13(8), 519-524, (2019).

DOI: 10.1038/s41566-019-0475-6

[Start of the Methods and Supplementary Information of paper [J3]]

A.1 Methods

Fabrication and characterization of plasmonic-organic hybrid modulators
The plasmonic-organic hybrid (POH) modulators used in our experiments are
fabricated on standard silicon-on-insulator (SOI) substrates, featuring a
220 nm-thick silicon (Si) device layer and a 2 pum-thick buried oxide (SiO>).
Structures are defined by high-resolution electron-beam lithography. A partial
Sidry etch step followed by a subsequent full etch of the Si layer is used to form
the grating couplers and the 500 nm-wide Si nanowire waveguides. The metal-
lic slots of the plasmonic Mach-Zehnder modulator (MZM) are fabricated via a
lift-off process where a 150 nm-thick gold layer is thermally evaporated on a
sacrificial layer of poly-methyl methacrylate (PMMA). The metallic slots in the
two arms of the MZM are designed to be identical, each featuring a width of
w =75 nm, see Fig. 3.1(e). The Si nanowire waveguide, depicted in blue in
Fig. 3.1(e), ends at the plasmonic section of the MZM with a taper tip angle of
12°, see inset of Fig. 3.1(e). These tapers enable efficient conversion between
the photonic mode in the silicon waveguide and the surface plasmon polariton
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(SPP) in the metallic slot with typical conversion losses of only 0.7 dB per tran-
sition [33]. The silicon waveguides in the two arms of the MZM have a geomet-
rical length difference of 80 um to enable adjustment of the MZM operating
point by tuning the wavelength. The electro-optic (EO) cladding consists of the
commercially available material SEO100, for which an EO coefficient of rsz =
160 pm/V has been demonstrated in a thin-film experiment [85]. The EO mate-
rial is spin-coated onto the plasmonic MZM and a static electric field is applied
across the floating ground electrodes at an elevated temperature for aligning the
randomly oriented dipoles of the EO material [36]. Subsequent cooling pre-
serves the dipole orientation even after removal of the poling field. For a plas-
monic slot waveguide length of L =20 um, we measured an insertion loss of
16 dB. The in-device EO figure-of-merit (FoM) and the EO coefficient are es-
timated to be n§0r33 =315pm/V and ry; = 64pm/V, respectively, by assuming
[85] ngp =1.7. These values are obtained from the measured U L -product of
240V um of the push-pull-operated MZM using the relation
U_L=wi, / (2n,§:O I3l g0t) » EQ. (7) in Ref. [36]. In this equation, the parameters
A, =1.55um and U _ are the operating wavelength, and the measured peak-to-
peak modulation voltage that is needed to drive the MZM from constructive to
destructive interference at low frequencies. The calculated field interaction fac-
tor I'yo =0.77, EQ. (20) in Ref. [36], describes the interaction between the
modulating RF field and the optical field. By measuring on-chip silicon nan-
owire waveguides of different lengths at an excitation wavelength of 1.55 pum,
we estimate an insertion loss of 6.5 dB per on-chip grating coupler and a prop-
agation loss of 0.9 dB/mm for the silicon waveguide sections.

Bandwidth measurement

The frequency response of the plasmonic modulator is measured by applying a
small sinusoidal voltage with variable frequency in the range
2GHz < f,,<0.36 THz . The open-circuit transmission-line electrodes of the
POH MZM feature a total length of about 150 um, see Appendix A.2 for details.
For evaluation of the data, we use a global normalization technique that allows
to infer the overall shape of the frequency response despite strong variations in
the electrical drive power for various frequency bands. The modulation signal
Is coupled to the POH MZM by ground-signal-ground (GSG) probes, which
have a wave impedance of Z =50Q . The open-circuit peak voltage U, at the
terminals of the POH MZM is estimated from the electric drive power P, which
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Is available at the input of the GSG probe and is measured by replacing the
probes by a power meter, see Appendix A.2 for details. To determine the phase
modulation index 7, we use a high-resolution optical spectrum analyzer (APEX
AP2050) to determine the power of the carrier f, and of the two first-order
intensity modulation sidebands at f, £ f,. For larger drive amplitudes, a mul-
titude of modulation sidebands would become visible at frequencies f, £ kf,,
(k=1,2,3,...). Assuming equal phase modulation indices 7 in both arms, the
optical power at each  frequency is  given by  [86]
P,(f.+kfy,)= PiJE(n) (1+ (-1)k cosA¢) , Where B is the power of the light en-
tering the modulator, Jk(n) is the k-th order Bessel function of the first kind,
and A¢ is the phase difference between the two interferometer arms of the
MZM that determines the operating point. The sideband-to-carrier power ratio
of the first-order sidebands at f_ + f,, and the spectral line at f is hence given
by Rio =Po(fo * f)/Po( o) = d?(7)/ 3§ () where
a = (1—cos(Ag))/(L+cos(Ag)) . For small amplitudes of the modulating signal
(n<1), the Bessel functions can be approximated by Jy(7)=1 and
J1(7)=n/2, which leads to R, , ~ @? /4, see Appendix A.2. In order to cover
the frequency range of interest, we employ various sources: For
2GHz < f, <64GHz, the source of an Anritsu 37397C vector network ana-
lyzer (VNA) is used. A Keysight VNA (PNA-X, N5247) with different fre-
quency extension modules (OML N5262-60003 and VO6VVNA2-T/R-A) acts as
the RF source in the frequency ranges 70GHz< f_ <0.11THz and
0.11THz< f, <0.17THz, respectively. The frequency range
0.22THz < f, £0.36 THz is covered by an electrical signal that is generated by
photomixing of two detuned CW laser tones in a uni-travelling-carrier (UTC)
photodiode. In the range 0.17 THz < f, <0.22THz, no source was available in
our laboratory. To eliminate the impact of the frequency-dependent drive signal
power, the modulation sidebands are measured together with the available elec-
trical power P, in front of the GSG probes, using a step size of 2 GHz for fre-
quencies up to 0.17 THz and of 5 GHz in the frequencies from 0.22 THz up to
0.36 THz. A dedicated calibration procedure is used to ensure global compara-
bility of the modulation indices measured in the various frequency bands, see
Eq. (3.1) as well as Appendix A.2 for details. For frequencies up to 65 GHz, we
use an Anritsu ML2438A power meter, whereas the power at higher frequencies
Is measured by a waveguide-coupled calorimeter (VDI Erickson PM4).
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A.2  Frequency response of POH modulator

We characterize the frequency response of the plasmonic-organic hybrid (POH)
Mach-Zehnder modulator (MZM) by measuring the output spectrum of the in-
tensity-modulated light for different modulation frequencies and by determin-
ing the power ratio of the first-order modulation sidebands and the optical car-
rier. To this end, a continuous-wave (CW) optical carrier at optical frequency
f. (angular frequency e, =27 f.) with a power P, =18dBm is launched into
the POH MZM, which is driven with a small sinusoidal RF/THz signal at a
frequency f,,, see Fig. 3.2(a) in Chapter 3. The arm lengths of the POH MZM
differ by 27 um, and the wavelength of the optical carrier is chosen to operate
the device close to its the quadrature point, where the phase shift in the two arms
differs by A¢=x/2 in the absence of an electrical modulation signal. The
MZM is characterized in the frequency range 2 GHz < f, <0.36 THz. Note
that this frequency range is only limited by the equipment available in our lab
and not by the speed of the POH MZM itself.

The intensity-modulated signal is detected by an optical spectrum analyzer
(OSA, APEX AP2050, 180 MHz resolution bandwidth) which, for small elec-
tric drive signals, reveals a peak at the optical carrier frequency f. and two
first-order modulation sidebands at f,+ f, . Assuming that the optical signals
at the output of the phase-modulating arms of the MZM feature an identical
phase modulation index 7, the sideband-to-carrier power ratio R, ; of the first-
order sideband and the optical carrier is given by [86]

CP(f £ f,)  IT(m)(1-cosAg)
TR(f) () (L+cosAg)

(A1)

In this relation, A¢ denotes difference of the phase shifts in both arms in the
absence of a modulating electrical signal and hence defines the operating point
of the device, and J, and J; are the 0™ and the 1%-order Bessel functions of the
first kind. For small electric drive amplitudes U, of the modulating signal
(n < 1), the Bessel functions can be approximated by J,(7) =1 and J,(n7) =n/2
which leads to
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2 pa—
R1,0=0677—, _ (I—cosAg)

7 % Wrcoshg) (A-2)

If the modulator is operated exactly at its quadrature point A¢ = /2, then the
correction factor . Exact adjustment of the operating point during the experi-
ment, however, turned out to be difficult due to noise and distortions of the cos?-
type spectral power transfer function of the unbalanced POH MZM. To reduce
the associated uncertainties, we record the power transmission spectrum of the
device over an extended spectral range to estimate the exact phase shift A¢ and
hence consider the associated correction factor « for the data evaluation. To
this end, we fit the measured power transmission spectrum with a model func-
tion. We assume that after eliminating the impact of the grating couplers, the
power transfer function of the POH MZM is essentially given by
T (w)occos®(Ag/2) with Ag=B(w)AL, where B(®) is the frequency-de-
pendent propagation constant and AL is the path length difference between the
two arms of the MZM. For fitting the measured data, we additionally allow for
a non-perfect extinction ratio of the MZM, and we adopt a second-order Taylor
series expansion of ﬂ(a)) about the center frequency , of the tuning range for
taking into account chromatic dispersion. This leads to a model function of the
form

T(0)=AY+ AW cos? (%(ﬂw) + Y (0 - ap) + %,3(2) (- wo)szLj (A.3)

In this relation, ,B(O), ﬁ(l) and ,8(2) denote the propagation constant, its first and
its second-order derivative at the center frequency m,. The parameters

AQ AD BO = gOAL BY = WAL, and B = 1 sPAL are determined by

a least-square fit of the model function to the measured transmission spectrum,

see Fig.A.l. Based on these results, the phase shift
1 1 : :

Ad, = (E(ﬂ(o) + BY (@, — wy) + Eﬂ(Z) (o, — a)o)szLj is determined for each

actual operating point, and used to calculate the associated correction factor «.
Fig. A.1 shows the measured power transmission spectrum of the POH MZM.
as a function of carrier frequency along with the associated fit according to the
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Figure A.1: Measured MZM transfer function (green circles) and associated fit (blue
line) according to Eq. (S3). Py, P2, P3 = P2, and P4 denote the operating points used for meas-
uring the frequency response in the bands 2 GHz < f_ <64 GHz, 0.07 THz < f, <0.11 THz,
011 THz< f, <0.17 THzand 0.22 THz < f, <0.36 THz respectively

Eqg. (3.1). Note that the electro-optic frequency response shown in Fig. 3.2(b) in
Chapter 3 is measured in four different segments, covering the frequency band
2GHz< f <64GHz, 0.07 THz< f <0.11THz,0.11THz< f_ <0.17 THz
and 0.22 THz < f, <0.36 THz, respectively. Each of these measurements are
performed on a slightly modified setup, leading to slightly different operating
points that are denoted as P1, P2, Ps = P2, and P4 in Fig. A.1.

To drive the modulator, we use an external RF/THz source that is connected to
the un-terminated on-chip coplanar transmission line of the POH MZM using a
50 Q ground-signal-ground (GSG) probe. In order to estimate the open-circuit
peak voltage U, of the electrical signal that is effective at the POH MZM, we
first measure the available electrical power P, at the input terminals of the GSG
probe taking into account losses from various components used in the setup
such as cables, connectors, or THz waveguides. For this purpose, we use a cal-
ibrated power meter (Anritsu ML2438A) for 2GHz < f,, <64GHz and a wave-
guide-coupled calorimeter (VDi Erickson PM4) for 64GHz < f,, <0.36 THz.
We further need to take into account the losses that the THz signal experiences
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Figure A.2: Simulated RF/THz characteristics of the on-chip tapered transmission line
The frequency-dependent insertion loss S, , and line impedance z,_,, of the tapered co-
planar transmission line are obtained using CST Microwave Studio

during on-chip propagation along the 150 um-long tapered coplanar transmis-
sion line from the probe pads to the POH MZM. To this end, we use a commer-
cially available simulation tool (CST Microwave Studio) to calculate the trans-
mission parameter S,; r; of the tapered transmission line, see green trace in
Fig. A.2. Moreover, we need to take into account that the line impedance
changes along the transmission line taper from an initial value of Z ;, 350 Q
at the input to a frequency-dependent impedance Zy_,, at the output, which is
also extracted from the numerical simulation, see blue trace in Fig. A.2. Taking
into account the insertion loss of the GSG probe S;; prope from the datasheet of
the manufacturer, the power available at the terzmlnals of the POH modulator
can be calculated as Pygy = ‘821 Pmbe‘ ‘821 TL‘ The open-circuit peak drive
voltage of the modulating signal at the terminal of the POH MZM is then given

by U, = 2\/2X Z1out X Poom -

To cover the various frequency bands, we use four different GSG probes, which
are specified for operation in designated frequency bands: (i) Cascade Micro-
tech Inc. 167-GSG-100 (S/N: HF298) for 2GHz < f., <64GHz, (ii) Cascade
Microtech Inc. 1110-A-GSG-100 (S/N: DV27T) for 0.07THz < f, <0.11THz

(iii) Cascade Microtech Inc. 1170-T-GSG-100-BT (S/N: HK254) for
0.11THz < f, <0.17THz and (iv) Model 325B from GGB Industries Inc. for
0.22THz < f;, <0.36 THz. The insertion losses (Sy; pope) Of the GSG probes
are obtained from the respective datasheets. In the frequency range
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Figure A.3: Insertion loss of the THz GSG probe. S»; parameter of the THz probe (GGB,
Model 325B) as used for calculating the peak electrical drive voltage. The green curve shows
the values from the datasheet of the GSG probe and the dashed red curve is an extrapolation
in the frequency range between 0.325 THz and 0.36 THz. Note that extrapolation by an essen-
tially flat frequency response is a conservative estimation: assuming a frequency-dependent
decay of the S»1 parameter would lead to a decrease of the drive voltage that is assumed to be
effective at the modulator. This would result in an increase of the normalized MZM frequency
response in Fig. 3.2(b), that is obtained from dividing the measured phase modulation index
by the estimated drive voltage amplitude

0.325THz < f,, £0.36 THz, the insertion loss of the THz probe (GGB, Model
325B) is estimated by extrapolating the values from the datasheet, see Fig. A.3.
Moreover, we need to account for the fact that the drive power P, from our
signal sources shows a strong dependency with respect to the modulation fre-
quency f., and hence results in a strongly frequency-dependent modulation in-
dex n(f,). The measured phase modulation index 7(f,) and the calculated
electrical drive voltage U,(f,) for each frequency band are shown in
Fig. A.4(a) — (d). Since the phase modulation index 7 is proportional to the
electric drive voltage U, , we can eliminate the impact of the frequency-depend-
ent drive power P,(f,) by considering the ratio n(f.)/U.(f,). Normalizing
the frequency characteristic of this ratio to its value at a reference modulation
frequency of f, .+ =2GHz, we obtain the dimensionless normalized phase
modulation index according to the Eq. (3.1) in the Chapter 3.
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Figure A.4: Frequency-dependent phase modulation indices 77 (green traces) of the MZM and
associated voltage amplitudes U, (blue traces) of the electric drive signals for various fre-
quency bands. (a) 0.002 THz to 0.07 THz; (b) 0.07 THz to 0.11 THz; (c) 0.11 THz to
0.17 THz; (d) 0.22 THz to 0.36 THz. It can be observed that 7 is essentially proportional to
U, , as expected from theory.

