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ABSTRACT

Driven by the ever-increasing demands of video streaming, social media,
and cloud computing, the traffic inside data centers has exploded, reaching
10 ZB in 2019. To cope with the increasing traffic, optical communication,
which was previously only used for long-distance communication, has
made its way inside data centers. The development of high-speed optical
transceivers based on silicon photonic integrated circuit (PIC) technology
has allowed optical fibers to replace electrical wires for communication
down to the rack-level (distances >1 m). By leveraging the existing comple-
mentary metal-oxide-semiconductor (CMOS) technology, silicon photonics
is a highly integrated, cheap, and scalable platform for optical transceivers.
However, the intrinsic performance of silicon PICs is limited and the scaling
of transceiver data rates has had to rely on costly and complex multiplexing
schemes.

The current limitation of silicon photonic bandwidth lies with the electro-
optic modulator (EOM). The low efficiency of electro-optic effects in silicon
fundamentally limits the achievable performance. To overcome this limi-
tation alternative concepts for EOMs are being explored. One of the most
promising approaches takes inspiration from long-distance optical commu-
nications where modulators exploit a different physical effect, the Pockels
effect. To bring this effect to silicon PICs, combining the best of both worlds,
requires heterogeneous integration of new materials. While many material
systems have been, and are being, investigated, a viable technology to bring
Pockels modulators to silicon photonics does not exist.

In this thesis, integration of Pockels modulators based on barium titanate
(BaTiO;, BTO) with silicon photonics was developed. To this end, three main
challenges of integrated BTO-based devices were addressed: i) propagation
losses, ii) proof of Pockels effect in BTO-on-Si, and iii) monolithic integration
with silicon PICs.

Prior work on BTO-5i modulators has reported unexpectedly large prop-
agation losses. In this thesis the origin of these losses was investigated,
and found to be chemical reactions within the materials during device
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fabrication. Based on this new insight, an adjusted fabrication process was
used to produce BTO-on-Si waveguides with low propagation losses.

Based on the process for low-loss waveguides and with integration aspects
in mind, a new waveguide cross-section was developed and used to probe
the electro-optic (EO) properties of the BTO thin films. For the first time
unambiguous proof of the Pockels effect in BTO-on-5i devices was shown
in the form of an anisotropic EO response, a large EO bandwidth of 30 GHz,
and a hysteresis of the EO response caused by ferroelectric switching in
BTO. The measured Pockels coefficients are close to those of bulk BTO,
and the r4 coefficient of 923 pm/V (A = 1.55 pm) is the largest in-device
coefficient reported for any material.

Having established the fundamental aspects of BTO as a material in BTO-
Si waveguides, a scheme for integration with advanced silicon PICs was
demonstrated: BTO modulators were fabricated in the back-end-of-line
(BEOL) of PIC wafers through molecular wafer bonding. The integrated
BTO modulators showed excellent performance metrics, and represent a
milestone in PIC-compatible integration of Pockels modulators.

Since BTO-on-Si technology brings fundamentally new properties to silicon
photonics, the platform was also explored beyond conventional EOMs.
First, plasmonic BTO modulators were investigated. A novel fabrication
process was developed to fabricate nano-scale plasmonic BTO modulators.
Excellent thermal stability of the devices was shown, and their high-speed
performance was demonstrated by data transmission experiments of 72
and 116 Gbps. Second, the potential for BTO to impact cryogenic PICs was
explored. For the first time, the structural and EO properties of BTO-on-Si
were measured at cryogenic temperatures. Crystalline phase transitions in
the BTO were found to differ from those of bulk BTO crystals. The presence
of a strong Pockels effect at 4 K was demonstrated, and the potential for
real applications was shown with 4-K data transmission at a record rate of
20 Gbps.

The technology developed in this thesis provides a viable path for large-
scale integration of high-performance Pockels modulators with advanced
silicon PICs. Along the way, fundamental aspects of BTO-on-5i thin films
have been explored leading to new understanding of the material. The
demonstration of efficient EO modulators for cryogenic photonics removes
the largest remaining roadblock towards the development of optical quan-
tum technologies.
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ZUSAMMENFASSUNG

Bedingt durch die rasant wachsende Nachfrage nach Videostreaming, so-
zialen Medien, und Cloud-Computing Diensten ist die Menge des Da-
tenverkehrs innerhalb von Grossrechenzentrum explodiert. Im Jahr 2019
wurden mehr als 10 Zetabytes an Daten innerhalb solcher Rechenzen-
tren versandt. Um diesen steigenden Datenverkehr zu bewiltigen wird
heutzutage eine optische Kommunikationstechnologie innerhalb von Re-
chenzentren verwendet, welche urspriinglich fiir die Kommunikation tiber
grosse Distanzen entwickelt wurde. Durch die Entwicklung von optischen
Hochgeschwindigkeitstransceivern auf einer Silizium-basierten integrierten
optischen Technologie (Photonic Integrated Circuit, PIC) konnten fiir die
Kommunikation zwischen verschiedenen Racks innerhalb eines Servers
(Distanzen >1 m) elektrische Kabel durch Glasfasern ersetzt werden. Durch
die Nutzung etablierter CMOS-Technologie (Complementary Metal Oxide
Semiconductor) ist Siliziumphotonik (silicon photonics) eine integrierte,
kostengtinstige und skalierbare Plattform fiir optische Transceiver. Die
intrinsische Leistung von optischen Schaltkreisen aus Silizium und die
Skalierung der Datenraten von Transceivern sind jedoch auf kostspielige
und komplexe Multiplexverfahren angewiesen.

Heutzutage begrenzen elektrooptische Modulatoren (EOM) die Bandbreite
der Siliziumphotonik. Dabei beschrédnkt die geringe Effizienz der in Silizi-
um verfiigbaren elektrooptischen Effekte die maximal erzielbare Leistung
der Modulatoren. Um diese Einschrankung zu {iberwinden werden alter-
native Konzepte fiir elektrooptische Modulatoren untersucht. Einer der
vielversprechendsten Ansétze ist von der optischen Technologie inspiriert,
die zur Uberbriickung grosser Entfernungen verwendet wird, und die auf
Modulatoren setzt, welche auf einem anderen physikalischen Effekt, dem
sogenannten Pockels-Effekt, beruhen. Um diesen Effekt in einer Silizium-
basierten Plattform zu verwenden und somit das Beste aus beiden Welten
zu kombinieren ist eine heterogene Integration neuer Materialien notig.
Obwohl viele Materialsysteme sowohl in der Vergangenheit untersucht
wurden als auch gegenwirtig untersucht werden, existiert heute keine prak-
tikable Technologie, um Pockels-Modulatoren in einer Siliziumphotonik
Plattform zu realisieren.



In dieser Arbeit wurde die Integration von auf Bariumtitanat (BaTiO3, BTO)
basierenden Pockels-Modulatoren in eine Siliziumphotonik Plattform ent-
wickelt. Zu diesem Zweck wurden drei grosse Herausforderungen fiir
integrierte, BTO-basierte, optische Bauteile gelost: i) Die Reduktion opti-
scher Verluste in Wellenleitern, ii) der Nachweis des Pockels-Effekts in, auf
Silizium integrierten, BTO-basierten Wellenleitern und iii) die monolithische
Integration mit Silizium-PIC.

In vorangehenden wissenschaftlichen Arbeiten an BTO-basierten Modulato-
ren, die auf eine Silizium Plattform integriert wurden, wurden unerwartet
hohe optische Verluste berichtet. In dieser Doktorarbeit wurde der Ursprung
dieser Verluste als eine chemische Reaktion innerhalb der Materialien wah-
rend der Herstellung der Bauteile identifiziert. Diese neuen Erkenntnisse
erlauben eine Anpassung des Fertigungsverfahrens, das zu BTO-basierten
Wellenleitern integriert auf Silizium Substraten mit geringen optischen
Verlusten fiihrt.

Basierend auf diesem Verfahren fiir Wellenleiter mit geringen optischen
Verlusten und unter Berticksichtigung von Integrationsaspekten wurde ein
neuer Wellenleiterquerschnitt entwickelt um die elektrooptischen Eigen-
schaften von BTO Diinnschichten zu untersuchen. Zum ersten Mal wurde
ein eindeutiger Beweis des Pockels-Effekts in BTO-basierten, optischen
Bauteilen in Form eines anisotropen elektrooptischen Effekts, einer grossen
elektrooptischen Bandbreite von 30 GHz und einer Hysterese des elektroop-
tischen Effekts, bedingt durch das Umklappen ferroelektrischer Doménen in
BTO, gezeigt. Die gemessenen Pockels-Koeffizenten in BTO Diinnschichten
sind vergleichbar zu denen im BTO Volumenkristall. Bemerkenswert ist der
Wert des r4 Koeffizienten von 923 pm/V (A = 1,55 pm), der den grossten,
jemals in einem elektrooptischen Bauteil gemessenen Pockels-Koeffizenten
darstellt.

Nach der Untersuchung grundlegender Aspekte von BTO als Material in
hybriden BTO-Silizium Wellenleitern wurde ein Verfahren fiir die Inte-
gration von BTO auf Silizium-basierter integrierter optischer Schaltkreise
(PIC) entwickelt: BTO-basierte Modulatoren wurden wéhrend der soge-
nannten «Back-End-of-Line» (BEOL) Fertigungsphase von PIC-Substraten
unter Ausnutzung molekularer Waferbonding-Technologie hergestellt. Die
integrierten, BTO-basierten Modulatoren zeigen hervorragende Leistungs-
kennzahlen und sind ein Meilenstein bei der PIC-kompatiblen Integration
von Pockels-Modulatoren.
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Die BTO-basierte, optische Technologie erweitert die Siliziumphotonik
mit grundlegenden und neuen physikalischen Eigenschaften. Aus diesem
Grund wurde die Plattform fiir neue Anwendungen und Bauteile iiber
herkémmliche elektrooptische Modulatoren hinaus untersucht. Zunachst
wurden plasmonische BTO-Modulatoren untersucht. Zum einen wurde
dazu ein neuartiger Herstellungsprozess entwickelt um plasmonische, BTO-
basierte Modulatoren mit Abmessungen im Nanometerbereich herzustellen.
Die plasmonischen Modulatoren zeigen eine exzellente thermische Stabi-
litdt und ein hervorragendes Verhalten bei der Ubertragung von Daten
mit extrem hohen Datenraten von 72 und 116 Gbps. Zum anderen wurde
das Potenzial der BTO-Technologie fiir kryogene optische Anwendungen
untersucht. Zum ersten Mal iiberhaupt wurden die strukturellen und elek-
trooptischen Eigenschaften von auf Silizium integrierte BTO Diinnschichten
bei Tieftemperaturen untersucht. Die Resultate zeigen Unterschiede bei
den kristallinen Phaseniibergdngen zwischen Diinnschichten und Volu-
menkristallen. Die Existenz eines grossen Pockels-Effekts bei 4 K und die
Moglichkeit, diesen Effekt fiir praktische Anwendungen auszunutzen, wur-
den ebenfalls nachgewiesen. Insbesondere wurden die kryogenen Bauteile
fiir eine Dateniibertragung mit einer Rate 20 Gbps bei 4 K verwendet, was
einen neuen Rekord in diesem Temperaturbereich darstellt.

Die in dieser Arbeit entwickelte BTO-Technologie bietet einen Weg fiir die
Integration von Hochleistungs-Pockels-Modulatoren auf Silizium-basierten,
integrierten optischen Schaltkreisen. Um dieses Ziel zu erreichen wurden
grundlegende Aspekte von auf Silizium integrierten BTO Diinnschichten
erforscht und ein neues Verstdndnis der optischen und elektrooptischen
Eigenschaften des Materialsystems erlangt. Die Demonstration effizienter
elektrooptischer Modulatoren fiir kryogene optische Anwendungen be-
seitigt eine der grossten Hiirden fiir die Entwicklung einer integrierten,
optischen Quantentechnologie.
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INTRODUCTION

1.1 MOTIVATION

We are living in the zettabyte (ZB) era. Driven by the rise of cloud com-
puting, hyperscale data centers have grown to dominate global data traffic.
By the year 2021, global data center traffic is predicted to reach more than
20 ZB annually, up from 6.8 ZB in 2016 [1]. The majority of this traffic
(~15 ZB) occurs within data centers. As a consequence of this enormous
amount of data moving within data centers, new technologies have emerged
to handle the increased traffic. The development of novel optical transceiver
(transmitter-receiver) technology has allowed optical communication to
replace electrical communication down very short distances (<1 m). In
order to make the transceiver smaller and cheaper, the industry has turned
to the most advanced large-scale technology platform available: silicon. By
leveraging the maturity of silicon CMOS technology, optical transceivers
have been miniaturized and made cheap and efficient. However, as the
bandwidth requirements continue to grow, further innovation of the silicon
photonics platform is needed.

An optical transceiver consists of many components, but perhaps the most
crucial ones are the light source, the EOM, and the photo detector (Fig-
ure 1.1). The light source in Si photonics is a continuous wave laser, which
provides the optical carrier for the link. The EOM takes an electrical input
signal and encodes it on the optical carrier. At the receiver the optical signal
is converted back to the electrical domain by a photo detector. Out of these
three components, the one which is currently limiting the bandwidth of
silicon photonic transceivers is the modulator. For this reason, the improve-
ment of silicon EOMs is pursued by many research groups and companies
around the world.



2 INTRODUCTION
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FIGURE 1.1: (a) Photo showing server racks in a data center for high performance
computing (credit IBM Research). (b) Schematic drawing of a typical data center
architecture showing the connections from server racks through the interconnect
levels to the internet. (b) Schematic illustrations of the a server rack down to the
electro-optic transceivers.

1.2 GENERAL BACKGROUND

In the following sections silicon photonics will be introduced in more detail,
followed by a discussion on the state-of-the-art of silicon modulators and
their limitations. Finally a way to overcome the limitations of the current
technology by integration of Pockels modulators will be discussed.

1.2.1  Silicon photonics transceivers

Silicon as a platform for PICs was proposed as a concept more than three
decades ago [2, 3], but it is only recently that the technology has become
mature enough for large scale commercialization. The main application of
silicon photonics is in high-speed optical transceivers (Figure 1.2), where



1.2 GENERAL BACKGROUND

/ (a) (b) (c)

FIGURE 1.2: Silicon photonics in optical transceivers. (a) A pluggable optical
transceiver module used in data centers. (b) Silicon photonic chip performing
the main functions of the transceiver (credit IBM Research). (c) Cross-section of
silicon photonics chip showing multiple metal levels and silicon waveguides in
the front-end-of-line (FEOL) (credit IBM Research).

it is becoming the leading technology for intra-data center interconnects.
Perhaps the main advantage of silicon-based transceivers over other tech-
nologies, such as InP, is the possibility to leverage existing technology
infrastructure in the CMOS industry, which enables low cost, high yield,
and large volume production. Silicon photonics offers most of the required
components of an optical link, such as modulators, detectors, and wave-
length filters, highly integrated on a single chip. The only component that
needs to be heterogeneously integrated or co-packaged is the light source.
Silicon photonics also enables the miniaturization of optical waveguides
(Figure 1.2). Because of the large refractive index contrast between the
silicon waveguide core and the silicon oxide cladding surrounding the
waveguides fabricated from silicon-on-insulator (SOI) wafers, silicon pho-
tonics can be made extremely compact. Silicon waveguides typically have
a cross-section of ~0.1 um?, two orders of magnitude smaller than the
cross-section of an optical fiber of ~25 pm?.

The data rate of a transceiver is specified as the net rate of the bits leaving
or arriving through the optical fiber(s). This data rate can be distributed
across several lanes in the form of multiple fibers (space division multiplex-
ing (SDM)), multiple wavelengths in a single fiber (wavelength division
multiplexing (WDM)), or even two polarizations at the same wavelength
in a single fiber (polarization division multiplexing (PDM)). On each lane
data is transmitted or received at a lower bit rate, the sum of which is
the transceiver bit rate. It is also common to use higher-order modulation
formats to transmit more than one bit at each symbol, or pulse, leading to a
higher bit rate than symbol rate (Baud, Bd).
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While state-of-the-art silicon photonic transceivers are capable of transmis-
sion of data at rates up to 400 Gbps, the symbol rate is limited to 50 GBd
because of the limited bandwidth of silicon EOMs (Figure 1.3). Instead,
the high data rate is achieved through the use of WDM and the use of
higher order modulation formats. WDM utilizes multiple wavelengths in
parallel to increase the data rate transmitted through a single fiber. Higher
modulation formats such as pulse-amplitude modulation (PAM) increase
the data rate by encoding multiple bits per symbol (Figure 1.4a), this is
achieved by using more than two pulse levels. The number of bits that are
encoded per symbol, #;, is determined by number of pulse levels, n:

#its = logy (1) (1.1)

As an example, the commonly used format PAMy uses four amplitude
levels to transmit 2 bits per symbol.

The measures required to scale the transceiver data rate (Figure 1.3) sig-
nificantly increases the complexity, power consumption and cost of of
transceivers. Using higher symbol rates and a simple on-off keying (OOK)
modulation format, where only one bit is transmitted per symbol (Fig-
ure 1.4a), would result in more power efficient transceivers. A higher sym-
bol rate would also simplify the transition to future transceiver standards
with even higher data rates (800 Gbps followed by 1.6 Tbps).

Beyond data center interconnects, silicon photonics is also being pursued
for coherent optical transceivers. The use of coherent detection allows for
high-data rate transmission also over larger distances (>2 km) by enabling
the use of more complex modulation formats where information is encoded
in both phase and amplitude, such as quadrature amplitude modulation
(QAM) (Figure 1.4b) where both multiple amplitude and phase levels
are used to increase the bit rate. For such transceivers, linear modulation
of the phase with the applied voltage to the modulator is critical and it
is desirable to have modulators capable of modulating the phase only.
Silicon modulators have non-ideal linearity and pure phase modulation is
impossible. Therefore additional digital signal processing (DSP) is required
to compensate for the modulator limitations, which increases the power
consumption of the transceiver. The limitations of silicon modulators are
intrinsic to the operating mechanism of the devices.
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FIGURE 1.3: Evolution of transceiver data rate and silicon modulator bandwidth
over time [4-26]. The modulator bandwidth has increased linearly over time,
whereas the transceiver data rate is growing exponentially.

1.2.2  Silicon electro-optic modulators

To make an EOM, one needs a mechanism to tune the optical transmission,
the complex refractive index, of a waveguide by application of an electrical
signal. In silicon, modulation of the refractive index achieved through
free-carrier modulation, also called the plasma dispersion effect [27]. To
efficiently exploit this effect in a waveguide, a pn-junction is formed in
the waveguide by doping implantation (Figure 1.5a). When applying a
voltage across the junction, the carrier concentration changes resulting
in a modulation of the refractive index. Modulating the refractive index
in a section of waveguide can be used to induce a phase shift of the
transmitted light. Because the index change arises from a change in free-
carrier concentration, not only the real part but also the imaginary part
of the refractive index changes. This is an undesired side-effect causing
simultaneous modulation of both phase and amplitude. To be able to use
a phase shifter for intensity modulation, it is embedded in Mach-Zehnder
interferometer (Mach-Zehnder interferometer (MZI), Figure 1.5b). Incoming
laser light is split equally in two paths (arms), and then recombined at
the output. By modulating the phase in one arm of the MZI, the output
intensity is modulated through constructive or destructive interference
when the light is recombined at the output.

To fully switch between “on” and “off” states, a phase shift of m needs
to be induced between the two arms of the MZI. The voltage needed for
a 7 phase shift, Vy, is the basis for one of the most important figures of
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FIGURE 1.4: (a) Symbol patterns for data transmission using different modulation
formats. OOK modulation (top) sends one bit per symbol whereas PAM4 (middle)
uses four amplitude levels to transmit 2 bits per symbol resulting in a doubling of
the data rate at the same symbol rate. 4QAM (bottom) encodes data in the phase
information. (b) Constellation diagrams of OOK, PAM4 and 4QAM showing
the distribution of the symbols (poles) in the complex plane. The number of
poles determines the number of bits that are transmitted per symbol (eq. 1.1).
In formats using amplitude modulation (OOK and PAM) all poles are on the
intensity, I, axis, whereas for QAM the poles are distributed in the IQ plane.

merit to compare electro-optic modulators: the voltage-length product, VL.
VL is the product of Vr and the phase shifter length, L, most often given
in units of V-cm. In silicon EOMs optimized for high bandwidth, VL is
typically around 2-3 V-cm [15, 28, 29]. Since driving voltages are limited
to a few volts, the phase shifter in a silicon modulator needs to be several
millimeters long. The size of the modulator does not only have an impact on
the footprint, which is one important aspect, but also has large implications
for high-speed operation.

The modulating radio frequency (RF) signal is transmitted through the elec-
trodes and then terminated over a resistor matched to the driver impedance.
Because the signal travels through the electrodes, the propagation constant
of the RF mode must be matched to that of the optical mode. This requires
careful engineering to achieve dispersion-free matching in order to reach a
high electro-optic bandwidth. The impact of any mismatch increases with
the length of the modulator. It has been possible to achieve a bandwidth
of 40 GHz [15] by optimizing every aspect of the device design. It has
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FIGURE 1.5: Operation principle of a silicon electro-optic modulator. (a) The basic
structure of a phase shifter based on the plasma-dispersion effect. The guided
optical mode is shown schematically in the waveguide core. By applying a voltage
across the pn-junction, the refractive index changes resulting in a phase shift of
the propagating optical mode. (b) A phase shifter embedded in a Mach-Zehnder
interferometer. Modulation of the phase in one arm of the interferometer results
in intensity modulation at the output.

been extended further to 50 GHz only though extraordinary measures such
as substrate under-etching of the device [20]. The use of hybrid devices
combing silicon with III-V materials has also been investigated in order
to make more efficient plasma-dispersion modulators resulting in highly
efficient modulators, but with a bandwidth limited to a few GHz [30, 31].

It therefore seems that silicon EOMs based on the plasma-dispersion effect
are approaching the ultimate limit in terms of bandwidth, which means
that also the limit in symbol rate of silicon photonic transceivers. To keep
increasing the bandwidth, new types of EOMs need to be implemented in
the silicon photonics platform, based on a different modulation mechanism.
The answer to what physical effect can be exploited can perhaps be found
by looking at the most mature optical communication technology: long-haul
telecommunications.

1.2.3 Pockels modulators

The EOMs used in long-distance optical (telecom) links are made from
lithium niobate (LiNbO;, LN) and are operating based on the Pockels effect.
The Pockels effect is a second-order (X(z)) nonlinear effect which describes
a linear change in the refractive index induced by the presence of a quasi-
static (low frequency compared to optical frequencies) electric field. The
magnitude of the induced refractive index change is determined by the
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Pockels coefficients of the material. In reduced notation the refractive index
changes according to:

A(1/n?) i T2 13

A(1/n?%), 12 15/

AU/n)a | _ [ 2 3 Ex (1.2)
A(1/n?), ra1 Tap T4z Ey
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where 7 is the real-part of the refractive index, E is the applied electric
field, and r;; are the Pockels coefficients. Which Pockels coefficients are
non-zero is a consequence of the structural symmetry of the material, and
the magnitude of those coefficients is material-dependent. In the case of a
centrosymmetric material (such as silicon), all coefficients are zero, meaning
such materials do not posses any second-order nonlinearity. A key aspect of
the Pockels effect is the fact that only the real-part of the refractive index is
affected, making it possible to modulate phase without changing absorption,
something which is impossible in plasma-dispersion modulators.

The efficiency of a Pockels modulator is determined by the change of the
effective index of the optical mode which is dependent on several factors,
one of which is the magnitude of the Pockels coefficients. The Pockels
coefficients determine the change of the refractive index of the material, but
the tensorial nature means that the index change perceived by the optical
mode is dependent on the crystal orientation, the propagation direction and
the orientation of both the optical and static electric fields. These geometric
factors are often combined and expressed as an effective Pockels coefficient,
7etf, which is valid for a specific configuration. The change in the effective
index of the optical mode is proportional to the change of the material
refractive index, Any,, and the fraction of the optical power that is confined
in the material (the optical overlap, I'n):

Anggg < Aty X Ty (1.3)

All of these factors, combined with the electrode geometry, determines
the VL of a Pockels modulator. This value also depends on the operating
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wavelength, as the magnitude of the Pockels coefficients is wavelength
dependent. EOMs typically operate at wavelengths in the range from 1250
to 1625 nm. For this reason any values of Pockels coefficients discussed
here are for this wavelength window.

In the case of lithium niobate (LN) modulators, the waveguides are formed
with a small index contrast in bulk crystals, and the Pockels coefficients
are relatively small (~30 pm/V) which means that the phase shifters need
to be ~5 cm long [32]. Because of the long phase sections, traveling wave
electrodes are a necessity to increase the RF bandwidth, with typical band-
widths being ~35 GHz. Despite the limited bandwidth (and with it symbol
rate), LN modulators can be used to transmit more than 200 Gbps on a
single carrier. This is largely thanks to the pure phase modulation and
linearity of the modulation which enables the encoding of information in
both amplitude and phase to send multiple bits per symbol in coherent
transmission systems.

If Pockels modulators could be made more efficient to reduce the size and
enable higher bandwidths their potential in a silicon photonics platform
is immense. However, as the Pockels effect is not present in silicon due it
to having a centrosymmetric structure, heterogeneous integration of new
materials is needed to bring Pockels modulators to the silicon platform.

1.2.4 Pockels materials

There are many aspects to consider when looking to integrate a material
with the Pockels effect in a silicon platform. The first question is which
material is the best candidate. To make efficient modulators, the material
should have a large Pockels coefficient, but that alone is not sufficient. The
material should be transparent in the optical communication wavelength
window (1250-1625 nm) to avoid absorption losses. It should be scalable to
large substrates to benefit from advanced silicon process technology, and it
should be compatible with standard processing and packaging technologies
to not degrade during fabrication. There are many materials which exhibit
the Pockels effect, but the values of the coefficients of span several orders
of magnitude. Figure 1.6 provides an overview of the Pockels coefficients
of the most technologically relevant Pockels materials. While LN has been
used with great success for bulk modulators, the relatively low Pockels
coefficient makes it difficult to scale the device footprint. Additionally, LN
wafer diameters are limited to 6” or smaller, while silicon photonic plat-
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FIGURE 1.6: Comparison of Pockels coefficient in some technologically relevant
materials. The numbers correspond to the largest values reported for thin film or
bulk material at wavelengths between 1 and 1.5 um. [33, 34, 37-43]

forms are generally produced on 200 or 300 mm substrates. An interesting
alternative to LN are electro-optic organic materials, where Pockels coef-
ficients of almost 400 pm/V have been reported [33]. However, the active
material is absorbing which leads to increases losses. Organic materials also
suffer from poor thermal stability and photo-chemical degradation, which
creates additional hurdles for fabrication and packaging. It is worth noting
that the Pockels effect is present in compound semiconductors such as
GaAs, but with a very small magnitude (~1 pm/V). There have also been
reports of strain-induced Pockels effect in silicon with a small magnitude
(2 pm/V) [34, 35], however the true origin of the observed Pockels effect has
been questioned [36]. A class of materials which offer chemical and thermal
stability as well as large Pockels coefficient are ferroelectric perovskites
such as Pb(Zr,Tij_,)O3 (PZT), KNbO;, (Ba, Sr)TiO; (BSTO), and BaTiO;
(BTO) [37]. Among the perovskites, PZT, BSTO, and KNbO; show relatively
large Pockels coefficients (200-400 pm/V) compared to LN, but are dwarfed
by the Pockels coefficients of barium titanate (BTO), which are as high as
1000 pm/V [38]. As will be discussed below, BTO is an excellent candidate
for Pockels modulators, also from an integration and scaling perspective.

