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Abstract—Silicon photonic integrated circuits comprising
electro-optic modulators are key to a broad spectrum of ap-
plications. However, while the silicon photonics platform takes
advantage of the well-established complementary metal-oxide-
semiconductor (CMOS) processing technology for fabricating
silicon-on-insulator (SOI) waveguides with high reproducibility,
crystalline silicon lacks a second-order nonlinear susceptibility,
which limits the functionality of the entire integration platform.
The plasma dispersion effect provides an alternative means to
change the refractive index by injection or depletion of carriers,
but this approach has some disadvantages with respect to speed,
efficiency, and footprint. Complementing silicon with Pockels-type
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organic electro-optic materials (silicon-organic hybrid, SOH) can
overcome these limitations. In this review, we describe state-of-the-
art organic electro-optic materials, address promising strategies to
resolve stability concerns, discuss fabrication technologies, and we
elaborate on the design of SOH Mach-Zehnder modulators (MZM).
Our discussion on performance and applications of SOH MZM
starts with the definition of metrics by which various modulator
realizations can be compared. Beyond the standard use of SOH
MZM, we draw attention to unconventional applications like opti-
cal read-out of cryoelectronic circuits and other emerging areas in
metrology and sensing which are so far not in the primary focus of
the community.

Index Terms—Electro-optic modulator, Mach-Zehnder modu-
lator (MZM), organic electro-optic materials, silicon photonics,
photonic integrated circuits.

1. INTRODUCTION

ILICON is the preferred material for fabricating photonic
S integrated circuits (PIC) [1]. One of the key components of
PIC are electro-optical (EO) modulators. Because crystalline
silicon has a centrosymmetric lattice structure and therefore
lacks an EO effect (second-order susceptibility x(?) = 0), sil-
icon photonics modulators conventionally exploit free-carrier
dispersion through injection or depletion of charge carriers in
pin-diode or metal-oxide-semiconductor (MOS) structures [3].
Incorporated within optical waveguides and controlled by adrive
voltage, such structures change the local refractive index and
therefore the optical phase of a propagating guided mode, while
also influencing the optical amplitude as a side effect. If such
a phase shifter (PS) region is part of a ring resonator coupled
to a bus waveguide, a tunable notch filter is formed: The PS
changes the resonance frequency of the ring, and therefore the
transmission through the bus waveguide can be modulated [3].

If the electrically driven PS regions are part of one or both arms
of aMach-Zehnder interferometer (MZI), a Mach-Zehnder mod-
ulator (MZM) results [2], [3]. For carrier-injection phase shifters
relying on forward-biased pin-junctions, the injected carriers
can populate a significantly large fraction of the waveguide
cross-section, resulting in a strong phase shift [4]. Therefore the
PS sections can be kept short (L = 200 pm). However, the slow
recombination dynamics of minority carriers under forward bias
limits the modulation bandwidth to about fgo3qp = 1 GHz, and
only with a pre-emphasis the modulation speed of 10 Gbit/s
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can be achieved. Carrier-depletion type phase shifters [5], on
the other hand, have a smaller phase shift per length. The MZM
is then designed as a travelling-wave modulator [6] and requires
a larger footprint (L = 2.5 mm) [7]. The devices usually op-
erate in push-pull mode and are significantly faster (electro-
optic limiting frequency fgosqp = 45 GHz) [7] than an MZM
with injection-type PS. Free-carrier dispersion modulators can
be fabricated in the framework of standard complementary
metal-oxide-semiconductor (CMOS) processes, but the implied
constraints of the free-carrier dispersion mechanism have to be
accepted.

More design freedom is possible with a different concept:
Silicon-on-insulator (SOI) waveguides or even metallic plas-
monic waveguides are combined with organic electro-optic ma-
terials having a significant second-order susceptibility x(?) # 0.
In the following, we refer to these concepts as silicon-organic
hybrid (SOH) or plasmonic-organic hybrid (POH) integration.
In contrast to silicon, nonlinear organic EO materials do neither
influence the amplitude of a propagating wave, nor do they
suffer from free-carrier absorption (FCA), so that they allow
to construct low-loss pure phase shifters [23]. Because optical
modulators are mostly used at the beginning of a transmission
chain, the materials need to tolerate a reasonable amount of op-
tical intensity. However, high optical intensities in combination
with oxygen may cause photobleaching and permanent damage
to the material. This can be mitigated or entirely prevented with
an encapsulation [30].