7(fm)/Ye(fm)

(T )/ Ve fmet)

The normalization according to Eq. (A.4) allows to infer the global electro-optic
(EO) response of the POH MZM measured in various frequency bands, leading
to the results shown in Fig. 3.2(b) in the Chapter 3. From these results it can be
observed that the plasmonic MZM has a flat frequency response exceeding

1y (fm) =20l0gy, (A4)
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Figure A.5: Normalized phase modulation index 7, of a second-generation POH MZM.
The device is based on the nominally same design as in Fig. 3.2(b) in the Chapter 3, but uses
the organic material YLD124 as an EO cladding rather than SEO100. While measurements
confirm the ultra-broadband characteristics of a POH MZM, featuring a flat frequency re-
sponse until at least 0.355 THz, it also shows variations that have approximately the same
magnitude but are otherwise not correlated with the ones seen in Fig. 3.2(b) shown in the
Chapter 3.

0.36 THz with no sign of bandwidth limitation. Our findings emphasize the fact
that the POH modulators are capable of modulating THz frequencies, as pre-
dicted in the literature [34], [36], and are in line with previous experiments [77]
that demonstrated operation of POH modulators at frequencies up to 0.17 THz.
Note, however, that in the work presented in [77], the frequency response was
measured in different frequency bands and the results for each band were then
independently normalized to the mean of all data points of the specific band.
This technique does not relate the measured modulation index to the actual elec-
tric drive amplitude in an extended frequency range and hence makes it difficult
to infer the overall frequency roll-off of the modulator transfer function. We
overcome this problem by using the global normalization technique presented
in the preceding paragraphs.

The normalized transfer function shown in Fig. 3.2(b) of the Chapter 3 exhibits
noticeable variations of approximately +2.5dB. Such variations can be ob-
served in all our transfer-function measurements, but they vary from measure-
ment to measurement and hence cannot be attributed to an intrinsic behavior of
the POH MZM. As an example, Fig. A.5 shows the results of an independent
measurement of a second-generation POH MZM, which is nominally identical
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to the first one that is used for the bandwidth measurements shown in
Fig. 3.2(b), except that it relies on YLD124 as an organic EO material [134]
rather than on SEO100. The measurement of the second-generation device also
shows an EO bandwidth of more than 0.35 THz, but also exhibits variations that
have approximately the same magnitude but are otherwise not correlated with
the ones seen in Fig. 3.2(b) of Chapter 3. We hence attribute these ripples to
measurement uncertainties, and not to an intrinsic behavior of the POH MZM.
As a main source of uncertainty, we identify both the measurement of the fre-
quency-dependent THz drive power and the power measurement of the inten-
sity-modulated optical carrier and its sidebands. The THz power was measured
with a calorimeter (VDi Erickson PM4, for f_, >70GHz) and is subject to un-
certainties due to reflections and limited repeatability of the waveguide flange
connections. In addition, we observe a drift of the calorimeter of the order of
10...20 uW over a few minutes [135], leading to noticeable errors especially
for THz power levels below 100 pW, e.g., in the frequency band from 0.11 THz
to 0.17 THz. The measurement of the phase modulation index 77, obtained from
the sideband-to-carrier power ratio, is also subject to uncertainties because the
sideband power levels are small, typically of the order of —40...-50 dBm, due
to the small THz power of the driving source. The sideband powers are meas-
ured with an optical spectrum analyzer (APEX AP2050) having a resolution
bandwidth of 180 MHz, which was necessary to suppress amplified spontane-
ous emission (ASE) noise originating from the erbium-doped fiber amplifier
(EDFA) used in the experiment. When repeatedly scanning the same optical
sideband, we observe power variations of up to £ 1 dB, which translate directly
into similar variations of the estimated modulation index 7, see Eq. (A.4).
Moreover, small ripples in the optical transfer function due to reflections be-
tween the on-chip optical grating couplers may also influence the measured op-
tical sideband power and therefore the extracted 7, . All these effects contribute
to the measured ripples in the frequency response of the POH MZM. Additional
uncertainties may arise from the THz transmission lines used to feed the mod-
ulator. These transmission lines comprise several connectors and the hollow
waveguide sections with tapers and flanges, where small reflections and hence
ripples in the transfer function could occur.

Note that the POH MZM used for the bandwidth measurement shown in Fig. 3.2
in the Chapter 3 is a first-generation device with non-optimized on-chip passive
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components. The overall fiber-to-fiber insertion loss of the device amounts to
about 38 dB, measured at the highest transmission of the grating couplers. This
comprises a 12 dB intrinsic insertion loss of the POH phase shifters, a 24 dB of
loss that originates from non-optimum grating couplers (12 dB per coupler), and
an additional loss of 2 dB due to on-chip waveguides and multi-mode interfer-
ence (MMI) couplers. Moreover, a non-optimum poling of the EO polymer
(SEO100) resulted in a rather high n-voltage of this device (about 30 V), while
the available wideband-tuneable electric sources used for driving the devices
typically deliver rather small on-chip powers P,oy down to 25 pW. This corre-
sponds to on-chip voltage swings with amplitudes U, of 0.1 V, leading to side-
band-to-carrier power ratios of —52 dB and phase modulation indices as small
as 5 x 10 rad. In combination with the 38 dB optical insertion loss, this leads
to weak sidebands that are 90 dB below the optical input power of around
18 dBm, as measured in the fiber just before the modulator. For detection of
these small sidebands powers in our bandwidth measurement experiment, we
use an EDFA with a gain of 30 dB in combination with a high-resolution
(180 MHZz) optical spectrum analyzer to effectively suppress the ASE noise of
the EDFA. Note that there is a vast potential to considerably reduce the n-volt-
age of the POH MZM, see Appendix A.6, and also the overall insertion loss of
the device, see Appendix A.7. As an example, we rely on grating couplers with
reduced etch depth for the second generation of our devices, leading to an in-
sertion loss of 6.5 dB per fiber-to-chip interface — much lower than the 12 dB
measured for our first-generation devices. This was not only an important step
towards the data transmission experiments shown in Fig. 3.3 in the Chapter 3,
but also allowed us to omit the EDFA for subsequent bandwidth measurements
that are shown in Fig. A.5.

A.3  Characterization of uni-travelling-carrier
photodiode and THz amplifiers

The frequency response of the uni-travelling-carrier photodiode (UTC-PD) em-
ployed in the data transmission experiments is characterized using the setup de
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Figure A.6: Setup for characterizing various THz components used in the data transmis-
sion experiment. For all the measurements, the optical input power to the uni-travelling-car-
rier photodiode (UTC-PD) is setto P,,, =16 mw which corresponds to a direct photocurrent
of 1, =5.6mA. (a) Setup for measuring the THz output power of the UTC-PD (b) Fre-
quency-dependent THz power of UTC-PD as measured by calorimeter (c) Setup for measuring
the available THz power after amplification by H-band medium-power amplifier (MPA).
(d) Frequency-dependent THz power for the combination of UTC-PD and MPA (blue curve).
(e) Setup for measuring the THz power available after a free-space transmission distance of
16 m and a cascaded amplification stage, comprising a low-noise amplifier (LNA) and the
MPA. The available THz power as a function of frequency is shown as the red curve in (d).
The kinks in the red curve are attributed to imperfect waveguide connector flanges. A horizon-
tal red dashed line indicates a minimum THz power of 2.5 dBm that was needed at 20 GBd to
achieve a BER of 4.5x103, corresponding to the threshold for forward-error correction (FEC)
with 7 % coding overhead, see Fig. 3.2(d) in the Chapter 3. The operating frequency of the
THz communication link for the data transmission experiments is marked with a circle and a
vertical line.

picted in Fig. A.6(a). Light from two detuned external-cavity lasers (ECL, Ag-
ilent N7714A) emitting identical polarizations with similar optical powers at
frequencies f, =193.0THz and f, =193.3THz is combined in a polarization
maintaining 3 dB coupler. The superimposed signal is amplified to an optical
power F,, and then fed to the UTC photodiode for photomixing to generate a
continuous-wave (CW) THz signal at a frequency fr, =|f, — f,|=0.3THz. A

91



Characterization of ultra-broadband plasmonic modulator

polarization controller (PC) is used to adjust the polarization of the superim-
posed beat signal for maximizing THz output signal of the polarization-depend-
ent UTC-PD. The frequency of the CW THz signal is tuned from 0.25 THz to
0.33 THz by varying the optical frequency f,, and the resulting THz output
power Py, is measured with a waveguide-coupled calorimeter (VDi, Erickson
PM4). Fig. A.6(b) shows the measured THz output power as a function of the
generated THz frequency fry, for an input optical power of R, =16 mW,
which generates a direct photocurrent of 1, =5.6 MA in the reverse-biased
UTC-PD.

Next, we add an H-band medium-power amplifier (MPA, M145AMPH) with a
15 dB gain at 0.3 THz and a saturation output power +4 dBm to the setup to
measure the total available THz power after amplification, see Fig. A.6(c). The
THz amplifier is a millimeter-wave monolithic integrated circuit (MMIC) based
on metamorphic high-electron-mobility transistor (NHEMT) technology [136].
Fig. A.6(d) shows the measured THz power as a function of frequency for the
combination of UTC-PD and MPA (blue curve). Finally, we use the setup de-
picted in Fig. A.6(e) to measure the available THz power after a free-space
transmission of 16 m. The UTC-PD transmitter is connected to a horn antenna
(26 dBi gain), which radiates the THz signal into free-space. A polytetrafluoro-
ethylene (PTFE) lens is used to collimate the beam that is emitted by the horn
antenna. At the receiver, a similar PTFE lens focuses the THz signal to another
horn antenna (26 dBi gain). A low-noise H-band amplifier (LNA, M145ALNH)
with a gain of 26 dB at 0.3 THz (9 dB noise figure, —30 dBm maximum input
power) cascaded with the previously mentioned H-band MPA is used to com-
pensate the free-space loss of the THz signal. The red curve in the Fig. A.6(d)
shows the THz available power at the receiver after a transmission distance of
d =16 m and subsequent amplification by the combination of LNA and MPA.
The dips in the red curve are attributed to reflections of the THz carrier due to
imperfect waveguide connector flanges between the amplifiers. The operating
frequency fryy, =0.2885THz of the THz data transmission experiments is
marked with a circle and a dashed vertical line. In our experiments, the free-
space path loss (FSPL) of the wireless link would amount to approximately
106 dB according to the relation FSPL =10logy, (/47 fr,14,d )" where c is
the vacuum speed of light. From the measurements of the received power, we
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estimate that the combination of transmitter-receiver lens-and-horn antenna fea-
ture a gain of ~ 79 dBi compared to an isotopic antenna, see Appendix A.4.

In the transmission experiment, presented in Fig. 3.3 of the Chapter 3, a mini-
mum THz power of approximately 2.5 dBm was needed at 20 GBd to achieve
a BER of 4.5x1073, corresponding to the threshold for forward-error correction
(FEC) with 7 % coding overhead. This power level refers to the waveguide in-
put of the THz GSG probe and was estimated by taking the minimum THz
power within the spectral range occupied by the 20 GBd signal, which is indi-
cated a dashed horizontal line in Fig. A.6(d). Taking into account the GSG
probe losses depicted in Fig. A.3, this corresponds to an on-chip THz drive
power of approximately 0 dBm. Note that the THz power level required to reach
the FEC threshold and the associated signal-to-noise power ratio (SNR) in-
creases in proportion to the symbol rate.

A.4  Setup for data transmission experiments

A detailed sketch of the THz transmitter (Tx) for optical-to-THz (O/T) conver-
sion is depicted in Fig. A.7(a). A software-driven digital-to-analog converter
(DAC, Keysight M9505A, sampling frequency 90 GSa s) is used to generate
drive signals for QPSK modulation using a pseudo-random binary sequence
(length 21! —1). The signals are shaped to Nyquist pulses featuring a raised-
cosine spectrum and a roll-off factor of £ =0.1. The resulting analog signal is
fed to an optical 1Q-modulator that is fed by a CW carrier generated by an ex-
ternal-cavity laser (ECL) at an optical frequency f, =193.3 THz. The 1Q-mod-
ulator is biased at its zero-transmission point in order to suppress the optical
carrier at frequency f,. The intensity-modulated optical signal is amplified us-
ing an erbium-doped fiber amplifier (EDFA). Out-of-band amplified spontane-
ous emission noise from the EDFA is blocked by an optical band-pass filter
(0.6 nm passband width) before superimposing the modulated optical carrier
with a CW local-oscillator (LO) tone at a frequency fr, | o derived from another
ECL. The power of the CW tone at fr, ¢ is adjusted to the same level as the
average power of the modulated signal. The combined signal is further ampli-
fied by a second EDFA, polarization-adjusted, and then fed into a variable op-
tical attenuator (VOA). The CW tone and the optical data signal are mixed in
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Figure A.7: Detailed setup of the THz transmitter and receiver used for data transmis-
sion experiments. (a) Setup of the wireless terahertz transmitter that generates a QPSK data
signal on a carrier frequency of f, 1, =0.2885THz by exploiting photomixing in a uni-trav-
elling-carrier photodiode (UTC-PD) for optical-to-THz (O/T) conversion. The THz signal is
radiated into free-space by a horn antenna. A subsequent polytetrafluoroethylene (PTFE) lens
is used to collimate the THz beam. (b) Setup for terahertz-to-optical (T/O) conversion at the
THz receiver using a plasmonic Mach-Zehnder modulator (MZM). The incoming signal is
focused into a horn antenna by a second PTFE lens. It is then fed to a cascade of THz (H-band)
amplifiers, which drive the POH MZM, thereby modulating the signal onto an optical carrier.
A cascade of EDFA and optical band-pass filters (BPF) is used to amplify the intensity-mod-
ulated optical signal and to isolate one of the sidebands. Note that, due to the limited tuning
range of the optical filter used in this experiment, we chose to isolate the lower sideband of our
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optical signal rather than the upper one, as sketched in Fig.3.1(c) in the Chapter 3. (c) Photo-
graph of the data transmission setup showing the THz Tx and the Rx. Tx and Rx are built up
in different laboratories, separated by 16 m of free-space transmission distance across the hall-
way. (d) Photograph of the THz photonic Rx. The wireless signal is focused by a PTFE lens
(not shown), then coupled into the horn antenna and amplified by the dual-stage H-band am-
plifier, which drive the POH MZM through the ground-signal-ground (GSG) probe.
DAC — digital-to-analog converter, PC — polarization controller, MMI — multimode interfer-
ence coupler, EDFA —erbium-doped fiber amplifier, VOA — variable optical attenuator,
LNA — low-noise amplifier, MPA — medium-power amplifier

a UTC-PD, resulting in a THz QPSK data stream at a carrier frequency
frx THz =|fo — frx Lo|=0.2885THz. The polarization of the superimposed sig-
nal entering the polarization-sensitive UTC-PD is adjusted to maximize the THz
output power. This THz transmitter implementation provides the flexibility of
tuning the THz carrier frequency fr, 114, over a broad frequency range, only
limited by the bandwidth of the UTC-PD, by adjusting the frequency fr, o of
the unmodulated LO tone. The THz output power provided by the UTC-PD
typically amounts to —11 dBm. A conical horn antenna with a gain of 26 dBi
and an aperture diameter of 5.6 mm is attached directly to the UTC-PD to radi-
ate the THz signal into free-space. The radiated signal is collimated by a plano-
convex PTFE lens (diameter — 101.6 mm and focal length — 200 mm) and is
sent over a wireless transmission distance of 16 m.