1.2.5 Barium titanate

BTO is a well-studied ferro- and piezoelectric material, but has only recently
been explored for integrated electro-optic applications. Bulk BTO has one
of the largest known Pockels coefficients, but that is not the only property
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which makes it suitable for use in EOMs. Another highly attractive aspect
of BTO is that it high quality crystalline thin films can be deposited by
epitaxy on silicon substrates [44] (a more detailed discussion can be found
in Chapter 2). This enables the use of low-cost, large-diameter silicon
substrates, a key aspect for a competitive scalable technology. However, the
first demonstrations of BTO-based EOMs did not use silicon substrates, but
was based on BTO epitaxially deposited on MgO substrates [45, 46]. More
recently, there have been reports of devices based on BTO deposited on
silicon substrates [47—49]. In both cases, the BTO waveguides have not been
formed by patterning the BTO itself, as this is a challenging task, and can
cause damage to the material. Instead, the devices are based on alternative
waveguide geometries.

The BTO-MgO devices are based on a strip-loaded waveguide geometry,
where the optical mode is guided by a strip of silicon nitride (SiN, SixNy)
fabricated on top of a blanket BTO layer (Figure 1.7a). Since the BTO has a
higher refractive index (n = 2.3) than MgO (n = 1.7), the optical mode is
vertically confined in the BTO layer. The SiN-strip on top of the BTO ensures
guiding of the mode also in the horizontal direction. The use of a relatively
thick BTO layer (500-600 nm) results in a large optical overlap, I'pto, of
~60 %. As discussed above, the optical overlap is critical, as the modulation
efficiency is directly proportional to I'grp. Lateral electrodes situated on top
of the BTO are used to apply an in-plane electric field for modulation of the
BTO refractive index through the Pockels effect. BTO-MgO is an attractive
research platform as the BTO deposition process is made simpler by having
a crystalline oxide substrate compared to deposition on silicon substrates.
However, MgO wafers are expensive compared to silicon, and are limited
to 2” diameter, which is why BTO-Si is required for large-scale integration
with silicon photonics.

Devices based on BTO-Si use a different waveguide geometry. First, the
BTO is deposited on an SOI substrate to ensure vertical confinement of the
optical mode. By the addition of a silicon strip on top, the BTO layer is sand-
wiched between the two silicon layers forming a slot-waveguide structure
(Figure 1.7b). The slot structure allows the formation of a waveguide with-
out the need for patterning the BTO. The combination of the slot-waveguide
structure and the use of thinner BTO layers (50-80 nm) results in a lower
optical overlap of ~20 % for the transverse electric (TE) mode [48, 49].

Using BTO-Si devices, electro-optic bandwidth in the GHz range as well
as low-power tuning have been demonstrated. However, the devices suffer
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FIGURE 1.7: Waveguide cross-sections of reported (a) BTO-MgO and (b) BTO-Si
devices. The fundamental waveguide TE mode is illustrated schematically in red.

from large propagation losses in the waveguides. The losses are >40 dB/cm,
which are significantly higher than the 1-3 dB/cm in state-of-the-art silicon
photonic platforms [50], and 4 dB/cm in BTO-MgO waveguides [45]. The
propagation losses need to be reduced for BTO-5i to become a useful
technology. Additionally, the reported Pockels coefficients range from 150-
250 pm/V [48, 49, 51], which is significantly lower than the 800 pm/V of
bulk BTO. There is also a lack of definite proof that the Pockels effect is
really the source of the phase shift in the devices. Some of the reported
results, such as hysteresis curves which do not match the expected behavior
of a ferroelectric material like BTO [49], are inconsistent with the Pockels
effect, and critical properties of the Pockels effect remain to be demonstrated
(see Chapter 4 for further discussion). There is therefore a need to resolve
these challenges of BTO-Si devices in order to make it a viable technology
for EOMs in silicon photonic transceivers.

1.2.6  Monolithic integration

In addition to the challenges on the material level, the large-scale inte-
gration of BTO with silicon photonics has yet to be addressed. BTO can
be deposited on silicon substrates, which allows for cheap, large diameter
wafers. However, it does not necessarily provide a direct path for integration
with silicon photonics on the same substrate — monolithic integration. To
combine BTO modulators with standard silicon photonic devices, the BTO
needs to be integrated after the fabrication of silicon waveguides, photo
detectors, and other FEOL components. At that stage, the crystalline silicon
substrate has been processed and cladded with an inter layer dielectric
(ILD). This means that there is no planar silicon substrate available for epi-
taxial growth. Even if direct growth would have been possible, the typical
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deposition temperature of BTO is ~600°C, which is above the temperature
limit, or thermal budget, of a BEOL process. There is therefore a need to
find an alternative path to bring BTO into a silicon photonics platform
without compromising the PIC performance.

Recently, a similar challenge has been tackled in the field of CMOS electron-
ics. The integration of III-V materials, such as InGaAs, together with silicon
has the potential to enhance the performance of CMOS circuits, however
the thermal budgets in processing, as well as challenges in direct epitaxy of
InGaAs on silicon, pose a similar challenge to that of BTO integration. A
recently demonstrated solution uses molecular wafer bonding to transfer
an InGaAs thin film onto a pre-processed wafer with silicon transistors [52].
The wafer bonding process uses thin adhesion layers which fuse resulting

Adhesion layers

Transfer layer

Transfer layer

Wafer preparation Bonding step Donor removal

(@)

SOl substrate

Si photonics wafer

SOl substrate Si photonics wafer

BTO epitaxy Wafer bonding Donor removal
(b)
FIGURE 1.8: (a) Schematic of thin film transfer through direct wafer bonding. (b)

Schematic of how a BTO layer can be transferred to a silicon photonics wafer
through a low-temperature wafer bonding process.
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in a bonding of two wafers (Figure 1.8a). After the bonding, the donor wafer
can be removed by chemical and/or mechanical means to leave only a thin
layer transferred onto the acceptor wafer. Wafer bonding can be optimized
to allow for a low-temperature process, making it compatible with thermal
budget limitations in the case of a pre-processed acceptor wafer [53, 54].
Using such a process, BTO could be deposited on an unprocessed silicon
substrate and then integrated through wafer bonding on a pre-processed
silicon photonics wafer (Figure 1.8b). This integration approach will be
discussed in further detail in Chapter 5.

1.3 CHALLENGES AND GOALS

While BTO-on-Si technology holds great promise for use in silicon photonic
transceivers, there are significant challenges to overcome before it can be
considered a viable technology. On a fundamental level, first the issue of
propagation losses must be solved, and second, large Pockels coefficients
demonstrated. Without these aspects, BTO cannot compete with alternative
technologies. Resolving these issues to show that BTO can indeed deliver
the expected performance is the first goal of this thesis. Having overcome
the fundamental challenges of the material itself, the third aim is to prove
that BTO devices are compatible with silicon photonics, by demonstrating a
monolithically integrated BTO modulator on an advanced silicon platform.
The first part of the thesis tackles these three challenges in turn.

The second part of this thesis aims to demonstrate the potential of the
BTO platform to bring silicon photonics into entirely new territory, beyond
conventional devices and applications. While the discussion so far has been
focused on photonic EOMs for optical transceivers, the development of
a novel technology platform based on BTO has much more far reaching
implications. BTO brings fundamentally new properties and functions to
silicon photonics, which can be exploited for novel device architectures such
as plasmonic EOMs. It can also be used in entirely new applications, such
as cryogenic photonic, where BTO can provide the last missing component
for photonic quantum computers and quantum interconnects.

1.4 STRUCTURE OF THIS THESIS

After the introduction to the topic in this Chapter 1,
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Chapter 2, “Barium titanate”, provides an introduction to BTO from a
materials perspective. The deposition of the material and the associated
challenges are discussed in more detail, as are studies performed on blanket
BTO thin films using second harmonic generation.

In Chapter 3, “Optical losses in BTO-Si devices”, the issue of large propaga-
tion losses in previous work is tackled, and an explanation and solution to
the problem is presented.

In Chapter 4, “The Pockels effect in BTO-5i devices”, unambiguous proof
of Pockels effect in BTO-on-Si thin films and quantification of the Pockels
coefficients is discussed.

Chapter 5, “A monolithically integrated Pockels modulator”, reports the fab-
rication and demonstration of a BTO modulator monolithically integrated
on and advanced silicon photonics platform.

Chapter 6, “Plasmonic BTO modulators”, discusses the fabrication and
characterization of a new type of BTO plasmonic modulator for ultra-high
bandwidth data transmission.

In Chapter 7, “BTO for cryogenic photonic circuits”, the potential for BTO
to be used in cryogenic photonic circuits is investigated. Potential applica-
tions in quantum- and supercomputing are discussed, and the previously
unexplored low-temperature Pockels response are discussed.

Finally, in Chapter 8 a conclusion and outlook of the work is given, high-
lighting the main achievements and outlining some of the future challenges
on the topic.

Chapters 3-7 mainly discuss results which have been presented in var-
ious papers. The results are summarized in each chapter, and the full
manuscripts are included in Appendices A-E respectively.

Many of the results presented in this thesis are the outcome of scientific
collaborations. For transparency, the individual contributions are clarified
in the section "Contributions to this thesis".
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BARIUM TITANATE

2.1 FUNDAMENTALS OF BARIUM TITANATE

BTO is a well know ferroelectric material with a perovskite crystal structure.
The room temperature phase of BTO has a tetragonal unit cell (space group
P4mm). The lack of centrosymmetry arises from the displacement of the
titanium atom from the center of the unit cell due to a double-well energy
potential [55]. This displacement gives rise to a polarization of the unit cell,
which can be reversed by shifting the titanium atom to the opposite site in
the double-well potential. The displacement of the titanium atom is what
gives BTO its ferroelectric properties.

2.2 BATIO3 DEPOSITION

As described in Chapter 1, BTO can be epitaxially deposited on silicon
substrates. This offers a significant benefit in terms of scaling and integra-
tion, as the use of silicon substrates allows for deposition on large diameter
wafers, unlike many other Pockels materials. Epitaxy requires nucleation
from an atomically ordered surface, and the amorphization of the surface
of silicon in presence of oxygen is a challenge to grow oxide material on
such surfaces. Direct epitaxy of BTO on silicon is possible [44], but a more
stable process is available for epitaxy of SrTiO; (STO), due to the possibility
to create a monolayer of the compound S5rSi,. [56—58]. A thin layer of STO
can then be deposited without oxidation of the Si substrate (Figure 2.2a)
and used as a seed layer to enable growth of high-quality BTO. Epitaxial
deposition of STO on silicon requires highly controlled deposition under
ultra-high vacuum (UHYV). These requirements make molecular beam epi-
taxy (MBE) the most suitable deposition technique. MBE allows for highly
controlled deposition rates, enables deposition at low temperature and is
compatible with a wide pressure range from UHV to 10~ Torr of oxygen.
Recently, successful deposition of STO on silicon has been demonstrated
using pulsed laser deposition [59], but the same crystal quality as with
MBE [58, 60] has not yet been achieved.
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FiGure 2.1: RHEED diffractograms of epitaxial (a) STO and (b) BTO on Si sub-
strates. The low modulation of the crystal truncation rods (CTRs) indicate a
high-quality layer with low roughness [63].

The process for MBE of STO on Si starts with the deposition of 0.5 mono-
layers (MLs) of Sr on an oxide-free Si(100) substrate [61]. This step requires
that the native oxide present on all silicon substrates has first been removed.
Oxide removal can be performed either ex-situ, e.g. by selective etching
using HF, or in-situ using Sr-assisted oxide removal [62]. After deposition of
0.5 MLs Sr at a temperature of ~600-700°C, the substrate is cooled to 50°C
at which point the Sr layer is oxidized using molecular oxygen. Amorphous
STO is then deposited at the same temperature, under molecular oxygen
at a pressure of ~5 x 10~/ Torr. To crystallize the amorphous STO, the
substrate is heated to 400-500°C under UHV. In this thesis, 4-nm-thick STO
layers were used as seed-layers for BTO growth.

After deposition of STO, crystalline BTO is deposited in a growth process
at 500-600°Cand under atomic oxygen. A plasma source is used to generate
atomic oxygen at a pressure of ~5 x 10~® Torr. During the growth of both
STO and BTO, the crystallinity of the surface is monitored using RHEED.
The observed diffraction pattern clearly shows epitaxial growth of both
STO (Figure 2.1a) and BTO (Figure 2.1b).

During the BTO deposition the Si substrate is oxidized by oxygen diffusion
through the deposited BTO/STO layer, resulting in the formation of a 2-
5 nm SiO, layer at the interface between Si and STO (Figure 2.2b). The BTO
layer can be grown using various deposition methods, e.g. pulsed laser
deposition (PLD), chemical vapor deposition (CVD) [64, 65], but as is the
case for STO deposition, MBE has so far proven the best method to produce
the high-quality layers needed to reach large Pockels coefficients [66].
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FIGURE 2.2: Electron micrographs of STO and BTO deposited using the methods
described above. (a) Filtered HRSTEM image of the epitaxial Si/STO interface
along STO(oo1) direction. The MBE deposition results in an SiO,-free interface.
(b) Filtered HRSTEM image of BTO deposited on a STO-buffered Si substrate. A
thin SiO, layer is formed during BTO deposition.

Because of the lattice mismatch to the substrate of 4 % at room temperature,
in the first 20-30 nm the BTO lattice is oriented with the long c-axis of the
tetragonal unit cell out-of-plane (OOP). Beyond this critical thickness, the
crystal relaxes with the c-axis in-plane (IP) leaving the short g-axis in the
OOQP direction (Figure 2.3a) [67]. When the c-axis of BTO is oriented IP, it
breaks the 4-fold symmetry of the Si(100) substrate. This is mitigated by the
formation of crystalline domains with the c-axis in orthogonal directions
(Figure 2.3b) [51]. The microstructure of such domains and its impact on
ferroelectric poling will have significant implications on device performance
and needs to be understood to design efficient modulators.

The epitaxial relationship between the Si substrate and BTO can be observed
using XRD (Figure 2.4). If the BTO was not epitaxial other reflections than
hoo would be visible in the OOP 6 — 26 scan. Also the presence of c-axis
OOP and IP orientations appears as two convoluted peaks in the hoo
reflections. The convoluted peaks are the most distinguishable in the BTO
400 reflection, where a clear asymmetry is visible.

For oppositely polarized ferroelectric domains the nonlinear optical re-
sponse cancels, resulting in an effective Pockels coefficient of 0 [51]. To
avoid such a situation the BTO layer needs to be electrically poled. The
domain structure of the layer means that poling along the c-axis of one
orientation will not pole the orthogonally oriented ferroelectric domains
(Figure 2.5a). The most efficient way to pole all domains is to apply the
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FIGURE 2.3: Schematic illustration of domain structure in thin film BTO. (a) At the
epitaxial interface the BTO is oriented with the c-axis OOP. Once the thickness
exceeds 20-30 nm the c-axis relaxes to IP. (b) Because of the cubic substrate, the
IP c-axis domains will be oriented along orthogonal directions, resulting in a
microstructure with four possible ferroelectric polarization directions.

poling field 45° rotated from the c-axis orientations (Figure 2.5b). It is then
possible to exploit the Pockels response of all the ferroelectric domains in
the material. The IP domain structure and poling behavior are essential
aspects in order to design efficient EOMs. To ensure that the EOM exploits
the largest possible Pockels response, the ferroelectric domain structure and
poling thereof needs to be considered [69, 70].

Intensity (a.u.)
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20 30 40 50 60 70 80 9 100 110
26(%)

FIGURE 2.4: OOP XRD of BTO thin film. The lack of reflections besides hoo
is consistent with an epitaxial relationship to the substrate Si, confirmed by
azimuthal scans as well as by RHEED. The asymmetry of the BTO peaks show the
presence of c-axis OOP and IP orientations in the BTO layer. The peak at 26 ~33°
is the forbidden Si 200 reflection which appears due to multiple diffraction [68].
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FIGURE 2.5: Schematic of the resulting ferroelectric domain structure in BTO thin
film when poling (a) along one of the c-axis orientations (0°-direction) or (b) at
an angle between two orthogonal directions (45°-direction)

2.3 SECOND HARMONIC GENERATION IN BTO

To verify the micro-domain structure and the poling behavior of BTO we
performed SHG characterization of BTO thin films. Like the Pockels effect,
SHG depends on the x(?) susceptibility of BTO. SHG is the generation
of light with double the frequency of the incident light. The electric field
of the incident light, E(w), induces a polarization, P(2w), which acts as
a source of frequency doubled light with an intensity [(2w) « |P(2w)|?.
The induced polarization is determined by the x(?) tensor of the material
according to eq. 2.1 [71, 72].

P(2w) = eox P E(w)E(w) (2.1)

Because of permutation symmetry, the third-rank tensor x(® can be ex-
pressed as a reduced susceptibility tensor d;; [71], leading to eq. 2.2 to
express the SHG.

EX(W>2
Ey(w)z
din dip diz dig dis dis 5
E;(w)
PQw) =€ | dy dyp doz doa dos dos (2.2)
day do d e e dag) | 22V @E(@)
n dn i da dss dss) | e )

2Ey(w)Ey(w)
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In the case of BTO the P4mm symmetry results in a reduced susceptibility
tensor where only 5 non-zero elements remain, of which 3 are independent,
leading to an induced polarization:

Ey(w)?
E 2
0 0 0 0 djs O ;EZ;Z
P(Zw):f«’o 0 0 0 ds 0 0 oF (Z )E( ) =
d3; d3y diz 0 0 O yAw) =l
2Ey(w)E;(w)
2Ey(w)Ey(w)
d152Ex(w)EZ(w)
€0 d152E, (w)E: (w) (2:3)

d31Ex(w)? + d31 Ey(w)? + dsz Ez (w)?

where the z-direction is along the c-axis of the unit cell.

It is possible to study the SHG in ferroelectric thin films using various
methods such as scanning SHG microscopy, SHG interference contrast
imaging or near-field SHG microscopy [72]. These techniques allow for
the determination of several important material properties such as crystal
symmetry, Curie temperature, domain structure. We used a technique based
on SHG by high-intensity laser pulses [73] to probe the domain structure
and poling behavior of BTO thin films. In the experimental setup the pump
laser incidence angle is along the surface-normal of the BTO thin films
and the generated second harmonic signal is detected along the same
propagation direction (Figure 2.6). In the experiment a polarizer is used to
vary the incident polarization and an analyzer is used to select the detected
polarization.

The SHG contribution of BTO domains with the c-axis oriented OOP corre-
sponds to an incident polarization with E;(w) = 0 (eq. 2.4). The resulting
polarization lies in the plane of the BTO meaning no second harmonic can
be detected in the experiment.



2.3 SECOND HARMONIC GENERATION IN BTO

061
g ”{

Analyzer

\ap

-

sample Filter

Polarizer

FIGURE 2.6: Schematic drawing of the experimental setup for SHG measurements.
A pulsed laser at wavelength w is used to generate second harmonics, at wave-
length 2w, in the BTO sample. The polarization of the incident light is set using
a polarizer. After the sample, a filter is used to remove the pump frequency.
Before the detector, an analyzer is used to select the polarization component to
be measured. Not all optical elements in the optical path are shown.

0
P(2w) = € 0 (2.4)
d31Ex(w)? 4 d31 Ey(w)?

The SHG of BTO with the c-axis is oriented IP can be described by an
incident field with E,(w) = 0:

0
P<2w) = €0 d152Ey(w)Ez(w) (25)
d31 Ey(w)? + d33E; (w)?

The expression in eq. 2.5 describes the SHG from a single IP domain. It
accurately describes the case when the BTO is poled only in one direction
(0° poling, Figure 2.5a), as unpoled domains will have zero net-contribution.
When domains with orthogonal orientation are poled (45° poling, Fig-
ure 2.5b) the SHG contribution of both domain orientations (0° and 90°)
must be considered. The SHG of the 90° domains can be described by
introducing a rotation of the x(?) tensor in eq. 2.1. In a more intuitive way,
it can also be described by a rotation of the reference frame of incident
electric field:
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Ev(w) 0 Ex(w) Ex(w)
Ey(w)|[=]0 0 —1||Ey(w) ]| = |—E:(w) (2.6)
Ey(w) 01 0 E;(w) Ey(w)
resulting in a polarization:
0
P'(2w) = ¢ d152Ey (w)Ex (w) =
d31Ey (w0)? + d33 Bz (w)?
0
€ | —di52Ey(w)Ez(w) (2.7)
d31 Ez(w)* + da3 By (w)?

which is then then rotated back to the original frame of reference:

1 0 0
Ppw)=|0 0 1 |P(2w) (2.8)
0 -1 0

The contributions from 0°- and 90°-domains is then summed to the total
induced polarization (Psym (2w)):

Psum (2w) = Po(2w) + Pop(2w) (2.9)

In the experiment, the incident electric field is determined by the angle of
the polarizer (ap):

0
E(w) = | cos(ap) (2.10)
sin(ap)
The analyzer in the experiment is used to select the polarization of the

detected second harmonic (Pget). This corresponds to a projection of the
induced polarization onto a unit vector in the analyzer orientation (up):
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TABLE 2.1: Measurement configurations of polarizer (xp) and analyzer (x4 ) angles
used to characterize BTO thin films using SHG.

Measurement ap (°) ap (°)
Anisotropy (0°) 0to360 0 to 360
Anisotropy (90°) —90to 270 0 to 360

Polarizer (0°) 0 to 360 0
Polarizer (90°) 0 to 360 90
0
Psum(zw) = Psum(zw) cUAUp, UpA = COS(OCA) (2-11)
Sil’l((XA)

The measured intensity of the SHG is then:

I(Zw) & |Psum(2w)|2 (2.12)

In the experiment four different polarizer-analyzer configurations (Table 2.1)
were used to probe the SHG anisotropy.

For the experiments, a 50-nm-thick BTO layer was deposited on a STO-
buffered Si substrate. An intrinsic silicon substrate was used in order to
reduce the optical absorption of the second harmonic (A,,, = 650 nm) and
to enable the application of an electric field oriented in-plane across the
BTO. Pairs of metal electrodes were deposited on top of the BTO to allow
for ferroelectric poling as discussed above. An electric field of 5 MV/m was
applied for 10 minutes to pole the BTO before SHG measurements. Using
electrodes oriented along specific crystalline directions additionally allowed
us to verify the micro-domain structure and poling behavior illustrated in
Figures 2.3 and 2.5. We measured the SHG with poling electrodes rotated 0,
45, 90 and 135 degrees relative to the BTO<oo1> direction (Figure 2.7).

Because the generated second harmonic intensity depends on the excitation
volume, absorption coefficients, and phase matching as well as on Pgym (2w)
the experiment does not allow for determination of the absolute values of
the tensor elements. However, the relative magnitudes can be determined
and compared to literature values. To determine the relative tensor ele-
ments, we fitted the measured experimental data using an analytical model
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TaBLE 2.2: Comparison of d;; measured in BTO thin films to values for bulk BTO.
Ratios between the tensor elements are used for comparison since absolute values
can not be determined in the experiment. The uncertainty given is the standard
deviation of the ratios determined from different poling-directions.

Bulk [74]  thin film
di5/d3 1.08 1.37 £0.26
dzs/d3 043 0.414+0.12

based on egs. 2.5-2.12. We see that the experimental data can be accurately
reproduced using the tensorial model described above and taking into
account the two orthogonal domain orientations in BTO thin films. Based
on this result, we can assume the microstructure of BTO and the poling
behavior described in Figure 2.5. To analyze the fitted susceptibility tensor
we compare it to literature values for bulk BTO crystals [74]. Because ab-
solute values could not be determined, we compared the ratios between
the individual tensor elements. We found that the ratios are very similar to
those in bulk BTO (Table 2.2), an indication of the high structural quality of
the thin film BTO.

2.4 CONCLUSION

The fabrication of high structural quality BTO is crucial to make efficient
EOMs. To this end, MBE has been used to epitaxially deposit BTO on
silicon substrates. It is necessary to understand the domain and poling
behavior of thin film BTO in order to design efficient EOMs [70]. We
used SHG to experimentally characterize these aspects of BTO thin films,
providing valuable insight for device design. We verified that the BTO-on-5i
is polar, and has an IP-oriented orthogonal domain structure. To the best
of our knowledge, the experiment also constitutes the first demonstration
of SHG in BTO thin films deposited on silicon substrates. The expanded
understanding of the structural and ferroelectric behavior of BTO-on-5Si can
be used for designing efficient integrated devices.
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F1GUrE 2.7: SHG in BTO poled along (a) 0°, (b) 45°, (c) 90°, (d) 135° directions.
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OPTICAL LOSSES IN BTO-SI DEVICES

This chapter discusses the challenge of large optical losses in BTO devices,
detailing a thorough investigation into the origin of the losses, and provid-
ing a solution. The chapter constitutes a summary of the results published
in

Eltes, E, Caimi, D., Fallegger, F., Sousa, M., O’Connor, E., Rossell, M. D.,
Offrein, B., Fompeyrine, J. & Abel, S. Low-loss BaTiO;-Si waveguides for
nonlinear integrated photonics. ACS Photonics (2016).

The accepted version of the manuscript, containing all the technical details
of the study, can be found in Appendix A.

3.1 INTRODUCTION

As discussed in Chapter 1, large propagation losses have been one of the
main challenges in previous work on BTO-Si devices. In order to be com-
petitive with with silicon-based modulators, and to bring the full benefits
of Pockels modulators, the devices must provide propagation losses compa-
rable to passive silicon waveguides. The occurrence of large propagation
losses in BTO-based devices is unexpected, since bulk BTO is transparent
in the optical communication wavelength range (1250-1625 nm) [75]. Propa-
gation as low as 1 dB/cm have been reported in BTO-MgO devices [45, 76],
confirming that this holds also for thin film BTO. In BTO-Si devices, the re-
ported propagation losses have been in the range from 40 to >500 dB/cm [48,
49, 77]. In state-of-the-art silicon photonics platforms, propagation losses
are less than 1 dB/cm [50] in passive waveguides, and ~10-20 dB/cm in
silicon EOMs [4—24, 78]. Since propagation losses contribute directly to the
power consumption of optical interconnects, it is imperative to reduce the
loss as much as possible.

To investigate the cause of the large propagation losses in BTO-Si devices, we
used a simplified waveguide geometry (Figure 3.1a). By directly fabricating
5i0, strip-loaded waveguides using electron beam lithography;, it is possible
to probe the propagation losses of thin films without any influence from
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(a)

FIGURE 3.1: (a) Simplified SiO, waveguide used to probe losses in thin films with-
out any processing influence. (b) BTO-Si slot-waveguide cross-section reported

in [49].

the waveguide fabrication process. Using this technique, we measured the
propagation losses at each step in the fabrication process of the BTO-5i
waveguides reported in [49] (Figure 3.1b).

To extract the propagation loss we used the cut-back method where waveg-
uides of varying lengths are measured. The propagation loss is acquired by
fitting the transmitted power as a function of waveguide length.

3.2 ORIGIN OF THE LOSSES

There are three possible mechanisms that can cause propagation losses: (1)
absorption of light in a material, (2) scattering from roughness (at sidewalls,
interfaces, or material defects), and (3) optical leakage. Since scattering is
usually dominated by sidewall roughness from waveguide etching, using
the simplified waveguide describe above allows us to distinguish between
absorption and scattering. Optical leakage occurs when the waveguide does
not fully guide the optical mode and some of the optical power is lost to
the surrounding materials. This can be avoided by performing simulations
of the waveguide cross-section to ensure that the mode is guided.

To find the origin of the propagation losses we used the simplified waveg-
uide structure (Figure 3.1a) to measure losses at intermediate steps through
the fabrication process of BTO-Si waveguides. The process flow for waveg-
uide fabrication starts with BTO epitaxy on a SOI wafer, after which the BTO
layer and device silicon layer are transferred through wafer bonding onto a
SOI acceptor wafer. The wafer bonding contains several steps, starting with
deposition of Al,O; adhesion layers using atomic layer deposition (ALD).
After deposition of adhesion layers, the wafers are bonded with a thermal
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FIGURE 3.2: Schematics of waveguide cross sections and propagation losses at
different stages during the processing. The final waveguide geometry matches
that of previously reported BTO-Si devices [47—49].

annealing at 250°C to enhance the bonding energy. After the annealing step
the donor wafer is removed by a combination of mechanical lapping and
wet etching, leaving the top silicon and BTO layers on the acceptor wafer.
To form the final Si-BTO waveguide, the top silicon layer is etched using
inductively coupled plasma reactive ion etching (ICP-RIE).