For drive voltages below 1 V [24] and PS lengths around
1 mm, the interaction of the optical wave with the organic EO
material is increased by using silicon slot waveguides. The EO
material fills the slot, which has a width in the order of 100 nm.
This SOH technology applied to MZM results in very fast
modulation rates of 100 Gbit/s [8] and beyond [32], [47], [49].
Furthermore, [9] proposes a slow-light structure with slotted-
waveguides filled with EO material; this technology reduces the
footprint down to L = 80 pm while maintaining a small drive
voltage of 1V.

The present review focuses on the properties of y (2)-nonlinear
organic materials and on slot waveguide SOH Mach-Zehnder
modulators, thereby complementing a recent article on SOH
photonics [10]. The MZM come in two varieties, depending
on the electrodes that apply the modulation voltage to the EO
material in the PS sections: If the energy consumption is critical,
then a lumped-element approach is advisable. In this case, the
electrodes are electrically short and represent a capacitive load
to the driving data source. If the capacitance is small enough
as with plasmonic modulators, and if the drive voltage swing is
sufficient [110], then the RC product of inner resistance of drive
voltage source and capacitance can be quite low, leading to a very
large bandwidth [79]. On the other hand, if advanced modulation
formats are targeted and low drive voltages are required, a
travelling-wave approach is better suited, where the electrodes
form an electrical transmission line, usually in the form of a
coplanar waveguide (CPW). Let aside frequency shifters [84], it
is mainly for bandwidth measurement purposes that a sinusoidal
radio frequency (RF) drive signal is used. Such a drive signal
propagates along the CPW with an electrical phase velocity
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ve; and modifies the optical refractive index of an optical slot
waveguide through the Pockels effect. A guided optical mode
experiences this electrically induced phase perturbation which
propagates with the optical group velocity v,. Electrical and
optical fields have to overlap tightly for an optimum modulation
efficiency, and in addition, ve; = v, is desired for a large modu-
lation bandwidth. If not a sinusoidal but a data signal drives the
modulator, itis basically the electrical group velocity vg ¢ Which
should match v, for avoiding a bandwidth-limiting so-called
“walk-off” between electrical signal and optical envelope, but
mostly electrical group velocity and electrical phase velocity are
not too much different.

The paper is organized as follows: In Section II, the properties
of x(?)-nonlinear organic materials are discussed, the material
design is explained, and we report on the long-term stability.
Section III concentrates on the fabrication of the silicon struc-
tures, on deposition and protection of the organic material, and
on its poling. Section IV presents various modulator designs
for room temperature use, and we report on tests at elevated
temperatures. Section V defines performance metrics and bench-
marking results, and it reports on the use of SOH modulators in
cryoelectronics; in addition, other emerging application areas
for nonlinear organic materials are mentioned. Finally, we draw
some conclusions.

II. PROPERTIES OF X(z)-NONLINEAR ORGANIC MATERIALS
A. Theory and Material Properties

SOH modulators rely on the Pockels effect which is shown
by acentrically organized organic electro-optic materials. This
means that the molecular dipoles are at least partially oriented
along a preferential direction, and a macroscopic second-order
susceptibility x(?) results. The dipolar molecules have electron
donor and acceptor motifs covalently linked through a m-bridge
(Fig. 1(a)), forming a nonlinear optical (NLO) chromophore
[10], [11], [111]. Upon deposition on the SOH waveguides,
these chromophores are either randomly oriented or subject
to centric alignment (dipoles are arranged ‘“head-to-tail”, no
macroscopic x(?)). It is crucial to translate the microscopic
molecular hyperpolarizability 53, ., (corresponding to the macro-
scopic quantity XE@,:Qg)g) in the direction of the dipole moment to the
macroscopic EO coefficient (r33) [12], [13], [14], established in
aone-time poling process. The resulting EO coefficient (Pockels
coefficient) is then given by the relation [112]

2Nz (w) <cos39> g (w)
r33 = )