Figure A.7(b) shows the THz receiver (Rx) setup used for THz-to-optical (T/O)
conversion. Light emitted by an ECL at a frequency fg, o is amplified to a
power of 18 dBm by an EDFA and then launched into the POH MZM using an
on-chip grating coupler on the silicon (Si) photonic chip. The on-chip insertion
loss of the MZM with 20 um -long POH phase shifter amounts to 16 dB. The
grating couplers and the on-chip waveguides contribute to an additional loss of
14 dB, with vast potential for further reduction by using optimized passive sili-
con photonic devices. The passive silicon photonic waveguides feeding the
POH MZM have a length difference of 80 um and hence enable the adjustment
of the quadrature (3 dB) operating point of the POH MZM by tuning the wave-
length. Alternatively, the operating point of the POH MZM could be set by ap-
plying a DC bias or by additional phase shifters in the silicon photonic wave-
guides of the MZM arms. For wireless reception, the THz QPSK data stream is
focused to a horn antenna (26 dBi gain) by a PTFE plano-convex lens similar
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to the one used in the THz transmitter setup. A cascaded combination of H-band
LNA and MPA boosts the power of the THz signal and drives the POH MZM
through a THz GSG probe (GGB, Model 325B). The intensity-modulated signal
out of the plasmonic modulator is coupled out of the chip using another grating
coupler and then amplified by an EDFA. One of the modulated sidebands of the
amplified signal at a frequency fgy | o + fry 1, is filtered with a 0.6 nm band-
pass filter and sent through a second amplification stage, where the optical sig-
nal is further amplified to a power of 1 dBm. The resulting signal is again fil-
tered with a 1 nm band-pass filter to additionally suppress the optical carrier and
one of the modulation sidebands before being detected by a coherent optical
receiver (Agilent optical modulation analyzer N4391A, OMA). The received
electrical signal is recorded by a real-time oscilloscope (32 GHz analog band-
width) and evaluated off-line using digital signal processing (DSP). After
resampling and clock-recovery, the recorded data is equalized using a constant-
modulus algorithm. The phase of the carrier is estimated based on a Viterbi-
Viterbi algorithm, and the bit error ratio (BER) is computed as a final step.

Figure A.7(c) shows a photograph of the THz communication link with the
transmitter and receiver separated by 16 m. The THz beam path contains a horn
antenna and a plano-convex PTFE lens on each side. Figure A.7(d) shows a
photograph of the THz receiver, comprising a horn antenna and a combination
of H-band LNA and MPA which drive the POH MZM through a THz ground-
signal-ground (GSG) probe. From the free-space path loss (FSPL) of approxi-
mately 106 dB, see Appendix A.3, we estimate that the directivity gain of each
antenna-lens combination is approximately 40 dBi. We later realized that the
insertion loss of the THz beam path could be further reduced by more careful
alignment of the components, leaving room for further increasing the perfor-
mance of the transmission link.

A.5 Signal impairment analysis

In contrast to conventional optical transmission links, the quality of the T/O-
converted signal in our demonstration is dictated by the quality of the modulat-
ing THz signal and not so much by the optical transmission link. Specifically,
the THz signal might be subject to impairments like frequency-dependent losses
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Figure A.8:BER and signal impairment analysis. (a) Bit error ratio (BER) of QPSK signals
at different symbol rates upon T/O conversion and coherent optical reception. The red triangles
denote the measured BER, while the filled blue circles represent BER values that can be relia-
bly estimated from the SNR of the received signal according to Eqg. (A.6). The open blue circles
correspond to SNR-based estimations that become increasingly unreliable for BER <10~°. For
high symbol rates, the measured BER fits well with the theoretical estimations, indicating that
the SNR is limited by the ASE noise of the EDFA. For smaller symbol rates, however, the
measured BER differs strongly from the (unreliably) estimated ones, due to nonlinearities of
the THz amplifiers and due to phase-noise of the LO laser used in the coherent Rx. (b) Spec-
trum showing nonlinear signal impairments of a 4 GBd QPSK signal at the coherent receiver.
The spectrum exhibits noticeable ‘pedestals’ on both sides of the actual data signal, caused by
nonlinearities of the THz amplifiers, which are operated close to their saturation output power.
(c) Constellation map of the 4 GBd QPSK signal with elongated constellation points indicating
phase noise from the free-running laser used for coherent reception.

of the free-space path, electrical noise of the THz amplifiers, or bandwidth lim-
itations of the O/T and T/O converters. Due to these fundamental differences to
classical fiber-optic transmission schemes, it is difficult to compare the constel-
lation diagrams shown in Fig. 3.3(e) of the Chapter 3 with those of conventional
optical transmission links. In the following, we present a detailed analysis of
our data transmission demonstration and the corresponding results are shown in
Fig. A.8.

For high symbol rates, we find that the dominant signal impairments are intro-
duced when amplifying the weak optical output signal of the POH MZM by an
erbium-doped fiber amplifier, which is labelled as EDFA 1 in Fig. A.7(b). The
signal-to-noise power ratio (SNR) at the optical receiver can be calculated from
the ratio of the optical signal power P, and the noise power density N, within
the signal bandwidth B, and the error vector magnitude (EVM) can be esti-
mated assuming data-aided reception according to the relation [137]-[139]
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SNR =5, EVM ~ (SNR) ™2 (A.5)

NoB

In this relation, N, denotes the power spectral density of the amplified sponta-
neous emission (ASE) background that is co-polarized with the signal. We es-
timated the BER of the QPSK signal from the estimated data-aided EVM using
the (corrected [138]) Eq. (4) in [137],

BER:Eerfc L 5 zlerfc ‘/SN—R (A.6)
2 2EVM 2 2

Note that the BER estimation according to Eq. (A.6) relies on the assumption
that the signal is dominantly impaired by additive white Gaussian noise
(AWGN). It can be deduced from Fig. 3b in Ref. [137] that the BER estimate
according to Eq. (A.6) is reliable for 10™° < BER <1072 but the BER is increas-
ingly under-estimated and hence unreliable for BER <107 as the difference in
the EVM between data-aided and non-data-aided reception becomes significant
[137]. The results of this reliable estimation of BER are depicted as filled blue
circles in Fig. A.8(a) while the under-estimated and unreliable BER is repre-
sented by open blue circles. For high symbol rates, the BER estimate is con-
sistent with the BER that we actually measure in our experiments, indicated as
red triangles in Fig. A.8(a). This shows that the ASE background introduced by
EDFA 1 is the main source of signal impairment. For low symbol rates, how-
ever, the directly measured BER is much higher than the (unreliably) estimated
ones from the SNR. This is attributed to additional signal impairments that can-
not be described only by an AWGN background.

To understand these additional impairments, we investigate the signal spectra
as well as the QPSK constellation diagrams for signals with smaller symbol
rates. As an example, the signal spectrum and the respective constellation dia-
gram for a 4-GBd QPSK signal after T/O conversion and coherent optical de-
tection are shown in Fig. A.8(b) and (c). The spectrum exhibits an additional
“pedestal”, encircled with broken red lines, Fig. A.8(b), which peaks out of the
white-noise background. We attribute this pedestal to nonlinear distortions
caused by third-order intermodulation products in the THz amplifiers that were
operated close to their saturation output power. These impairments are also pre-
sent at higher symbol rates where the signal spectrum is wider and has a smaller
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power spectral density. In this case, however, the nonlinearity-generated spec-
tral parts have a correspondingly reduced spectral power density and are there-
fore masked by the white-noise background. Moreover, despite the use of ad-
vanced phase tracking algorithms in our post-processing routines, the signals at
low symbol rates are impaired also by phase noise, which can be inferred from
the azimuthally elongated constellation points in Fig. A.8(c). This phase noise
originates from the finite coherence time of the free-running LO laser used for
coherent reception of the QPSK signal and its impact increases with decreasing
symbol rate [140].

A.6 POH modulator performance and potential
for improvements

The POH MZM described in Chapter 3 is an experimental device that still
leaves significant room for further performance improvements. The following
section presents various performance metrics and the underlying theoretical
limits, and discusses the path for future improvements.

In general, plasmonic-organic hybrid (POH) modulators stand out due to an ul-
tra-small n-voltage-length product U L. This is a consequence of the strong
optical confinement within the nano-scale slot, and of the high EO activity of
the organic cladding materials [36], [88]. The n-voltage-length product of a
push-pull MZM is calculated according to Eq. (7) in [36] as

U L= WA,

WA A7
Tand ol (A7)

slot

where 4, =1.55pum is the operating wavelength, w is the slot-width, T"y,, is the
field interaction factor describing the interaction between the modulating RF
field and the optical field, and néor33 is the EO figure-of-merit. In the device
used in our transmission experiments, the U L product amounts to 240 Vum,
which is been achieved with a slot width of 75 nm, a field interaction factor of
[ =0.77, and a moderate electro-optic coefficient of r;;=64pm/V
(néor33 =315pm/V). This leaves vast room for improvement: the field inter-
action factor can be increased to values [36] of approximately 0.9 by using a
metal thickness of 180 nm along with — technically still feasible — slot widths
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down to 60 nm. In addition, organic EO materials have recently been demon-
strated to exhibit EO coefficients in excess of r;;=390pm/V
(néor33 =2300pm/V), enabled by theory-guided molecular optimization of
EO chromophores [26]. Together, this would reduce the n-voltage-length prod-
uct to values below 35 Vum at a wavelength of 1.55 um, corresponding to a
seven-fold improvement compared to our current device. The feasibility of de-
vices with U L products down to an impressive 50 Vum at A, =1.55um has
been previously demonstrated [90], but these devices were not tested with re-
spect to high-frequency modulation.

Ultra-small U _L products are also of highest importance when it comes to op-
tical insertion loss — one of the most crucial performance limitations of POH
modulators. Since the plasmonic devices suffer from significant optical propa-
gation losses in the metal slot waveguide, the phase shifter section has to be
kept short, typically with lengths of the order of a few tens of micrometers. This
leads to a fundamental trade-off between low insertion loss and low m-voltage
U ., which can be quantified by the product of the propagation loss a, expressed
in dB/um, and the U L product in V pum, resulting in a n-voltage-loss product
aU L, expressed in V dB. Our current POH MZM features a U L product of
240 Vpm and a propagation loss of a = 0.8 dB/um corresponding to a aU L
product of about 190 V dB. The propagation loss may be reduced to about
0.2 dB/um by using optimized metal deposition techniques [133] and by resort-
Ing to alternative materials which feature smaller plasmonic losses, for example
silver. Together with the aforementioned possible reduction of the U _L product
to 35 Vum, this would permit more than a 25-fold improvement of the aU L
product, leading to values of the order of 7 V dB. Note that these aU L prod-
ucts are even smaller than those of state-of-the-art silicon depletion-type mod-
ulators, which typically [13], [141] exceed 10 V dB.

The most attractive feature of POH modulators is the ultra-high modulation
bandwidth, which is enabled by the small device footprint and by the ultra-small
capacitance, which is of the order of a few fF. Assuming a signal source with a
50 Q internal impedance and a 3 fF capacitance as estimated for our device, this
would lead to RF cutoff frequency [36] in excess of 1 THz. This is in good
agreement with the bandwidth measurements presented in Fig. 3.2(b) of the
Chapter 3. These measurements do not show any sign of frequency roll-off, and
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are also well in line with published [77] and unpublished [142] findings from
other research groups. The signal bandwidth demonstrated in our experiment
may hence be further increased by at least a factor of two.

A.7 General considerations for seamless
interfacing of wireless THz links and fiber-
optic networks

With respect to the integration of current POH devices into fiber-optic networks,
the optical losses are still too high, even when considering the second device
generation which features a fiber-to-fiber insertion loss of about 26 dB (com-
prising 6.5 dB of loss per grating coupler, 12 dB loss of the plasmonic wave-
guides, and 1 dB loss of on-chip waveguides and non-optimum MMI couplers).
The loss of the on-chip grating couplers can be reduced to below 2 dB per cou-
pler [143], and further down to 0.7 dB by incorporating reflecting surfaces un-
derneath the grating couplers [144]. Moreover, the intrinsic loss of the 20 um-
long plasmonic phase shifters can be reduced to 4 dB by using silver as a low-
loss plasmonic material, see Appendix A.6. Implementing these improvements
brings down the total insertion loss to less than 6 dB, comprising 1.4 dB for the
grating couplers and 4 dB for the 20 um-long POH MZM. This compares well
with the insertion losses of state-of-the-art silicon depletion-type modulators
[141] that are typically used in optical communications, but that are far from
providing the required modulation bandwidths in excess of 0.3 THz. Note, how-
ever, that even the non-optimum POH MZM used in our current THz transmis-
sion experiments would permit transmission of the optical signal over tens or
even hundreds of kilometers of optical fiber. This is due to the fact that the
optical signal-to-noise ratio (OSNR) is dominated by the ASE noise of the first
EDFA after the POH MZM and hence any re-amplification along the fiber link
would not deteriorate the OSNR significantly.