We measured the propagation losses after BTO epitaxy, adhesion layer
deposition, and after wafer bonding to find at which point the large propa-
gation losses appear. To determine whether any losses we measured were
caused by the presence of BTO, or by the processing steps themselves, we
also characterized reference samples with no BTO present. As a reference
sample for the slot waveguide structure, BTO was replaced by a silicon
nitride layer with a refractive index similar to that of BTO.
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We found that the BTO has negligible propagation losses directly after
deposition (Figure 3.2a). Losses were induced when depositing the Al,O;
adhesion layers (Figure 3.2b) and in the wafer bonding step (Figure 3.2c).
That these losses are associated with the presence of BTO was confirmed by
comparing the losses to those of the reference waveguides (Figure 3.2e-f).
Together, these results show that the processing induces absorption in the
BTO or in the STO seed-layer.

The appearance of optical absorption indicates a chemical reaction takes
place in the BTO or STO layers. A possible reactant in this process flow is
hydrogen, which is released during decomposition of H,O in the Al,O3
deposition process [79], as well as in the bonding process where it is a
by-product of the bonding reaction [53, 80]. To investigate whether reaction
with hydrogen can cause optical absorption in BTO or STO, we intentionally
exposed an unprocessed (low-loss) BTO film to hydrogen plasma and found
that it did indeed induce significant losses. We found that the optical losses
increased with process time, and could confirm that no losses were induced
on a silicon reference sample. Losses induced by hydrogen exposure is
also consistent with large propagation losses in BTO-5i waveguides based
on amorphous silicon (x-5i) [48, 49]. In the «-Si deposition process, an
over-pressure of hydrogen is typically used to reduce absorption in the
deposited silicon layer [81].

To understand how hydrogen exposure influences BTO and STO we per-
formed X-ray photoelectron spectroscopy (XPS) on both BTO and STO
layers before and after hydrogen exposure. We primarily studied at the tita-
nium 2p peak, as it is highly sensitive to the oxidation state of titanium [82,
83], which is likely to be influenced by a reaction with a reducing species
such as hydrogen. The XPS data revealed a chemical change in STO but
not in BTO (Figure 3.3). In STO the fraction of Ti in a reduced state (Ti**)
increased significantly after hydrogen exposure, whereas the spectrum of
the BTO was unaffected. To confirm that the STO is the primary source of
induced optical absorption, we compared the hydrogen-induced propaga-
tion losses in waveguides with BTO and STO present to waveguides with
only the STO layer. The waveguides showed similar losses, indicating that
indeed the STO is the main source of the losses, as absorption in BTO would
have caused much larger losses due to the larger optical overlap. Through
comparative annealing experiments in ultra-high vacuum, we could show
that the absorption in STO is caused by hydrogenation, rather than by
the creation of oxygen vacancies. It was also revealed that it is possible to
outgas the hydrogen to reduce the propagation losses.
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FIGURE 3.3: XPS spectra of the Ti 2p 3/2 peak in BTO and STO before and after
exposure to hydrogen plasma. The fraction of Ti>* in STO increases significantly
after hydrogen exposure indicating a reduction of Ti in STO [82, 83], whereas
there is no significant change in BTO.

3.3 REDUCING PROPAGATION LOSSES

Finally, we applied the insights into the origin of the absorption in BTO-Si
waveguides, to fabricate BTO-Si slot waveguides with reduced propagation
losses. Knowing that hydrogenation of STO was the cause, we included an
additional annealing step after etching of the top silicon layer, to outgas hy-
drogen from the STO. Before the annealing step, the fabricated waveguides
showed ~150 dB/cm of loss. After annealing in oxygen at 350°C for 60 min-
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FIGURE 3.4: Cut-back measurements of slot waveguides of varying lengths before
and after annealing, showing the reduction of propagation losses.
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utes, the propagation losses were reduced to just 6 dB/cm (Figure 3.4).
These results show that low-loss BTO-5i waveguides can be fabricated by
the addition of an annealing step to degas hydrogen in the STO seed-layer,
paving the way for functional electro-optic devices.

3.4 CONCLUSION

Previous works on BTO-Si waveguides reported high propagation losses,
taking away any competitive advantage of the technology. We have identi-
fied processing-induced hydrogenation of the STO seed-layer as the cause of
these high propagation losses. Based on this understanding, we developed
annealing procedures to degas the hydrogen and recover the low-loss of the
as-deposited state of the material. We could show that the losses in BTO-5i
waveguides can be reduced to 6 dB/cm. Further reductions are expected
with an improved fabrication process. These results overcome one of the
main barriers for the exploration of BTO-Si devices and their application in
optical transceivers. Using low-loss BTO-5i waveguides it is now possible
to explore the functional properties of BTO for various applications.



THE POCKELS EFFECT IN BTO-SI DEVICES

The demonstration of large Pockels coefficients in BTO-Si devices is a
missing piece in order to make BTO a suitable material for integration in
silicon photonic transceivers. This chapter summarizes the detailed analysis
and unambiguous proof of large Pockels coefficient in BTO-Si electro-optic
devices reported in

Abel, S., Eltes, F, Ortmann, ]J. E., Messner, A., Castera, P., Wagner, T.,
Urbonas, D., Rosa, A., Gutierrez, A. M., Tulli, D., Ma, P,, Baeuerle, B., Josten,
A., Heni, W., Caimi, D., Czornomaz, L., Demkov, A. A., Leuthold, J., Sanchis,
P., & Fompeyrine, ]J. Large Pockels effect in micro- and nanostructured barium
titanate integrated on silicon. Nature Materials (2019).

The publication also discusses results on plasmonic devices. These results
will be discussed in Chapter 6. For the full technical details, please refer to
the full accepted manuscript in Appendix B.

4.1 INTRODUCTION

The modulation efficiency of an EOM is directly proportional to the magni-
tude of the refractive index change in the active material. For a modulator
based on the Pockels effect the refractive index change is determined by the
Pockels coefficients of the material according to eq. 1.2. In the case of BTO,
the crystal symmetry (space group P4mm) results in the Pockels tensor [84]:

0 0 r13
0 0 r13
=l 0 41
ij — .
! 0 42 0
%) 0 0
0O 0 0
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In bulk BTO crystals r4y is the largest coefficient with a magnitude of
~800 pm/V at optical communication wavelengths [37] while the 713 and
r33 are both around 100 pm/V [40]. We have seen in Chapter 2 that BTO
deposited on silicon substrates seems to have x(2) properties similar to
those of bulk crystals, however the SHG experiments does not allow quan-
titative measurements. Previous work has reported Pockels coefficients
much smaller than those of bulk crystals. Based on free-space electro-optic
measurements, r4p = 105 pm/V have been reported. In integrated BTO-Si
electro-optic devices, larger Pockels coefficients have been claimed [48, 49].
However, the observed electro-optic behavior is not fully consistent with
Pockels-based electro-optic modulation, wherefore it cannot be excluded
that spurious effects such as charge migration, plasma dispersion effect, or
ionic conduction are contributing to the electro-optic response. A device
where the electro-optic response is caused only by the Pockels effect would
show certain characteristic features.

First, the Pockels effect is an extremely fast effect, with the frequency
response of both ionic and electronic contributions extending into the THz
range [85], while the response of potential spurious effects, such as ion
diffusion, and thermo-optic effects, is much slower. This means that for a
device based on the Pockels effect, the frequency response should be flat
up to tens of GHz, where other bandwidth limitations (e.g. RC time delay)
start to apply. In BTO-Si devices the largest reported bandwidth so far was
~5 GHz [48].

Second, because of the tensorial nature of the Pockels effect, the electro-optic
response should depend strongly on the device geometry, specifically the
relative orientations of: (1) the propagation direction of the optical mode, (2)
the polarization of the optical mode, (3) the modulating electric field, and (4)
the crystal axes of BTO. Altogether, this should result in a strong anisotropy
of the electro-optic response. In the case of a BTO-Si waveguide with lateral
electrodes, the modulating electric field is always in-plane and orthogonal
to the propagation direction. However, the propagation direction relative
to the crystal axes can be varied, as well as the polarization of the optical
mode. Because of the shape of the Pockels tensor of BTO, and the relative
magnitudes of the Pockels coefficients, combined with the ferroelectric do-
main structure (as discussed in Chapter 2), a four-fold rotational symmetric
response is expected, with the largest refractive index modulation when the
mode propagates along a BTO<o11>-type direction [70]. The electro-optic
response is also expected to be larger for a TE than a transverse magnetic
(TM) mode [69]. The anisotropy in the electro-optic response is something
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FIGURE 4.1: (a) Example hysteresis curve of ferroelectric material showing the
fraction of poled domains versus electric field. (b) Induced refractive index change
(An) from the Pockels effect in a material with hysteresis curve shown in (a). The
arrows indicate the electric field sweep direction.

which has not been shown in previous reports on BTO-Si devices, and
which is necessary for accurate extraction of the individual coefficients in
the Pockels tensor.

Third, the ferroelectric nature of BTO means that the electro-optic response
of the Pockels effect will be convoluted with the effects of ferroelectric
domain switching. When the ferroelectric polarization is reversed, so is the
electro-optic response. This means that for two ferroelectric domains with
opposite polarization, the electro-optic response will cancel (in same way as
for the SHG experiments discussed in Chapter 2). The cancellation results
in a hysteretic behavior of the electro-optic response as a function of the
net poling fraction of the ferroelectric domains (v). The change in refractive
index is proportional to v as described by eq. 4.2. The relation between
domain poling and refractive index change is illustrated schematically in
Figure 4.1. The electro-optic hysteresis has been probed in previous work
on BTO-Si devices, but has not shown the expected behavior [48, 49].

1
An = —Ereﬂﬂ/?’lgE (4.2)

These three characteristic features need to be shown to definitely prove the
Pockels effect in BTO-Si devices.
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4.2 DEVICES TO CHARACTERIZE EO RESPONSE

To probe the electro-optic properties of our BTO-5i waveguides, we used
racetrack resonators. It would be possible to use Mach-Zehnder modulators,
but due to the large number of device permutations needed, resonant
devices were chosen because of their small footprint.

Ring resonators are a common building block in silicon photonics. They can
be used as optical filters, switches, and even electro-optic modulators [86].
A ring resonator consists of a ring waveguide evanescently coupled to a
straight bus waveguide. The ring will have resonances at certain wave-
lengths

NegeL
Ares = jnff m=1,2,3.. (4-3)

where 1. is the effective index of the optical mode, and L is the length of
the resonator. At the resonant wavelength, the light propagating in the ring
interferes constructively with itself, and destructively with the transmitted
light in the bus waveguide. The optical power that is coupled into the ring
can be tuned to achieve critical coupling, where no light is transmitted
through the bus waveguide. If the refractive index of the ring changes, the
resonant wavelengths also change. It is therefore possible to switch the
transmission of a specific wavelength off or on by tuning the refractive
index of the ring. By introducing a pn-junction in a silicon ring resonator,
one can make a ring modulator that can be used for high speed data trans-
mission [87, 88]. Ring modulators have limited usefulness in data center
transceivers as their resonant nature is intrinsically narrowband, and the
strong thermo-optic effect in silicon makes them highly sensitive to tem-
perature fluctuations [89]). However, the high sensitivity of the resonance
wavelength to the refractive index in the ring can be used to sensitively
measure refractive index changes, for example in sensing applications [86].
In our case, resonators can be used to measure the refractive index change
induced in BTO as a function of an applied electrical signal.

As discussed above, the refractive index change of BTO is anisotropic with
regards to the crystal orientation. To be able to probe this anisotropy, instead
of simple rings we used racetrack resonators, where straight sections are
added in the ring structure. Using electrodes along the straight sections, we
can apply an electric field across the BTO in a well-defined direction relative
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FIGURE 4.2: (a) Schematic of a racetrack resonator as used to measure the refractive
index change in BTO. An electric field is applied across the waveguide in the
straight section resulting in a shift of the resonance wavelengths. (b) Transmission
spectrum of a resonator showing multiple resonances, and (c) induced resonance
shift when applying an electrical signal to the phase shifter.

to the crystal orientation, which would not be possible using a simple ring
structure (Figure 4.2a). We determine the change in refractive index by
measuring the change in the resonance wavelength (Figure 4.2b,c). In order
to probe the anisotropic electro-optic response, the racetrack resonators
were fabricated with the straight section oriented at varying angles relative
to the BTO crystal axes. The polarization dependence of the response was
probed using devices designed for TE and TM mode, respectively.

4.3 DEVICE FABRICATION

The slot-waveguide geometry used in previous work, as well as in the
study of BTO losses, comes with significant challenges for monolithic
integration. To make a slot-waveguide, the BTO needs to be situated between
two silicon layers. If integrating BTO devices in the way proposed in
Chapter 1 (Figure 1.8), it is difficult to fabricate such a structure. The
lack of a crystalline substrate in the BEOL means that two separate bonding
steps would be required, leading to added complexity and lower yield.
For this reason, we came up with a new waveguide design, exploiting the
integration of BTO through wafer bonding. When bonding a BTO layer
deposited on an SOI substrate, it is possible to transfer also the top silicon
layer of the SOI wafer along with the BTO layer. This was exploited to make
slot-waveguides as described in Chapter 3 when transferring the layers onto
a SOI substrate. If the BTO and Si layers are transferred onto an oxide layer
(such as an ILD), a BTO-Si strip-loaded waveguide can be fabricated by
patterning the silicon layer.
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The process flow is schematically illustrated in Figure 4.3. We transferred
BTO and Si layers, 225- and 100-nm-thick, respectively, to a wafer termi-
nated with a thick (>2 pm) thermal SiO, layer. After patterning of the Si
waveguides, an annealing step was used to reduced propagation losses. We
fabricated electrodes directly on the BTO, followed by deposition of a SiO,
cladding using plasma-enhanced chemical vapor deposition (PECVD). We
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Via etching Metal 2 deposition
) (9 (h)

FIGURE 4.3: (a)-(g) Process flow for fabrication of BTO-5i strip-loaded waveguides.
(h) Transmission electron micrograph of a fabricated device.



4.4 CONFIRMATION OF THE POCKELS EFFECT

then patterned vias to contact the electrodes, followed by deposition of a
second metal layer to make pads for probe contacts.

4.4 CONFIRMATION OF THE POCKELS EFFECT

To confirm the presence of the Pockels effect in BTO-5i devices, we character-
ized primarily the high-frequency response and the anisotropy of the static
EO response. In addition, we also probed the signatures of ferroelectric
hysteresis in the EO response.

The high-frequency response of BTO was measured through electro-optic
S-parameters. We observe a flat |Sy;1| response up to ~30 GHz (Figure 4.4a),
at which point the response of the photo-detector cuts off. The constant
response up to high frequency excludes contributions from slow effects (e.g.
ionic diffusion or charge carrier accumulation) to the EO response.

We explored the anisotropy of the EO response by measuring the induced
refractive index change per volt (dn/dV) in devices oriented in a range
from —90 to +90 degrees relative to the BTO<oo1> axis, for both TE and
TM polarization (Figure 4.4b). We observe a strong anisotropy in EO re-
sponse both for different orientations and for different polarization. The
4-fold rotational symmetry of the response is expected from the domain
microstructure, as discussed in Chapter 2. That the largest refractive in-
dex change occurs for devices oriented along +45° is consistent with the
predicted behavior [70]. We also observe a hysteresis of the EO response
as expected from the domain poling in BTO (Figure 4.4c). These three
observations unambiguously prove the presence of the Pockels effect in
BTO-Si devices.

The extensive characterization of the anisotropy of the EO response allowed
us to extract the individual coefficients of the Pockels tensor. We performed
simulations of the devices where we varied the magnitude of the Pockels
tensor elements to reproduce the experimental data. Based on these sim-
ulations, we found rgy = 923 +215 pm/V and r33 = 342 £ 93 pm/V at
A = 1550 nm. We could not accurately determine the value of 713 because
of the small response of TM devices at 0° orientation. The value of r4; is
comparable to that of bulk BTO, which is consistent with the bulk-like be-
havior observed in SHG experiments. It also represents the largest Pockels
coefficient reported in an integrated EO device for any material system.
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FIGURE 4.4: Characteristic EO response of the Pockels effect in BTO. (a) Frequency
response of a photonic ring modulator showing a bandwidth of 30 GHz. (b)
Anisotropy of the EO response of BTO-5i photonic devices with different orienta-
tions and polarization. The dashed lines correspond to the simulated response
using the Pockels tensor extracted from the experiments. (c) EO hysteresis curve
obtained at 1 GHz by sweeping the DC bias in a device oriented at & = 45°.

4.5 HIGH-SPEED MODULATION USING POCKELS EFFECT

With a strong Pockels effect present in BTO-Si devices, we used ring modu-
lators to demonstrate the potential for high-speed EOMs. We sent a pseudo-
random bit sequence (PRBS) to the modulator and recorded the modulated
optical signal using a photo-detector and an oscilloscope. Superimpos-
ing the repeated sampling of the signal on the oscilloscope results in an
eye-diagram, which is commonly used to evaluate the performance of

20 Gbps 40 Gbps

(a) (b)

FIGURE 4.5: Eye-diagrams acquired using a BTO-Si ring modulator at data rates
of (a) 20 Gbps and (b) 40 Gbps.



4.6 CONCLUSIONS

EOMs [90]. We were able to record eye-diagrams with open eyes at bit-rates
up to 40 Gbps using a BTO-Si ring modulator (Figure 4.5). This demon-
strates the potential of BTO devices for high-speed transceiver applications.

4.6 CONCLUSIONS

In this thesis we have performed a thorough study of the Pockels effect
in BTO-Si devices. Prior work has reported some of the signatures of
the Pockels effect in BTO, but here we unambiguously demonstrate its
presence. We extract the largest reported Pockels coefficients of any thin-
film materials. We also show the potential of BTO-Si devices for high-speed
data modulation. The demonstration of low propagation losses (Chapter 3)
and large Pockels coefficients shows the potential of BTO to revolutionize
integrated EOMs. However, to fully demonstrate that potential, a viable
route to integration with advanced silicon platforms is missing.
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A MONOLITHICALLY INTEGRATED POCKELS
MODULATOR

This chapter describes the integration of BTO modulators on advanced PIC
platforms. The results presented here have been published in

Eltes, E, Mai, C., Caimi, D., Kroh, M., Popoff, Y., Winzer, G., Petousi, D.,
Lischke, S., Ortmann, J. E., Czornomaz, L., Lars, Z., Fompeyrine, J. & Abel,
S. A BaTiOs-based electro-optic Pockels modulator monolithically integrated on an
advanced silicon photonics platform. Journal of Lightwave Technology (2019).

The accepted version of the manuscript, containing all the technical details
of the study, can be found in Appendix C.

5.1 INTRODUCTION

Perhaps the most challenging aspect of making technologically viable Pock-
els modulators is ensuring integration compatibility. Since the aim is to
make a modulator that can enhance the capabilities of silicon PICs, the
modulator has to be compatible with monolithic integration in advanced
silicon platforms. Monolithic integration with PICs imposes various restric-
tions on the fabrication and properties of the modulator technology, many
directly related to the Pockels material itself. Since advanced PIC platforms
contain many other types of devices, the integration of the Pockels material
must not cause degradation of other components and at the same time the
Pockels material must not be degraded by the process steps required by the
PIC fabrication and packaging.

Among other things, these restrictions mean that the thermal budget re-
quired to integrate the Pockels material must remain within the limits set
by the PIC process. Conversely, the Pockels modulator must be compatible
with the thermal budget of the PIC processes. The integration scheme must
also be compatible with scaling to the large wafer diameters used in com-
mercial production lines (200 and 300 mm). These restrictions are the main
reason that no fully PIC-compatible Pockels modulator has been demon-
strated, despite multiple demonstrations of high-performance stand-alone
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devices. The approach based on silicon-organic-hybrid modulators suffers
from chemical and thermal instability [91], making them incompatible with
BEOL processing after modulator fabrication. The reported integration of
PZT modulators relies on high-temperature annealing steps (>500°C) [92]
which is beyond the limits of standard Si PIC thermal budgets. In the case
of LN [93, 94], the maximum wafer size is determined by the production of
bulk LN crystals and is currently limited to 6”.

Using BTO, it is possible to fulfill all of the requirements for successful
PIC integration. BTO is thermally and chemically stable, as exemplified
by the use of a standard cladding and metallization processes (Chapter 4).
The wafer size for BTO thin films is determined by the silicon substrate,
imposing no limitations in terms of integration. However, in a monolithic in-
tegration scheme direct deposition is not possible because of pre-processing
of the silicon substrate. Integration of BTO using direct wafer bonding
offers an alternative process compatible with integration in the BEOL.

5.2 INTEGRATION

To demonstrate the potential of BTO for full monolithic integration, we
set out to fabricate BTO Mach-Zehnder modulators on substrates from
an advanced silicon PIC process. In this first demonstration we chose to
integrate the modulators in the BEOL process, after the fourth metal level
with a PIC front-end (Figure 5.1a). Such a scheme results in two separate
levels for transmit and receive functions. The waveguide cross-section is
similar to that used in Chapter 4 but with RF signal lines formed in the top
metal level of the PIC platform.

The BTO-5i waveguides were fabricated using the same process as used
in Chapter 4. Vias were then etched through the BTO to the electrodes in
the PIC top metal level. A final metallization step was used to extend the
buried electrodes on top of the BTO to ensure good electric field overlap.
Figure 5.2a shows the final cross-section of the monolithically integrated
BTO modulator. To demonstrate the scalability of the wafer bonding ap-
proach, we performed a first-of-its-kind layer-transfer of BTO deposited on
a 200 mm substrate to a 200 mm acceptor wafer.

As discussed above, it is critical that the modulator integration does not
cause degradation of the FEOL components of the PIC. In the BTO integra-
tion scheme, the wafer bonding transfer uses a maximum temperature of
250°C. A higher temperature step is then used for the BTO waveguide loss
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FIGURE 5.1: Scheme for monolithic integration of BTO/Si on PIC platforms. Cross-
sections of PIC with electrical and optical front-end, and BTO integration in
the back-end (this thesis) or front-end (future route). The RF electrodes to the
modulator are fabricated in the BEOL of the PIC platform.

annealing. To ensure that these annealing steps do not negatively impact
the FEOL components, we characterized the Ge photodiodes of the PIC
front-end before and after BTO integration. We used photodiodes as a refer-
ence because they are the most temperature sensitive devices of the FEOL.
In both DC and RF characteristics, we found no detectable degradation of
the photodiode performance caused by BTO integration. This confirms that
our integration approach is fully compatible with silicon PICs.

5.3 MODULATOR CHARACTERIZATION

To determine the performance of the integrated modulators we character-
ized them passively, under DC bias, and using RF signals. From the passive
characterization we measured propagation losses of 5.8 dB/cm, showing
that we can reach the same propagation losses as in stand-alone devices
(Chapter 3) [95, 96]. These losses could be reduced further by improving
the silicon patterning process to reduce the scattering losses of the strip-
waveguide. We determined the VL of the modulators by measuring the
induced phase shift as a function of applied bias voltage. We found a VL

47



48

A MONOLITHICALLY INTEGRATED POCKELS MODULATOR

Si waveguide
BaTiO3

T

I

- e
-l BN BN
Ge photodiode

(a) (b)

FIGURE 5.2: (a) Cross-sectional scanning transmission electron microscopy (STEM)
image of BTO modulator integrated BEOL process of a Si PIC wafer. The schematic
shows how the modulator was integrated in this thesis. The electron micrograph
shows the successful fabrication of BTO/Si modulators. Intermediate metal levels
as well as the FEOL levels can be identified (b) Photo of BTO transferred between
200 mm donor and acceptor wafers.

of just 0.2 V-cm, which is comparable to the most efficient state-of-the-art
silicon-based modulators.

The RF performance was characterized by measuring the electro-optic band-
width in small-signal S-parameter measurements, and by recording eye
diagrams of transmitted data signals. For these high-speed measurements a
1-mm-long modulator was used. The S-parameter characterization revealed
a limited bandwidth of ~2 GHz. From Chapter 4 we know that the intrinsic
bandwidth limitation of BTO is not the cause of the low modulator band-
width. Instead, the reason lies in the electrode design. The electrodes were
designed for traveling wave operation without full knowledge of the rele-
vant material properties. This resulted in a mismatch between electrode and
source impedance, as well as between RF and optical propagation constants.
With an adapted electrode design based on thorough characterization of
the material, we expect to reach data rates of more than 50 Gbps. Despite
the limited EO bandwidth, we were able to perform data transmission
experiments where eye diagrams could be recorded at bit rates up 25 Gbps.
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FIGURE 5.3: Data transmission using monolithically integrated BTO modulator at
(a) 10 Gbps, (b) 20 Gbps, (c) 25 Gbps.

5.4 CONCLUSION

The metrics of the BTO modulator compares very favorably with state-
of-the-art technologies (Table 5.1). The VL of 0.2 V-cm is 10 times lower
than for Si pn modulators (the most commonly used Si modulator type)
and in the same range as semiconductor-insulator-semiconductor capacitor
(SISCAP) modulators. The benefits of using BTO become the most apparent
is in the V;La, where BTO modulators outperform all Si devices by one
order of magnitude. FEOL modulators offer a similar V;La to BTO but the
limitation of LN technology is the lack of monolithic integration. The main
achievement of BTO technology is the co-integration of Pockels modulators
on a PIC platform, offering the maturity of Si PICs and the performance
advantages of pure phase modulation. The main limitation of BTO modula-
tors today is the limited EO bandwidth that has been demonstrated, but as
discussed above, it is not an intrinsic limitation, and can be overcome in the
future by improved electrical design.

49



50 A MONOLITHICALLY INTEGRATED POCKELS MODULATOR

TABLE 5.1: Modulator benchmark comparing the performance of the integrated
BTO-Si modulator in this thesis to state-of-the-art devices in silicon PIC platforms
and stand-alone Pockels modulators. The BTO-Si modulator compares favorably
on most metrics, and is the only monolithic technology that can provide pure
phase modulation.

Plasma dispersion Pockels
Structure pn SISCAP
Material Si [15] Si [97] Organic [33] LN [94] BTO
VrL (V-cm) 2.8 0.2 0.06 2.8 0.2
VrLa (V-dB) 27 13 24 1 1.3
BW (GHz) 40 — 20 100 2/30
Integration + + - - +

Phase mod. - — + + +




PLASMONIC BTO MODULATORS

This chapter will present results on plasmonic electro-optic modulators. To
a large part this chapter summarizes work that was reported in

Abel, S., Eltes, F, Ortmann, ]J. E., Messner, A., Castera, P., Wagner, T.,
Urbonas, D., Rosa, A., Gutierrez, A. M., Tulli, D., Ma, P,, Baeuerle, B., Josten,
A., Heni, W., Caimi, D., Czornomaz, L., Demkov, A. A., Leuthold, J., Sanchis,
P., & Fompeyrine, ]J. Large Pockels effect in micro- and nanostructured barium
titanate integrated on silicon. Nature Materials (2019).

and

Messner, A., Eltes, F., Ma, P., Abel, S., Baeuerle, B., Josten, A., Heni, W.,
Caimi, D., Fompeyrine, J. & Leuthold, ]. Integrated Ferroelectric Plasmonic
Optical Modulator in 2017 Optical Fiber Communications Conference Post-
deadline Papers (Optical Society of America, Los Angeles, 2017)

The full publications can be found in Appendices B and D, respectively.

6.1 INTRODUCTION

The previous chapters have focused on demonstrating that BTO can be
used to make integrated electro-optic modulators, that are compatible with
advanced silicon photonic platforms. Despite the progress, there are still
challenges remaining, especially demonstrations of high-bandwidth Mach-
Zehnder modulators. As discussed in Chapter 5, designing high-speed BTO
modulators is not trivial, and will require careful engineering of the device
structure, as is the case for all photonic EOMs.