M

1
NEo

The quantity [V denotes the chromophore concentration, g is the
Lorentz-Onsager local field factor [17], [113] that corrects for
partial screening of the external field, ngo is the EO material’s
refractive index at optical angular frequency w, 6 is the angle
between input field polarization and the molecular dipole axis
2, and (cos®0) (the brackets denoting the expectation value over
the random orientations 6) is the average acentric order param-
eter, describing the orientation of the molecular dipole moment
relative to the polarization of the external field. Optimization
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Fig. 1. Molecular structures of widely investigated EO chromophores
and polymers for SOH modulators [111]. (a) JRDI. (b) Different methyl-
methacrylate moieties linked to the NLO chromophore. (c) Chromophore bear-
ing an adamantyl group for increasing 7§ (d) Thermally induced crosslinking
of two NLO chromophores.

of the EO coefficient r33 requires simultaneous adjustment of
hyperpolarizability 3. ,., chromophore density IV, and average
acentric alignment <00539>. The factors affecting f3, ., are [15]

A/‘egﬂge

222 X —7—5 2
g w2 ()
where Ape, is the difference in dipole moment between the
ground and excited states, pg. denotes the transition dipole
moment, and Wy, is the energy difference between ground and
excited states (the bandgap energy). The donor and acceptor
strengths increase the ground-state asymmetry and the resulting
... values as well.

Beyond an optimal donor-acceptor match, the electron density
begins to distribute symmetrically, and the molecule adopts a
cyanine-like electron density distribution with 3,,, = 0 [16].
Lowering the optical bandgap energy W, enhances f3....
However, it is critical to avoid pushing the optical absorption
towards device operating wavelengths (1310 nm or 1550 nm).
State-of-the-art chromophores with high (... commonly
exhibit optical bandgaps corresponding to wavelengths of
(700...1000) nm [14].

For optimizing (cos®#), an electric-field poling procedure
[17], [18] is used to align the chromophores acentrically. This
process involves first heating the EO material near its glass
transition temperature 7}, to increase the mobility of molecules,
followed by the application of an external electric field to align
the dipolar molecules. After cooling the material to ambient
temperature while maintaining the electric field, the desired
orientation of the material is preserved. Sections III-B and IV-A
provide more detailed and practically oriented descriptions of
the poling process.

During the previous three decades, NLO organic materials
with large [3,..-values have been developed intensively, but
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the majority of them were not specifically optimized for SOH
modulators [14], [19], [20].

B. Material Design

The current focus of research in electro-optic chromophores is
to develop materials with high r33-values, low optical loss, high
thermal stability, and persistent acentric alignment [21], [22].
Advances in molecular engineering led to chromophores such as
JRDI1 (Fig. 1(a)) demonstrating excellent performance in SOH
modulators [23], [24], [111] (low half-wave voltage-length prod-
ucts Uy L and high modulation bandwidths fgosqp). However,
molecular re-orientation of dipoles after a certain period of time
still leads to long-term stability issues in many of these materials.
The relaxation rate to a centric alignment is closely related to the
mobility and hence to the glass transition temperature 7}, of the
material. Therefore, T, of the EO material and of the associated
polymer matrix should be significantly higher than the operating
temperature to maintain the acentric order.

Different approaches have been employed to reduce ther-
mally induced relaxation of macroscopically acentrically ar-
ranged NLO chromophores into an optically inactive centric or
random orientation. The classical approach is to embed NLO
chromophores into a polymer host matrix of polyacrylates or
polycarbonates [19]. The host matrix supports the persistence
of acentric order by diminishing the electrostatic interactions
and by reducing molecular mobility through a higher glass tran-
sition temperature T, = (150...200) °C. However, the thermal
decomposition temperature of NLO chromophores may restrict
the choice of (very) high-T, polymers, since poling requires
heating of the material close to T,. Furthermore, the miscibility
and the solubility of polymers and chromophores in identical
solvents or solvent mixtures as well as the optical properties of
the host must be taken into account.

In a more sophisticated approach, NLO chromophores
are covalently anchored to the backbone of a polymer or
a copolymer chain which are, e.g., composed of different
methyl-methacrylate moieties linked to the NLO chromophore
(Fig. 1(b)). Optimization of these copolymeric structures and a
successive enhancement of the amount of adamantyl moieties
delivers a high T;, of up to 172 °C [25].

Following this strategy, bulky adamantyl side groups may be
covalently attached to NLO chromophores forming molecular
glasses with higher T},. Recent examples of NLO chromophores
bearing one or more adamantyl groups demonstrated a 7 of up
to 176 °C (Fig. 1(c)) [26].