In the current proof-of-concept demonstrations, the POH MZM is driven with a
THz power of 0 dBm, see Appendix A.3, and the transmission distance of the
THz wireless link is 16 m, limited by the width of the building in which the
experiment was performed. This span is still smaller than those envisaged for
medium-distance links, in which wireless signal should be transmitted over of

101



Characterization of ultra-broadband plasmonic modulator

100 m...1 km [58]. For a distance d =16 mbridged in our current transmission
experiment, the free-space path loss (FSPL)2 at a carrier frequency of
fry Tz = 0.2885 THZ is 10l0g,(c/47 fry 1yy,d )" =106dB, and the THz trans-
mitter power amounts to —11 dBm, measured at the output of the UTC-PD. Tak-
ing into account the overall gain of 41 dB provided by the THz amplifier cas-
cade as well as the 2.5 dB loss in the THz probe, the overall antenna gain of the
transmitter and the receiver antenna-lens combination in our experiment
amounts to approximately 79 dBi. For a span of d =1km, the FSPL would in-
crease to about 142 dB. At the same time, we may assume that the POH MZM
can be improved to feature a lower U L product of, e.g., 100 Vum, which is a
factor of 2.4 smaller than the U L product of 240 Vum of the current device.
Assuming the same modulator length as in the current experiment, the required
THz drive power to obtain a similar BER performance as the one shown in
Fig 3.3(d) of Chapter 3 would drop to approximately —8 dBm. Using the same
UTC-PD and THz amplifiers as in the current experiment, one would require
an overall antenna gain of about 106 dBi, which can be realistically realized
[58]. Additional improvements may be achieved by using further optimized EO
materials, for which U L products of the order of 35 Vum can be attained, see
Appendix A.6, contributing another 9 dB to the power budget. Moreover, co-
packaging of THz amplifiers and POH MZM may help to eliminate the losses
of the THz connections and the probe, and use of high-power THz UTC-PD
[145], in combination with THz amplifier (e.g., MPA) at the transmitter, can
permit higher transmitter powers of, e.g. 4 dBm, which would add at least an-
other 15 dB to the power budget. Note also that, for high data rates, any im-
provement of the optical losses of the POH MZM contributes to a further in-
crease in the loss margin. Taken together, these measures should allow to
increase the transmission distance to 1 km or more, while still maintaining a
reasonable loss margin for the wireless THz link.

Another unique feature of POH modulators is their compact footprint, which,
when used in conventional transceivers, offers large communication bandwidth
on a small chip area. Taking into account silicon photonic MMI couplers along
with the POH phase shifter section, a T/O converter would occupy an on-chip
area of approximately 40 um x 10 um =400 pum? and features a 3 dB frequency
response exceeding 0.36 THz, thus leading to a bandwidth-to-area ratio larger
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than 900 THz/mmz2. Considering the aforementioned improvements with re-
spect to the use of polymers with larger EO coefficients (a seven-fold increase
in the ngor%) and assuming that the power splitters can be designed using the
plasmonic waveguides [34], the total area of the POH MZM can be brought
down to approximately 5 pm x 2 um = 10 pum?, resulting in a bandwidth-to-area
ratio as large as 36 PHz/mm2. In comparison, the state-of-the-art silicon deple-
tion-type modulators [13] have a bandwidth-to-area ratio of, e.g., 3.2 THz/mm?
(3 dB frequency of 48 GHz with a modulator length of 250 pm and assuming a
minimum width of 60 um) which is at least a factor of 280 smaller than what
could be achieved with the POH technology. Note that these numbers are
merely estimations, which completely disregard the necessary electrical and op-
tical feed lines. The coupling structures for the THz signals such as contact pads
or THz antennae would dominate the device footprint and eventually limit inte-
gration density. In a general practice, MMIC chips are coupled to the rectangu-
lar waveguides terminations of bulk devices, for e.g., high-gain horn antenna,
through radial-probe transitions [146]. Following a similar approach for T/O
converters requires a considerable chip area of at least 0.4 mm?, corresponding
to the dimensions of the rectangular waveguide. Alternatively, T/O converters
could be integrated with on-chip planar antenna structures [147], [148] which
have relaxed space requirements of less than 0.1 mm? but come at a cost of
smaller antenna gain and increased cross-talk. However, these coupling struc-
tures are still much larger than the footprint of the POH devices.

[End of the Methods and Supplementary Information of paper [J3]]
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B Fabrication and characterization of CC-
SOH MZM

The contents of this appendix is taken from Supplementary Information of a
research article [J1] published in Optica. The structure and layout is adapted to
fit this thesis.

S. Ummethala, J. N. Kemal, A. S. Alam, M. Lauermann, A. Kuzmin, Y. Kutu-
vantavida, S. H. Nandam, L. Hahn, D. L. Elder, L. R. Dalton, T. Zwick, S. Ran-
del, W. Freude, C. Koos, “Hybrid Electro-Optic Modulator Combining Silicon
Photonic Slot Waveguides with High-k Radio-Frequency Slotlines” published
in Optica.

[Start of the Supplementary Information of journal publication [J1]]

B.1 Field simulations of RC-SOH and CC-SOH
devices

Exemplary field profiles of RF and optical modes of typical resistively-coupled
silicon-organic hybrid (RC-SOH) and capacitively-coupled SOH (CC-SOH)
devices that are depicted in Figures 5.1(b) and (d) were carried out using
eigenmode solver of CST Microwave Studio. For both devices, we assumed a
slot width w, =100 nm, a silicon (Si) rail width w,,; =200 nm, a rail height of
h..i; =220 nm, and a spacing of wgy, =W, =1pm between the rails and the
metal traces of the ground-signal-ground (GSG) transmission line. To reduce
optical losses due to free-carrier absorption (FCA) in the doped Si regions of
the RC-SOH device, we assumed a two-level doping profile with a low donor
concentration in the rails (ny, light green in Fig.5.1(a), resistivity
p=5.5%x10"* Q' m) and a higher concentration (ng, dark green in Fig. 5.1(a),
resistivity p =1x10"* Q@ m) in the doped Si slabs, see [32] for details. The slab
thickness amounts to hy, =70 nm. In the simulation shown in Fig. 5.1(b), the
doped silicon is modeled as a conductive dielectric with the aforementioned
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resistivities and a permittivity of &, ; =11.7. For the CC-SOH devices, we as-
sumed a high-k slab with a thickness of hy,, =350nm and a permittivity
ek =100, see Appendix B.5 for a more detailed discussion of advantageous
device designs. The Si rails are assumed to be undoped and therefore modeled
as a pure dielectric with zero conductivity and a relative permittivity
&rsi =11.7. Note that the silicon rails may also be slightly doped to increase the
efficiency of the device, see our discussion of improved designs for CC-SOH
MZM in Appendix B.5. For RF modelling of the organic electro-optic (EO)
material, we assume a relative permittivity &,go =5.68.For simulating the op-
tical mode profiles, we used the refractive indices of ng; =3.5 and ng;, =1.44
for silicon and silicon dioxide at a vacuum wavelength of 1.55 um. The high-k
dielectric is modelled with a refractive index n,, =1.85, which was the value
that we obtained from spectroscopic ellipsometry measurements of the amor-
phous BaTiOz (BTO) films used in the experiments, see Appendix B.2.3 and
Fig. B.1 below. For the organic EO material, we assumed a refractive index of
Ngo =1.9 at a wavelength of 1.55 pum as specified in [54].

B.2 Device fabrication

B.2.1 Fabrication of CC-SOH MZM waveguide structures

The CC-SOH MZM used in our experiments are fabricated on standard silicon-
on-insulator (SOI) substrates, featuring 220 nm-thick silicon (Si) device layers
and 2 um-thick buried oxide (SiO.) layers. The devices are fabricated in a five-
step lithographic process using high-resolution electron-beam (e-beam) lithog-
raphy (Raith EBPG-5200). In the first lithography step, gold markers are fabri-
cated on the SOI chip to ensure alignment accuracy of better than 50 nm be-
tween different exposures. In two subsequent lithographic steps, we fabricate
shallow-etched grating couplers and fully-etched Si strip and slot waveguides
along with the corresponding strip-to-slot converters. In the fourth lithographic
step, ground-signal-ground (GSG) transmission lines made of 150-nm-thick
gold are fabricated via a lift-off process using a poly-methyl methacrylate
(PMMA) and an electron-beam-evaporated gold layer. In the last step, the high-
k dielectric BaTiO3z (BTO) is deposited and structured via a second lift-off pro-
cess using again PMMA as a mask. For the current device generation, 1 pum-
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wide amorphous BTO films with a thickness of 150 nm are deposited by room-
temperature RF magnetron sputtering using a stoichiometric BaTiOz disk with
2-inch diameter as a target. The deposition is carried out at a base pressure of
5x107° mbar, and the working pressure is set to 2.5x10 mbar by controlling
the flow rate (30 sccm) of Ar gas. A rather low RF power of 30 W is applied to
the target to keep the temperature of SOI substrates below the glass transition
temperature of the PMMA mask to enable a proper lift-off. Due to the low pro-
cess temperature, the BTO thin film is known to be amorphous [125], [149],
which may be overcome by subsequent annealing [128]. The width of the BTO
film is chosen to be 1 um for good trade-off between the optical losses due to
the gold transmission line and the capacitance of the BTO film, see Appendix
B.5 for details. Note that, in the current CC-SOH devices, the thickness of the
BTO films and the metal electrodes is limited to 150 nm due to limitations of
the lift-off process using a single PMMA resist layer. With process optimization
and by employing bi-layer resists [104], [105], it would be possible to fabricate
optimized CC-SOH devices with thicker BTO and metal layers and thus further
increased modulation efficiency, see Appendix B.5 for details.

B.2.2 Optical losses of CC-SOH MZM

For our current CC-SOH devices structures, we measure an insertion loss of
about 5 dB per grating coupler, a propagation loss of 6 dB/mm in the CC-SOH
phase shifter, and an additional 3 dB of loss from other passive on-chip struc-
tures such as transport waveguides, strip-to-slot converters, and MMI couplers.
This results in a total fiber-to-fiber insertion loss of about 19 dB for a 1 mm-
long CC-SOH MZM. Note that these losses can be greatly reduced by optimized
designs and fabrication processes. Specifically, systematic optimization of
strip-to-slot converters and MMI couplers may allow to reduce the losses of
each of these building blocks to 0.02 dB and 0.2 dB, respectively [47],[108],
leading to an overall loss contribution of less than 0.5 dB. We also investigated
the origin of the rather high propagation losses in the CC-SOH phase shifter. To
this end, we measured the attenuation of 500 nm-wide strip waveguides of dif-
ferent lengths that were fabricated in the same process run as the CC-SOH de-
vices, but that were not covered with BTO. For these structures, we also ob-
tained rather high propagation losses of approximately 1 dB/mm, which is much
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larger than the value of 0.045 dB/mm that can be achieved when fabricating
similar strip waveguides using highly optimized foundry processes[107]. We
attribute the high loss of our structures to large sidewall roughness caused by a
non-optimum fabrication process. The even higher propagation losses of
6 dB/mm measured for the slot-waveguide phase shifters are attributed to the
fact that slot waveguides are more prone to roughness-induced scattering losses
than strip waveguides. Specifically, ref [5] reports about slot-waveguides with
100 nm slot width and propagation losses of 0.2 dB/mm, which is approxi-
mately 3.5 to 6 times higher than the propagation loss of
(0.045 £ 0.012) dB/mm measured for 500 nm-wide strip waveguides that were
fabricated in the same process. For our structures, the 6 dB/mm measured for
slot waveguides with 100 nm slot width and the 1 dB/mm propagation loss for
500 nm-wide strip waveguides leads also to a ratio of 6. This ratio is in good
agreement with the findings in [5] given the fact that the rail width of the slot
waveguides presented there amounts to 260 nm, whereas the rails in our struc-
tures are only 200 nm, thereby leading to slightly increased propagation losses
of the slot waveguides. We further expect that absorption losses in the BTO
slabs, which are in direct contact with the silicon rails, can be neglected — sput-
tered BTO has negligible optical losses in the visible and near infrared spectral
range[109]-[113], which is also confirmed by ellipsometric measurement of the
deposited films, see Fig. B.1 and Appendix B.2.3 below. We also checked the
potential impact of absorption losses in the gold pads of the GSG transmission
line by using electromagnetic simulations (CST Microwave Studio), based on
which we estimate a contribution less than 0.1 dB/mm, assuming a width of the
BTO slabs of w,,, =1um, see Fig. B.8 and the associated discussion in Appen-
dix B.5 for details. In combination with roughness-induced slot-waveguide
propagation losses of 0.2 dB/mm[107], the overall propagation loss in the CC-
SOH phase shifter might hence be brought down to approximately 0.3 dB/mm.
Assuming a 1 mm-long CC-SOH phase shifter and taking into account an addi-
tional 0.5dB of loss from the strip-to-slot converters and MMI cou-
plers[47][108], on-chip insertion losses of the order of 1 dB might eventually
come into reach. These losses can well compete with low-loss RC-SOH devices
of much lower bandwidth [29]. In addition, the fiber-chip and chip-chip cou-
pling losses can be greatly reduced by using 3D-printed micro-lenses[114] or
photonic wire bonds[115], [116].
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Figure B.1: Refractive index ngro and extinction coefficient nj gt of 750 nm-thick amor-
phous BTO film measured using spectroscopic ellipsometry. Note that the results for the ex-
tinction coefficient n; gro are not very accurate and should rather be understood as an order-
of magnitude estimate due to limited sensitivity of the measurement technique with respect to
optical loss.