Recently, plasmonic EOMs have emerged as a new device concept which
intrinsically overcomes the bandwidth challenges of conventional mod-
ulators. Plasmonic modulators build on a metal-insulator-metal (MIM)
slot-waveguide, where a surface plasmon polariton (SPP) mode is guided.
A SPP is a mode guided at the interface between a metal and a dielectric.
In a plasmonic modulator, the dielectric is a material with a Pockels effect.
Because the SPP mode is bound to the metal-insulator interface, it can
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Pockels dielectric

Photonic waveguide Plasmonic waveguide

FIGURE 6.1: Schematic illustration of typical silicon photonic waveguide and a
plasmonic waveguide used in plasmonic modulators.

be confined in an extremely small volume: the cross-section of plasmonic
slot-waveguides is typically around 100 nm by 100 nm (Figure 6.1), less
than a one tenth of the vacuum wavelength. The high confinement comes at
the coast of optical absorption in the metal (discussed below). The reason
plasmonic modulators can operate at extremely high speed is because of
the very high modulation efficiency. The very efficient modulation comes
from the fact that the optical mode is highly confined between two metal
surfaces which also function as electrodes. This means that the electric field
overlaps very well with the optical mode, and because of the small distance
between the electrodes the electric field strength is very high. VL values
of 0.005 V-cm have been reported [98].

The high modulation efficiency enables the use of extremely short phase
shifters, typically in the range of 10-15 um. Because they are so short, they
can operate as a lumped element up to very high frequencies, and therefore
are not dependent on the design of traveling wave electrodes. The compact
size results in a very high RC bandwidth. Plasmonic modulators have been
reported to have a bandwidth of more than 500 GHz [99]. A drawback of
plasmonic waveguides, which was long considered a show-stopper, is the
high propagation losses associated with an optical mode propagating at a
metal interface. Typical propagation losses in a plasmonic slot-waveguide
are >0.5 dB/um (>5000 dB/cm) [100, 101]. However, because the plas-
monic modulators can be made extremely short, the use of silicon access
waveguides can reduce the insertion loss to less than 8-10 dB [100, 101].

So far, plasmonic modulators have relied on organic materials as the Pockels
dielectric with reported in-device Pockels are of ~200 pm/V. Since non-
linear organic materials suffer from thermal and chemical instability, they



6.2 FABRICATION

have not been successfully implemented in a full silicon photonics flow, but
single device demonstrations of organic plasmonic modulators show great
promise. Besides the extremely high bandwidth, data transmission using
120 GBd OOK has been demonstrated [102], as well as 16QAM at 100 GBd
to transmit data at 400 Gbps [103].

To fully realize the potential of plasmonic modulators, the organic material
needs to be replaced by a stable dielectric with a large Pockels coefficient,
such as BTO. The nanometer-scale dimensions of plasmonic waveguides
make them very challenging to fabricate. A metal slot filled with a Pockels
dielectric needs to be fabricated. When using organic Pockels material,
the metal slot can be pre-fabricated using two-step patterning, and then
filled with the organic material using a simple spin-coating step [104]. The
fabrication becomes more challenging when using a solid-state material
such as BTO. As plasmonic BTO waveguides need to be fabricated from
an epitaxial thin film, a process based on filling of a pre-fabricated slot is
not possible. Therefore the BTO has to be patterned into a fin, followed by
metal deposition. Because BTO has a high permittivity, any gap between
the electrode and the BTO fin will cause the electric-field to drop across
the gap rather than across the BTO, resulting in poor modulation efficiency.
For this reason, a novel fabrication method had to be developed in order to
successfully fabricate BTO plasmonic waveguides.

6.2 FABRICATION

To make BTO-based plasmonic devices, MIM slot-waveguides with a gap of
less than 100 nm need to be fabricated, which poses a significant challenge.
First, BTO needs to be patterned into a very narrow fin. Since there is
no established chemical dry-etch process available for BTO etching, we
relied on physical dry-etching using ion beam etching (IBE). Second, the
metal electrodes have to be in direct contact with the sidewalls of the BTO
fin, to confine the modulating electric-field inside the BTO. The alignment
accuracy of lithography in a research environment is typically limited to
>25 nm. This limit makes an lithographically aligned electrode fabrication
process impossible, wherefore a process where the alignment is independent
of the lithography, a self-aligned process, had to be developed. BTO was
etched using argon IBE with a SiO, hardmask (Figure 6.2a). The SiO, mask
was directly patterned using electron beam lithography (EBL) to cross-link
hydrogen silsesquioxane (HSQ) to form SiO,. Direct patterning of SiO,
enables high aspect ratios of the mask, which is needed because of the
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poor etch selectivity of SiO, to BTO (4:1). Through optimization of the
etch conditions smooth BTO sidewalls with an acceptable verticality (~70°)
could be achieved (Figure 6.2b).

A self-aligned process for deposition of the metal electrodes was developed
based on a damascene process. Damascene patterning of copper is a com-
monly used in CMOS fabrication. It uses wet polishing to planarize copper
deposited on a pre-structured substrate, allowing for patterning of copper
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FIGURE 6.2: Process flow for fabrication of BTO plasmonic slot waveguides. The
left column shows schematic illustrations of the process steps and the right
column shows electron micrographs of the cross-section.



63 POCKELS EFFECT AND STABILITY

(b)

FIGURE 6.3: Colorized electron micrographs showing the layout of plasmonic
BTO modulators. (a) Two plasmonic BTO phase shifters embedded in a MZI. (b)
A single phase shifter showing the tapers used to couple between photonic Si
waveguides and plasmonic BTO waveguides.

without dry etching [105]. The self-aligned deposition of the plasmonic elec-
trodes uses IBE in a dry damascene process. First, metal (Au) is deposited
over the BTO fin (Figure 6.2c). Then, low-incidence IBE is used to polish the
metal layer. The polishing selectively removes the metal on top of the BTO
fin, producing a MIM slot-waveguide with the electrodes in direct contact
with BTO (Figure 6.2d). This process was combined with a lift-off to define
the plasmonic regions as well as the electrical pads (Figure 6.3a).

Having established a fabrication process for BTO MIM waveguides we
combined it with the fabrication of BTO-5i waveguides (Chapter 4) to make
low-loss photonic access waveguides. We used linear tapers of the Si strip-
waveguides to couple the optical mode into and out of the plasmonic phase
shifters (Figure 6.3b) in a similar way to previous work on organic-based
devices [104].

63 POCKELS EFFECT AND STABILITY

As a first step to characterize the BTO plasmonic modulators, we investi-
gated the Pockels effect signatures and the thermal stability of the devices.
For this purpose we used phase modulators which were characterized using
30-65 GHz RF signals. Optical sidebands are produced when modulating
the phase of the optical carrier, which can be measured using an optical
spectrum analyzer (Figure 6.4). The intensity ratio between the carrier and

55



56

PLASMONIC BTO MODULATORS

-30
i c
o>
Sa
€ -50 | 29 Modulation
g §.S frequency
5]
8
-1t
. 1 P — 1

1549.5 1550 1550.5
Wavelength (nm)

FIGURE 6.4: Optical spectrum of 65 GHz modulation of plasmonic BTO phase
shifter. The intensity ratio between the carrier and the sidebands can be used to
extract the modulation index [106].

the sidebands is a measure of the induced phase shift by the modulating
signal [106].

Similar to the characterization of the Pockels effect in photonic BTO-Si
devices (Chapter 4) we characterized the EO response of plasmonic BTO
devices to verify the characteristic behavior of Pockels modulation. We
found that also the plasmonic modulators exhibit the characteristic hys-
teretic behavior and anisotropy as expected. When estimating the Pockels
coefficient of BTO in the plasmonic we found a value of ~100 pm/V, which
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FIGURE 6.5: EO response of a BTO plasmonic phase modulator at 65 GHz at
different temperatures. The device could be operated up to 130°C and exposed
to temperatures up to 250°C without any degradation. (red). The fluctuations are
attributed to coupling challenges.
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FIGURE 6.6: Continuous operation of the device with modulation at 65 GHz
during 24 hours at 90°C showing no sign of device degradation.

is significantly lower than in the photonic devices discussed in Chapter 4.
There can be multiple reasons for this discrepancy. The fact that thinner
BTO was used means that the fraction of c-axis OOP domains in the device
is larger. Since these domains do not contribute to EO modulation in this
geometry, it will lead to a smaller effective Pockels coefficient. There is also
a possibility that the etching of BTO caused damages to the material which
degraded the Pockels coefficients. Because of the nano-scale structure of the
device, there might also be a larger influence of ferroelectric dead-layers
or other interface effects leading to lower modulation efficiency. Under-
standing what causes the reduced Pockels coefficient can potentially enable
much more efficient plasmonic modulators in the future.

One of the anticipated advantages of BTO over organics in plasmonic
modulators is the stability of the devices. Since BTO is a thermally and
chemically stable material, we do not expect any degradation during device
operation at elevated temperature. To measure the thermal stability of
the devices, we performed sideband modulation measurements at elevated
temperatures with the device operating at up to 130°C (limit of experimental
setup), as well as measurements after exposing the device to up to 250°C
for 5 minutes. The thermal stress on the device did not result in any
detectable degradation of the modulation efficiency (Figure 6.5). We also
operated the device continuously for 24 hours at 90°C without observing
any degradation of the performance (Figure 6.6).
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FIGURE 6.7: EO bandwidth of plasmonic BTO modulators.

64 BANDWIDTH AND DATA MODULATION

To characterize the device performance for high-speed data transmission, we
first measured the frequency response of the devices. We used S-parameter
measurements to determine the response up to 25 GHz, and sideband
modulation measurements from 15 to 65 GHz (Figure 6.7). We observe a
constant response up to ~5 GHz. Between 5 and 25 GHz the modulation
magnitude decreases by 5 dB, and from 25 GHz on the response is once
again constant.

The drop in modulation amplitude between 5 and 25 GHz might be caused
by an elasto-optic cut-off. The fin-structure of the plasmonic BTO device

a b
sio, Air
Sio, Sio,
500 nm 50 nm

FIGURE 6.8: Schematic drawings of plasmonic and photonic phase shifters. a,
In the photonic structure the BTO layer is clamped by the surrounding SiO,
resulting in a reduced piezoelectric response. b, In the plasmonic structure the
BTO has been structured in nano-scale dimensions and is not cladded. Both
the lack of a cladding and the structuring reduce the clamping and allows the
BTO fin to deform, as indicated in the drawing by the dashed lines, creating an
elasto-optic response.
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FIGURE 6.9: 72 and 116 Gbps data transmission using plasmonic BTO modulator.

allows for piezo-electric deformation of the BTO, contrary to the planar
BTO used in photonic devices (Figure 6.8). The piezo-electric deformation
causes an elasto-optic response which decays above 5 GHz modulation
frequency, leaving a constant electro-optic response above 25 GHz.

The high bandwidth of plasmonic BTO devices makes it possible to transmit
data at extremely high rates. To demonstrate this, we performed data
modulation experiments using Mach-Zehnder modulators. We operated the
modulator in a dual-drive push-pull scheme, where the signal is applied
directly to one arm and the differential signal is applied to the other
arm. The push-pull operation doubles the modulation depth while using
the same driving voltage. A DC bias was applied to each arm of the
modulator to ensure poling of the BTO, and to tune the operating point of
the modulator.

With an OOK modulation scheme we successfully transmitted data at
72 Gbps (Figure 6.9), using direct detection and without pre- or post-
equalization. The measured bit-error ratio (BER) was 7.7 x 10~#, which is
well below the 7 % hard-decision forward error correction (FEC) threshold
of 3.8 x 1073. We were also able to transmit data at a rate of 116 Gbps
using PAM4 (at 58 GBd) with coherent detection and post-equalization
(Figure 6.9). Using this scheme we achieved a BER of 9 x 1073 which is
below the 15 % soft-decision FEC threshold of 1.9 x 1072, resulting in a net
data rate of more than 100 Gbps.
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6.5 CONCLUSION

Plasmonic devices offer a path to extend the functionality of EOMs far
beyond the bandwidth limitations of photonic modulators. Plasmonic mod-
ulators based on organic materials have been used to demonstrate record
performance. However, the organic material itself poses a fundamental
restriction on the applicability of such devices. Here we have shown that
plasmonic devices based on BTO can can provide the ultimate solution,
combining the stability and technology compatibility of BTO with the per-
formance of plasmonics. We used a novel process, developed to allow for
self-aligned fabrication of sub-100 nm plasmonic BTO waveguides, to make
BTO plasmonic modulator. Finally, we have demonstrated excellent perfor-
mance of the plasmonic BTO modulators for high-speed data transmission.



BTO FOR CRYOGENIC PHOTONIC CIRCUITS

This chapter presents results on exploration of BTO devices for cryogenic
applications, including the characterization of previously previously un-
known properties of BTO thin films. These results are presented in full in
Appendix E, which contains a manuscript has been submitted for publica-
tion.

7.1 INTRODUCTION

In Chapters 2-5 we have seen how a technology platform for optical com-
munications was developed based on EOMs exploiting the Pockels effect in
BTO thin films. In Chapter 6 this technology platform was used to make
novel types of devices, plasmonic modulators, aimed at enhancing the
bandwidth of optical transceivers beyond the limitations of conventional
EOMs. In fact, the unique properties of BTO enable completely novel types
of applications. As an example, the hysteresis of the ferroelectric switch-
ing in BTO can be used to make non-volatile optical memories [107]. The
electro-static nature of the Pockels effect can also be used to make extremely
efficient tuning elements [49, 108]. Another differentiator of modulators
based on the Pockels effect is that they can in principle operate in the entire
temperature range where the material retains its nonlinear optical prop-
erties. In the case of BTO, the upper temperature limit is set by the Curie
temperature, which is ~120°C in bulk crystals [109], but is known to be
higher in thin films [110]. At temperatures below room temperature, BTO
undergoes two phase transitions, at 270 and 200 K respectively [111, 112],
but remains ferroelectric and thus has a Pockels effect. This opens the door
for using BTO modulators in cryogenic applications, where the performance
of silicon modulators heavily degrades due to carrier freeze-out [113, 114].

Cryogenic PICs are a key technology for the implementation of quantum
computers and cryogenic supercomputers which need to operate at tem-
peratures of a few-K or less [115-118] (Figure 7.1). While these cryogenic
systems generally rely on electrical circuits for computation, optical in-
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FIGURE 7.1: Schematic over applications for cryogenic PICs. (D Optical intercon-
nects can overcome limitations of electrical wires for classical communication
with cryogenic systems. (2) Photons are the only viable carrier of quantum states
over large distances and at ambient temperature, making them essential for
quantum communication. ) Cryogenic PICs are also pursued as a platform for
quantum computing based on the quantum nature of photons.

terconnects is an attractive solution for communication with the outside
world at room temperature. Because of the limited cooling power, cryogenic
systems need high-bandwidth and thermally insulating interconnects [116,
119]. PICs can offer just that. Optical transceivers have the highest band-
width available and optical fibers provide excellent thermal insulation. In
addition to interconnect applications, cryogenic PICs are also pursued as a
platform for quantum computing, where the quantum nature of photons is
exploited as qubits [120]. In any photonic quantum computer electro-optic
switches and tuning elements are imperative, e.g. for heralded photon
sources and trimming of device performance [121, 122]. Photonics also
offer the only viable solution to transmit quantum information over long
distances and at ambient temperatures. For this reason, optical interfaces
are essential to connect multiple quantum computers [123, 124] and for
secure remote operation using true quantum communication [125].

While the number of potential applications for cryogenic PICs is growing,
there is no technology platform available today that can fulfill the perfor-
mance requirements. The main reason is the lack of efficient electro-optic
switches at low temperature. A viable technology needs to provide low-loss,



7.2 LOW TEMPERATURE ELECTRO-OPTIC CHARACTERIZATION

low static and dynamic power, and high bandwidth. In attempts to reach
these goals devices based either on highly doped pn-junctions [126] or
on thermo-optic phase shifters [127] have been explored, based on their
widespread use in room temperature PICs. Both of these concept have
limited relevance for cryogenic applications due to intrinsic physical limita-
tions. Because of carrier freeze-out at low-temperature the efficiency and
bandwidth of plasma-dispersion modulators are strongly reduced com-
pared to at room temperature. Even when using very high doping levels
and a micro-disk architecture bandwidths are limited to <5 GHz. The high
doping levels also result in increased absorption which makes low-loss
switching and tuning impossible. Thermo-optic phase shifters are even
more limited in bandwidth (<10 MHz) [128], and while they can be used
for tuning and switching they consume large amounts of power. In fact,
thermo-optic switches consume even more power than at room temperature
due to the reduced thermo-optic coefficient of Si at low temperature [89,
126].

The results presented in the previous chapters of this thesis, as well as
demonstrations based on other material systems [33, 92, 94], show that
Pockels-based devices can achieve record metrics at room temperature. Be-
cause of the electro-static nature of the Pockels effect, there are no intrinsic
limitations to achieving high performance with such devices also at few-K
temperatures. The technological benefits of BTO-based devices (Si PIC inte-
gration, low-losses, material stability) hold also for cryogenic applications.
However, in bulk BTO crystals the Pockels coefficients are unknown below
270 K. In thin films the uncertainty is even higher, as the structural behavior
is known to differ from bulk due the stress and thermal mismatch between
BTO and the substrate [129-131]. Because of this, even the crystal structure
of BTO-on-Si is unknown at low temperatures. To know whether BTO is
a suitable material for cryogenic PICs it is necessary to determine how its
electro-optic properties are affected by cooling to low temperature.

7.2 LOW TEMPERATURE ELECTRO-OPTIC CHARACTERIZATION

To investigate the temperature dependence of structural and electro-optic
properties of BTO, we characterized the EO response of photonic BTO-on-5i
devices down to 4 K. This allows us to directly determine the efficiency
of BTO-on-5i devices for cryogenic applications. If any structural phase
transitions occur between room temperature and 4 K they will lead to a
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FIGURE 7.2: Temperature dependence of the effective Pockels coefficient in BTO
along different crystal orientations. A phase transition in BTO causes a peak
around 240 K. A second phase transition occurs around 100 K, resulting in a
sharp drop of reg in 90° devices (indicated by dashed lines). The grey areas
indicate the temperature ranges of the respective phase transitions. The error bars
show the standard error of the fit used to extract the Pockels coefficients.

change of the Pockels tensor and should therefore be detectable in the EO
response.

We used racetrack resonators similar to those described in Chapter 4 to
measure the electro-optic properties of BTO as a function of temperature.
The waveguide geometry was different in that the BTO layer was thinner,
80 nm instead of 225 nm, and silicon nitride was used as the waveguide
material in order to eliminate potential charge-carrier effects present in a
silicon strip-waveguide. The refractive index change of BTO was extracted
from the resonance shifts in the same way as previously described. From
that data the effective Pockels coefficient was determined (see Appendix E
for details). We measured devices with varying orientations in order to be
sensitive to different elements of the Pockels tensor. We characterized the
BTO devices in the range from 4 K to 340 K (Figure 7.2).

The temperature dependence of r.¢ reveals two distinct features: a peak
around 240 K (most pronounced for 45°-device), and a sudden reduction
(in particular for 90°-oriented device) around 100 K. Both of these features
indicate the occurrence of a phase transition. The peak in the EO response
is consistent with the predicted divergence of the 4, tensor element of bulk
BTO near the transition from tetragonal to orthorhombic structure [38],
albeit with the phase transition occurring at a lower temperature than for
bulk crystals. The drop in response around 100 K coincides with a change
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in the qualitative EO hysteresis of the devices (see Appendix E), indicating
that this phase transition is electric-field induced. At a temperature of 4 K,
the 45° BTO devices have an effective Pockels coefficient of about 200 pm/V,
about a half of the value measured at room temperature. Even though 7o
is reduced compared to room temperature, 200 pm/V is still larger than
most in-device Pockels coefficients reported for other materials at room
temperature [92, 93].

7.3 DEVICE DEMONSTRATIONS

Having observed that a strong Pockels effect remains in BTO thin films at
low temperature, we demonstrate some of the key functionalities required
from EO switches in cryogenic PICs, low power switching and high-speed
modulation, at 4 K. Using a Mach-Zehnder interferometer we are able to
show switching between two outputs with a dynamic switching energy
of 35 pJ and a static power consumption of just 10 pW. The extremely
low static power consumption is possible because of a reduction in BTO
conductivity by 10* compared to room temperature. The power required to
induce a 7 phase shift (Px) of 10 pW is more than one billion times lower
than for thermo-optic phase shifters [127].

To make a high-speed modulator we optimized the waveguide geometry
for more efficient modulation. This optimization included the use of thicker
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FIGURE 7.3: (a) Schematic of the experimental setup for data modulation. An RF
amplifier was used to compensate for losses into the cryogenic probe station.
The modulated optical signal was detected using a photodiode and recorded on
a high-speed oscilloscope. The inset show the waveguide cross-section. (b) Eye
diagram recorded at 20 Gbps with a drive voltage of 1.7 V},p, corresponding to
modulation energy of 45 f]/bit.
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BTO (225 nm) and a Si strip-waveguide (the same waveguide cross-section
as used in Chapter 4). We used a low-Q (Q ~6'000) racetrack resonator to
allow for a high bandwidth. We successfully recorded eye diagrams at a
data rate of 20 Gbps (Figure 7.3). The low drive voltage (1.7 Vpp) and device
capacitance results in a very low energy per bit of 45 {J.

7.4 CONCLUSIONS

The lack of efficient electro-optic modulators and switches is the main
technological roadblock for cryogenic PIC applications. Here we have
shown that BTO technology has the potential to provide this missing piece.
Through temperature-dependent EO characterization we have shown that
BTO-on-5i thin films exhibit a different phase transition behavior compared
to bulk crystals. We found that BTO maintains a large effective Pockels
coefficient down to 4 K, despite undergoing phase transitions. Using BTO
devices operated at 4 K we have demonstrated record low power switching
and tuning, as well as the highest rate data transfer ever achieved using PICs
at few-K temperature. These results show the potential of BTO technology
to have a major impact on novel fields of PICs beyond optical transceivers.



CONCLUSION AND OUTLOOK

The first part of this thesis set out to investigate whether BTO-on-Si can be
made a viable technology for modulators electro-optic transceivers. Three
main challenges were identified on this path: reducing the large propagation
losses, unambiguously proving the presence of a strong Pockels effect in
BTO-on-5i, and demonstrating a viable path towards integration with
advanced silicon photonic platforms. First, we were able to prove the origin
of the large propagation losses in BTO-5i waveguides. We also showed that
the losses can be reduced through minor modifications to the fabrication
process to produce low-loss BTO-5i waveguides.

Second, through thorough characterization of BTO-on-5Si devices we were
able to demonstrate all of the characteristic features of the Pockels effect in
BTO. Through systematic evaluation of our results we were able to quantify
the Pockels coefficients and found record large in-device Pockels coefficients
with rgp = 923 pm/V. The measured Pockels coefficients are the largest
reported for any thin film material, which shows the great potential of BTO
to revolutionize silicon photonics technology. This potential was further
demonstrated by data transmission experiments were ring modulators were
used to transmit data at rates up 40 Gbps.

Finally, we demonstrated fully monolithic integration of BTO-5i modulators
on an advanced silicon photonics platform. Using an integration scheme
based on molecular wafer bonding we fabricated BTO-5i modulators in
the BEOL of a PIC platform. We showed that integration of BTO does not
have any negative impact on other components in platform, making the
integration scheme fully compatible with advanced silicon PICs.

These results lay the foundation for the realization of BTO-Si-based electro-
optic transceivers. However, there still challenges to be overcome. The
production of BTO-on-Si relies on MBE, a technique which is not well suited
to large-scale production. To this end it would be desirable to develop an
alternative method for BTO production. The first steps in this direction
have already been taken using CVD of BTO [65]. The results are promising
but the electro-optic properties of CVD BTO have not yet been thoroughly
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investigated, and it is not yet clear whether the same material quality can
be achieved as with MBE.

The limited bandwidth of the BTO Mach-Zehnder modulators reported
here is another remaining challenge. While not trivial, we anticipate that
through more extensive characterization of the electrical properties of BTO,
more advanced electrode designs can be used to reach the bandwidth that
is necessary for transceiver applications.

In the second part of the thesis, we explored potential applications of BTO-
on-5i technology beyond conventional EOMs. We investigated whether
BTO can be used in plasmonic modulators to replace the unstable organic
materials that are typically used. With a novel fabrication technique we
were able to demonstrate high-performance and good stability of BTO
plasmonic modulators. We were able to demonstrate data transmission
at 72 Gbps using OOK, and 116 Gbps using PAM4. . However, we found
that the effective Pockels coefficient of BTO plasmonic modulators to be
significantly smaller than in photonic devices. We believe the reason for this
discrepancy is related to interface effects and dead layers in the nanostruc-
tured BTO, but further investigations are needed for a complete explanation.
The performance of BTO plasmonic modulators is also limited by the large
insertion loss of the devices. To reduced this loss, a more optimized pat-
terning process is needed which results in a lower roughness, as well as
optimized photonic-to-plasmonic coupling.

We also investigated the potential to use BTO in a novel application: cryo-
genic photonics. Here we measured the electro-optic properties of BTO at
cryogenic temperatures for the first time. We found that a strong Pockels
effect is preserved down to temperatures of 4 K. Through device demon-
strations of low-power tuning and high-speed data modulation at 4 K we
showed the BTO can be used to missing functionality to cryogenic PICs.
Based on these demonstrations, it would now be possible to use integrated
BTO devices in quantum experiments to show the use in real applications
such as optical quantum computing.

In conclusion this thesis has served to demonstrate that BTO-on-Si tech-
nology has immense potential in various application areas, from data
communication to quantum computing, while at the same time provide
fundamental insights into the basic properties and behaviors of BTO.



LOW-LOSS BATIO;3-SI WAVEGUIDES FOR NONLINEAR
INTEGRATED PHOTONICS

Reproduced with permission from Eltes, F., Caimi, D., Fallegger, E., Sousa,
M., O’Connor, E., Rossell, M. D., Offrein, B., Fompeyrine, J. & Abel, S. Low-
loss BaTiO;-Si waveguides for nonlinear integrated photonics. ACS Photonics,
vol. 3, issue 9, pp. 1698-1703 (2016). Copyright 2016 American Chemical
Society.

DOIL: https:/ /doi.org/.1021/acsphotonics.6boo350
ACS Articles on Request: http:/ /pubsdc3.acs.org/articlesonrequest/ AOR-
gNUjxBiu6ZbYsTFxfmvq

Felix Eltes!, Daniele Caimi!, Florian Fallegger!, Marilyne Sousa', Eamon
O’Connor!, Marta D. Rossell?, Bert Offrein!, Jean Fompeyrinel, and Stefan
Abel!

1IBM Research — Zurich, Sdumerstrasse 4, 8803 Riischlikon, Switzerland

2Electron Microscopy Center, EMPA, Swiss Federal Laboratories for Materi-
als Science and Technology, 8600 Diibendorf, Switzerland

Abstract

Barium titanate (BaTiO;) has become an attractive material to extend the
functionalities of the silicon photonics platform because of its large Pockels
coefficient of more than 1000 pm/V. BaTiO; integrated epitaxially on silicon-
on-insulator (SOI) substrates can be structured in passive, and electro-
optic silicon photonic devices using slot-waveguide geometries, both of
which have been demonstrated. However, all devices demonstrated so far
suffer from high optical propagation losses of 40 — 600 dB/cm, which
limits their performance compared with state-of-the-art silicon photonics
devices (<2 dB/cm). Here, we identify the origin of these high propagation
losses, and demonstrate a path to fabricate low-loss BaTiO;-5i wave-guides
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with propagation losses of only 6 dB/cm. In particular, we identified the
thin strontium titanate (SrTiO;) seed layer typically used for the epitaxial
deposition of BaTiO; on silicon as the main source of absorption: When
manufacturing slot-waveguide structures, the BaTiO; /SrTiO; layer stack is
typically exposed to hydrogen, which is incorporated in the SrTiO; layer,
and causes absorption. We demonstrate that a low-temperature anneal is
sufficient to remove hydrogen and to achieve low propagation losses in
waveguides. Thus, we found a way to eliminate the previously observed
showstopper for incorporating functional and highly nonlinear barium
titanate films into silicon photonic structures, ultimately enabling ultra-
high-speed switches and novel nonvolatile optical silicon photonic devices.