A more elaborate strategy involves thermally induced
crosslinking of two NLO chromophores with complementary
reactivity during the poling process, such as HLD1 with an-
thracene and HLD2 with acrylate groups (Fig. 1(d)). The ther-
mally induced cycloaddition of both crosslinking units results
in a 3D polymeric network that inhibits reorientation of chro-
mophores and promises long-term stability. Such devices have
also been demonstrated in SOH slot waveguide MZM [34].
However, the challenge in this approach is to control crosslinking
during the poling process and to keep the main scaffold of
chromophores intact [27].
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There are materials containing photonically-activated
crosslinking agents. So far crosslinking by light was only shown
in OE thin films, and only small electro-optic coefficients up to
r33 = 41 pm/V [28] were observed, (1). Moreover, no in-device
studies of this type of chromophores have been performed.

C. Long-Term Stability

There is a rich variety of publications investigating the life-
time of EO chromophores in thin-film samples or in so-called
bulk material. However, due to the narrow slots in the opti-
cal waveguides (WG) of an SOH device, the chromophores
are exposed to especially high optical intensities, and the re-
silience of promising materials to photochemical bleaching
needs to be tested and verified with in-device experiments. An-
other source of lifetime limitation is operation at a temperature
close to the glass transition temperature 7, leading to depoling
because the acentric order of chromophores is lost. Both effects
increase the so-called half-wave voltage U, which specifies the
drive voltage for which the phases of the two MZM arms are
offset by m. For a given phase-shifter length L, a smaller Uy,
implies a larger modulation sensitivity. Usually, the product U, L
is specified.

In the following, we focus on studies investigating the in-
device lifetime of EO organic materials due to bleaching and
elevated temperatures.

Photochemical bleaching: The exposure of an SOH device to
oxygen in combination with high optical intensities irreversibly
damages the EO material, and the half-wave voltage U, of
the modulator increases [29]. Photochemical bleaching can be
avoided by an oxygen-blocking encapsulation, as is already done
in the OLED industry (organic light-emitting diode). First results
of the long-term stability of an encapsulated POH device with
respect to photochemical degradation have been already shown
[30].

Thermal depoling: If the device’s operating temperature is
close to the T, of the organic EO material, it depoles, re-
sulting in an increase of the half-wave voltage U,. Only for
non-crosslinked materials, this thermal depoling is reversible,
and the device could be poled again. However, because it is
impractical to repole a modulator during operation, developing
EO materials with high thermal stability is required and therefore
an active area of research. In general, photonic devices should
adhere to the industry Telcordia standard [31], which details the
requirements with respect to reliability. The targeted maximum
operating temperature according to this standard is 85 °C.

Long-term stability experiments: A first study of the long-term
stability of an SOH MZM [22] investigated an EO material
with a bulky adamantly sidegroup (Fig. 1(b)). In the study
[25] discussed here, four devices were stored in an oven at a
temperature of 85 °C for 2700 hours. The half-wave voltage Uy,
was measured repeatedly during storage. The lowest initial U, L
of all devices was 2.22 Vmm. The degradation of U, during the
measurement can be seen in Fig. 2(a). On average, U, increased
by 45%. Notably most of the degradation takes place in the first
few hundred hours, which can be considered a burn-in time, in
which the device reaches a stable 7-voltage level.
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Fig. 2. Storage stability of SOH and SPH (silicon-polymer hybrid (SPH), see
Section IV-C) MZM with different EO materials at elevated temperatures. (a)
Uy of four SOH MZM as a function of time normalized to their initial value.
The devices used an EO material with a Ty of 172 °C. They were stored at 85 °C
and ambient atmosphere. After an initial burn-in time, the value Uy settles to on
average of 1.45 times its initial value. (Figure adapted from [25]) (b) Normalized
Uy over time of an SOH MZM with Perkinamine™ Series 5A. The half-wave
voltage Uy remains constant for 1200 hours of thermal storage at a temperature
of 85 °C in vacuum. (Figure adapted from [32]) (c) Thermal stability of an SPH
MZM featuring the organic material EO194. Change of Uy, as a function of time
for devices with an initial Uy of 2.2 V. Both samples were stored in ambient
atmosphere at 85 °C (red line) and 105 °C (blue line). For the device stored at
105 °C an increase of the Uy by 0.2 V was measured. (Figure adapted from [33])
(d) Thermal storage of an SOH MZM where the slots of the WG are filled with
the thermally crosslinked EO material HLD. For a storage period longer than
6000 hours in vacuum at a temperature of 85 °C, no degradation of Uy could
be observed. For another sample stored in vacuum at 120 °C, the device’s Uy
degrades to 1.3 times its initial value after 2000 hours of storage time. (Figure
adapted from [34]).