B.2.3 Optical properties of the BTO film

The optical properties of BTO thin films are determined from 750 nm-thick
BTO layers deposited on SiO»/Si substrates using the same process parameters
that are used for fabricating the CC-SOH modulators as described in the previ-
ous section. By carrying out spectroscopic ellipsometric measurements, we de-
termine a real part of the refractive index ngro =1.85 along with a negligible
imaginary part (extinction coefficient) n gro at 1550 nm, see Fig. B.1. It
should be noted that the results for the extinction coefficient n; gro are likely
not very accurate and should rather be understood as an order-of magnitude es-
timate due to limited sensitivity of the ellipsometric measurement technique
with respect to optical loss. For evaluating the raw data, the wavelength de-
pendence of ngro and N gro Is modeled by a simple Cauchy-type dispersion
model [150]. The refractive index extracted from our measurements shows a
good agreement with previously published values for amorphous BaTiOs layers
deposited by room-temperature sputtering[109], [113], [151]. The slight differ-
ences in the indices are attributed to variations of the process parameters such
as gas pressure in the deposition chamber, which results in composition varia-
tions of the deposited material.
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B.2.4 Permittivity of the BTO film at RF frequencies

As mentioned in Section 5.2, the RF properties of BTO are crucial for the per-
formance of CC-SOH modulators. Since the material properties of BTO vary
substantially depending on the deposition technique and its parameters[152],
we perform a dedicated experiment to extract the RF properties of our BTO
films. To this end, we fabricate two sets of coplanar waveguides (CPW) with
lengths L of 1 mm, 2 mm, and 3 mm and a gap width of w=1um between the
ground and the signal traces, see Fig. B:2 for a more detailed description of the
underlying cross-sectional geometries. The first set of CPW only consists of the
metal transmission-line strips without any BTO, Fig. B.2(b), whereas the sec-
ond set contains a BTO thin film filling the gaps between the CPW strips,
Fig. B.2(c). For better comparability to the CC-SOH modulators described in
Chapter 5, we used the same SOI wafers for these test structures and removed
the silicon device layer prior to depositing the metal transmission lines and the
BTO films. We measure the two-port S-parameters for all variations of the CPW
using a vector network analyzer (VNA, Keysight PNA-X N5247) in the fre-
quency range from 0.01 GHz to 110 GHz. In this measurement, we use the line—
reflect-reflect—-match [153] calibration technique to perform an on-wafer cali-
bration of the VNA and the associated cables and probes. To remove the impact
of the on-chip RF fixtures (RF pads and tapered transitions), we de-embed the
measured S-parameters using the so-called ‘L-2L de-embedding’ technique de-
scribed in Section 4.6 of [154], which allows us to extract the S-parameters of
the uniform transmission line sections with lengths L of 1 mm, 2 mm, and
3 mm. From these measurements, we derive the respective complex propaga-
tion constant ygro and y,;, of the BTO-filled and air-filled CPW, respectively.
Once the frequency-dependent  complex  propagation  constant
YBTo.m =%T0om + 1 BeTom IS known, the associated effective permittivity
Eeﬁ,meas of the mode is can be obtained by

ﬂ 2
_ BTO,m
geff,meas( f ) —Lzﬂ_ f /Coj - (B.1)
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Figure B.2: CPW structures used for extracting the relative permittivity and the loss tangent
of amorphous BTO films. (a) Top-view schematic of the CPW test transmission line with
length L and electrode spacing w=1um. (b) Cross-section of air-filled CPW test structure
showing the geometric dimensions. (c) Cross-section of BTO-filled CPW showing the geo-
metric parameters.

In this relation, ¢, denotes the vacuum speed of light. The extracted &gt meas
obtained from transmission lines of different lengths L is shown in Fig. B.3.
Note that the sharp increase of the measured effective permittivity &g meqs to-
wards low frequencies is a result of the non-zero resistivity of the metal CPW
traces, resulting in the so-called slow-wave effect [155]. The slow-wave effect
Is a consequence of the fact that, at low frequencies, the penetration depth of the
RF fields (“skin depth”) approaches or even exceeds the thickness of the metal
transmission-line traces. In this case, magnetic fields can exist also within the
metal conductor, which leads to an additional internal inductance that strongly
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Figure B.3: Measured and simulated effective permittivity of the BTO-filled CPW for differ-
ent lengths L. The sharp rise in the effective permittivity of the CPW originates from resistive
metal CPW traces and from the so-called slow-wave effect and does not represent a dispersive
behaviour of the underlying dielectric materials. The black curve shows the effective permit-
tivity of the of the CPW simulated using an electromagnetic solver and assuming a frequency-
independent relative permittivity & gro =18 for the BTO film.

increases the effective permittivity of the RF mode [155], [156]. To properly
account for resistive metal traces and for the slow-wave effect, we use a com-
mercial electromagnetic solver (CST Microwave Studio) to simulate the disper-
sion of the RF field to determine the effective permittivity of the BTO-filled
CPW. In this simulation, we modelled the gold transmission lines by a material
with frequency-dependent complex surface impedance that is calculated using
the Hammerstad-Jensen model (“tabulated surface impedance” in CST Micro-
wave studio)[157]. The geometrical cross-section of the simulated BTO-filled
transmission line corresponds to the one shown in Fig. B.2(c). For the gold we
assume a conductivity of 2.5x10” S/m., which was extracted from the meas-
ured RF losses using the same numerical model, see Appendix B.2.5 below.

For the BTO, we assume a frequency-independent relative permittivity &, gro,
which we vary as to find best agreement between the simulated frequency-de-
pendent effective permittivity &q4 ( f ) of the RF mode and its measured coun-
terpart g meas - We find good agreement for &, gro =18, which leads to the
solid black curve in Fig. B.3. Note that the agreement of the measured and the
simulated behaviour of ¢ is particularly good at high frequencies, which is
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the most relevant part for our devices. For low frequencies, the measured effec-
tive permittivity &g meqs 1S Slightly smaller than its simulated counterpart. We
attribute these differences to small deviations between the simulated and the
fabricated cross-section of the CPW, which become more relevant at low fre-
quencies where RF currents flow in the entire cross-section of the metal traces.
Note also that our finding of a frequency-independent relative permittivity of
& gro =18 is in good agreement with literature [125]-[128], where permittivi-
ties & gro between 14 and 20 were found in the frequency range between
1 kHz and 40 GHz. Regarding future CC-SOH devices, the modulation effi-
ciency can be greatly improved by using polycrystalline BTO films, for which
with relative permittivities in excess of 100 [126], [128] have been measured
over a few GHz [158].

B.2.5 Dielectric RF loss of the BTO film

To estimate the loss tangent of the BTO film, we compare the microwave prop-
agation loss measured from the S-parameters of the BTO-filled CPW with that
extracted from an electromagnetic simulation. Since the contribution of ohmic
losses is unknown, we first extract the frequency-dependent propagation loss of
the air-filled CPW loss from the associated electrical S-parameter measure-
ments, see Appendix B.2.4 above, and compare them with the results of numer-
ical simulations (CST Microwave Studio) for various conductivities. We find
very good agreement when assuming a conductivity of o, = 2.5%10’ S/m for
the 150-nm-thick gold strips, see the blue solid and dashed curves in Fig. B.4.
In these simulations, we assumed a conductivity of og; =0.13S/m for the bulk
Si substrate, as specified by the wafer manufacturer. Note that the conductivity
value for deposited gold thin films is smaller than the conductivity of
45%x107 S/m for bulk gold — a common phenomenon observed in thin gold
layers, for which the properties also seem to depend on the process conditions
[159]. Using the same conductivity values for gold and the Si substrate, we sim-
ulate BTO-filled CPW using a relative permittivity & gro =18 and different
values for loss tangent for the 150 nm-thick BTO film. The CPW losses ob-
tained from the simulations are compared with those extracted from the meas-
ured electrical S-parameters of the BTO-filled CPW. Interestingly, the simula-
tions already predict an increase of the RF losses of the BTO-filled CPW with
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Figure B.4: Measured (solid lines) and simulated (dashed lines) microwave propagation loss
Cyir cPW (aBTO cpw) of the air-filled (BTO-filled) CPW. The measured and simulated loss as-
suming a loss tangent tanodgro =0 and tandgrg =0.03 for the 150-nm-thick amorphous
BTO film. We determine an upper limit for the BTO loss tangent to be 0.03.

respect to its air-filled counterpart, even when the BTO is assumed to be lossless
(tan dg1o =0), see dotted red curve in Fig. B.4. We attribute this finding to the
fact that the BTO filling of the CPW leads to an increase of the RF current
density in the metal traces that are directly adjacent to the BTO slabs, which
increases the ohmic losses. Note that this increase might already be sufficient
to explain the measured losses of the BTO-filled CPW within the measurement
accuracy. If we additionally vary the loss tangent tanogtg, the propagation
losses increase further — we have included the simulated propagation loss for a
loss tangent of tanogto =0.03, see dashed red line in Fig. B.4, which repre-
sents an upper boundary for the measured losses. We hence consider this loss
tangent a conservative estimate for the dielectric losses of the amorphous BTO
films used in the current devices. The extracted material loss parameter
tan ogto = 0.03 is in fair agreement with previously published values of similar
amorphous BTO films [125].

B.2.6 Residual conductivity of the BTO slabs

The BTO layers used in our devices are amorphous and may exhibit a residual
conductivity that might impair the dynamics of the CC-SOH devices by long
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RC time constants. To investigate this effect, we applied a DC voltage between
the signal and the ground pads of our structures and tried to measure the asso-
ciated DC current. We did this both with the CC-SOH modulator structure, for
which the signal trace of the transmission line is separated from each ground
trace by a pair of BTO slabs with a gap in between, see Fig. 5.1(c), and with the
CPW test structures according to Fig. B.2, which either have no BTO at all or a
continuous BTO slab between the metal traces. In all these experiments, the
measured DC current was of the order of 10 nA, even for an applied DC voltage
of 40 V, with no clear dependence on the device structure or on the on the pres-
ence of the BTO slabs. We may hence extract a lower limit of the order of few
GQ for the resistance of the BTO slabs — but it is presumably much higher since
the BTO is very likely not the main source of the DC currents, which were also
measured for the structure without the BTO. Still, these findings may confirm
our notion that a residual conductivity of the BTO can be safely neglected for
our devices. This is in line with the finding that we did not observe any slow
dynamics in the electro-optic response of the CC-SOH MZM that could be re-
lated to the impact of non-zero resistivity of the BTO. Specifically, accounting
for the frequency-dependent roll-off according to Fig. 5.2(d), the “low-fre-
quency” U_ of 1.3V measured with a 300 Hz triangular drive signal,
Fig. 5.2(c), is still effective for the high-speed transmission experiments, where
the eye diagrams shown in Fig. 5.3(b) were generated with a peak-to-peak drive
signal of 1 V.

B.3  Field interaction factor, electro-optic
coefficient, and bandwidth of CC-SOH MZM

B.3.1 Field interaction factor and U,L product

CC-SOH devices combine a silicon photonic slot waveguide for optical fre-
quencies[46] with a high-k dielectric slotline for RF frequencies [57]. This leads
to strong EO interaction of the RF and the optical fields, which we can be quan-
tified by a field interaction factor I'; , obtained from an overlap integral of the
optical and the RF field. The following section provides a derivation of these
equations.
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In general, the presence of the electric RF field will lead to an anisotropic
change Ag, , of the relative permittivity tensor that is seen by the optical field.
The optical fields can be represented by the vectorial electric and magnetic
eigenmode fields &,(X,y) and H,(Xx,y) by a slowly varying complex envelope

Ay(z.t) [160],

E(Xa y’z) — éb(zat)é)(x, y) ej(wct—ﬁcz),

| (B.2)
I:I(X’ Y, Z) _ A)(Z,t) 710()(’ y) el(wc t_ﬁcz)_

\/ﬁo

In this relation, @, is the optical carrier frequency and £, the associated wave-
number of the optical mode. Ab(z,t) represents a complex power amplitude
with unit +/W , and P, denotes the power that is associated with the vectorial
optical mode fields &,(x,y) and H,(x,Y),

1 x
R =7 [[Re{&(x.y)x 5 (x,y)] -e, dxdy. (B.3)
Similarly, the electric and magnetic RF fields can be represented by

& ! j(Qt—Bz
ERF(X,y,Z):ARFMeJ(Qt B )’

e

Hre (X, Y,2)=Age M ol(©t-82),

e

where Q is the RF frequency of the applied signal and B the associated wave-
number of the RF mode with vectorial electric and magnetic mode fields
Ere(X,y) and Hge(X,y). Age represents the complex power amplitude of the
RF wave with unit VW and Fre denotes the power that is associated with the
RF mode fields,

(B.4)

Par =5 J[ Re{ B (X, ) x M (x )} ¢, dxly. (B5)
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According to Eq. (1.57) and Eq. (1.58) in [160], the modulation of the optical
wave can be described by a change of the associated complex amplitude accord-
ing to

%Zz,t) :—j% H[Aa(x, y,2)& (X, y)]é’g(x y)dxdy A,(zt), (B.6)

where Ag(X,y,z)=¢g,Ag,,(x,y,z) denotes the anisotropic perturbation of the
relative-permittivity profile for the optical field, that arises as a consequence of
the electrical RF field. Note that this relation is formulated with respect to a
retarded time frame, see Eq. (1.54) in [160]. To quantify the perturbation of the
relative permittivity, we express it through the associated change An of the im-
permeability tensor n:erio‘lwhich, for small perturbations, is related to Ag,

by
Ag o =—& ANE, (B.7)

Within the organic electro-optic material, the change An of the impermeability
tensor is related to the electric field of the RF wave via the electro-optic tensor
I, according to Eq. (11.2.13a) in [37]. Note that, for organic EO materials, the
electro-optic tensor I, is defined with respect to a local coordinate system, for
which the axis |1 =3 is given by the local poling direction of the EO material.
This poling direction is induced by a static electric field that is applied to the
transmission-line electrodes at an elevated temperature. For simplicity, we as-
sume that the RF electric field is predominantly transverse, i.e., Egg, ~0, that
the transverse components Egg,and Egg, are in phase and can thus be repre-
sented as real numbers, and that the static poling field can be approximated by
the real-valued vector field Egg(X,y).We further assume that only the domi-
nant ry; coefficient of the organic EO material plays a role and that all other
coefficients r,, with I,m==3 can be neglected. Accounting for the local trans-
formation between the coordinate system of the EO tensor and the (x, y,z)-
system of the device, approximating the EO material in absence of an electric
field by an isotropic medium with refractive index ngy, and neglecting any
walk-off between the optical and the RF field, Eq. (B.16) can be rewritten as
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In these relations, A, denotes the (complex) amplitude change of the modal
propagation constant due to the modulating RF field of (complex) power am-
plitude Agr, and S(X, y) is the local angle between the optical and the RF elec-
tric field vectors. Agy denotes the cross-sectional area that is filled by the or-
ganic EO material. Without loss of generality, we may assume that
Axp, AB. € R, which allows us to rewrite Eq. (B.7) in terms of the associated
RF voltage amplitude U = ARF\/Q, where Zg¢ is the line impedance of the
RF transmission line. For better comparability to conventional RC modulators,
we express the phase shift A¢ introduced along an EO section of length L by
the electric field Ugg /w, that would be generated by the RF voltage U ¢ within
a slot of width wy ,

1 U
Ag= > NZoss

RE | LT (B.9)

S

where Kk, is the vacuum wavenumber of the optical field, and where the field
interaction factor I is given by,

2247, JPRFZRF

” |§O(X’Y)|2 Exe (X, y) cos® 9(x,y) dx dy. (B.10)

s —

In this relation, Z, =377 Q is the free-space wave impedance. Not that, for a
push-pull MZM, the phase difference of the optical signals at the end of the two
MZM arms is twice the phase shift A¢ calculated in Eq. (B.9). The U_L -prod-
uct of a push-pull MZM is hence related to the EO coefficient 135 of the organic
material by

UL=—"4 (B.11)

n 3
2Ngolgals

where A4 denotes the vacuum wavelength of the optical field. Note that these
relations are general and can be widely applied to any EO modulator structure.
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In our CC-SOH devices, the high-permittivity BTO slabs lead to a local en-
hancement of the electrical RF field Ezp(x,y) within the EO material in the
slot, which increases the associated field interaction factor I'y. Appendix B.5
provides a more detailed discussion on how the field interaction factor I'y of
CC-SOH structures can be increased by appropriate device design.