Introduction

Silicon photonics is becoming a mature platform for photonic integrated
circuits, benefiting from the processing and fabrication knowledge of mi-
croelectronics to realize reliable nanoscale devices. To link the electric and
optic domains, in general electro-optical modulators based on the plasma-
dispersion effect are used. [132] Although high modulation speeds have
been reached in Si modulators [133], the devices typically suffer from rela-
tively large insertion losses and the simultaneous change of the real and
imaginary parts of the refractive index. Thus, advanced modulation for-
mats, such as quadrature amplitude modulation (QAM), are difficult to
implement. In telecommunication applications, these formats were enabled
by exploiting the Pockels effect in LiNbO; [32, 134], but silicon does not
provide this option because of a vanishing Pockels effect [27].

Enabling the Pockels effect on the silicon photonic platform could lead to
improved devices in terms of power consumption, insertion losses, and
modulation speeds. In addition, it could allow functionalities that can-
not be achieved with bulk silicon only, such as ultra-low-power tuning
or nonvolatile optical memories. The technical options investigated in-
clude the application of strain [135] and the use of silicon-organic hybrid
structures [136, 137]. These approaches suffer either from small Pockels
coefficients or from low process compatibility due to thermal instability.
Heterogeneous integration of inorganic materials is an alternative path to
bring a strong Pockels effect to silicon photonics. However, as the integra-
tion of high-quality LiNbOj; on silicon is limited to local bonding schemes
with low yield or to wafer bonding approaches with a maximum donor
wafer size of 6 inch [93, 138], the integration of good electro-optical materi-
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als that are compatible with large-scale silicon wafers has recently attracted
increased attention.

One promising candidate is barium titanate, a ferroelectric oxide with a
strong Pockels effect that can be deposited with high crystalline quality
directly on silicon by, for example, molecular beam epitaxy (MBE). [44] As
recently demonstrated, BaTiOj; layers on silicon substrates retain a strong
Pockels coefficient of r ~ 150 pm/V [51] and can be implemented in
active and passive silicon photonic structures [48, 49, 77]. A major issue
in all demonstrations of hybrid BaTiO;-Si devices so far has been the high
propagation losses («p) of 40 to >500 dB/cm at the wavelength A = 1.55 um,
much larger than the propagation losses below 2 dB/cm [139] of state-
of-the-art silicon waveguides. These high propagation losses were not
expected because BaTiO; bulk crystals are transparent at A = 1.55 um. [75]
In principle, these good optical properties are maintained in thin films, as
shown by the rather low propagation losses of 4 dB/cm in waveguides
made from BaTiOj; layers deposited on magnesium oxide substrates. [45]
Those results indicate that BaTiO5 thin films do not suffer intrinsically from
high propagation losses, but that microstructural effects when grown on
silicon, interface effects with silicon, or the processing conditions during
waveguide fabrication introduce those high losses.

In this work, we carefully studied various contributions to the propagation
losses in hybrid BaTiO;-Si waveguides to ultimately identify and elimi-
nate the reason for the losses. In particular, we used various waveguide
geometries, process conditions, and post-fabrication annealing treatments
to separate loss channels arising from scattering and absorption in the
different materials and at their interfaces.

Typically, BaTiO3-Si waveguides are fabricated as half-way-etched slot-
waveguide structures: The waveguide consists of a blanket BaTiO; film
sandwiched between the device Si of an SOI wafer and a patterned top
Si layer (Figure A.1a). The slot-waveguide geometry enhances the optical
confinement in the BaTiOj; slab, while keeping bending losses low. A critical
step in slot-waveguide fabrication is the integration of the top Si layer,
which requires several deposition and etching steps.

To disentangle the different origins of optical losses, we measured the
propagation losses at various steps during the fabrication of the slot waveg-
uides, using SiO, strip-loaded waveguides (Figure A.1b). Our geometry
of choice exhibits a similar optical confinement in the BaTiO; layer as that
of the BaTiO;-Si waveguides (Figure A.1). While the confinement factor is
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FIGURE A.1: Schematic drawing of (a) the cross section of the target BaTiO5-5i slot-
waveguide geometry and (b) the SiO, strip-loaded waveguide geometry as used
to investigate partially processed structures. For comparison, the magnitude of
the Poynting vector of the optical modes is shown, as simulated using COMSOL
Multiphysics. The optical confinement (I') in BaTiOj is similar in both structures
despite the different layer stacks.

comparable, the bending losses in SiO, strip-loaded waveguides are much
higher, which prevents the geometry from being used for active photonic
applications. However, the simple fabrication process makes these waveg-
uides ideal for investigating propagation losses with-out the influence of
processing.

Methods

Waveguide fabrication

The BaTiO; films used for waveguide fabrication were deposited by MBE on
SOI substrates with 100 or 220 nm device silicon using the method reported
in [77]. A 4-nm-thin epitaxial SrTiO; seed layer was grown via MBE prior
to shuttered co-deposition of BaTiO;, to ensure good crystalline quality
and a low surface roughness of Rrps <0.5 nm. [51, 140, 141] Details of the
deposition process are described elsewhere. [77, 142]

We fabricated strip-loaded waveguides on these BaTiO;/SOI substrates by
spin coating and patterning 170-nm-thick hydrogen silsesquioxane (HSQ),
which trans-forms into SiO, when exposed via electron-beam lithography
(EBL) (Figure A.1).

For the realization of the compact slot-waveguide structures, we bonded
BaTiO; films grown on SOI substrates with 220 nm device silicon onto
SOI wafers with a 100-nm-thick device silicon layer via direct wafer bond-
ing. [53] We used 5-nm-thick Al,O; adhesion layers, deposited by atomic
layer deposition (ALD) on both wafers prior to the bonding step. [54] After
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FIGURE A.2: STEM images of a BaTiO5-Si slot waveguide. (a) BF-STEM image
showing the full waveguide cross section. The cladding is platinum from the
sample preparation. (b) HAADF-STEM image showing the Al,O; interface after
wafer bonding. (c) HAADF-STEM image showing the SrTiO; seed layer.

bonding and annealing at 250°C, the initial MBE growth wafer was removed
by grinding and selective wet etching, leaving only the device silicon as a
top layer. This layer was thinned during the chemical etching process of
the SOI wafer, leaving 205 nm Si. The silicon top layer was then structured
using EBL and an HBr/O, inductively coupled plasma-etching process to
form waveguides (Figure A.2).

Scanning Transmission Electron Microscopy (STEM)

Bright-field STEM (BF-STEM) analysis, including cross sectioning and
lamella preparation, were carried out by means of a FEI Helios Nanolab
4505 focused ion beam (FIB) operated at an accelerating voltage 30 kV for
BE-STEM.

High-angle annular dark field STEM (HAADF-STEM) measurements were
performed using a double spherical aberration-corrected JEOL JEM-ARM200F
microscope operated at 200 kV. The convergence semiangle was set to
25.3 mrad, and the annular semi-detection range of the annular dark-field
detector was set to collect electrons scattered between 90 and 370 mrad.

Optical characterization

We determined the propagation losses in the waveguide structures by
measuring the transmission spectrum between 1.5 and 1.6 um through
waveguides with lengths varying from 100 pm to 9 mm. We used the com-
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bination of either a tunable laser with a power meter or a superluminescent
light-emitting diode with a spectrum analyzer. To extract the propagation
losses, ap, we first corrected for the spectral coupling characteristics of the
grating couplers. Then, we linearly fitted the transmission versus waveg-
uide length, using multiple waveguides for each length. As an example,
Figure A.5 shows transmission versus waveguide length, and the corre-
sponding fit. The slope of the linear fit gives the propagation losses per unit
length. [143] The standard error was estimated based on the variance in
losses of multiple (>2) sets of waveguides with the same lengths, combined
with the linear fit error.

Chemical characterization

The surface chemistry of BaTiO; and SrTiO; films was studied in an ultra-
high-vacuum (UHV) XPS chamber with a base pressure of 10~? mBar. The
chamber is equipped with a monochromatic Al K, X-ray source and a
Phoibos150 hemispherical analyzer, mounted at 50° take-off angle, defined
from the normal to sample surface. Gaussian-Lorentzian line shapes were
used for deconvoluting the spectra after Shirley background subtraction.

Results and discussion

To confirm the high propagation losses observed in BaTiO;-Si slot-waveguide
structures [48, 49, 77], we reproduced these structures using the fabri-
cation process described above. Indeed, the propagation losses of a, =
148 &7 dB/cm for the TE mode are in agreement with the presence of an
unknown loss channel in our structures. In principle, propagation losses
can be caused by three different mechanisms: (1) Absorption, (2) scattering
at waveguide sidewalls, inter-faces and material defects, and (3) leakage.
By careful simulations with well-established optical mode solvers (Phoenix
and COMSOL Multiphysics), we were able to exclude radiation losses due
to poor light confinement. To separate the contributions originating from
absorption and scattering, we then analyzed aj, for differently processed
samples, ranging from unprocessed BaTiOj; films to fully processed slot
waveguides, as described below.
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FIGURE A.3: Schematics of waveguide cross sections and propagation losses at
different stages during the processing. See Figure A.1 for color scheme, with the
addition of Al,Oj3 (red) and Si;N, (gray).

Process related losses

SiO, strip-loaded waveguides on BaTiO5 /SOl substrates (Figure A.3a) show
the same propagation losses (2.6 == 0.2 dB/cm) as the reference waveguides
fabricated without the BaTiOj; layer (2.9 0.2 dB/cm, Figure A.3d). From
this comparison, we can conclude that (1) MBE-grown BaTiO; does not
absorb at A = 1.55 um prior to any post-deposition etching, deposition
or annealing steps; (2) light-scattering effects in the BaTiO; layer can be
disregarded - in agreement with the high structural quality described above
(Figure A.2), and (3) our experiments are limited by propagation losses of
~3 dB/cm due to scattering at the SiO, sidewalls, assuming that in our
reference waveguide there is only negligible absorption in the SiO, and Si

layers. [144]

The deposition of Al,O; for wafer bonding increases the losses to 25.3 +
0.5 dB/cm on BaTiO; substrates (Figure A.3b), but does not alter the
propagation losses of the SOI reference waveguides (2.8 + 0.3 dB/cm, Fig-
ure A.3d). These results indicate that the Al,Oj; layer itself is transparent,
but that a chemical reaction with the BaTiO; or SrTiO; layer occurs dur-
ing the ALD process. One possible reactant is hydrogen, which is formed
during the ALD process from H,O precursors [79]. The strongly reducing
hydrogen might create oxygen vacancies in SrTiO; or BaTiOj, resulting in
higher propagation losses. [145]
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After fabrication of the BaTiO;-5i slot-waveguide layer stack by bonding a
crystalline silicon top layer (Figure A.3c), the propagation losses increase to
154 £ 26 dB/cm, which is in the same range as those of the fully processed
wave-guides (Figure A.1a). Here again, we attribute the origin of this
strong increase to hydrogen: During the bonding process, excess water is
formed, which decomposes into hydrogen when oxidizing the Si below the
Al Oj layer. [53, 80] As described above, the hydrogen might react with
BaTiO; or SrTiO; — in particular because of the increased diffusion into
the BaTiO; /SrTiOj; stack at the elevated temperatures during the annealing
process. Reference waveguides with nonabsorbing Si;N, layers [144] instead
of the BaTiO; film (Figure A.3f) show significantly lower propagation losses
(18 £2 dB/cm). The refractive index of the Si;N, was tuned to a similar
value as that of the BaTiOj; layer to ensure the same mode profile. The lower
losses in the Si;N, slot wave-guides indicate that possible scattering losses
at the bonding interface contribute only slightly to the overall much higher
propagation losses of BaTiO; slot waveguides.

The comparison of different waveguides and process steps provides strong
indications that hydrogen induces absorbing defects in the BaTiO;/SrTiO;
layer stack during the bonding process. Absorption caused by hydrogen
exposure is also consistent with the previously observed high losses in
BaTiO;-Si slot-waveguide structures fabricated from amorphous silicon
(a-Si) top layers deposited via plasma-enhanced chemical vapor deposition
(PECVD) [48]: During the deposition of low-loss a-Si, SiH, precursors and
excess H, are used [81, 146], which produces reactive atomic hydrogen
during deposition. The dependence of the hydro-gen concentration on the
specific process conditions used might also explain the large variations in
propagation loss-es observed in the past (40 — 600 dB/cm [48, 49, 77]).

Role of hydrogenation

To confirm the effect of hydrogen exposure, we performed control exper-
iments by explicitly exposing SiO, strip-loaded BaTiO;/SOI waveguides
to hydrogen plasma. The plasma exposure was performed at 290°C under
80 mTorr pressure and 100 sccm flow of hydrogen with 200 W plasma
power in an Oxford FlexAL ALD tool. Identical conditions were used for
all hydrogen plasma exposures in this study. Indeed, hydrogen exposure
induces propagation losses in the waveguide structures that increase nonlin-
early with the process time up to 320 & 20 dB/cm (Table A.1). The exposure
of a SOI reference sample with 5iO, waveguides to the same conditions
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TaBLE A.1: Influence of hydrogen plasma exposure on propagation losses in
SiO,-strip-loaded BaTiO; and Si waveguides.

Waveguide layers Hydrogen plasma Propagation losses
time [dB/cm]
50 nm BaTiO;/4 nm None 26402
SrTiO5/100 nm
Si/2 um SiO,
50 nm BaTiO3/4 nm 40 min 50+3
SrTiO5/100 nm
Si/2 um SiO,
50 nm BaTiO;/4 nm 80 min 320 + 20
SrTiO5/100 nm
Si/2 um SiO,
220 nm Si/2 um SiO, None 1.8+0.3
220 nm Si/2 pum SiO, 80 min 1.7+0.1

showed that the plasma has no influence on the SiO, and silicon layers, and
confirms that the higher losses are due to the presence of the BaTiO; /SrTiO5
layer stack in the wave-guide (Table A.1).

While the results of the plasma exposure experiments confirm that exposing
BaTiO;/SrTiO; to atomic hydrogen induces absorption, they do not reveal
whether the absorption is due to the creation of oxygen vacancies or due
to another interaction with hydrogen, such as hydrogenation of the materi-
als [147-149]. To investigate the role of oxygen vacancies, we first prepared
SiO, strip-loaded BaTiO;/SOI waveguides with high propagation losses
(>300 dB/cm) using a long hydrogen plasma exposure (same conditions
as above), and subsequently annealed the sample in UHV (<10~ mBar)
at ~550°C for 60 min. This UHV annealing step strongly reduced ap to
49 + 5 dB/cm, even though oxygen vacancies could not have been cured
owing to the low oxygen partial pressure (<10~? mBar). The losses obtained
after the UHV anneal can be explained by the presence of two competing
processes. First, outgassing of hydrogen strongly reduces the losses induced
by the hydrogen plasma exposure. Second, the high temperature and low
oxygen partial pressure cause absorbing oxygen vacancies, leading to mod-
erate losses after UHV annealing. In a control experiment, another SiO,
strip-loaded BaTiO;/SOI sample without prior hydrogen plasma exposure
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(ap ~ 3 dB/cm) indeed exhibited propagation losses of 90 11 dB/cm after
an UHV anneal at a higher temperature (600°C instead of 550°C).

The results of the UHV annealing experiments reveal two important aspects:
First, long anneals at low oxygen partial pressure induce propagation losses
due to the formation of oxygen vacancies. Second, high propagation losses
induced by hydrogen exposure can be strongly reduced through UHV
annealing. We assume that the hydrogen outgasses from the BaTiO;/SrTiO5
layer stack, resulting in reduced propagation losses.

To avoid the formation of oxygen vacancies while out-gassing hydrogen,
we finally annealed SiO, strip-loaded BaTiO;-Si waveguides with high a;,
(>300 dB/cm), from hydrogen plasma exposure, in oxygen at 500°C for
60 min, which resulted in waveguides with ap = 2.2+ 0.2 dB/cm. As high-
temperature oxygen annealing is not compatible with many complementary
metal-oxide-semiconductor (CMOS) fabrication steps, we adjusted the an-
nealing process to more moderate conditions. Ultimately, we were able
to successfully outgas hydrogen from high-loss waveguides by annealing
in argon (po, < 1077 mBar) at 350°C, which is compatible with standard
CMOS processes. At this annealing temperature, no oxygen vacancies are
induced, resulting in 2.6 0.2 dB/cm propagation losses.

Chemical sensitivity to hydrogen

To understand the physical process behind the hydrogen-induced absorp-
tion better, we correlated the observed loss-es with chemical information
from the uppermost 5 — 10 nm of a SrTiO; and a BaTiO;-terminated sample
via XPS measurements. After exposing the sample to a hydrogen plasma, a
much stronger chemical change was ob-served in the SrTiO; layer than in
the BaTiOj; layer. In particular, the Ti 2p peak reveals a significant reduction
of Ti** to Ti®* in SrTiO;, whereas in BaTiO; the fraction of Ti*" remains
unchanged (Figure A.4). These results indicate that the hydrogen selectively
reduces the titanium in the SrTiO; layer, which leads to an increase in the
optical absorption.

To verify that the 4-nm-thick SrTiOj; layer is the main source of absorption
in our structures, we compared SiO, waveguides made using a 50 nm
BaTiO;/4 nm SrTiO; layer stack with waveguides using only a 4 nm SrTiO5
layer. Both stacks where fully oxygenated prior to waveguide fabrication.
Assuming that both BaTiO; and SrTiO; contribute significantly to the ab-
sorption after hydrogenation, one would expect much higher propagation
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FIGURE A.4: Ti 2p 3/2 XPS spectra of BaTiO; and SrTiO; before and after exposure
to hydrogen plasma. The lower binding-energy (BE) component corresponds to
Ti’* and the higher BE component to T4+ [82, 83] The fraction of reduced
titanium in SrTiO; doubles after exposure to hydrogen plasma, whereas there
is no significant change in BaTiO;. The Tidt component in unprocessed SrTiOs
can be attributed to oxygen vacancies due to the oxygen-free high-temperature
crystallization step during deposition.

losses on the BaTiO;/SrTiO; sample because of the high optical confine-
ment factor of 13.2 % in the BaTiO;/SrTiO; layer stack. The much lower
optical confinement in the SrTiO; layer (1.4 %) of our SrTiOs-layer-only
reference sample would accordingly result in significantly lower losses.
However, after a 20-min hydrogen plasma treatment, the propagation losses
in both samples increase similarly from 2.6 0.2 dB/cm to 50 =3 dB/cm
for the BaTiO;/SrTiO; sample (Table A.1), and from 4.0 £ 0.5 dB/cm to
81 £ 3 dB/cm in the SrTiOs-layer-only sample. These results show that the
main contribution of the propagation losses indeed originates from the
4-nm-thick SrTiOj; layer rather than from the BaTiO; layer, and confirm the
selectivity of the hydrogenation process observed with XPS. Taking into
account the optical confinement factor and the overall waveguide losses, we
can estimate the losses in the SrTiO; layer as ~5,000 dB /cm after 20-min
hydrogen plasma exposure. Assuming that the high propagation losses in
all BaTiO;/SrTiO5 /Si waveguides are dominated by absorption in SrTiO;,
we consistently estimate that the losses in the SrTiO; layer induced during
the slot-waveguide fabrication are more than 10,000 dB/cm.
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FIGURE A.5: Transmission through slot waveguides of varying lengths, before and
after annealing. The plotted values are the average transmitted power through
several waveguides with identical length. The inset shows the waveguide geome-

try.

Fabrication of low loss slot-waveguide structures

Finally, we applied our insights into the loss mechanism and the curing
procedure to fabricate low-loss BaTiO;-based slot-waveguide structures.
Using the same fabrication scheme as described above, we were able to
reduce the propagation losses from initially a, = 148 £7 dB/cm to 6.3 +
0.9 dB/cm by annealing the waveguides in oxygen at 350°C for 60 min
(Figure A.5). The remaining propagation losses are within the typical range
of slot-waveguide structures, which generally suffer from scattering effects
at the interfaces. [150, 151]

Using this fabrication method, it is now possible to fabricate various optical
elements, such as couplers, splitters and interferometers, with a highly
nonlinear optical crystal embedded, in silicon photonics. Ring resonators
with a radius of 75 um with well-defined resonances and a quality factor of
Q > 20,000 (Figure A.6) demonstrate the usability of the BaTiO5-Si hybrid
waveguides.

Conclusions

Previous reports on novel BaTiO;-5Si hybrid waveguides consistently showed
high propagation losses of up to 600 dB/cm. In this study, we identified
a strong optical absorption of more than 10,000 dB/cm in the thin SrTiO;
seed layer as the major source of these large propagation losses. The ab-
sorption is induced by hydrogen exposure during the integration of the top
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FIGURE A.6: Comparison of ring resonator spectra before and after annealing. The
spectra are taken from ring resonators with a 75 um radius and gap sizes close to
critical coupling. The spectra are normalized to account for insertion losses. The
corresponding waveguide cross section is shown in the inset of Figure A.5.

silicon layer, which is done by either direct wafer bonding or PECVD. In
contrast, absorption effects in the BaTiO; layer are negligible. We developed
CMOS-compatible annealing procedures that fully recover the hydrogen-
induced losses and that can be used to obtain low-loss slot-waveguide
structures (a, = 6 dB/cm, Figure A.7) and high-Q ring resonator cavities
(Q > 20,000, Figure A.6). The ability to remove high propagation losses
puts renewed focus on a BaTiO5-based photonic technology, and renders
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F1Gure A.7: Comparison of previously reported propagation losses in BaTiOs-
based waveguides on MgO substrates and on silicon substrates with this work.
The waveguides fabricated from BaTiO; on Si use a slot geometry to achieve
enhanced optical confinement in the BaTiO; layer and to reduce the bending
losses. [48, 69, 77]
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it very appealing for more advanced silicon photonic structures: It en-
ables novel applications and structures, such as high-speed modulators,
non-volatile optical memories, and radio-frequency electric field detectors.
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ABSTRACT

The electro-optical Pockels effect is an essential nonlinear effect used in
many applications. The ultrafast modulation of the refractive index is, e.g.,
crucial to optical modulators in photonic circuits. Silicon has emerged
as a platform for integrating such compact circuits, but a strong Pockels
effect is not available on silicon platforms. Here, we demonstrate a large
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electro-optical response in silicon photonic devices using barium titanate.
We verify the Pockels effect to be the physical origin of the response, with
rgp = 923 pm/V, by confirming key signatures of the Pockels effect in
ferroelectrics: The electro-optic response exhibits a crystalline anisotropy,
remains strong at high frequencies, and shows a hysteresis upon changing
the electric field. We prove that the Pockels effect remains strong even in
nanoscale devices, and show as a practical example data modulation up
to 50 Gbit/s. We foresee our work to enable novel device concepts whose
application area largely extends beyond communication technologies.

INTRODUCTION

Silicon photonics has become a platform for dense and low-cost integrated
photonic circuits for a wide range of applications [132, 150, 152-154], all
of which require fast, energy-efficient electro-optical (EO) switches. State-
of-the-art modulators based on silicon [155] rely on the plasma dispersion
effect [27] and have two major constraints: First, the change of the real and
imaginary parts of the refractive index is linked. A modulation of only the
optical phase is therefore not possible, which renders the use of advanced
modulation formats difficult [156, 157]. Second, the operating speed is lim-
ited by the charge-carrier lifetimes in forward-biased devices or by the RC
characteristics in reversed-biased devices [29], leading to a maximal band-
width of a few tens of GHz. These constraints are not present in discrete
modulators that exploit the Pockels effect in lithium niobate (LiNbO;, LNO)
single crystals, which have been used for decades in long-haul telecom-
munication [158]. Because no Pockels effect exists in a centrosymmetric
crystal such as silicon, materials with sizeable Pockels coefficients must be
integrated onto silicon photonic structures to combine the benefits of bulk
Pockels modulators with the low fabrication costs of integrated silicon pho-
tonics. Unfortunately, so far, no satisfactory solution exists. The integration
of LNO on silicon can only be performed locally [159] or on small wafer
scales [93] because no epitaxial deposition process is available. Organic
materials with large Pockels coefficients have been integrated on silicon
and show high-speed performance [160, 161]. Unfortunately, their limited
range of operating temperatures hinders their use in real applications. Lead
zirconate titanate (PZT) thin films, a more stable material, have also been
used to fabricate active switches on a SiN waveguide platform [92], but no
direct integration on compact silicon photonics has been achieved.
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Barium titanate (BaTiO3, BTO) has emerged as an excellent candidate to
enable Pockels-effect-based devices on silicon for several reasons. First, BTO
has one of the largest Pockels coefficients of all materials [162]. Second,
it has previously been used in thin-film EO modulators on exotic oxide
substrates [163, 164]. Third, BTO can be grown on silicon substrates [51, 165]
with large wafer sizes, and with an excellent crystal quality [166]. Previous
work reported values of the Pockels coefficients lower than BTO bulk values,
but five times larger than bulk LNO [51]. Fourth, BTO is a chemically and
thermally stable material. Finally, functional passive photonic structures,
such as low-loss hybrid BTO-5i waveguides, have already been realized [95].
Earlier results were shown on EO switching in BTO-5i waveguides [48,
49, 166] or in BTO plasmonic devices operated at high speed [167], but
the influence of undesired effects, such as charge migration or plasma
dispersion, could not yet be excluded as the source of the EO response. No
proof exists that BTO maintains its superior EO properties when embedded
into micro- and nanoscale silicon photonics structures.

In this work, we unambiguously prove the presence of the Pockels effect in
BTO integrated into silicon photonic devices by verifying three independent
criteria: We show, first, high-speed modulation up to frequencies of 65 GHz,
second, the dependence of the EO response on the orientation of the optical
and externally applied electrical fields relative to the crystalline orienta-
tion of BTO, and third, optical evidence of ferroelectric domain switching.
These features are unique signatures of the Pockels effect and exclude
other physical switching mechanisms. We extract a Pockels coefficient of
742~923 pm/V, which is 30 times larger than in LNO, and the highest value
reported in silicon photonic structures.

In the following sections, we first disclose the fabrication of the layer stack
containing ferroelectric BTO, in which the Pockels effect is present. Next,
we describe the layout and the design of both microscale photonic and
nanoscale plasmonic devices used to verify the presence of the Pockels
effect. We discuss the need of using two complementary device geometries
to fully characterize the EO properties of BTO, as presented in detail in
the third section. Finally, we demonstrate the generic applicability of BTO-
enhanced photonic structures by performing data modulation at high rates
of up to 50 Gbit/s.
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FABRICATION OF BTO LAYERS

In this section, we show that high-quality, single-crystalline BTO on SiO,
can be obtained using a combination of epitaxy and direct wafer bonding.
With our concept, two prerequisites to enable EO switching in BTO/Si
structures are fulfilled: First, the approach yields dense, crystalline, and
tetragonal BTO films, which are needed to preserve the Pockels effect [66].
Second, it enables a thick lower cladding below the BTO films, which
is required to avoid optical leakage into the substrate. Previous electro-
optical BTO/Si devices were based on BTO on silicon-on-insulator (SOI)
substrates [48, 49]. However, in such layer stacks, mobile charges in the
semiconducting device silicon layer may screen the applied electric field
and result in an EO response due to plasma dispersion [162]. To prevent this
effect, we fabricated a hybrid amorphous-epitaxial heterostructure without
any silicon below the BTO layer using a two-step process.

In the first step, 80- to 225-nm-thick BTO layers are grown by molecular
beam epitaxy (MBE) on SOI substrates. To ensure epitaxial growth, the
SOl is covered with a 4-nm-thin MBE-grown strontium titanate (SrTiO;,
STO) buffer layer [51] (Methods). In the second step, we transfer the BTO
layer onto another silicon wafer covered with SiO, via direct wafer bonding
and substrate back-etching, using Al,O; as bonding interface [168]. The
5- to 10-nm-thick Al,O; layer deposited on both the host and the donor
wafer via atomic layer deposition guarantees a high bonding strength [169].
The low surface roughness below 0.4 nm for both wafers (Figure B.1a)
results in a high bonding yield. After thermal treatment, the donor wafer is
removed via grinding and multiple etching steps (Methods), resulting in the
desired wafer stack of 5i/STO/BTO/Al,O;/SiO,/Si (Figure B.1b). Most of
these steps are commonly available in a back-end-of-the-line integration
process and enable the addition of functional oxide layers with planarized,
oxide-covered wafers fabricated in a standard CMOS process [166].