A more recent study [32] demonstrated the thermal stability
of a guest-host system with a T, exceeding 175 °C. An SOH
MZM with the EO material Perkinamine™ [32], mixed with
amorphous polycarbonate (APC), was stored at 85 °C. No
degradation was observed during 1200 hours as can be seen
in Fig. 2(b). The UL of the 750 pum long device was 0.46 Vmm.

Similar results are reported by industry.! Packaged modula-
tors, operated at 1.55 pm during an observation time of 4300 h
with an optical intensity of 0.5 MW/cm?, did neither show

M. Lebby, “Commercializing reliable hybrid electro-optic polymer modula-
tors,” Lightwave Logic, ECOC 2 Oct. 2023. https://www.lightwavelogic.com/
presentation/ecoc-lightwave-logic-presentation-by-dr-michael-lebby/
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degradation in Uy nor in optical insertion loss. A thermal test
over 2500 h at 85 °C did not reveal a significant shift in Uy.

Further, the thermal stability of silicon-polymer hybrid de-
vices (SPH, Section IV-C, Fig. 7) featuring the materials EO173
and EO194 at temperatures of 85 °C and 105 °C was tested [33].
For a device using EO194 with a glass transition temperature 7'
= 194 °C, the findings are depicted in Fig. 2(c). Over a period
of 2000 hours, the authors measured an increase of U, of less
than 0.2 V with an initial U, of 2.2 V. In SPH modulators, the
EO material forms a 1 pm thick cladding on top of a very thin
(40 nm) Si strip waveguide, leading to a comparatively high
initial U, L = 22 Vmm. The coefficient r33 of the EO material is
reported to exceed 100 pm/V. Whether the same thermal stability
and a comparably large r33 can be achieved in an SOH MZM
with the same organic material is presently being investigated.

A different approach to increase the temperature stability of
EO materials is to utilize crosslinking, a process of chemically
joining two or more molecules by a covalent bond as was
outlined in Section II-B.

One such material is HLD [27]. The material is made up of
two molecules, namely HLD1 containing an anthracene side-
group, and HLD?2 containing an acrylate side-group. Prior to
crosslinking, the material features a T, of 85 °C. During the
poling process, the temperature is increased to 150 °C. At these
high temperatures, a network of covalent bonds forms between
HLD1 and HLD?2, leading to an effective increase of 7, up to
175 °C in thin films [27]. The thermal stability of crosslinked
HLD (NLM Photonics Inc., Seattle, WA 98195, USA) in an
SOH MZM stored at 85 °C was investigated [34]. After more
than 6000 hours of storage in vacuum at a temperature of 85 °C,
there was no observable degradation of Uy, blue dashed line in
Fig. 2(d). In the same study, a 1 mm long device was stored at
a temperature of 120 °C (black curve). During an observation
time of 2200 hours, U, increased by a factor of 1.3 from the
initially measured value U L = 1.9 Vmm, where again most
of the degradation occurred at the beginning of the test, and the
m-voltage seems to reach a steady level towards the end. The high
rsz-values of (290 + 30) pm/V [27] achieved with crosslinked
HLD for thin-film samples could so far not be reproduced in a
slot waveguide.

III. FABRICATION TECHNOLOGY
A. Silicon Structure

Silicon photonics foundries specialize in designing and
manufacturing silicon photonic devices. They leverage well-
established silicon fabrication processes to precisely control
critical dimensions, and integrate complex optical components
with remarkable process stability and reproducibility. These
foundries also benefit from economies of large-scale, offer-
ing cost-effective solutions for large-scale fabrication. Most
foundries provide their process as a multi-project-wafer (MPW)
run. In such an MPW approach, multiple photonic integrated
circuit designs from users are fabricated on a single silicon wafer.
For academics and fabless companies, MPW runs open a low-
cost fabrication path to highly developed fabrication platforms
[35].
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SOH
slot waveguide