B.3.2 Electro-optic coefficient and poling efficiency of the
fabricated CC-SOH Mach-Zehnder modulator

To estimate the EO coefficient r;3 of our CC-SOH structures from the measured
UL product, we need to evaluate Eqgs. (B.10) and (B.11). In a first step, we use
an electromagnetic mode solver (CST Microwave Studio) and calculate the field
profiles of the optical and RF eigenmodes of the CC-SOH modulator along with
the associated RF line impedance Zge The basic cross section of the structure
is illustrated in Fig. 5.1(c). In these calculations, we use a silicon rail width
Wril = 200 nm , arail height h.,;; = 220nm, aslotwidth w, =100nm along with
a BTO slab of height hy, =150nm and width w,,, =1pm, see Fig. 5.1(c). We
further assume a vacuum wavelength of 1 =1550nm for the optical signal
along with refractive indices of ng =3.5 ngq, =1.44,ngro =1.85 and
Ngo =1.9 for the silicon, the silicon dioxide, the BTO, and the organic EO ma-
terial YLD124, respectively. For the calculating the RF field, we assume a GSG
transmission line with a metal height h,, =150nm. The width of the signal trace
and of each ground trace amounts to 7 um and 60 pum, respectively, and the
conductivity of the gold is set to 2.5x10” S/m , see Appendix B.2.5 above. For
the silicon, the silicon dioxide (BOX), the EO material, and the BTO, we as-
sume permittivities of &g =117, & 5i0, =3.9, & g0 =5.68, and & gro =18,
respectively. For the simulation of the RF field, the transmission-line traces are
modelled as a lossy metal, in which the electromagnetic behaviour of the metal
Is approximated by assuming a skin depth that is much smaller than the metal
thickness. In contrast to the Hammerstad-Jensen model [157] (“tabulated sur-
face impedance” in CST Microwave studio), that was needed for quantitatively
correct modelling of the effective permittivity . and the RF losses, see Ap-
pendix B.2.4 and B.2.5 above, the lossy-metal model allows to account for the
true 3D geometry of the metal, which is important for obtaining the correct dis-
tribution of the associated RF mode fields. Evaluation of Eq. (B.10) with the
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calculated mode fields leads to a field interaction factor of I' =0.048 for our
current device generation. Using the measured U_L product of 1.3 Vmm, see
Fig. 5.2(c), we then evaluate Eqg. (B.11) to obtain an EO coefficient of
I;3 #180 pm/V for the organic EO material YLD124. Furthermore, we esti-
mated the strength of the poling field that can be expected in the slot when ap-
plying a DC voltage of 600 V between the two floating ground traces of the
GSG transmission line, leading to a poling voltage of U, =300 V' between the
signal and each of the floating ground traces. For simplicity, we assumed that
the transverse distribution of the associated static electric field can be approxi-
mated by the electric field of the RF mode at low frequencies, leading to a field
strength of approximately 450 V/um within the slot for an externally applied
poling voltage of U, =300 V. For a slot with width wg =100 nm, 45V would
hence drop across the slot, which corresponds to 15 % of the overall applied
poling voltage U,. This number illustrates clearly that the current structures
leave vast room for further improving the interaction of the RF field with the
EO material in the slot, e.g., by using polycrystalline BTO films with higher
permittivities &, gt [126], [128] in excess of 100. As explained in Appendix
B.5, improved CC-SOH structures can provide field interaction factors I'g in
excess of 0.3, which is more than six times higher than the currently achieved
value of 0.048. Still, the BTO slabs of the current devices already contribute
significantly to enhancing the electro-optic interaction — removing the BTO
slabs would decrease the field interaction factor by approximately a factor of
two to values below 0.025.

B.3.3 Bandwidth of the CC-SOH Mach-Zehnder modulator

The frequency response of the CC-SOH MZM is measured in the frequency
range from 0.01 GHz to 110 GHz using a vector network analyzer (VNA,
Keysight PNA-X N5247). A calibration kit for 1 mm-connectors is used to shift
the measurement reference plane from the network analyzer ports to the end of
the connected coaxial cables using a short-open-load-through (SOLT) calibra-
tion procedure. The RF signal from the VNA is coupled to the ground-signal-
ground (GSG) pads of the CC-SOH MZM using a GSG probe (Cascade Infinity
Probe 1110-A-GSG-100). The other end of the MZM transmission line is termi-
nated by a second probe connected to a 50 Q impedance. Spurious reflections
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Figure B.5: EO response of a CC-SOH MZM having a phase shifter length L =1 mm. The red
(solid) curve shows the directly measured EO response Sy; o meas While the blue (dotted)
curve represents the EO response Sy g ger derived from the electrical S-parameters. The di-
rectly measured and the derived characteristics are in good agreement. The measured device
is based on metal transmission lines that are only 150 nm thick. The green (dashed) line rep-
resents the possible EO response of the CC-SOH MZM that can be achieved with an improved
device having 600 nm-thick metal transmission lines that features smaller RF losses, see Ap-
pendix B.5 for details.

at the coplanar transmission line of the CC-SOH MZM are avoided by a tapered
transition that provides an impedance matching between the contact pads and
the phase shifter section. We exploit the unbalanced arm lengths of the MZM
to adjust the device to the quadrature operating point by tuning the wavelength
of the feed laser. The intensity-modulated output of the CC-SOH MZM is de-
tected by a calibrated high-speed photodiode (HHI, C05-W36), and the output
signal is recorded by the second port of the VNA. The photodiode has a 3 dB
bandwidth of 78 GHz, followed by a smooth roll-off, which allows to perform
measurements up 110 GHz, where the transfer function drops by 9 dB with re-
spect to the low-frequency range. The EO response S;; go meqs 0f the CC-SOH
MZM can be de-embedded from the measured overall transmission Sy; oeral
by taking into account the frequency response of the photodiode and of the RF
probes, leading to the red curve in Fig. B.5, which is equivalent to Fig. 5.2(d).
Foral mm-long CC-SOH MZM, we measure a 3 dB EO bandwidth of 76 GHz.

To confirm the directly measured EO dynamics, we also estimate the EO trans-
fer function from the electrical scattering parameters. To this end, we measure
the electrical S-parameters by connecting the second port of the VNA to the RF
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Figure B.6: Equivalent-circuit model for a traveling-wave modulator having a length L and
a complex line impedance Z.. The device is driven by an RF source with an internal imped-
ance Z and a voltage amplitude U . Z, denotes the termination impedance.

probe that was earlier used as a termination of the CPW. For calibration and de-
embedding, we apply the line—reflect—reflect-match[153] and the ‘L-2L de-em-
bedding’ technique, described in Section 4.6 of [154]. The transfer function of
the RF fixtures, i.e., the on-chip metal contact pads and the tapered transitions
to the metal strips of the transmission line, are de-embedded by using S-param-
eter measurements of CC-SOH MZM of different modulator lengths. Based on
this, we extract the complex propagation constant B, as well as the complex
line impedance Z, of the CC-SOH transmission line. For estimating the EO
response of the traveling-wave modulator, we use the equivalent circuit shown
in Fig. B.6. We assume a device of length L and a complex RF impedance Z,
driven by an RF source of internal impedance Z, at RF modulation frequency
Q.,/27 and voltage amplitude U, and terminated by an impedance Z;. The
instantaneous voltage seen by the optical signal at a particular position on the
line is then given by Egs. 1 — 5 in [123],

Ug ~jBoL BB ) eJB B
U (x ) ==L-(1+pr)-e e (B.12)
1 2
Zc_zs
%1 Z.+2Z, ( )
Zt _Zc
=— B.14
P2 Z,+ 2, ( )
Q
B, __mng,opt (B.15)
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Q i
0

In these relations, «,, is the amplitude attenuation constant of the RF signal,
Ngopt denotes the optical group refractive index, ng g is the effective index of
the RF signal, and ¢, is the speed of light in vacuum. The phase shift experi-
enced by an optical wave traveling through the modulator is directly propor-
tional to the voltage experienced by it along the length of the phase shifter. To
simplify the analysis, it is convenient to work with the average voltage along
the length L of the modulator, see Eq. 17 in Ref.[122],

Uavg(Qm)ztj‘U(x,Qm)dx
0
N (B.17)
Ug-(1+ p)-e71%"h
= : . (U, +p,-U_),
ey py e )
where
u, —gie- gy (BT B)L (B.18)
. 2

Note that Eq. (B.17) accounts for the impact of RF propagation loss, the imped-
ance mismatch of the modulator transmission line with respect to the source and
the termination, as well as velocity mismatch of the RF and the optical waves
of the traveling-wave modulator. The optical group refractive index ny o, =2.8
needed in Eq. (B.15) is numerically calculated using a commercially available
optical mode solver (CST Microwave Studio).

For relating the frequency-dependent decay of the average voltage U, to the
phase modulation of the optical signal, we exploit the fact that the relative per-
mittivity &, gro =18 is constant over the frequency range of interest, Appendix
B.52D. Since the transverse dimensions of the RF transmission lines are much
smaller than the RF wavelength, we may hence assume that the RF field profiles
change only marginally with modulation frequency €,,. The amplitude of the
phase modulation is hence directly proportional to the average voltage

123



Fabrication and characterization of CC-SOH MZM

Uavg (@) on the transmission line, and the EO frequency response can be writ-
ten as

Uavg (Qm )

m(Qp,) = U (0) |

(B.19)

avg (

We finally obtain the dB-values of the EO response derived from the electrical
scattering parameters of the CC-SOH MZM as Sy g6 ger = 2010g;0 (M(22,))-
For a device with a phase shifter length of L =1mm, the results are indicated
by a blue dotted line in Fig. B.5. The EO response S,; g 4¢r derived from the
electrical scattering parameters is in fair agreement with its directly measured
counterpart S,y gg meas . thus confirming the validity of the approach.

Furthermore, we investigate the limiting factors for the bandwidth of the CC-
SOH MZM. From the numerically calculated value of ng ., and the mean RF
effective index N,gr=2.2 averaged over the frequency range 0.01 GHz ...
110 GHz, the velocity-mismatch-limited 3dB-bandwidth of a CC-SOH device
IS given by Eq. 2 in Ref.[124],

Co

f :
(”‘ng opt ﬁe,RFL‘)

=1.4

(B.20)

vm

For our 1 mm-long CC-SOH devices, we estimate a velocity-mismatch-limited
3 dB frequency of f,,, =220 GHz. It is thus clear that the bandwidth limitation
of 76 GHz observed in our current measurements cannot be caused by velocity
mismatch but must arise from the non-optimum electrical design of our first-
generation device, in particular from the high RF propagation loss.

In general, RF propagation loss has two main contributions — ohmic loss and
dielectric loss. As discussed in Appendix B.2.5 above, the BTO thin film has a
negligibly small loss tangent tan dgto =0.03. This results in a bulk BTO loss
of only 0.38 dB/mm, which is much smaller than the overall RF propagation
loss of 4.5 dB/mm at 50 GHz, see red curve in Fig. B.7. We hence conclude
that ohmic losses of the metal traces of the transmission line must have signifi-
cant impact. As mentioned in Chapter 5, these traces were fabricated using a
lift-off process with a thin photoresist, which limited the thickness of the gold
layer to a rather small value of approximately 150 nm. To confirm the notion
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Figure B.7: Frequency-dependent RF propagation loss of the fabricated CC-SOH MZM. The

red solid curve corresponds to the measurement, and blue dotted curve to a simulation based

on a 150 nm-thick gold (Au) transmission line. In the simulation, we assumed a conductivity

Opy = 2.6x10’ S/mfor the gold to best match the measurement. The conductivity of the un-

derlying bulk Si substrate amounts to og; =0.13S/m.

that this leads to strong ohmic RF losses, we simulate the RF mode of the CC-
SOH device using the same technique as described in Appendix B.2.5. For the
BTO, we assume again a relative permittivity &, gro =18 and a loss tangent
tan g1 = 0.03, and we also consider the conductivity of the bulk Si substrate,
for which a value of o; =0.13S/m was specified by the wafer supplier. In our
simulations, we vary the conductivity of the gold traces, and we find best agree-
ment with the measured losses for a value of o, =2.6x10"S/m, see red and
blue curves in Fig. B.7. This value agrees well with the gold conductivity of
oay =2.5x10"S/m obtained from the characterization of the CPW test struc-
tures, Appendix B.2.5. Based on these findings, we conclude that the RF prop-
agation loss of the current CC-SOH devices arises from the ohmic loss of the
thin gold traces in the underlying transmission line, and that these limitations
can be overcome by using thicker metal layers, see Appendix B.5 below for
improved device designs.
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B.4 Pre-emphasis of the drive signals in the high-
speed signaling experiments

In the high-speed signaling experiments, we use digital pre-emphasis of the
drive signals to compensate for the frequency roll-off of the AWG, of the sub-
sequent RF amplifier, of the 6 dB attenuator, and of the bias-tee, see Section 5.4
and Fig. 5.3(a). The required correction is extracted from a back-to-back meas-
urement of the electrical signal, in which the AWG is operated without any pre-
emphasis to generate a test signal. This test signal is then sent through the sub-
sequent RF amplifier, the 6 dB attenuator, and the bias-tee, see left part of
Fig. 5.3(a), before being recorded by a real-time oscilloscope (RTO). To esti-
mate the digital pre-emphasis that needs to be applied at the transmitter, the
frequency spectrum of the recorded signal is then compared to that of the idea
(transmitted) spectrum. For the data transmission experiment, the CC-SOH
modulator, the corresponding RF probe, the optical transmission link, the pho-
todetector as well as another RF amplifier are then added, leading to the full
setup shown in Fig. 5.3(a). None of these elements was part of the signal path
during the calibration measurement — they are hence not compensated by the
estimated pre-emphasis.