The layers show a well-defined crystalline orientation with respect to the
wafer as is necessary for obtaining high-performance photonic devices [70].
The crystallinity and interfaces remain of high quality after completion of
the process, as is visible at a microscopic level in high-resolution scanning
transmission electron microscopy (HRSTEM) images (Figure B.1c). High-
resolution X-ray diffraction (HRXRD) analysis confirms the cube-on-cube
epitaxial relationship between the BTO layer and the device silicon layer
(Figure B.1d). The sharp rocking curve (Figure B.1e) further confirms the
high crystalline quality at a macroscopic level.
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FIGURE B.1: Fabrication process and structural characterization for a hybrid
crystalline-amorphous BTO-SiO, heterostructure. a, Atomic force microscopy
image showing the low roughness of BTO prior to the bonding process. b,
Schematic of process (from left to right) to obtain the hybrid stack using direct
wafer bonding of an MBE-grown BTO film onto a thermally oxidized acceptor
wafer with Al,O3 as a bonding interface. ¢, The low-resolution cross-sectional
image shows a uniform and smooth layer stack, whereas the higher-resolution
HRSTEM images (right) reveal the high quality of the crystalline structure of BTO
and of the BTO/STO interface formed during the deposition process (top) as well
as the sharpness of the bonding interface (bottom). d, The HRXRD diffractogram
confirms the absence of any polycrystalline domains in the final hybrid stack,
with only BTO (hoo) peaks visible (pseudo-cubic notation), and the epitaxial
relationship between silicon and BTO. e, The high quality of the BTO layer is
evidenced by the low mosaicity (Aw =~ 0.3°) extracted from the rocking curve
measured on the BTO (200) Bragg peak. f, Reciprocal space map plotted in
reciprocal space units (rsu) around the {224} silicon and {203} BTO Bragg peaks
acquired on the hybrid stack. Three possible orientations are revealed, with the
long c-axis being parallel to either the [oo1] (c-axis domains) or to the [110] or [-
110] silicon directions (a-axis domains). g, h, Higher-resolution diffraction around
the pseudo-cubic (200) BTO peak, highlighting the relative contributions of the
a- and c-axis domains in the BTO layer. The comparison of (g) an 80-nm-thick
and (h) a 225-nm-thick BTO layer shows the higher relative fraction of the c-axis
domain in thinner films.

87



88

POCKELS EFFECT IN BARIUM TITANATE ON SILICON

A more detailed analysis shows that the BTO film has a tetragonal symmetry,
consistent with the bulk unit cell of BTO, with two short a-axes and one
longer c-axis (Figure B.1f). The orientation of these axes is critical for device
operation because of the strong dependence of the Pockels effect on the
relative orientation of the static electric field, the direction and polarization
of the light, and the crystalline orientation [51, 70]. The reciprocal space
map around the BTO(203) film peak (Figure B.1f) shows the presence of two
types of a-axis-oriented domains which are rotated by 9o° in-plane relative
to each other, and a smaller fraction of c-axis domains (see Figure B.1
caption). The c-axis domains stem from epitaxial strain, and are expected
to form at the interface between STO and BTO [51, 67]. Consistently, the
relative volume fraction of c-axis domains is indeed larger in the 80-nm-thin
film (Figure B.1g) than the 225-nm-thick film (Figure B.1h).

DEVICE INTEGRATION & CHARACTERIZATION

To confirm the Pockels effect in the BTO layer, we test the anisotropy and
the frequency behavior of the electro-optic response of various integrated
devices. We use racetrack resonators with differently oriented straight sec-
tions relative to the BTO crystalline axes (Figure B.2a). The relatively small
footprint of such structures of ~(100 um)? allows the fabrication of many
separate devices of different orientation, which are needed to probe the
angular dependence of the electro-optic response. Resonant devices are
well-studied and allow a quantitative analysis of the EO response [170].
Due to the finite photon lifetime, the electro-optic bandwidth of resonant
photonic devices is typically limited to few tens of GHz [171], which re-
stricts the usage of such devices for high-speed characterization as needed
to validate the Pockels effect. Mach-Zehnder modulators (MZM) can be
operated at high-speed without bandwidth limitations due to finite photon
lifetimes. However, the larger size of MZMs of several millimeters impacts
the electrode bandwidth [29]. Advanced radio frequency (RF) engineering
of travelling wave electrodes is required to obtain high-bandwidth BTO/Si
based MZM structures. As an alternative, plasmonic phase modulators
offer extremely high bandwidth due to the low capacitance resulting from
the small device size [101]. In our work, we use such BTO-based plasmonic
structures to extend the frequency range of our EO characterization to
65 GHz. Since an accurate quantitative analysis of plasmonic phase modu-
lators is not possible (Supplementary Note 1), we used both photonic and
plasmonic device types for our analysis of the electro-optic response.
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F1GURE B.2: Layout of the photonic and plasmonic devices. a, False-color optical
microscopy image of a photonic ring resonator prior to the fabrication of contact
pads. The angle « indicates the orientation of the straight section relative to the
BTO<100> axis (pseudo-cubic notation). Waveguides are shown in black, the BTO
surface in blue, and the electrodes in yellow. b, Scanning electron microscopy
(SEM) cross-sectional image of the photonic devices between the electrodes. ¢, d,
Simulated mode profile of the photonic TE and TM mode, respectively (methods).
The colors indicate the electric field strength, ranging from blue (low) to red
(high). e, Exemplary transmission spectra of a photonic racetrack resonator for
two different bias voltages. The EO response is calculated based on the shift of
the resonance wavelength. f, g, h, Similar figures as a-d for the plasmonic device,
showing the false colored top-view reordered via SEM, the cross section, and the
simulated mode profile (same color code as in ¢, d). i, Example of a transmission
spectrum of a plasmonic phase modulator operated at a wavelength A = 1540 nm
with an RF signal at 30 GHz. The intensity ratio of the peak (A = 1540.00 nm) to
the first sidebands (A = 1539.75 nm and 1540.24 nm) is used to determine the
change of the effective index Aneg of the plasmonic mode.

We have therefore fabricated both photonic and plasmonic devices with
embedded BTO (Methods). For photonic structures, the device-silicon layer
is used to form strip-loaded waveguides cladded with SiO,. The waveguide
is single-mode and supports transverse-electric (TE) (Figure B.2c) and
transverse-magnetic (TM) (Figure B.2d) polarizations with 39 % (TE) or
55 % (TM) of the optical power confined in the BTO layer. Electrodes
separated by 2 um from the waveguide generate an electric field parallel
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to the 225-nm-thick BTO layer (Figure B.2ab, Supplementary Note 2).
To analyze the tensorial nature of the EO response, racetrack resonators
were fabricated with different angles « relative to the BTO<100> pseudo-
cubic crystalline direction (Figure B.2a). Applying a DC or RF signal to
the electrodes (Figure B.2e), the shift in the resonance wavelength of the
resonators is used to determine the change of the effective mode index
Aneg in the waveguides (Methods).

The 10-pm-long plasmonic structures are based on an 80-nm-thick BTO
layer, from which a 50-nm-wide fin is etched and contacted (Methods). The
plasmonic waveguide (Figure B.2f,g) confining 50 % of the optical power
in the BTO layer (Figure B.2h) [172] is coupled to photonic waveguides via
tapered structures (Supplementary Note 3). We derive Angg from the power
ratio between spectral bands (Figure B.2i), which are created by two-wave
mixing processes when applying an RF signal to the electrodes (Methods).

CONFIRMATION OF POCKELS EFFECT

To confirm the presence of the Pockels effect in BTO, it is crucial to analyze
characteristic features of the EO response [173], primarily its frequency
dependence to exclude slow EO effects and its anisotropic nature to rule out
isotropic EO effects. In addition, the Pockels effect in a ferroelectric should
translate into a hysteretic response of the refractive index versus field,
consistent with the poling of ferroelectric domains. Here we investigate all
these characteristics to confirm the presence of the Pockels effect in our
devices.

The modulation of the refractive index at radio frequencies [174] differ-
entiates the Pockels effect from the thermo-optic effect and from ionic
diffusion processes, both of which occur at long timescales. We measure
a constant EO response up to 30 GHz in photonic devices with Q-factors
of Q =5 x 10% (Figure B.3a), which coincides with the cut-off frequency of
our experimental equipment (Methods, Supplementary Figure S22). Due
to the finite photon lifetime [171] and peaking effects [175] in resonant
structures, the response at higher frequencies cannot be interpreted un-
ambiguously. From the constant EO response up to 30 GHz in photonic
devices, we cannot completely exclude a possible contribution of plasma
dispersion induced by the strong electric field in the silicon strip above the
BTO layer. Non-resonant plasmonic devices, where silicon is absent in the
active region, are used to extend the analysis to higher frequencies. Indeed,
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FIGURE B.3: a, Frequency dependence of the EO response of a photonic ring mod-
ulator (TE polarization) and a plasmonic phase modulator. b, Linear zoom into
the high-frequency region of the plasmonic modulator up to 65 GHz. ¢, Angular
dependence of the EO response of photonic devices designed for different optical
polarizations for static electric fields and, d, for photonic and plasmonic devices
at alternating electric (AC) fields at 1 GHz and 30 GHz, respectively. The dashed
lines in c and d correspond to the simulated response of the photonic devices
using the Pockels tensor extracted from the experiments (Supplementary Note 5).
e, EO hysteresis curve obtained at 1 GHz (photonic devices, TE polarization)
and at 30 GHz (plasmonic devices) when sweeping the applied bias in devices
oriented at different angles « (see labels). The schematics on top indicate the
orientation of the ferroelectric domains for the electric field (green arrow) oriented
at a=1+45°.

the EO response in plasmonic devices is constant in the frequency range
from 30 to 65 GHz (Figure B.3a), and unambiguously supports the presence
of the Pockels effect in the BTO-based devices.

In contrast to the flat frequency response of the photonic devices, the
plasmonic modulators show a reduction of the EO response in the fre-
quency range from ~2 to 30 GHz by ~5 dB (Figure B.3b). This reduction
is attributed to the mechanical boundary conditions in plasmonic devices:
At frequencies up to few GHz, horizontal deformation of the BTO fin
driven by the piezo-electric effect [176] results in a larger, un-clamped EO
response [38] compared to the high frequency region. Such effect is not
visible in photonic devices, where mechanical motion is suppressed due to
clamping from the SiO, cladding (Supplementary Note 4).

91



92

POCKELS EFFECT IN BARIUM TITANATE ON SILICON

Because of the tensorial nature of the Pockels effect [38], the orientation
« of the waveguides (defined in Figure B.2) should influence the EO re-
sponse. Indeed, photonic racetrack devices show a clear dependence on a
(Figure B.3c). As the electric-field-induced An.g parallel and perpendicular
to the BTO layer is anisotropic, the EO response is expected to be sensi-
tive to the polarization of the optical mode. We experimentally confirmed
such an anisotropy between the TE and the TM modes in photonic devices
(Figure B.3¢,d), and compared it with simulations (Supplementary Note 5)
of the expected EO response. The experimental angular dependence and
polarization dependence of the EO response agree quantitatively with the
simulations (Figure B.3c). We determined the two largest non-vanishing co-
efficients of the Pockels tensor in the BTO layer in the photonic structures to
be rgp = (923 £215) pm/V and r33 = (342 £ 93) pm/V. Owing to the small
response of the TM devices at &« = 0°, no reliable extraction of the r{3 coeffi-
cient is possible (Supplementary Note 6). The similar angular dependences
of the EO modulation at static and radio frequencies indicate a common
and constant physical effect as the origin of the EO response at all time and
length scales probed in our measurements (Figure B.3d). Here, we limited
the analysis to 1 GHz to minimize the influence of finite photon lifetimes
on the angular dependence (Supplementary Figure S21). Our experimental
procedure does not allow an accurate quantitative analysis of the Pockels
response at RF (Methods). However, the flat frequency response of the
Sy1 parameter in the photonic devices (Figure B.3a) indicates a constant
Pockels effect from static (Figure B.3c) to high frequencies (Figure B.3d).

Although we can measure an effective, orientation-dependent materials
response in plasmonic devices, which qualitatively agrees well with the
tensorial nature of the Pockels effect (Figure B.3d, Supplementary Note 1),
it is not possible to deconvolute and quantify the Pockels coefficients as
can be done for photonic devices. Nanoscale plasmonic devices are more
sensitive to extrinsic effects such as process damages or device geometry
as well as intrinsic effects such as dead dielectric layer, or distribution of
c- and g-axis domains in the plasmonic waveguide. Nevertheless, taking
these effects into account, the measured effective response of the plasmonic
devices can be reproduced using the Pockels coefficients determined on the
photonic devices (Supplementary Note 1).

In addition to the high-frequency response and the angular dependence, the
EO response caused by the BTO layer should lead to a hysteretic behavior
when sweeping the bias voltage due to the reorientation of ferroelectric
domains. Because the Pockels effect is a linear EO effect, domains with
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opposing ferroelectric orientations induce an opposite phase shift, resulting
in a vanishing EO response for films with equally distributed domains [51].
The EO response will saturate while increasing the bias, once all domains
are polarized in the same direction. Indeed, the expected hysteresis is clearly
visible in both the microscale photonic and nanoscale plasmonic devices
(Figure B.3e). The coercive field E. extracted for photonic devices (E. =
2 x 10° V/m) is in good agreement with previously reported values for BTO
films on silicon of similar thicknesses [51]. In contrast, the coercive field
in plasmonic structures is more than one order of magnitude larger (E. =
1 x 107 V/m), but remains consistent with a voltage drop over an interfacial
non-ferroelectric layer (Supplementary Note 1) and common observations
in thin ferroelectrics, where domain pinning and finite depolarizing fields
enhance E. in devices with reduced dimensions [177].

In the case of photonic devices, the hysteresis loop is not completely pinched
at larger voltages due to slow ionic diffusion processes occurring at time
scales similar to the sweeping rate used during the hysteresis measurements
(Methods, Supplementary Note 7). These diffusion effects are related to
the surface reactivity of the bonded material stack towards the ambient
atmosphere, which take place in the gap between the electrode and the
waveguide. As a consequence, the potential distribution within the device
is slightly modified without impacting the angular dependence and the
frequency response as discussed above (Supplementary Note 7).

APPLICATION OF THE POCKELS EFFECT

Having demonstrated the existence of a strong Pockels effect in our struc-
tures, we now demonstrate its potential use for high-speed data communica-
tion (Figure B.4). Recording an eye-diagram is an insightful way to evaluate
the performance of an EO modulator. A photonic ring modulator with
Q-factor Q = 9 x 10° and a 10-um-long plasmonic phase modulator with
a slot width of 50 nm are used to achieve a high modulation bandwidth
(Methods), with data rates of 40 Gbit/s (photonic device, see Supplementary
Figure S24 for eye diagrams at lower data rates) and 50 Gbit/s (plasmonic
device). These results show the applicability of the BTO/Si technology
for high-speed data transmission. They can also be used to estimate the
performance of MZM, which, if well-engineered, are commonly preferred
over resonant structures or phase modulators for integrated optical links.
The electro-optic response measured in our TE photonic waveguides trans-
lates to a VL product of 0.45 V-cm (Supplementary Note 8), which is
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a Photonics b Plasmonics

FIGURE B.4: a, Eye diagram for data rates of 40 Gbit/s (photonic device) and b, of
50 Gbit/s (plasmonic device).

competitive with state-of-the-art integrated Si [15] and InP [178] EO phase
shifters. Additionally, we estimated the switching energy of an optimized
MZM (Supplementary Note 8) to be 96 f]J/bit, which is in the same range
as advanced Si-based Mach-Zehnder modulators [12, 78]. These perfor-
mance metrics prove the technological relevance of having the Pockels
effect available on silicon as an EO switching mechanism.

SUMMARY AND CONCLUSION

We have unambiguously demonstrated the presence of the Pockels effect
in a hybrid BaTiO;-SiO, stack integrated into photonic and plasmonic
structures on silicon. While the photonic resonator devices allow for the
quantitative determination of the individual Pockels tensor elements of
BTO, the plasmonic devices enable bandwidth measurements at frequencies
up to 65 GHz. The results from these two complementary device structures
demonstrate that BTO maintains its superior electro-optical properties after
fabrication of both microscale photonic and nanoscale plasmonic compo-
nents. Key characteristics, such as the high-speed response, the angular
anisotropy, and hysteretic switching, rule out other physical effects as the
origin of the EO response. The magnitude of the EO response is bulk-
like [38] and many times larger than for any Pockels materials previously
integrated on silicon [51, 159, 161]. The chemical and thermal stability of
oxides also outperform those of organic nonlinear materials [100, 161]. The
use of our structures for data communication at rates of 50 Gbit/s reveals
the prospects of this technology for a new class of integrated modulators.
Our approach can deliver devices with a competitive VL, is suited for
complex modulation formats, and is compatible with a tight integration
within CMOS fabrication lines. Having demonstrated the presence of the
Pockels effect in the materials stack, we foresee that superior electro-optical
performance can be obtained by further optimization of the device parame-
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ters such as the thickness of the BTO layer, the gap between the electrodes,
and the electrode layout optimized for RF operation. The ability to control
the Pockels effect in integrated photonic devices also has profound impli-
cations for applications beyond data communication. Sensory [154, 179,
180], mid-infrared [181], and neuromorphic computing applications [107,
152, 153] would also strongly benefit from devices that are operated at
reduced operating speeds or exploit non-volatile EO effects. Ultimately,
hybrid BTO/Si photonic devices provide an additional degree of freedom
for designers to realize not only a new generation of compact, high-speed
modulators, but also novel devices such as ultra-low-power tuning ele-
ments [49], non-volatile optical memories [182], or microwave-to-optical
quantum converters [124].

METHODS
Fabrication of BTO layers

MBE deposition

MBE deposition was done in a chamber with a base pressure of <3 X
10719 Torr. Before BTO deposition on 2" SOI wafers with 100- or 220-nm-
thick device silicon layers, a 4-nm STO seed layer was deposited. After HF-
cleaning of the substrate, 0.5 mono layers of Sr was deposited at 600-650°C.
After cooling to 50°C, the Sr was oxidized in molecular oxygen, followed
by the deposition of amorphous STO at an O, pressure of ~5 x 10~/ Torr.
The amorphous STO was crystallized by annealing in UHV at 400-500°C,
resulting in epitaxial STO. BTO growth was done at 500-600°C under atomic
oxygen. A plasma source was used to generate atomic oxygen at a pressure
of ~5 x 107° Torr.

Bonding

Direct wafer bonding was performed using 5- to 10-nm-thick Al,O; layers
deposited by atomic layer deposition on both donor and receiver wafers.
After surface preparation and bonding, an annealing step was performed at
250°C. The donor wafer was removed by grinding, followed by wet etching,
leaving the device Si of the SOI donor wafer as the top layer.
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Device fabrication

Photonics

Fabrication of photonic devices started by epitaxial deposition of 225-nm
BTO on a 4-nm STO buffer on an SOI wafer with 100-nm top Si. The
BTO and top-Si layers were transferred by direct wafer bonding to a high-
resistivity wafer with a 2-um-thick thermal oxide. Photonic waveguides
and grating couplers were fabricated by patterning the top Si layer using
inductively coupled plasma (ICP) etching. After waveguide fabrication, the
devices were annealed in O, at 400°C for 4 h to reduce propagation losses
to ~10 dB/cm (Supplementary Note 9). Electrodes were deposited in a
metallization step. An SiO, cladding was deposited by PECVD, in which
vias were etched by ICP followed by the final metallization. The width of
the waveguides was chosen to be 0.75 and 1.25 um to ensure single-mode
TE and TM operation, respectively. Single mode operation was verified by
simulating the 2D mode profiles with PHOENIX and COMSOL. Racetrack
resonators with 50 pm (TE) and 75 pm (TM) bend radius, and 75-pm-long
straight sections were fabricated along with ring modulators with varying
radii.

Plasmonics

The photonic components of the plasmonic devices were fabricated in the
same way as the photonic devices (using 80-nm BTO deposited on an
SOI wafer with 220-nm top Si). After patterning of photonic regions, the
plasmonic waveguides were etched into the BTO using ion beam etching.
After structuring of the BTO, the electrodes were deposited by a self-aligned
metallization process. The propagation losses of the plasmonic structures
are ~1.4 dB/pum (Supplementary Note 9).

Device characterization

Photonics

Optical fibers and integrated grating couplers were used to first couple
light emitted from a tunable diode laser at a wavelength of A ~1550 nm
into the active devices, and afterwards out of the chip to detect the trans-
mitted power. Applying a voltage to the electrodes creates an electric field
in the BTO layer (Supplementary Note 2), which results in a modification
of the refractive index because of the Pockels effect. For photonic devices,
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we tracked these modifications by recording the transmission spectra of
the resonators as a function of the bias voltage applied. The change of
the refractive index of the BTO layer can be determined from the change
of the resonance wavelength A (Supplementary Note 10). For hysteresis
measurements, we iteratively changed the bias and recorded transmission
spectra with a delay of ~10 s. We acquired the frequency dependence of the
EO response by modulating the applied voltage from 50 MHz to 40 GHz.
We recorded the Sj; parameter of a TE ring modulator with a radius of
15 um using a vector network analyzer (VNA) while scanning A across the
resonance and measuring the modulated optical power at a high-speed
detector with a 3 dB cut-off frequency of 33 GHz (Supplementary Note 10,
Figure S22) after amplifying, filtering, and attenuating the modulated signal
(Supplementary Note 10, Figure S19). Note that the values reported for
the Sp; parameters (Figure B.3b) are extracted off-resonance to minimize
effects from the finite photonic lifetime on the EO bandwidth (Supplemen-
tary Note 10, Figure S21). The nonlinear distortion of the EO response by
the erbium-doped fiber amplifier (EDFA) operated close to saturation is
considered in the data analysis, but results in inaccuracies which prevent
an accurate quantitative analysis of the change of the refractive index from
the S21 parameters (Supplementary Note 10).

Plasmonics

To characterize the plasmonic phase shifters, we applied a bias voltage of
about 2.5 V and an RF signal of approximately 10 dBm at frequencies frp
between 15 and 65 GHz directly to the electrodes of the phase shifters, and
recorded the optical spectrum using an optical spectrum analyzer (OSA).
The modulation amplitude was measured as the power ratio between the
optical carrier and the modulation sidebands at fy = A frp. We calibrated
the RF power at the input of the RF probe and subtracted the losses of
the probe based on the data sheet supplied. To measure the frequency
response of plasmonic devices at frequencies lower than 15 GHz, a lightwave
component analyzer was used to record the S;; parameter of a Mach-
Zehnder modulator consisting of two plasmonic phase shifters between
100 MHz and 25 GHz. The overlap between the Sp; parameter and the
phase shifter modulation in the 15-25 GHz range was used to normalize
the phase-shifter modulation to the Sy; parameter.
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Datacom experiments

Photonics

A TE photonic ring modulator with a radius of 12.5 um, a coupling gap
of 0.35 um and an electrode gap of 2.75 pm was used to characterize the
high-speed data-transmission capability, whereby an NRZ pseudorandom
binary sequence (PRBS) of length 2”7 — 1 delivered by a bit pattern generator
(BPG) was applied, connected to an external clock. The modulating signal
was applied by high-speed ground-signal-ground (GSG) RF probes to the
electrodes. The modulated optical signal was then optically amplified by
an EDFA, filtered via an optical filter, and finally photo-detected prior to its
visualization at the digital communication analyzer (DCA). In this way, a
40-Gbit/s signal was generated (Supplementary Note 10, Figure 523).

Plasmonics

A plasmonic phase shifter with a 50-nm-wide and 10-pm-long plasmonic
waveguide was used for BPSK data modulation. An electrical 50 Gbit/s
signal was generated and amplified before being applied to the modulator.
The applied RF voltage peak was 0.8 V at a 50 ) system, and the DC
bias voltage was 2.5 V. A tunable laser, set to 1.55 pm, amplified through
an EDFA to 16 dBm was used for the optical input. After the modulator,
the optical signal was re-amplified through an EDFA, fed to an optical
coherent receiver and recorded by a digital sampling oscilloscope (DSO,
160 GSa/s, 63 GHz 3-dB bandwidth). The digitized signal was processed
offline, including timing recovery, carrier recovery, least mean square (LMS)
equalization, symbol decision and error counting (Supplementary Note 11,
Figure S24).

Simulations

Photonics

All simulations are performed with a MEEP Finite Difference Time Domain
(FDTD) solver. The calculations were performed using 2D FDTD with the
cell size of 8 : 6 pm (y : z) using 33-nm grid size and 1-um-thick per-
fectly matched layer (PML) boundary conditions. The simulation geometry
consisted of a SiO, bottom layer, 225-nm BTO, and a 100-nm-thick and
1250/750-nm-wide Si ridge layer cladded with air. The Gaussian-shaped
source was positioned in the center of the waveguide, and the size of the
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source was equal to the dimensions of the waveguide (width = 750/1250 nm,
height = 325 nm). The wavelength range was set to 1430 — 1670 nm. The
simulated EO response of the photonic devices was compared with the
experimental data to extract the elements of the Pockels tensor (Supplemen-
tary Note 5 and 6).

Plasmonics

All simulations were performed with COMSOL Multiphysics. Eigenmodes
were calculated in 2D Finite Element Method (FEM) simulations with a
simulated region of 500 : 2000 nm? (width:height) and five mesh cells
per effective wavelength in the simulated materials. The metal surface
was meshed with 1.5-nm vertex spacing. First-order scattering boundary
conditions were used. The simulation environment consisted of a 1000-nm
SiO, bottom layer, 20-nm Al,O;, 76-nm BTO, 38-nm BTO slab and metal
electrodes, and 1000-nm air cladding. The geometry was adapted to the
TEM imaging of devices as fabricated and characterized. Simulations were
performed at A = 1550 nm; material data obtained from ellipsometry was
used for BTO and Au (Supplementary Note 1).
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Abstract

To develop a new generation of high-speed photonic modulators on silicon-
technology-based photonics, new materials with large Pockels coefficients
have been transferred to silicon substrates. Previous approaches focus on
realizing stand-alone devices on dedicated silicon substrates, incompat-
ible with the fabrication process in silicon foundries. In this work, we
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demonstrate monolithic integration of electro-optic modulators based on
the Pockels effect in barium titanate (BTO) thin films into the back-end-
of-line of a photonic integrated circuit (PIC) platform. Molecular wafer
bonding allows fully PIC-compatible integration of BTO-based devices and
is, as shown, scalable to 200 mm wafers. The PIC-integrated BTO Mach-
Zehnder modulators outperform conventional Si photonic modulators in
modulation efficiency, losses, and static tuning power. The devices show ex-
cellent VL (0.2 V-cm) and VL« (1.3 V-dB), work at high speed (25 Gbps),
and can be tuned at low static power consumption (100 nW). Our concept
demonstrates the possibility of monolithic integration of Pockels-based
electro-optic modulators in advanced silicon photonic platforms.

Introduction

Silicon technology based photonic integrated circuits (Si PIC) are becoming
essential for various applications in the domain of communication technolo-
gies [183]. For large data centers, Si PIC technology offers attractive features
for transceivers targeting intra and inter data-center communication. Utiliz-
ing advanced manufacturing techniques for the co-integration of optics and
electronics enables high-speed and cost-effective transceiver solutions that
take advantage of device scaling opportunities. Targeting a truly monolithic
integration with CMOS (or Bi-CMOS) is crucial for such transceivers. The
co-use of the back-end of line (BEOL) by photonic and electronic devices re-
sults in the smallest possible parasitics, which is a pre-requisite for efficient
RF driving. Standard Si PIC modulators are based on phase shifters using
the free-carrier dispersion effect. In terms of phase-shifter properties this is
not the optimum solution. Besides a rather low modulation efficiency, non-
linearity and high-loss also limit modulator performance. The impossibility
of disentangling amplitude and phase modulation also restricts their use
for higher modulation formats [29, 132]. In addition, the high junction ca-
pacitance limits the achievable bandwidth [29] and is detrimental for power
consumption. It is therefore highly desirable to enable - in a silicon photonic
technology - pure electro-optic phase shifters exploiting the Pockels effect,
in order to provide a solution without residual amplitude modulation, yet
with high linearity, high efficiency and low optical loss. Recently, this field
of research experienced a renaissance, with several attempts to demon-
strate Pockels modulators potentially compatible with Si-PIC. Different
strategies are being followed, using either a strain-induced Pockels effect in
silicon [184], using well-known Pockels materials such as LiNbO;, bonded
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onto silicon by direct wafer bonding [93, 94], or introducing novel materials
with large Pockels coefficients [91, 92]. All these approaches have intrinsic
weaknesses, coming either from a weak Pockels effect [184], the limited
availability of large wafer sizes [93, 94], thermal stability issues [91], or
incompatibility with standard fabrication processes [92].