Heater
Ge photo diode

Si substrate

Waveguide Grating coupler

Fig. 3  Cross-sectional view of a typical multi-project wafer (MPW). The
following elements are depicted (left to right, silicon regions in grey, metallic
vias in yellow): Electro-optic phase shifter with SOH slot waveguide formed by
silicon rails and covered with an EO organic material (orange), whereby metallic
vias connect to pads on the chip’s surface through which the electric drive signal
is applied. Thermo-optical phase shifter with silicon strip waveguide and an
associated heater. Germanium photodiode. Grating coupler for coupling outside
light to an internal strip waveguide. (Figure adapted from [36]).

In the following, we briefly outline the state-of-the-art fab-
rication process for silicon photonic circuits, a process which
is common to many foundries. Fabrication relies on silicon-on-
insulator (SOI) wafers benefitting from unique advantages in
terms of optical performance and integration. SOI wafers consist
of a thin silicon device layer with a typical thickness of 220 nm.
This layer sits on top of a (2. ..3) um thick buried-oxide (BOX)
layer, which provides an excellent undercladding for photonic
devices, isolating the SOI waveguides from the underlying high-
index handle while reducing optical losses and crosstalk. The
entire chip is covered by a SiOs top cladding with a typical
thickness in excess of 3 pym.

The fabrication process involves a series of fabrication steps,
typically comprising repeated use of high-resolution deep-UV
lithography with sub-100 nm resolution and overlay accuracies
in the order of a few nanometers, followed by etching, deposi-
tion, or doping steps. This workflow facilitates seamless integra-
tion of photonic components with complementary metal-oxide-
semiconductor (CMOS) electronics, enabling highly integrated
on-chip communication systems [114].

Fig. 3 displays a schematic cross-section featuring various
standard devices in a typical MPW process flow including the
SOH slot waveguide. Notably, this image highlights a selective
oxide opening above the phase shifter section of the SOH
modulator, which enables the back end-of-line deposition of
the organic EO material inside and around the slot. Electrical
isolation between the two silicon rails must be ensured, and
this assumes particular significance during the poling of the EO
material and for the final modulator functionality.

Furthermore, Fig. 3 depicts cross-sections of basic building
blocks of a typical process design kit (PDK) associated with
state-of-the-art foundry service. The basic building blocks of
such PDK are silicon strip waveguides with widths between
400 nm and 500 nm depending on the operating wavelength.
Heaters for thermo-optic phase shifters are typically made from
titanium nitride, tungsten, silicide, or doped silicon [37], and are
connected via different metallization layers. Grating couplers are
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Fig. 4 Cross-section of a slot waveguide filled with an EO material (green)
and poling procedure. (a) In the unpoled state, the molecular dipoles in the
EO material are randomly oriented. (b) The material is heated up to its glass
transition temperature Ty, and an electric field is applied to orient the dipoles.
(c) The material is cooled down with the electrical field still applied, causing a
“freeze in” of the orientation, even after the electrical field is shut off. (Figure
adapted from [10]).

used to efficiently couple light between a planar waveguide on
the silicon chip and an optical single-mode fiber or a free-space
optical beam. The periodic structure etched into a waveguide
diffracts the incoming light and directs it into or out of the
waveguide.

Transceiver modules usually consist of transmitting and re-
ceiving components, where the receiver contains high-speed
photodiodes [38], which are fabricated on the wafer by high-
quality germanium growth on silicon.

For completing the silicon photonic transceiver chip, a laser
light source is required. Two main approaches are commonly
employed to fill this gap: Either hybridly integrating the laser on
the PIC through packaging [39], [40], [115], [116], or heteroge-
neous on-chip integration of direct-bandgap III-V materials on
silicon waveguides [117], [118].

When fabricating optical devices, especially those involving
slot waveguides filled with an EO material, the precise control
over locus and quantity of the material deposition is essential.
The oxide opening provides a well-defined area where the EO
material can be accurately deposited. The oxide opening in com-
bination with hybridization using an EO polymer is currently not
offered as a standard MPW service, but this will change in the
near future.”

A more detailed cross-sectional view of the PS section of an
SOH MZM comprising the electrical and the optical waveguides
as well as the oxide opening is shown in the inset of Fig. 5(a).