B.5 Improved designs of CC-SOH modulators

The experimental results presented in Chapter 5 were obtained with first-gener-
ation devices that leave vast room for improvements with respect to modulation
efficiency and bandwidth. In this section, we shall further investigate the poten-
tial of the CC-SOH concept by numerical simulations of devices with improved
designs, in which we adjust the various geometrical parameters defined in
Fig. 5.1(c). Regarding the modulation efficiency, the U_L product of the de-
vices may be greatly reduced by using polycrystalline BTO layers with relative
permittivities &, gro =100 [126], [128], which is much larger than the value of
& gro =18 inour current devices. In addition, the dimensions of the BTO slabs
may be adapted to find an optimum trade-off between different design goals.
Specifically, increasing the height h, beyond the current value of 150 nm will
be instrumental to improve the overlap of the RF field and the optical field and
thus to further increase the field interaction factor I'y. On the other hand, a
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Figure B.8: Optical loss due to interaction of the guided light with the metal traces of the RF
transmission line as a function of the BTO slab width w, . For w, >1um, the loss contri-
bution of the transmission line is less than 0.1 dB/mm and can thus be neglected.

thicker BTO will increase the transverse capacitance of the line and thus lead to
a reduced line impedance Zgr. In combination with a given operation voltage
of the MZM dictated by the required phase shift, this will increase the RF power
consumption. For the width w,, of the BTO slabs, choosing a small value leads
to an increased coupling capacitance C. and thus an increased modulation effi-
ciency, but also results in larger interaction of the optical mode with the metal
traces of the RF transmission line and therefore increases the optical losses.
With respect to the ground-signal-ground (GSG) RF transmission-line, we may
increase the height h., of the metal traces to reduce the RF losses of the CC-
SOH device and to thus increase the bandwidth. On the other hand, if the height
h,, of the metal is chosen too thick, the RF electric field will extend vertically
and thus occupies regions of the organic EO material which do not contain sig-
nificant optical power. This will reduce field interaction factor, see Eq. (B.10).
Besides the height h, , the width wg, of the signal trace may be adapted to tune
the line impedance to a certain target value of, e.g., 50 Q. In the following, we
systematically vary all these parameters and investigate their impact on the field
interaction factor I', the line impedance Zgr as well as on the optical and the
RF losses of the CC-SOH device. For the BTO, we assume a relative permittiv-
ity & gro =100 and a refractive index of ngrq =1.85, while the optical and the
RF properties of all other materials correspond to those specified in Appendix
B.1. The dimensions of the optical slot waveguide are kept at the previously
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Figure B.9: Impact of BTO/metal height h,, =h,, on various parameters of the CC-SOH
modulator. The width of the BTO and of the signal trace are kept to constant values of
W =1pm and  Wgq =4um, respectively. (a) Field interaction factor I'; for different
BTO/metal heights h., =h,, . The field interaction factor reaches a plateau at I'; = 0.17 for
hy, = hy > 600 nm, (b) Microwave propagation loss age and RF line impedance Zgp at
50 GHz for different BTO/metal heights h,, = hy, . Circles indicate the RF propagation loss
and field interaction factor of a transmission line with a line impedance of Zg =50 Q.

used values of h.; =220 nm, w,,;; =200 nm, w, =100 nm, and the vacuum
wavelength of the optical signal amounts to 1.55 pm.

In a first step of our design considerations, we estimate the optical propagation
loss introduced by the interaction of the evanescent field with the metal trans-
mission lines. To this end, we assume the BTO slabs and the metal traces to
have the same height h,, =h,, =150 nm and calculate the contribution to the
optical propagation loss as a function of the width w,, of the BTO slabs, see
Fig. B.8. We find that, for values of w,, =1um, the loss contribution of the
metal trace is below 0.1 dB/mm and can thus be neglected. In the subsequent
simulations, we fix the width of the BTO slab to the value of w, =1pm.

As a next step, we simulate the CC-SOH devices by treating the Si rails as pure
dielectrics with zero conductivity and by setting the BTO height h,, and the
metal height h,, to the same value, which is swept between 100 nm and 1 pm,
see Fig. B.9. In these simulations the width of the BTO and of the signal trace
are kept to constant values of wy =1pm and W, =4pm. As expected, the
field interaction factor I' increases steadily with h,, = h,, and finally saturates
for h,, = hy, >600 nm, see Fig. B.9(a). This saturation is caused by the fact that
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an increasing height of the BTO slabs and the metal traces distributes the RF
electric field into regions of the organic EO material, which do not contain sig-
nificant optical power. At the same time, the RF losses and the impedance of
the transmission line go down with increasing values of h,, =h,, due to the
increased transverse capacitance and the reduced ohmic losses of the metal
traces, see values calculated at 50 GHz in Fig. B.9(b). It turns out that, for a line
Impedance of Zgr =50Q, the heights of the BTO slabs and the metal should
be chosen to h,, = hy, =300 nm, which leads to non-optimum RF loss and field
interaction factors, as indicated by circles in Fig. B.9. Thicker layers with
h,, = hy =600 nm would lead to much better modulation efficiency and less
RF loss, but the line impedance Zge would drop below the desired value of
50 Q. This may be fixed by using slightly thinner BTO slabs.

For the next design iteration, we therefore set the height of the metal traces to a
fixed value of h,, =600 nm and we again sweep the height the sweep the height
h, of the BTO slabs between 100 nm and 1 um, see Fig. B.10. In addition to
the non-conductive Si rails, we also consider the case of a slight doping in the
rails designed for a resistivity of approximately p =5.5x10"* Om[32]. This
conductivity should eliminate the electric field within the Si rails and thus in-
crease the field in the EO material accordingly, see field plots in the insets of
Fig. B.10(a). The chosen resistivity should not contribute any significant optical
loss[32], and lead to a dielectric relaxation frequency in excess of 1 THz and
thereby does not reduce the bandwidth of our devices. Note that our model is
still fairly coarse — the silicon was represented as a simple conductive dielectric
without considering the exact band structure and the internal distribution of mo-
bile and fixed charges. Still, the results should give a reliable estimate of the
performance that can be expected for CC-SOH devices. From our simulations
we find that the devices with undoped silicon rails devices may now maintain a
line impedance of Zge =50 Q for BTO heights of approximately h,, =350 nm
, which leads to an improved value of I'g = 0.14 for the field interaction factor
and to an RF propagation loss of about 1.7 dB/mm at 50 GHz, see blue traces
and blue circles in Fig. B.10(a), (b), and (c). When using doped silicon slabs,
these values can be further improved: For a line impedance of Zg =50Q, the
BTO height can be increased to hy, =400 nm, which leads to a field interaction
factor of I'y ~0.32 and to RF losses of about 2.3 dB/mm, see green traces and
green circles in Fig. B.10(a), (b), and (c). This field interaction factor is only

129



Fabrication and characterization of CC-SOH MZM

a b
( ) 04 ( ) 60 T T T T
—— CC-SOH with doped Si
o —— CC-SOH with undoped Si
0.3} = 55t
-
— (]
g 0.2 = 50
- - o -
g - s
] Q.
/5/”— £
0.1} — — RC-SOH . g 451
—— CC-SOH with undoped Si -~
—— CC-SOH with doped Si
0.0 1 1 L 1 40 1 1 1 1
0 200 400 600 800 1000 0 200 400 600 800 1000
BTO height &, (nm) BTO height A, (nm)
(c) 4
—— CC-SOH with doped Si
—— CC-SOH with undoped Si
£ 5|
o
T
2 /,,’ef/
S
2 2} ]
S e
- -
1

0 200 400 600 800 1000
BTO height A, (nm)

Figure B.10: Impact of BTO slab height hhk on the field interaction factor I'g, line impedance
Zge and RF loss age for CC-SOH modulator with pure dielectric Si rails and doped
(p=5.5x10" Om) Si rails having Wy, =1pm, Wi =4pm, and a metal thickness of
600 nm. (a) Field interaction factor I'; of CC-SOH modulator as a function of BTO slab height
h - As a comparison, the field interaction factor of RC-SOH modulator, I'gc oy = 0.381is
shown in black trace. Inset shows RF field profiles of CC-SOH devices with undoped and
slightly doped Si rails at positions marked by the respectively colored circles. (b) Line imped-
ance Zgze of CC-SOH modulator for different slab heights. (c) RF propagation loss agg of
CC-SOH modulator with and without doped Si rails for different BTO slab heights. The re-
spective designs with doped and undoped Si rails having a good match to 50 Q source imped-
ance are marked in colored circles.

slightly smaller than the value of I'gc 5oy =~ 0.38 that can be achieved for con-
ventional RC-SOH devices, see dashed black curve in Fig. B.10(a). We may
hence conclude that the CC-SOH concept can reach similar modulation effi-
ciencies as RC-SOH devices, for which U_L products down to 0.32 Vmm were
demonstrated [26], while offering bandwidths in excess of 100 GHz.
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Taking the above considerations, we also investigate the impact that an in-
creased thickness of the metal traces would have on our current CC-SOH de-
vices. To this end, we assume undoped Si rails along with 150 nm-thick BTO
slabs having and 600 nm-thick metal traces. The width of the signal trace is kept
to Wy =7pm. From this simulation, we extract the line impedance and the
microwave propagation loss and then calculate the electro-optic (EO) response
according to the model described in Appendix B.3C. The result is shown as a
green trace in Fig. B.5 and in Fig. 5.2(d), corresponding to a bandwidth of more
than 100 GHz. This clearly indicates that the performance of the experimentally
demonstrated devices can be greatly improved by appropriate device designs.

[End of the Methods and Supplementary Information of paper [J3]]
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C Recipes for fabrication of high-speed EO
modulators

This appendix lists detailed recipes that are developed at the Institute of Micro-
structure Technology (IMT) and the Karlsruhe Nano Micro Facility (KNMF)
for fabrication of high-speed EO modulators. The EO modulators are fabricated
on silicon-on-insulator (SOI) chips having a 220 nm thick silicon device layer,
2 um buried oxide (SiO2) on a 725 um thick silicon substrate.

In order to avoid surface contamination of the chip, the SOI chip is treated with
the following ‘sample cleaning’ procedure between different process steps:

Sample cleaning

5 min rinse of the sample in a beaker of acetone placed in an ultrasonic
bath for removing organic contaminants.

2 min rinse in a beaker of isopropanol placed in an ultrasonic bath for
removing the acetone residues.

2 min rinse in de-ionized (DI) water to remove isopropanol residues and
other particles if any.

As a quick verification, the hydrophobic nature of the silicon (Si) con-
firms that the sample is free from organic residues and other contami-
nants. The hydrophobic property of silicon surface arises because water
molecules cannot form H-bonds with the bare Si surface. Therefore, wa-
ter molecules bond with other water molecules resembling a hydrophobic
behaviour on the Si surface.

Drying the sample with N2 gas for removing remaining water along with
the particles floating in it.

C.1  Fabrication of markers for high-accuracy
alignment
Spin coating
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After sample cleaning, the SOI chip is spin coated with a 300 nm thick bi-layer
of poly-methyl methacrylate (PMMA) resist having different molecular
weights. In this process, the bottom PMMA layer is slightly more sensitive with
a lower molecular weight, while a PMMA with higher molecular weight serves
as the top layer. Such a bi-layer resist is sometimes preferred to ensure a slight
undercut in the developed resist to facilitate proper lift-off. The procedure of
spin coating of bi-layer PMMA resist is described as follows:

e Spin coating of PMMA AR-P 662.04 (Allresist GmbH) with 600 k mo-
lecular weight, 775 rpm spin speed, acceleration 150 rpm/s, 60 s.

e Hot plate at 180°C for 5 min.

e Spin coating of PMMA AR-P 672.02 (Allresist GmbH) with 950 k mo-
lecular weight, 2000 rpm spin speed, acceleration 150 rpm/s, 60 s.

e Hot plate at 180°C for 5 min.

Lithography and development

The four corners of the resist-coated SOI chip are exposed with an octagonal-
shaped marker using Raith EBPG5200 e-beam lithography system and subse-
quently developed:

e Exposure of markers in the bi-layer PMMA resist with a dose of
1000 pC/ecm?.

e Development of bi-layer PMMA for 50 s in a 1:3 solution of methy! iso-
butyl ketone (MIBK) and isopropanol, commonly referred to as
MIBK:ISO 1:3. The development of the exposed structures is stopped by
rinsing the sample in pure isopropanol, which is a standard process while
developing any PMMA resist.

Metallization and lift-off

e Electron-beam evaporation (Leybold Univex 400) of 10 nm chromium
(Cr) or titanium (Ti), followed by a gold (Au) thickness of 30 nm in a
vacuum chamber with a pressure less than 10°° mbar.

o Lift-off of the PMMA layer in a beaker of acetone placed in a low-power
ultrasonic bath. The SOI chip is then subjected to the standard sample
cleaning procedure.
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C.2  Fabrication of partially etched structures in
silicon

Spin coating

e Spin coating of 340 nm thick PMMA AR-P 672.045 (Allresist GmbH),
2000 rpm spin speed, acceleration 1000 rpm/s, 60 s.
e Hot plate at 180°C for 5 min.

Lithography and development

e Exposure of patterns in the PMMA resist with a dose of 950 pC/cm? with-
out compensating for proximity effect correction (PEC).
e Development of PMMA resist in 1:3 MIBK:ISO for 25 s.