Our approach utilizes single crystalline, ferroelectric BaTiO; (BTO) as a
material having a large Pockels coefficient and where an integration path of
single crystalline layers with silicon does exist [51, 96, 185]. Over the past
years, great progress has been made in developing a hybrid BTO/silicon
technology, including passive structures with low-propagation losses [95],
active electro-optic switching [48, 49], excellent thermal stability [167], and,
very recently, large Pockels coefficients of r4p=923 pm/V and high-speed
modulation in photonic devices [96, 185]. However, previous work was
developed on silicon-on-insulator substrates — without attention to process
integration in a standard PIC or electronic PIC (EPIC) process. Here, we
overcome this limitation and demonstrate the integration of highly efficient
BTO Pockels modulators in the BEOL of a silicon photonic process flow
and show the scalability of our approach up to 200 mm, making this an
attractive technology for high-speed transceivers.

Technology concept

Our concept of high-speed transceivers relies on the monolithic integration
of BTO thin films via direct wafer bonding above an interlayer dielectric
(ILD) in a standard EPIC flow (Fig. C.1a) [166]. The bonding step can be
performed on top of any ILD above the front-end-of-line (FEOL) structures.
Using wafer bonding we can first deposit BTO epitaxially on a silicon
substrate, and then transfer the epitaxial layer onto an amorphous substrate,
such as an ILD. Having an epitaxial BTO film is of importance for two
reasons: First, the low defectivity in single-crystalline films is crucial for
achieving a large effective Pockels effect in the material [66]. Second, the
low surface roughness of epitaxial BTO films is critical for obtaining high
bonding yield. To fabricate BTO thin films, we use a deposition process
based on molecular beam epitaxy [44, 51], which relies on the epitaxial
growth on Si wafers and can thus be scaled to large wafer sizes. The
availability of large substrates is major a benefit compared to the bonding
of LiNbOj; on silicon or to the epitaxial growth on crystalline oxides, both
approaches being limited by the available substrate or donor crystal sizes.
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FIGURE C.1: Scheme for monolithic integration of BTO/Si on PIC platforms.
(a) Schematic cross-sections of PIC with electrical and optical front-end, and
BTO integration in the back-end (this work) or front-end (future route). (b)
Cross-section of active BTO/Si waveguide used for electro-optic modulators. The
electrodes (shown in grey) are fabricated in the BEOL of the PIC platform. (c)
Schematic layout of BTO/Si electro-optic modulator reported in this work. The
BTO/Si active waveguide is used as phase shifter in a Mach-Zehnder modulator.

The BTO devices are based on a strip-loaded waveguide geometry, where a
Si strip on top of BTO guides the optical mode (Fig. C.1b). Lateral electrodes
for phase shifters are made using metal lines fabricated in the top metal level
of the BEOL before BTO integration, combined with a final metallization
after BTO integration. Optical simulations are used to inform the design of
the BTO-Si waveguides and to ensure substantial overlap of the transverse
electric (TE) optical mode and the BTO layer at a wavelength of 1550 nm.
Using a 170-nm-thick BTO layer loaded with a 100-nm-thick Si strip, we
achieve an optical overlap of 38 % between the first order TE mode and
the BTO layer. The BTO/Si phase shifters can be used in Mach-Zehnder
modulators (MZMs), or ring modulators. In this work we used unbalanced
MZMs, with multi-mode interference splitters. Grating couplers were used
to couple light in and out of the devices (Fig. C.1c). The magnitude of the
refractive index change induced by the Pockels effect is strongly anisotropic
and depends on the relative orientation of the crystalline axes, the optical
electrical field, and the modulating electric field [69, 96]. To ensure the
maximum response we designed phase shifters with waveguides along the
BTO[110] direction.
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FiGure C.2: Wafer bonding transfer of thin-film BTO between 200 mm source and
target wafers. (a) Photo of transferred BTO layer. (b) Radial measurements of the
homogeneity of the transferred BTO layer. XRD and ellipsometry was used to
measure the lattice parameter, rocking curve, and thickness of the BTO, all of
which show good homogeneity across the 200 mm wafer.

Integration and fabrication

We deposited BTO thin films on SrTiOs-buffered silicon-on-insulator (SOI)
substrates with 100 nm top Si using a previously reported process [44, 51].
Deposition of BTO using molecular beam epitaxy ensures a high-quality
single-crystal film. After BTO deposition, we transferred the BTO layer and
the top Si layer onto a planarized acceptor wafer using thin alumina layers
for adhesion at the bonding interface. The donor wafer was subsequently
removed by a combination of mechanical grinding and chemical etching,
resulting in a high transfer yield from the source wafer.

To demonstrate the scalability of our approach, we transferred BTO layers
grown on a 200 mm SOI substrate onto another 200 mm silicon wafer
that had been capped with a thermal oxide (Fig. C.2a). The transferred
BaTiO; layer was thoroughly characterized using X-ray diffraction (XRD)
and ellipsometry (Fig. C.2b). The out-of-plane lattice parameter and rocking
curve show good crystalline homogeneity with only minor variations along
the 100 mm radius. Additionally, the thickness of the BTO, measured
by ellipsometry, varies only minimally across the wafer. The observed
variations in thickness contain a significant uncertainty due to variations
also in the other layers of the stack.

For the fabrication of modulators (Fig. C.3), we used 200 mm target wafers,
processed following a PIC flow having the same BEOL processes as EPIC
runs [186]. In this work, the BEOL process of the PIC run was interrupted
at the 4th metallization level, top metal 1 (TM1), after ILD planarization.
We transferred a 170-nm-thick BTO layer from a 50 mm SOI wafer onto
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Ficure C.3: Simplified process flow for integration of BTO modulators in the
BEOL of a PIC process flow. Schematics of the cross-sections (left) are shown
at various steps in the process (right). After wafer-bonding of the BTO and Si
layers, the Si is patterned into a strip-loaded waveguide, after which vias and
contacts are fabricated. Figures (c)-(d) show a magnification of the region within
the dashed rectangle in (b).

the planarized PIC wafer. Si waveguides were patterned by dry etching. In
order to ensure a homogeneous electric field across the BTO and to avoid a
voltage drop over the thin ILD layer between BTO and TM1, vias to TM1
were etched through the BTO and the ILD along the waveguides. With a
final metallization step, we extended the buried RF lines on top of the BTO.
A cross-sectional electron micrograph (Fig. C.4) demonstrates the successful
fabrication of BTO/Si modulators on the PIC substrate.

Direct wafer bonding using Al,O5 adhesion layers has a temperature budget
well within the limits of the BEOL process [54]. However, annealing steps
at temperatures up to 350°Care needed to reduce the propagation losses
in the BTO layer [95]. It is therefore necessary to verify that the BTO
integration does not cause any degradation of FEOL components. As the
Ge photodiodes fabricated in the FEOL are highly sensitive to thermal
degradation, we characterized their performance before and after BTO
device integration. We cannot detect any degradation in either dark current
or high-speed signal detection performance (Fig. C.5). The absence of such
degradation confirms that our integration strategy is compatible with the
thermal limitations of the FEOL and BEOL processes, making integration of
BTO devices compatible with PIC platforms, and fulfills the prerequisites
for compatibility with EPIC platforms.
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F1GURE C.4: Cross-sectional STEM image of BTO modulator integrated after top
metal 1 (TM1) in BEOL process of a Si PIC wafer. The schematic shows how
the modulator was integrated in this work. The electron micrograph shows the
successful integration of BTO/Si modulators. Intermediate metal levels (M1 to
M3) as well as the FEOL levels can be identified.

Device performance

To characterize the device performance, we used both passive ring res-
onators and active MZMs. The ring resonators had a radius of 30 um, to
ensure negligible bending losses, and allow accurate extraction of propaga-
tion loss. From the high Q-factor (~50,000) of ring resonators we extract
a propagation loss of 5.8 dB/cm. Since the BTO layer itself has only min-
imal contributions to the propagation losses [95], we are instead limited
by scattering losses in the Si waveguides. Using an optimized pattern-
ing process the propagation losses can be reduced further. We performed
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F1cure C.5: Comparison of FEOL Ge photodiode performance before and after
integration BTO modulators. The photodiodes were characterized by recording a
modulated data signal, and by measuring the dark-current. No detectable degra-
dation is caused by integration of BTO modulators, showing that the integration
scheme is compatible with the PIC FEOL.
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electro-optic characterization on unbalanced MZMs with phase shifter
lengths of 1-2 mm. By applying a voltage to one arm of the MZM and
recording the induced phase shift as a function of the applied voltage
(Fig. C.6), we extracted the DC VL value as 0.23 V-cm. This value is
10 times smaller than state-of-the-art Si depletion-type plasma-dispersion
modulators (V;L~2 V-cm) [15, 29] and comparable to integrated silicon
semiconductor-insulator-semiconductor capacitor (SISCAP) modulators
(VL of ~0.2 V-cm) [97]. When taking into account propagation losses & we
reach a V:La of 1.3 V-dB, which is significantly better than any available
high-speed Si modulator (VLa >10 V-dB). In the current devices the prop-
agation losses are limited by scattering from roughness in the Si waveguide.
By improved processing, propagation losses can be reduced to less than
3 dB/cm, resulting in a VLa <0.7 V-dB. The low V,La shows one of the
key advantages of the hybrid BTO/Si technology compared to alternative
modulator concepts: BTO/Si shows both a large electro-optic response
and low insertion losses, since neither high doping levels nor absorbing
materials are needed in the modulator design.

When sweeping the bias voltage, the phase shift of the MZM (Fig. C.6a)
exhibited a hysteretic behavior, consistent with the ferroelectric nature of
BTO [96]. The hysteresis curve illustrates the need for poling the BTO layer
with a bias above the coercive field (~1 V) to maximize the electro-optic
response. For smaller bias voltages, mixed ferroelectric domain states result
in a reduced effective Pockels effect 7.¢, which ultimately vanishes for
evenly populated domain states [51] (Fig. C.6b). The cancellation effect of
opposing domains causes a deviation from the linear phase response when
varying a DC voltage: The total electro-optic response is the convolution of
the linear Pockels effect and nonlinear domain switching effects. To isolate
the Pockels effect from the electro-optical response we extract the V; at the
extremes of the curve shown in Fig. C.6a, where all domains have been
poled. The re-orientation of ferroelectric domains is a relatively slow process
(«1 GHz) [187], which does not impact the operation of the modulator at
high frequency — even at a bias below the poling voltage.

Moreover, as the Pockels effect is an electric-field effect, very low-power
tuning of the MZMs is possible. The low leakage results in extremely
low tuning powers, P, <100 nW (Fig. C.7), compared to silicon thermo-
optic tuning elements which typically have a Pr >1 mW [188]. As the
Pockels-effect is a linear EO effect the device bias can be used for tuning
without changing propagation losses and without affecting the modulation
efficiency.
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FiGure C.6: (a) Induced phase shift when applying voltage to one arm of a
2-mm-long MZM. The response is linear at large voltages but shows non-linear,
hysteretic contributions for small biases due to ferroelectric domain switching
in the BTO layer as visualized in (b): The yellow arrows correspond to the
polarization of ferroelectric domains. In the middle configuration the EO response
of oppositely oriented domains cancel out, resulting in a vanishing effective
Pockels coefficient. A sufficient bias voltage can align the domains to maximize
the EO response. The ferro-electric domain switching is a slow effect that does
not occur at frequencies >1 GHz. (c) Transmission spectra at various bias voltages
in the poled regime used for VL extraction.

From the measured VL it is possible to extract the effective Pockels coeffi-
cient 7o of the BTO layer using eq. C.1

Ag

—_ Cai1
n%TOFBTO VL ( )

Teff =

as reff = 380 pm/V. Here, A is the operating wavelength of 1.55 um, g is
the electrode-gap (2.6 um), npro is the refractive index of BTO (2.29) as
measured by ellipsometry on similar films, and I'grp is the EO interaction
factor which can be estimated as the optical overlap with BTO (38 %)
assuming a homogeneous electric field across the BTO. The magnitude of
the extracted 7 is in the range of expected values for BTO thin films: The
electro-optic response exceeds values previously reported on MBE-grown
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Ficure C.7: Power-voltage characteristics of a 2-mm-long MZM device. The
leakage current is small in the full bias range (<100 nA), resulting in low static
power consumption of ~100 nW at the operating point of 2 V.

BTO layers on silicon [48, 51, 66], but is smaller than those reported in
ref. [96], where BTO films of very high crystalline quality with rocking
curves of 0.3° are reported. The variation of the magnitude of the Pockels
coefficients in similar material stacks is in agreement with the dependence
of the electro-optic response on the actual crystalline quality and film
morphology [66].

To determine the high-frequency response, small-signal electro-optic Sp;
measurements were performed on a MZM with 1-mm-long electrodes
(Fig. C.8). The 3-dB bandwidth is 2 GHz. The reason for this limited band-
width is a mismatch between the optical mode and the electrical mode
in the traveling wave electrodes, caused by the high dielectric constant
of the BTO. Our device designs are based on moderate BTO permittivity
values of egrp = 100 [77], which turned out to be strongly underestimated
compared to recent reports of egrp as high as 3000 in epitaxial BaTiO; thin
films [96, 189, 190]. To improve the bandwidth, the electrodes should be
designed based on the actual properties of the BTO layer to achieve mode
matching between the RF and optical modes. To show that the bandwidth
is not limited by the electro-optic properties of the material but rather by
the electrical design, we measured the bandwidth of a ring modulator
with a 10 um radius, the small radius induces bending losses resulting
in a reduced Q-factor of ~15,000. The measured bandwidth of ~20 GHz
(Fig. C.8) is limited by the photon lifetime (Q-factor ~15,000) but demon-
strates the potential for high bandwidth operation using BTO/Si devices —
as confirmed in previous reports [96, 167].

We further characterized the high-speed performance of the BTO/Si mod-
ulators with data-modulation experiments using a 1-mm-long MZM. An
electrical pseudorandom binary sequence (PRBS) was generated with a
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Ficure C.8: Small signal frequency response of a 1-mm-long MZM, and a ring
modulator with radius 10 um. The bandwidth of the MZM is limited by mismatch
between the optical and RF modes, whereas the ring modulator is limited by the
photon lifetime.

bit-pattern generator, without pre-emphasis or any other signal processing.
The signal was amplified (V}, ~2 V) and was then applied to one arm of
the MZM along with a 2 V DC bias. The MZM was operated in a travel-
ing wave configuration with an off-chip 50 () termination. The modulated
optical signal was amplified (to compensate losses from grating couplers
and from the experimental setup) and directly detected using a high-speed
photodiode. Eye-diagrams were recorded on a sampling oscilloscope with
10, 20, and 25 Gbps data rates (Fig. C.9). Non-closed eyes can be achieved
even at 25 Gbps, however the result of the limited EO bandwidth of the
modulator is qualitatively visible as a reduction eye opening from 10 to

10 Gbps

Ficure C.9: Eye-diagrams from back-to-back data transmission through 1-mm-
long BTO MZM in single-drive mode at 10, 20, and 25 Gbps, respectively. A bias
voltage of 2 V was applied during the experiments.
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25 Gbps. With an adapted electrode design, we expect to reach data rates
>50 Gbps using MZMs.

Conclusion

We have shown how a material (BaTiO;) with the Pockels effect can be
integrated into a silicon photonics platform in a scalable way using direct
wafer bonding. The demonstrated Mach-Zehnder modulators show excel-
lent performance, exceeding state-of-the-art silicon-based devices on several
figures of merit, such as VL and V,La. The established integration con-
cept provides a path for a novel generation of high-speed modulators and
ultra-fast switches. The technology is however not limited to such existing
components, but further enables entirely new types of devices on a silicon
photonics platform. Using BTO, ultra-low-power tuning elements [49] and
compact plasmonic devices [96, 191], as well as non-volatile elements for
optical neuromorphic computing exploiting ferro-electric domain switch-
ing [107] are possible.
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Abstract

An integrated ferroelectric plasmonic Mach-Zehnder modulator is demon-
strated to work in a direct-detection setup with a 72 Gbit/s NRZ modulation
format. The device works reliably beyond 130°Cwith an extinction ratio
beyond 15 dB.

Introduction

Optical modulators based on the linear electro-optic (EO) effect (Pockels
effect) have become the workhorse in high-capacity links. The linear EO
effect is of particular interest as it provides a pure phase modulation,
which can be used in Mach-Zehnder and IQ-modulator to encode advanced
modulation formats. However, to keep up with the ever-increasing demand
for capacity such modulators should be integratable with standard CMOS
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technology and offer a large bandwidth across a large optical spectrum at
the most compact footprint.

Silicon photonics is currently one of the most promising platforms for
enabling highly integrated mixed electronics-photonics circuits because
it relies on the standard CMOS fabrication infrastructure. Since a strong
linear electro-optic effect is absent in silicon, silicon modulators are nor-
mally based on the plasma dispersion effect. Although this effect has
bandwidth limitations [29], it enables data rates of 70 Gbit/s in a single
Mach-Zehnder modulator [133]; more complex configurations allow data
rates of 224 Gbit/s [192]. Other attempts take advantage of organic mate-
rials with a linear EO coefficient to overcome the speed limitations, such
as silicon-organic hybrid modulators. IQ-modulators extend into the range
of 252 Gbit/s [193], with EO bandwidths up to 100 GHz [194]. Plasmonic
modulators promise ultimate RC-limited speed, enhanced device power
efficiency and smallest footprint thank to the concentrated optical mode.
Recently, plasmonic-organic hybrid modulators with a bandwidth of up
to 170 GHz and data rates exceeding 100 Gbit/s have been realized [101].
While all the solutions meet the demand and enable high-speed optical
links, they either have a large footprint or rely on organic nonlinear materi-
als, which are not CMOS compatible, require a complicated poling proce-
dure and encounter reservations about their thermal limitations. Integrated
ferroelectrics exhibit a strong electro-optic effect and are chemically and
thermally stable materials. Barium titanate (BaTiO;) thin films deposited
epitaxially on silicon possess a very high x(?) nonlinearity [51], which can
be exploited in silicon photonics devices [48, 49].

Here, we demonstrate a plasmonic ferroelectric BaTiO; Mach-Zehnder
modulator on silicon operating in a NRZ 72 Gbit/s experiment without
pre- and post-equalization and bit-error ratios well below the standard
FEC limit. The active section is as short as 10 um. No degradation due to
temperature exposure beyond 250°Chas been found.

Ferroelectric Plasmonic Modulator

The ferroelectric plasmonic modulator (FPM) represents a new type of
plasmonic electro-optic modulators, based on ferroelectric BaTiO5. The
Mach-Zehnder modulator, see Fig. D.1(a), consists of two ferroelectric
phase modulators, see Fig. D.1(b). A simulation of the plasmonic mode in
the phase modulator is shown in Fig. D.1(c). Two tapered mode converters
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F1Gure D.1: False color SEM image of (a) Ferroelectric Plasmonic Mach-Zehnder
Modulator (FPM), and (b) plasmonic phase modulator. (c) Simulated optical
mode profile and layer stack in the plasmonic section.

couple the photonic mode from access waveguides to the plasmonic slot and
back again. On-chip multimode interference couplers (MMIs) are employed
to split the light to the two arms of the FPM. A geometrical path length
difference of 100 um between the two arms is used to obtain an easily
controllable operating point. Grating couplers are used to couple light into
and from the chip.

The FPM exploits the Pockels effect of BaTiO;, allowing high frequency
operation with low power consumption. Key to the FPM is a plasmonic
phase modulator. The footprint of a single 10 umlong phase modulator can
be as small as 20 um? but is currently constrained by the size of the contact
pads.

To fabricate the device, an 80-nm-thick BaTiO; film was deposited epitaxi-
ally on a SOI wafer by molecular beam epitaxy [51]. The wafer was bonded
to a 3 um SiO, on highly resistive silicon wafer using Al,O; adhesion
layers. The original BaTiO; handle wafer was stripped and the buried oxide
was removed. The silicon photonic components were structured by e-beam
lithography (EBL) and subsequently dry-etched. 50-nm-wide and 40-nm-tall
BaTiO; strips were structured by EBL and dry-etched, gold electrodes were
applied by e-beam evaporation and subsequent lift-off to form plasmonic
waveguides.

The effective Pockels coefficient derived from measurements is in the range
of 25 pm/V to 100 pm/V at 65 GHz. There is quite some uncertainty in
this value because the extent of the poling in the slab is unknown. It is
important to point out however, that the refractive index changes with
An ~ ng - Teff- Since the refractive index of BaTiO; is ngp ~ 2.3 and thus
larger than in competing organic approaches the overall refractive index
An is large despite of a moderate effective electro-optic coefficient. With
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F1Gure D.2: (a) Plot of the EO response of the plasmonic phase modulator at
65 GHz at different temperatures. No degradation is seen when operating the
device up to 150°C (blue) and no degradation is found when exposing the device
to short term heading (5 min) exposure for up to 250°C (red). The fluctuations
are attributed to coupling challenges. (b) Modulation at 65 GHz during 24 hours
of continuous operation at 90°C showing no sign of device degradation.

the current device, the V is 14.5 V. Simulations indicate a loss of 1 dB
per um of plasmonic waveguide with about 2 dB in conversion losses
from the waveguide to the plasmonic slot waveguides. However, this first
device generation comes with an insertion loss of 25 dB for a 10-um-
long, 50-nm-wide plasmonic phase modulator. These losses include at least
10 dB from the photonic-to-plasmonic converters and 15 dB plasmonic slot
waveguide losses. SEM images and simulations indicate that there is room
for improvement by optimizing the waveguide sidewalls, the plasmonic-to-
photonic converters and the grating couplers.

To show the stability of the FPM across a large temperature operating range,
we measure the electro-optic modulation at temperatures ranging from
20 to 130°C, see Fig. D.2(a), as well as the response of the device after
a 5-minute exposure to temperatures up to 250°C, showing the process
compatibility of the device. The devices also show long-term stability at
90°C, a typical operating temperature, see Fig. D.2(b).

Data transmission experiment

Data transmission experiments up to 72 Gbit/s have been performed in a
direct detection setup, see Fig. D.3. Clear and open eyes can be seen even
without predistortion or post-equalization.

For the experiment, a De Brujin bit sequence of order 18 was generated
offline and sent to the memory of a digital-to-analog converter (DAC) with
a sampling rate of 72 GSa/s and a 3 dB bandwidth of 16 GHz. Higher-
order sequences were not available due to memory restrictions. The DAC’s
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F1GURE D.3: Schematic of the data experimental setup. The signal was created
offline and sent to a DAC (3 dB BW: 16 GHz). The signal is electrically amplified
and fed to the chip. CW light from an ECL is boosted to 18 dBm by an EDFA
before it is coupled to the chip. The FPM is driven in push-pull mode. A DC bias
is applied on each arm. The modulated light is amplified before it is digitized
and processed. The insets show the eye-diagrams of a 72 Gbit/s NRZ data
transmission before and after equalization.

differential output signals were electrically amplified before they were fed
to the chip. The Mach-Zehnder modulator was operated in dual-drive push-
pull mode. The applied voltage-peak V, = 2.8 V. The extinction ratio is
estimated to be larger than 15 dB. Two bias tees were used to apply a DC
bias of ca. 3 V over each of the two arms. The DC bias could also be used
to fine-tune the operating point of the FPM.

Light from an external cavity laser (ECL) at 1542.5 nm wavelength was
amplified to 18 dBm by an erbium doped fiber amplifier (EDFA) and
launched onto chip using grating couplers. Two cascaded EDFAs amplified
the optical output signal before it was detected by a 70 GHz PIN photo
diode and digitized by a real-time oscilloscope with 160 GSa/s and an
electrical bandwidth of 62 GHz.

The digitized signal was processed offline. First, we did a timing recovery
and resampled the signal to two samples per symbol. The eye diagram
of this operation is shown in Fig. D.3. Subsequently, a T/2-spaced feed-
forward equalizer with 51 taps which is adaptively controlled by a decision
direct least mean square (DD-LMS) algorithm has been used to compensate
for linear distortions. The eye diagram of which is shown as well in Fig. D.3.
Finally, we made a hard decision, evaluated 899,000 bits, counted the errors,
and calculated the bit error rates (BER).

Data transmission has been achieved at 18, 36, 48, 54, 56, 64 and 72 Gbit/s,
with all measured BERs being well below a 7 % hard-decision FEC threshold
of BER = 3.8 x 1073, The resulting eye diagram for the transmissions
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of 72 Gbit/s are shown as an inset in Fig. D.3, the measured BER are
7.66 x 10~* after timing recovery, and 5.68 x 10> after LMS equalization.
These results demonstrate clearly the device’s capability to act in a direct
transmission scheme without costly transmitter or receiver DSP.

Conclusions

We have experimentally demonstrated for the first time an ultra-compact
ferroelectric plasmonic modulator. We have shown that the device is stable
over time at typical CPU operating temperatures, and has a stable electro-
optic response up to 130°C. Finally, we are able to demonstrate a directly
detected 72 Gbit/s NRZ transmission through a Mach-Zehnder modulator.
This shows the device’s potential for application in real-life environments.
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Integrated electrical and photonic circuits (PIC) operating at cryogenic
temperatures are fundamental building blocks required to achieve scalable
quantum computing, and cryogenic computing technologies [115, 116, 120,
121]. Optical interconnects offer better performance and thermal insulation
than electrical wires and are imperative for true quantum communication.
Silicon PICs have matured for room temperature applications but their
cryogenic performance is limited by the absence of efficient low temperature
electro-optic (EO) modulation. While detectors and lasers perform better at
low temperature [195, 196], cryogenic optical switching remains an unsolved
challenge. Here we demonstrate EO switching and modulation from room
temperature down to 4 K by using the Pockels effect in integrated barium
titanate (BaTiO5)-based devices [96]. We report the nonlinear optical (NLO)
properties of BaTiO; in a temperature range which has previously not been
explored, showing an effective Pockels coefficient of 200 pm/V at 4 K. We
demonstrate the largest EO bandwidth (30 GHz) of any cryogenic switch
to date, ultra-low-power tuning which is 10° times more efficient than
thermal tuning, and high-speed data modulation at 20 Gbps. Our results
demonstrate a missing component for cryogenic PICs. It removes major
roadblocks for the realisation of novel cryogenic-compatible systems in the
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field of quantum computing and supercomputing, and for interfacing those
systems with the real world at room-temperature.

Cryogenic technologies are becoming essential for future computing sys-
tems, a trend fuelled by the world-wide quest to develop quantum comput-
ing systems and future generations of high-performance classical computing
systems [117, 118]. While most computing architectures rely solely on elec-
tronic circuits, photonic components are becoming increasingly important
in two areas. First, PICs can be used for quantum computing approaches
where the quantum nature of photons is exploited as qubits [120, 121].
Second, optical interconnects can overcome limitations in bandwidth and
heat leakage that are present in conventional electrical interconnect solu-
tions for digital data transfer between cryogenic processors and the room
temperature environment [116]. In addition, due to their low interaction
with the environment, photons are the only viable carriers to transport
quantum states over large distances. Optical interfaces are therefore es-
sential for true quantum communication, necessary to connect multiple
quantum computers [123, 124] and for secure remote operation of quantum
computers [125].