Reactive-ion-etching and resist stripping

The patterns developed in the PMMA resist are transferred 70 nm deep into the
silicon device layer with inductively coupled plasma reactive-ion etching (ICP-
RIE) using an Oxford Instruments Plasmalab 100 tool. Following the etching
process, the PMMA mask is stripped in oxygen plasma machine.

e Partial etch of silicon is carried out at 20°C with a chemistry of CHF3 and

SFe and O at flow rates of 7 sccm and 50 sccm, respectively and a pres-
sure of 4.5 mTorr. The ICP power is 800 W, RF power is 8 W, etch time
iS40 s.
The etch rate was determined immediately before etching the SOI chip.
To this end, a dummy sample of an identical SOI chip is etched, and the
rate is determined by measuring the thickness of the dummy sample be-
fore and after etching with a spectroscopic ellipsometer. An etch rate of
10.0 nm/min was determined.

e After etching silicon, the remaining PMMA resist is stripped using an
oxygen plasma tool at a working pressure of 1072 mbar, O flow rate of
30 sccm and an RF power of 100 W for 1 hr.
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C.3  Fabrication of fully etched structures in silicon

Spin coating

e Spin coating of 180 nm thick 6 % hydrogen silsesquioxane (HSQ, Dow
Corning), 1000 rpm spin speed, acceleration 1000 rpm/s, 30 s.
e Hot plate at 50°C for 10 min.

Lithography and development

e Exposure of patterns in the HSQ resist with a PEC dose 4500 uC/cm? for
silicon waveguides, a non-PEC dose of 3500 puC/cm? for silicon pads of
partially etched grating couplers, a dose of 2500 uC/cm? for fully etched
grating coupler patterns.

e Development of HSQ resist in 25 % weight solution of tetra-methyl am-
monium hydroxide (TMAH) in DI water for 5 min in a beaker placed on
a shaker at 250 rpm. After the development of HSQ, the sample is rinsed
for 30 s in isopropanol, followed by a 30 s rinse in DI water.

Reactive-ion-etching and resist stripping

e Cryogenic etch of silicon at — 110°C with a chemistry of SFs and O at
flow rates of 24 sccm and 6 sccm respectively. The ICP power is 800 W,
RF power 8 W, pressure 4.5 mTorr, etch time of 16 s with a strike step of
4s.

Before etching the sample, the etch process is calibrated to fully etch Si
device layer by tuning the etch time on a dummy SOI sample.

e After the full etch of silicon, the HSQ resist can be retained as its proper-
ties are very similar to that of SiO.. However, for CC-SOH modulators,
it is favorable to remove the HSQ resist to provide a direct contact with
the overlap section of high-k slabs and the silicon slot waveguide.

In order to strip HSQ, the sample is dipped into 5 % hydrogen fluoride
(HF) acid for about 30 Sect. HF also attacks the buried oxide of the SOI
chip, however, this can be neglected due to the short process time.

135



Recipes for fabrication of high-speed EO modulators

C4 Fabrication of vertical-slot structures of POH
modulators

Spin coating

e Spin coating of 330 nm thick PMMA AR-P 672.045, 2000 rpm spin
speed, acceleration 1000 rpm/s, 60 s.

e Hot plate at 180°C for 5 min.

e Spin coating of a monolayer of ESPACER 300Z, 1500 rpm spin speed,
1000 rpm/s, 60 s.
The thin film of ESPACER has a high conductivity and therefore elimi-
nates the positional error of the e-beam, which in usual cases arises due
to the charging of the sample during the lithography process.

Lithography and development

e Exposure of vertical plasmonic slot waveguides with a PEC dose of
700 puC/em? — 750 uC/cm? and large metal contact pads with a PEC dose
of 900 puC/cm?.

e Development of PMMA for 25 s —30 s in a 1:3 MIBK:ISO solution, fol-
lowed by a rinse in isopropanol.

Metallization and lift-off

e E-beam evaporation of 5 nm Cr/Ti and 150 nm Au. For a proper lift-off
of the vertical plasmonic slots, the sample temperature and the evapora-
tion rate are carefully optimized.

o Lift-off of the PMMA layer in a beaker of n-methyl-2-pyrrolidone (NMP)
at 65°C in medium-power ultrasonic bath. Thereafter, the SOI chip is
subjected to the standard sample cleaning procedure at room temperature.

C.5 Fabrication of horizontal-slot structures of
POH modulators

The horizontal plasmonic slot waveguide of HS-POH modulators are fabricated
in a 3-step lithographic process. In step I, the bottom metal is fabricated and
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step 11 forms the HSQ sacrificial layer of the plasmonic slot. In the final step |11,
the top metal is fabricated and the HSQ sacrificial layer is stripped. The detailed
fabrication procedure is explained as follows

I — Spin coating

e Spin coating of 400 nm thick PMMA: AR-P 672.045, 1250 rpm spin
speed, acceleration 1000 rpm/s, 60 s.
e Hot plate at 180°C for 5 min.

I — Lithography and development

o Exposure for patterning bottom metal of horizontal slot plasmonic wave-
guides with a PEC dose of 750 uC/cm?,

e Development of PMMA for 25 s in a 1:3 MIBK:ISO solution, followed
by a rinse in isopropanol.

| — Metallization and lift-off

e E-beam evaporation of 5 nm Cr/Ti and 70 nm Au.
o Lift-off of the PMMA layer in a beaker of acetone in low-power ultra-
sonic bath, followed by a rinse in isopropanol and DI water.

Il — Spin coating

e Spin coating of 100 nm thick 6 % HSQ, 3500 rpm spin speed, accelera-
tion 1000 rpm/s, 30 s.
e Hot plate at 50°C for 10 min.

Il — Lithography and development

e Exposure of patterns in HSQ that will later form the slot region of the
HS-POH modulator with a PEC dose of 3000 uC/cm?.

e Development in 25 % TMAH solution for 5 min in a beaker, which is
placed on a shaker at 250 rpm. After the development of HSQ, the sample
Is rinsed for 30 s in isopropanol, followed by a 30 s rinse in DI water.

11 — Spin coating
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e Spin coating of 600 nm thick bi-layer PMMA: AR-P 662.04, 500 rpm
spin speed, acceleration 150 rpm/s, 60 s; AR-P 672.045, 700 rpm spin
speed, acceleration 150 rpm/s, 60 s.

e Hot plate at 180°C for 5 min after each spin coating step.

11 — Lithography and development

e Exposure for patterning top metal and the contact pads of HS-POH mod-
ulator with a PEC dose of 900 pC/cm?.

e Development of PMMA for 140 s in a 1:3 MIBK:ISO solution, followed
by a rinse in isopropanol.

111 — Metallization and lift-off

e E-beam evaporation of 5 nm Cr/Ti and 200 nm Au.
o Lift-off of the PMMA layer in a beaker of acetone in low-power ultra-
sonic bath, followed by a rinse in isopropanol and DI water.

11 — Sacrificial removal of HSQ

e Removal of HSQ in 5 % HF acid or buffered oxide etch (BOE) for 30 s,
followed by a rinse in DI water.

To avoid the collapse of the top metal due to surface tension, the sample is dried
using a critical point dryer (CPD).

C.6 Fabrication of transmission lines of CC-SOH
modulators
Spin coating

e Spin coating of 400 nm thick PMMA AR-P 672.045, 1500 rpm spin
speed, acceleration 1000 rpm/s, 60 s.
e Hot plate at 180°C for 5 min.

Lithography and development

e Exposure of patterns with a PEC dose of 800 uC/cm?.
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e Development of PMMA for 45 s in a 1:3 MIBK:ISO solution, followed
by a rinse in isopropanol.

Metallization and lift-off

e E-beam evaporation of 5 nm Cr/Ti and 150 nm Au.
o Lift-off of the PMMA layer in a beaker of acetone in low-power ultra-
sonic bath, followed by a rinse in isopropanol and DI water.

C.7 Fabrication of BTO slabs of CC-SOH
modulators

Spin coating

e Spin coating of about 950 nm thick bi-layer PMMA: 400 nm thick
PMMA AR-P 662.04, 500 rpm spin speed, acceleration 1000 rpm/s, 60 s
and 550 nm thick PMMA AR-P 672.045, 750 rpm spin speed, accelera-
tion 150 rpm/s, 60 s.

e Hot plate at 180°C for 5 min after each spin coating step.

Lithography and development

e Exposure of patterns with a PEC dose of 1050 uC/cm?.
e Development of PMMA for 45 s in a 1:1 MIBK:ISO solution, followed
by a rinse in isopropanol.

RF sputtering and lift-off

The deposition of amorphous BaTiOs (BTO) is carried out in a custom-assem-
bled RF magnetron sputtering tool at the institute of nanotechnology (INT),
KIT.

e The 50 nm — 200 nm thick amorphous BaTiOz slabs are deposited at
room-temperature using a stoichiometric BaTiOs disk with 2 inch diam-
eter. The deposition is carried out at a base pressure of 5x1078 mbar,
and the working pressure 2.5 x107> mbar is set to by controlling the flow
rate (30 sccm) of Ar gas. A low RF power of 30 W is applied to the target
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to keep the temperature of SOI chip below the glass transition tempera-
ture (110°C) of the PMMA mask to enable proper lift-off. To allow cool-
ing of the chip, the deposition is carried out in multiple cycles with a
2.5 min deposition time and a 10 min pause time for each cycle.

Lift-off of the PMMA layer in a beaker of n-methyl-2-pyrrolidone (NMP)
at 65°C in medium-power ultrasonic bath. Thereafter, the SOI chip is
subjected to the standard sample cleaning procedure at room temperature.
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E Glossary

E.1

16QAM
4QAM
64QAM
ADC
ASE

Au
AWG
AWGN
BB

Bd

BER
BOX
BPF
BTO
CC-SOH
CMOS
CMT
CPD
CPW

List of abbreviations

16-state quadrature amplitude modulation
4-state quadrature amplitude modulation
64-state quadrature amplitude modulation
Analog-to-digital converters

Amplified spontaneous emission

Gold

Arbitrary-waveform generator

Additive white Gaussian noise

Baseband

Baudrate

Bit error ratio

Buried silicon dioxide

Band-pass filter

Barium titanate, BaTiOs
Capacitively-coupled silicon-organic hybrid
Complementary metal-oxide semiconductor
Conformal mapping technique

Critical point dryer

Coplanar waveguide
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Glossary

Cr Chromium

Cw Continuous-wave

DI De-ionized

DSP Digital signal processing

e-beam Electron beam

ECL External-cavity laser

EDFA Erbium-doped fiber amplifier

EO Electro-optic

EVM Error vector magnitude

FEC Forward error correction

FEGC Fully etched grating coupler

FoM Figure-of-merit

FSPL Free-space path loss

FTTA Fiber-to-the-antenna

GC Grating coupler

GSG Ground-signal-ground

HD-FEC Hard-decision forward error correction
HF Hydrofluoric

HS-POH Horizontal-slot plasmonic-organic hybrid
HSQ Hydrogen silsesquioxane

ICP-RIE Inductively coupled plasma — reactive ion etching
IMT Institute of Microstructure Technology
InP Indium phosphide
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Glossary

loT

ISO
KIT
KNMF
LNA
LO
MHEMT
MIBK
MIM
MMI
MMIC
MPA
MZM
NMP
OoIT
OMA
OOK
Opt. Rx
Opt. Tx
PAM2
PAM4
PC

Internet of things

In-phase and quadrature-phase
Isopropanol

Karlsruhe Institute of Technology
Karlsruhe Nano Micro Facility
H-band low-noise amplifier

Local oscillator

metamorphic high-electron-mobility transistor
Methyl isobutyl ketone
Metal-insulator-metal

Multi-mode interference
Millimeter-wave monolithic integrated circuits
H-band medium-power amplifier
Mach-Zehnder modulator
N-methyl-2-pyrrolidone
Optical-to-terahertz

Optical modulation analyzer
On-off keying

Optical receiver

Optical transmitter

Pulse amplitude modulation
4-state pulse-amplitude modulation

Polarization controller
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Glossary

PEC
PEGC
PIC
PMMA
POH
PTFE
QAM
QPSK
RC-SOH
RF

RX
SD-FEC
SEM
SIWG
Si

SiP
SNR
SOH
SOl
SPP
T/O
TE
TEM
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Proximity effect correction
Partially etched grating couplers
Photonic integrated circuits
Poly-methyl methacrylate
Plasmonic-organic hybrid
Polytetrafluoroethylene
Quadrature amplitude modulation
Quadrature phase shift keying
Resistively-coupled silicon-organic hybrid
Radio frequency/microwave
Receiver

Soft-decision forward error correction
Scanning electron microscope
Silicon waveguide

Silicon

Silicon photonic

Signal-to-noise power ratio
Silicon-organic hybrid
Silicon-on-insulator

Surface plasmon polaritons
Terahertz-to-optical

Transverse electric

Transverse-electric



Glossary

THz Terahertz

Ti Titanium

™ Transverse magnetic

TMAH Tetra-methyl ammonium hydroxide
ToF Terahertz-over fiber

TRX Transceiver

TX Transmitter

UTC-PD Uni-travelling-carrier photodiode
VNA Vector network analyzer

VOA Variable optical attenuator
VS-POH Vertical-slot plasmonic-organic hybrid

E.2 List of mathematical symbols

Greek symbols

o Amplitude loss parameter

i Propagation constant

y Complex propagation constant

r Field interaction factor

o Impulse function

&0 Vacuum permittivity

& Relative dielectric permittivity

Eri Relative dielectric permittivity tensor
Ag, Change of the relative permittivity

n Phase modulation index
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Glossary

A Wavelength

Ho Vacuum permeability

P Reflection coefficient

@ Phase shift of a signal

Do Bias phase

;_((”) Influence function of order n
Z(“) Electric susceptibility of order n
0] Angular frequency

Latin symbols

a Attenuation in dB

Aot Cross-sectional area of the slot waveguide
b, Complex symbol for data transmission
by | Real part of a symbol

by g Complex part of a symbol

B Signal bandwidth

C,Co Vacuum speed of light

C' Differential capacitance

d Distance between the plasmonic rails
E Electrical field vector

£ Transversal electric mode field

f Frequency

G’ Differential conductance

h Height

i(t) Time dependent current

H Transversal magnetic mode field

I Optical intensity
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Glossary

At

o,m

n" Bessel function of the first kind
Vacuum wavenumber

Complete elliptical integral of the first kind
Length

Differential inductance

EO frequency response

Real part of the refractive index

Imaginary part of the refractive index
Effective refractive index

Group refractive index

Doping concentration of donor ions
Change in the real part of the refractive index
Power spectral density of amplified spontaneous emission
Power

Electric polarization

Dielectric fill factor

Plasmonic rail width

Electro-optic coefficient

Symbol rate

Sideband-to-carrier power ratio

Two-port scattering parameters

Electro-optic coefficient, the indices i,j,k denote the Cartesian
components

Differential resistance
Time

Temporal walk-off between optical and modulating signal
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Glossary

160

Transfer function

Glass transition temperature
Time dependent voltage
Modulating/driving voltage
Poling voltage

n-voltage

Group velocity

Width

Characteristic impedance

Impedance of free space
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