Today, the realisation of such photonic concepts is hindered by the lack
of switches and modulators that operate at cryogenic temperatures with
low-loss, high bandwidth, and low static power consumption. So far, only
two concepts for cryogenic EO switches have been investigated, based ei-
ther on the thermo-optic effect [127] or the plasma-dispersion effect [126].
Both mechanisms have physical limitations which intrinsically restrict the
low-temperature performance of such devices. Thermo-optic phase shifters
exploit Joule heating with large static power consumption and exhibit a
bandwidth of less than a few MHz [128]. Plasma-dispersion-based devices
require very high doping levels to compensate for carrier freeze-out at
cryogenic temperatures. The high doping leads to large propagation losses
and devices are limited to a bandwidth of <5 GHz in micro-disk modu-
lators [126]. The use of EO switches based on the Pockels effect has been
shown to offer low propagation losses and high-bandwidth, combined with
low static power consumption at room temperature [92, 94—96]. Because of
its electro-static nature, the Pockels effect has no intrinsic physical limita-
tions for its application at cryogenic temperature. However, the lack of a
Pockels effect in silicon means that heterogenous integration of new materi-
als is needed to bring Pockels-based switching in PIC platforms. Pockels
modulators have recently been demonstrated using organics [197], PZT [92],
LiNbO; [198], and BaTiO; [96]. Among them, BaTiO; stands out due to
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having the largest Pockels coefficients [96] and exhibiting compatibility with
advanced silicon photonics platforms [199]. We complete this triumvirate
by demonstrating that BaTiO; is also an ideal candidate for cryogenic EO
integration.

Both the NLO properties and structural behaviour of BaTiO; thin-films are
entirely unknown at temperatures below 300 K. In fact, even in bulk BaTiO;
crystals the NLO behaviour is unexplored below 270 K, and the room
temperature NLO behaviour of BaTiO; thin-films has only recently been
thoroughly investigated [96]. Predictions of the Pockels tensor at cryogenic
temperatures based on data at higher temperatures is not possible because
the temperature dependence of neither the Pockels coefficients nor the
crystalline phase of thin-film BaTiO; on Si is known. The phase transitions
of thin-films are expected to differ from bulk crystals [112] due to the
structural mismatch and thermal stress that exists between the substrate
and the BaTiOj; layer [129-131]. Here, we determine the cryogenic behaviour
of BaTiO; thin films by analysing the performance of BaliO;-based EO
switches at temperatures down to 4 K. Our results show that efficient EO
switching at cryogenic temperature is indeed possible and with bandwidths
beyond 30 GHz. We also demonstrate the applicability of such devices for
low-power switching and tuning as well as high-speed data modulation at
20 Gbps at 4 K.

In this work, we use two waveguide designs fabricated on single crystalline
BaTiOj; layers bonded to SiO,-buffered silicon substrates (Figure E.1a, see
Methods). In the first design, silicon nitride (SiN)-based waveguides allowed
us to study the pure NLO properties of BaTiO; in absence of mobile charge
carriers which could result in an additional, non-Pockels EO response.
In the second, silicon (5i) waveguides served as more efficient devices to
demonstrate high-speed data modulation. The enhanced efficiency origi-
nates from a larger optical-mode overlap with the BaTiOj; layer (41 %) than
with the SiN waveguides (18 %) (Figure E.1b,c). We found that the prop-
agation losses (5.6 dB/cm, SiN device) were not affected by the presence
of BaTiOj; in the active section (Supplementary Note, SN 1) throughout the
temperature range studied.

To characterise the NLO behaviour of BaliO; at 4 K, we measured the
induced resonance shift in a racetrack resonator as a function of the DC
bias (Figure E.1d,e), from which we determined the refractive index change
of BaTiO; (Angro) as a function of the applied electric field (see Methods).
This dependence allows us to study two of the three expected features
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F1Gure E.1: BaTiO; electro-optic device concept. (a), Schematic cross-section of
the devices. A silicon or silicon nitride layer forms a strip-waveguide on top of an
BaTiOj; layer. Lateral electrodes fabricated with W are used to apply an electric
field across the BaTiO;. The devices are embedded in SiO, layers on top of silicon
substrates. (b), Optical mode simulation of the SiN waveguide geometry and (c)
the Si waveguide geometry, showing an optical confinement in BaTiO; of 18 %
and 41 % respectively. (d), Optical micrograph of racetrack resonator devices used
to characterise the nonlinear optical properties of BaTiO;. (e), Characterisation
principle of resonant electro-optic switches, showing example data of a shifted
resonance. The shift in resonance wavelength is measured for an applied electric
field and converted to the material properties of BaTiO; (see Methods).

of Pockels-based switching [96]: NLO hysteresis and angular anisotropy,
the third being the persistence of the Pockels effect at high frequencies
(>10 GHz) [85].

The NLO response with a hysteretic behaviour (Figure E.2a) indicates that a
non-vanishing Pockels effect is preserved in BaliO; down to a temperature
of 4 K. We determine the effective Pockels coefficient, 7., by analysing the
hysteretic behaviour of the refractive index change (SN 2). The dependence
of 7.¢ on device orientation (Figure E.2b) reveals the second signature of the
Pockels effect, its anisotropy. The reduced magnitude at 4 K compared to
room temperature is due to a temperature dependence of the Pockels effect,
as discussed below. While 7 is reduced with temperature, the EO response
is expected to be present at high frequencies also at low temperature.
Indeed, we observe a constant EO response in racetrack resonators with
a low Q factor (Q~1,800) up to 30 GHz (Figure E.2b). This constitutes
the highest bandwidth for any cryogenic modulator reported to date. The
frequency response is expected to remain flat at even higher frequency but
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F1GURE E.2: Electro-optic and electrical response of BaTiO3-based optical switches
at4 K. (a), Refractive index change of BaTiOj; as a function of applied electric field
for a device in the 11.25° direction (as defined in b). The hysteretic behaviour
originates from ferroelectric domain switching in the BaTiOj, as shown schemati-
cally (top). (b), Angular anisotropy of the effective Pockels coefficient in BaTiO5.
The angle is defined relative to the BaTiO;<100> direction. The same anisotropy
as for BaTiO; at room temperature is observed but with reduced magnitude.
The error bars show the combined standard error of the fit and from averaging
measurements of multiple devices with the same orientation. ¢, Electro-optic
Spi-parameter of BaTiO; ring resonator showing a flat response up to a record
frequency of 30 GHz at 4 K. (d), Current measured as a function of electric field
across the BaTiOj; layer showing extremely low current flowing through the ma-
terial. The current is dominated by capacitive charging together with ferroelectric
switching current resulting in a peak (SN 3). (e), Capacitance as a function of
electric field, showing characteristic ferroelectric hysteresis and field-dependent
permittivity.

could not be measured in our experiment (see Methods). The hysteretic
behaviour, anisotropy, and high-speed response prove the presence of the
Pockels effect in BaTiO; at 4 K.

We performed electrical characterisation of the material at low temperature
using dedicated electrical test structures (SN 3). The resistivity of BaTiO,
at 4 K is very high, >10° QOm. In fact, the measured current is dominated
by capacitive charging and ferroelectric switching currents (Figure E.2d).
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The field-dependent capacitance shows clear hysteretic characteristics (Fig-
ure E.2e), consistent with ferroelectric domain switching.

The measured 7. at 4 K is lower than at room temperature (Figure E.2b),
which has two causes. First, the Pockels effect itself is generally temperature
dependent due to changes in strain and polarisation of the crystal [38].
Second, the non-zero elements of the Pockels tensor depend on the crystal
symmetry, which can change abruptly with temperature due to structural
phase transitions. BaTiO; bulk crystals are known to transition from a
tetragonal phase at room temperature to orthorhombic and rhombohedral
phases at lower temperatures (~270 K and ~200 K respectively) [111]. Such
transitions change the elements of the Pockels tensor and modify the mag-
nitude of the effective Pockels coefficients [38]. Because phase transitions
of thin-film materials can be drastically affected by substrate strain [129—
131], studying the properties of thin-film BaTiO; becomes critical when
considering cryogenic applications. To investigate the effects of possible
phase transitions, we measured 7.4 in a range from 4 to 340 K. Indeed,
the magnitude of rg is strongly temperature-dependent (Figure E.3). A
peak around 240 K, with 7.¢>700 pm/V, is consistent with the reported
divergence of the r4p element of the Pockels tensor close to the tetragonal-
orthorhombic transition [38]. Consistently, the permittivity of the BaTiO;
layer (see Methods) also shows a peak in the same temperature range
(SN 4), confirming that the abrupt change in 7. is caused by a phase tran-
sition. Below 240 K the magnitude of 7. decreases gradually to around
200 pm/V at 4 K. In addition to the phase transition at 240 K, a second
phase transition occurs below 100 K causing a rapid change in rg of 90°
devices. This phase transition is also observed in the qualitative behaviour
of the NLO hysteresis which shows that the transitions is induced by the
electric field (SN 4). While 7. of BaTiOj; is reduced at 4 K compared to
room temperature, the value of ~200 pm/V is still larger than most other
material systems at room temperature [34, 92, 200]. The effect of a reduced
Pockels coefficient on the energy efficiency of EO switching is partially
compensated for by a simultaneous reduction of the permittivity of BaTiO;
(SN 4). Additionally, the conductivity of BaTiOj; is reduced by more than
four orders of magnitude (SN 3), resulting in a negligible static power
consumption of BaTiO5-devices in cryogenic environments.

We demonstrate the applicability of BaTiOj; for cryogenic photonic appli-
cations by two examples: low-power EO switching and high-speed data
modulation. For switching we use a Mach-Zehnder interferometer with 2x2
multimode interference splitters, applying a voltage to one arm. Because
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FI1GURE E.3: Temperature dependence of the Pockels effect in BaTiO3. The effective
Pockels coefficient along different crystal orientations at temperatures from 4 K
to 340 K. The peak around 240 K is the signature of a phase transition in BaTiO;.
A second, field-induced phase transition occurs around 100 K, causing a sharp
drop of reg in 90° devices (indicated by horizontal dashed lines). This phase
transition is also evident in the qualitative evaluation of the optical response
(SN 4). The grey areas indicate the temperature ranges of the respective phase
transitions. The error bars show the standard error of the fit used to extract the
Pockels coefficients (SN 2).

the leakage current through BaTiO; at 4 K is 10* times lower than at 300 K,
less than 10 pW static power is consumed when inducing a 7 phase shift
to switch between the two optical outputs (Figure E.4a,b). Compared to
state-of-the-art technology based on thermo-optic phase shifters [127], static
tuning using BaTiO; is one billion times more power efficient. The dynamic
energy of the switch is ~30 pJ, which could be reduced to ~2 p]J in an
optimised device geometry (SN 5). As a second example, we performed
data modulation experiments by sending a pseudo-random bit-sequence to
the modulator and recording the optical eye-diagram (Figure E.4c,d). Data
transmission at rates up to 20 Gbps are achieved with our experimental
setup using a drive voltage (Vpp) of just 1.7 V, resulting in an extremely low
energy consumption of 45 fJ /bit.

In conclusion, we have shown that BaTiOj; thin films can be used to realise
EO switches and modulators for efficient cryogenic operation of silicon PICs.
We have demonstrated low-power switching, as well as high-speed data
modulation. Combining BaTiO; with silicon photonic integrated circuits,
we make a building block available that was previously inaccessible for
any cryogenic circuits. We anticipate that such new components are a
milestone for a versatile platform of cryogenic photonics for applications
such as quantum computing and cryogenic computing technology, as well
as quantum interconnects to room-temperature environments.
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F1GURE E.4: Demonstration of low-power switching and high-speed data modu-
lation with BaTiO3-based devices at 4 K. (a), Schematic of Mach-Zehnder (MZ)
configuration used to switch between two ports. The inset shows the waveguide
cross-section. (b), Transmission from both ports of a MZ switch as a function of
applied electric field, along with the static power consumption. When fully switch-
ing between outputs, less than 10 pW static power is consumed, and only 30 pJ
of dynamic energy. (c), Schematic of the experimental setup for data modulation.
The electrical signal was amplified to compensate for losses into the cryogenic
probe station, and then applied to the device. The modulated optical signal was
detected using a photodiode and recorded on a high-speed oscilloscope. The
inset show the waveguide cross-section. (d), Eye diagram recorded at 20 Gbps
with Vpp = 1.7 V, corresponding to modulation energy of 45 f]/bit.

METHODS
Deuvice fabrication

Single crystalline BaTiO; was deposited on top of an epitaxial 4-nm-thick
STO seed layer by molecular beam epitaxy on 8" SOI wafers with 220-
nm-thick device silicon layer for SiN-based devices, and on 2" SOI wafers
with 100-nm-thick device silicon for Si-based devices, following a process
described elsewhere [96]. Direct wafer bonding was used to transfer the
BaTiO; and device Si layers onto high-resistivity Si wafers capped with a
3-um-thick thermal oxide. Specifics of the direct wafer bonding process can
be found in ref. [96].

For SiN-based waveguides the device Si layer was removed by dry etching,
followed by chemical vapor deposition of SiN. The waveguide layer (Si or
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SiN) was patterned by dry etching. After waveguide patterning, a combina-
tion of SiO, cladding deposition, via etching, and metallisation was used
to form the final cross-section. Intermediate annealing steps were used to
reduce propagation losses.

The SiN-based waveguides use an 80-nm-thick BaTiOj; layer, and 150-nm-
thick SiN layer. The strip-waveguide width is 1.1 um. The electrode-to-
electrode gap is 9 um. The Si strip-waveguides were fabricated using 225-
nm-thick BaTiO; and 100-nm-thick Si. The waveguide width is 0.75 um,
and the electrode-to-electrode gap is 2.3 pm.

Cryogenic measurements

The cryogenic electro-optic measurements were performed in a Lakeshore
CPX cryogenic probe station, fitted with RF (40 GHz BW, K-type connectors)
and optical feed-throughs. DC and RF signals were applied to the devices
using RF probes, and optical coupling was achieved using a fibre array
with polarisation maintaining fibres for 1550 nm. A tuneable laser (EXFO
T100S-HP) and power meter were used to record transmission spectra
(EXFO CT440). The cryogenic electrical measurements were performed in a
Janis cryogenic probe station equipped with DC probes. Current-voltage
and capacitance-voltage measurements were performed using a parameter
analyser. Both cryogenic probe stations were cooled by liquid helium to a
base temperature of 4.2 K.

DC EO characterisation

The DC electro-optic response was extracted by applying a voltage to the
electrodes of a racetrack resonator and measuring the shift in resonance
wavelength (AA), compared to the unbiased case, as a function of the
applied voltage. From the measured wavelength shift, the change in BaTiO;
refractive index (Angro) can be estimated as

Ao - DA

oAt E.
FSR - Lg - Tgro (E-1)

Angro =

where I'gro is the optical confinement in BaTiO;, FSR is the free spectral
range of the resonator, Lg is the electrode length, and A is the resonance
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wavelength with no voltage. [96] The effective Pockels coefficient, ¢, was
then determined according to the procedure described in SN 2.

RF frequency response

To measure the EO frequency response (EO Sy1) a vector network analyser
(VNA, Keysight PNA 50 GHz) was used to apply the electrical stimulus
to a BaTiO; ring modulator. The modulated optical signal was applied
to a photodiode (Newport 1024) and the response recorded by the VNA.
Electrical calibration was performed before the measurement, and the
response of the photodetector was compensated for the data analysis. While
the VNA could generate signals up to 50 GHz, the bandwidth of the
photodetector was 26 GHz, which in combination with large frequency-
dependent electrical losses in the cryogenic probe station (SN 6) makes it
impossible to measure the bandwidth beyond 30 GHz.

Devices for data modulation

For data modulation experiments, devices with Si strip-waveguide were
used. The racetrack resonator that was used had a bending radius of 15 um
and straight sections of 30 pm.

Data modulation experiments

The electrical signal was generated using an arbitrary waveform generator.
A pseudo-random bit stream of 27 — 1 bits was used for modulation. The
electrical signal was pre-distorted to compensate for the finite time-response
of the electrical signal path (SN 6). The signal was amplified using a RF
amplifier and sent to the cryogenic setup, with an estimated voltage swing
on the device of 1.7 V (SN 6). A Pritel FA-23 EDFA was used to amplify the
modulated optical signal which was applied to a photo diode and recorded
on an oscilloscope.
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SUPPLEMENTARY INFORMATION
Supplementary Note 1 — Propagation losses

To investigate whether there is any significant contribution to propagation
losses from the BaTiO; (BTO) layer we fabricated different length waveg-
uide structures of identical dimensions with and without the BaTiO; layer
present. The non-distinguishable (within error) propagation losses in both
structures (Figure E.5a) indicates that the propagation losses of our devices
are limited by our SiN waveguide fabrication process. This conclusion is
corroborated by the fact that losses are lower in the Si-BaTiO; waveguides
which uses a fabrication process-flow that has undergone greater optimisa-
tion in our cleanroom. Since SiN waveguides with much lower propagation
losses can in principle be manufactured [201], the SiN-BaTiO; waveguide
losses are expected to be improved significantly with an improved fabrica-
tion process.

The fixed loss per unit length of the waveguide structures leads us to believe
that sidewall roughness is the dominant cause of loss in our devices. It is
expected therefore that the loss should be temperature independent. To
verify this we measured the propagation loss of SiN-BaTiO; devices at 4 K
and compared the device results with room temperature (300 K) and found
no difference (Figure E.5b).

Supplementary Note 2 — Determination of g

We extract the effective Pockels coefficient of BaliO; from the measurements
of nonlinear optical hysteresis in Angrg as a function of electric field. The
ferroelectric hysteresis of BaTiOj; is directly related to Angro through the
fraction of poled domains, v, according to:

1
Angro = —Ereﬂﬂ/?’lgrBTOE (E.2)
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F1GurE E.5: Cut-back loss-measurements of (a) SiN and SiN-BaTiO; and Si-BaTiO5
waveguides showing no measurable losses caused by BaTiOj;, and (b) SiN-BaTiO;
waveguides at 300 K and 4 K showing no change in losses with temperature.

where E is the applied electric field, and ng gro is the refractive index of
BaTiO; with no field applied. The poling fraction of a ferroelectric material
can be described by [202]:

sinh(A(E + E¢))

"= A/B—1+cosh(A(E+ Ec)) (E3)

where EC is the coercive field, A and B are material parameters [202].
Inserting the expression for v in eq. (E.2) we can determine the material
parameters in eq. (E.3) as well as rq¢ by fitting to the measured Angro.
To model the optical response at large electric fields, we introduced a
parameter, k, for the third-order nonlinear optical response:

1
Angro = _Ereffyng,BToE + kE? (E.4)

In this work we derived the Pockels coefficients from our data using eq.
(E.4) as the fit. An example of the quality of the fit is shown in Figure E.6;
the fitting parameters of which are given in Table E.1.

Supplementary Note 3 — Electrical characterisation

Electrical I-V and C-V measurements were performed on dedicated test
structures consisting of 2-mm-long electrodes separated by 1.25 pm (C-V)
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F1GURE E.6: NLO hysteresis measured in a BaTiO5-SiN device at 300 K and the
fitted model based on equation (E.4).

TaBLE E.1: Parameters for the fit showed in Figure E.6. ng pro was fixed to 2.29
based on ellipsometry measurements at room temperature.

regt (pm/V) Ec MV/m) A (um/V) B (uV/m) k(107" m?/V?)
321 0.606 1.09 0.762 16.7

or 2 um (I-V) which were patterned on top of 80-nm-thick BaTiO;. The test
structures were mounted in a cryogenic probe station and characterised at
temperatures in the range 4 K to 300 K. At 4 K, the current measured in the
I-V sampling is dominated by capacitive charging and ferroelectric switch-
ing. Above 150 K, thermally activated leakage current starts to dominate
(Figure E.7). The leakage mechanism in titanate perovskites such as BaTiO5
can typically be described by a modified Schottky emission equation [203]
which describes a thermally activated charge transport. Indeed, we ob-
serve such thermal activation for temperatures above 150 K. Below that
temperature, the experimentally measured leakage is linked to ferroelectric
switching currents and capacitive charging.

The different contributions to the measured current and their relation to
ferroelectric switching are illustrated in Figure E.8. @ When the applied
field is at a maximum the material domains and dielectric are fully polarised
and the current flowing is only that associated with leakage. @ When the
applied field is reduced to zero (a fraction of) the ferroelectric domains
alone remain polarised. 3) When a small opposing field is applied the
ferroelectric domains begin to switch their polarisation, the dielectric is also
charging and these combine to form a current maximum. @ The material
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F1GURE E.7: Leakage current through BaTiOj; at various temperatures showing a
reduction by more than 10* from 300 K to 4 K.

is now in the reversed state to () and the current is dominated by a leakage
current flowing in the reverse direction.

Supplementary Note 4 — Field induced phase transition

As described in the main manuscript, the electrical and electro-optic data
suggests the presence of a field-induced phase transition in BaTiO; at
temperatures below ~100 K (Figure E.3). At temperatures below 100 K, the
electro-optic response of the device changes sign when the electric-field
strength exceeds 10-15 x 10* V/cm (Figure E.9). This change indicates the
appearance of negative elements in the Pockels tensor, which can only be
caused by a change in the crystal symmetry — a phase transition.

Indeed, in the case of the phase transitions of bulk BaTiO; the low-temperature
transition from orthorhombic (space group Pmn2;) to thombohedral (space
group R3m) structure includes the appearance of negative elements (r2,) [84]:

0 0 r13 0 —T22 113
0 0 7y 0 T 113
0 0 r33 = 0 0 r33 (EB)
0 rp O 0 rg 0
51 0 0 Y42 0 0
0O 0 0 —72 0 0

Pmn2q R3m
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F1Gure E.8: Change in polarisation and resulting electrical current in BaTiO; ca-
pacitors. (a) Polarisation states in ferroelectric capacitor at different field strengths.
(b) The calculated polarisation and, ¢, current showing contributions from ferro-
electric domain switching, dielectric charging, and leakage.

A transition to a rhombohedral phase at large electric fields, something
not observed in bulk BaTiOj;, could trigger the change in the electro-optic
behaviour as described above. Phase transitions are also expected to affect
the dielectric properties of a material and we expect to see a peak or kink
in permittivity around the phase transition temperature. Because of the
micro-domain structure of BaTiO; thin-films, such peaks can be signifi-
cantly broadened. C-V data (as shown in Figure E.2e) acquired at various
temperatures was used to extract the permittivity of the BaTiO; layer. The
permittivity was extracted by performing electro-static simulations where
the BaTiO; permittivity was varied to match the measured capacitance as
described in more detail in the supplementary information of ref. [96].

Indeed, we observe a kink in the permittivity at large bias fields around
100 K (Figure E.10). We can also see that there is a peak around 240 K, cor-
responding to the phase transition observed in the temperature dependent
EO response (Figure E.3)
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F1Gure E.9: Induced resonance shift at various temperatures from 10 to 100 K
in a device oriented along the 45° direction (BaTiO3[011]) showing evidence
of a field-induced phase transition below 100 K at electric field strength of 10-
15 x 10* V/em.

Supplementary Note 5 — Switching energy

The Mach-Zehnder interferometer (MZI) used for switching (Figure E.4a,b)
consists of 500 um long electrodes separated by 9 um. Mapping our experi-
mentally determined capacitance values (Figure E.2e) to the geometry of
the MZI results in a total device capacitance of ~11 fF. For a full 7t phase
shift 50 V are applied to the device, resulting in a switching energy of
CV? = 28 pJ. Optimisation of the device geometry using thicker BaTiO,
(240 nm) to increase the optical overlap (~55 %), a smaller electrode gap
(4.5 um), and a longer phase shifter (1 mm) would reduce the voltage by
a factor 12 while simultaneously increasing the capacitance by a factor 12.
These changes would be expected to result in a reduction of the switching
energy to only 2.3 pJ.

Highly-doped p-n junctions cannot be used for low-loss switching because
of the large propagation losses and the simultaneous modulation of the
(real part of the) refractive index and the absorption. Thermo-optic switches
do not have such optical loss issues and are better suited for switching.
However, in thermo-optic switches the power consumption is dominated
by the static current through the device. It is therefore necessary to specify
the time needed for switching the state of the device. Due to the low
bandwidth, thermo-optic devices are typically limited to ~1 ps switching
speed. Switching at this time scale corresponds to the lowest switching
energy that can be achieved. During that switching period the switch will
require ~0.25 yJ, assuming P, = 0.5 W [127] and 50 % of the maximum
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F1GuRrE E.10: Temperature dependence of BaTiO; permittivity at different electric-
field strengths. A clear peak around 240 K is observed for all field-strengths,
and at high field strengths a kink appears around 100 K, matching the phase
transitions observed in the electro-optic response (Figure E.3). The kinks in the
10 and 20 MV/m curves are indicated by dashed lines. The grey areas indicate
the temperature regions of the two phase-transitions.

current as average current applied during the switching operation. The
switching energy of 0.25 yJ is ~10* times larger than the value we report
for BaTiO, device, and 10° times larger than the value expected for an
optimised BaTiO; device. Please note that in addition to this dynamic
switching energy, also the static power consumption needed to hold the
state requires significant power in thermo-optic devices (~0.5 W) and is
almost negligible (<10 pW) in BaTiO;-based switches.

Supplementary Note 6 — Data modulation experiment

The cryogenic probe station used in the experiments is equipped with
dual RF connections for sending a signal to a GSGSG RF probe mounted
inside the system. In order to account for the impact of this connection
on the electro-optical measurements, we carefully characterised the elec-
trical performance of the RF connectors both by measuring the frequency
response, and by sending data signals. We used a dedicated sample with
metal lines similar to those used in the EO devices to connect the signal
lines of the GSGSG probe inside the probe station. The Sy; parameter in
that configuration show an attenuation of 10-20 dB in the frequency range
of 10-30 GHz when the signal is transmitted through the cryogenic probe
station (Figure E.11). We compensate for the attenuation in the S-parameter
measurements of the photonic devices (Figure E.2c) by calibrating the setup
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FIGURE E.11: S-parameter measurements of the transmission through the cryo-
genic probe station. (a) The experimental configuration used to perform the
measurements. The calibration plane was adjusted to the connections to the
cryostat. (b) The measured transmission S-parameters through the cryostat. We
observe large frequency dependent losses with 10-15 dB attenuation in the 10-
20 GHz range.

using a calibration kit. For data transmission measurements (see below)
such calibration is not possible.

To evaluate the performance of the BaTiO; photonic modulator, we anal-
ysed the signal integrity and estimated the actual voltage applied to the
electrodes of the modulator when performing data modulation experiments.

As discussed above, RF losses in the setup severely impact the electrical
signal applied to the metal lines in the sample. We compensated for part of
bandwidth limitations in the electrical path by pre-distorting the electrical
signal generated in an arbitrary waveform generator (AWG) (Figure E.12a).
However, the electrical eye diagram still shows significant noise and a
limited time-response which indicates the limitations to our electro-optical
characterisation setup.

By comparing the magnitude of the electrical signal transmitted through
the cryogenic probe station (as described in Figure E.12), with and without
amplification, to the magnitude of the source output, we could determine
the contributions of the individual components in the setup (Figure E.12b).
Based on the contributions of the individual components in the setup, we
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F1Gure E.12: Characterisation of modulation voltage in cryogenic probe station. (a)
By measuring the signal amplitude after being sent through the cryogenic probe
station, with and without amplification we can extract the contribution of the
individual components in the system. (b) We find that the RF amplifier provides
23 dB of gain, and that transmitting the signal through the cryogenic probe station
an attenuation of —13 dB. (c) We can extract the real drive voltage based on the
values for the RF amplifier and the cryogenic probes station. Assuming equal
losses in to and out of the probe station results in 6.5 dB attenuation of the RF
signal at the device. Combing all gain/attenuation values results in 2.5 dBm RF
power on the device, which corresponds to ~1.7 Vp,;; on an open termination.

can extract the real drive voltage applied to the device during the electro-
optic data modulation experiments. We estimate the drive voltage applied
to the EO modulator to be Vpp ~1.7 V (Figure E.12¢). Using an estimated
device capacitance of 62 fF (based on an identical sample stack used in
ref. [96] and assuming the same reduction of permittivity with temperature
as observed in this work), we determine the modulation energy to be
45 {] /bit according to

1
Epit = ZCVZ (E.6)
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