B. EO Material Deposition, Poling and Protection

As the employed organic components are typically solu-
ble in a plethora of solvents, massively scalable processes
like inkjet-printing and micro-dispensing can be utilized for
the EO-material deposition [43]. Even very simple methods
like spin-coating, drop-casting or meniscus-based dispensing
techniques are sufficient to build efficient devices [24], [44].

As explained in Section II, the organic EO materials of interest
do not exhibit a relevant Pockels effect in their initial state, where
chromophores are randomly oriented, see Fig. 4(a). The large
rss-values reported in literature [14], [24], [32] are achieved by
orienting the molecular dipoles in a poling step, Fig. 4(b). Here,
the material is heated up to its glass transition temperature 7, for

2[Online available]: https://silorix.com/ announces as “Coming soon”: Silicon
organic hybrid MPW runs exploit SilOriX’s proprietary modulator technology
along with the full portfolio of silicon photonic devices.
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increasing the mobility of the molecules. Subsequently, a voltage
is applied, creating an electric field within the slot and leading to
an orientation of the respective molecules along the direction of
the poling field, Fig. 4(b). This field holds the molecules in place
while the material is now cooling down, leading to a “freeze-in”
of the orientation at lower temperature, Fig. 4(c).

While no general parameter rules apply, the electro-optic
coefficient r33 as a function of a poling field in the order
of (200...400) V/um shows a threshold effect by surface-
chromophore interactions, leading to alignment of chro-
mophores along the slot sidewalls [24] [Fig. 3(b)]. This is the
more pronounced the narrower the slot becomes. For higher
poling fields, 33 reaches a maximum and then reduces due to the
onset of conductance in the OE material, possibly in combination
with dielectric breakdown. As discussed in Section II-C, the
chromophore orientation and hence the high r33 coefficient will
get lost if the material is again heated beyond a specific tem-
perature without an electric field applied to the slot. Due to the
confinement of the EO material within a typically ws, < 200 nm
wide slot, and because of orienting effects close to the silicon
side walls, the r33 within the device often differs significantly
from the values measured in thin films [24], [32], [45].

Organic materials are usually sensitive to many environmental
factors like moisture, oxygen, UV radiation, and heat [25], [29].
As discussed in Section II-C, the thermal stability of SOH
devices can be achieved by utilizing EO materials with a high
T, significantly larger than the operating temperature of the
device. For mitigating the degradation due to moisture, oxygen,
or radiation, the devices need to be properly encapsulated [14],
[30].

1V. DESIGNS AND DEVICES
A. SOH Modulator With Resistively-Coupled (RC) Electrodes

An artistic illustration of the side-view and top-view of an
SOH MZM is shown in Fig. 5(a) and (b). Light is coupled to and
from the device via gratings or, alternatively, with edge-couplers
(not shown). The light is guided by access waveguides to a 2x?2
multimode interference (MMI) coupler where it is split into two
paths. Each path is routed beneath a gap of the CPW which
is tapered to the size of the probing pads for the phase shifter
section. Here, a strip-to-slot (S2S) converter ([46], not shown)
transforms the optical mode of the strip waveguide to the slot
waveguide mode that is propagating in the PS section. Filled with
the EO material JRD1 [42], the insertion loss of a slot waveguide
is typically 2.5 dB/mm [23]. After passing through another S2S
converter at the end of the PS sections, both paths recombine in
a second MMI coupler. Depending on the phase relation of the
light arriving from the two arms, the light is coupled into either
one or into both of the two outputs of the second MMI coupler.

The RF mode co-propagates with the optical signal along the
slot WG on a metal ground-signal-ground (GSG) coplanar wave-
guide (yellow). The inset of Fig. 5(a) provides a schematic of the
device’s slot WG cross-section. Aluminum vias punch through
the (2...3) pum thick protective oxide cladding and connect the
electrodes of the CPW to slabs of doped Si (typical height Ay, =
70 nm), see also Fig. 6(a). These slabs are connected to doped


https://silorix.com/

FREUDE et al.: HHGH-PERFORMANCE MODULATORS EMPLOYING ORGANIC ELECTRO-OPTIC MATERIALS ON THE SILICON PLATFORM

(a) (b)

Slot Waveguide filled
with Organic EO Material

Access
Waveguides

Contact Pads

SOI Substrate

Electrodes

Transmission [dB]
&
o

.30 2§U.= !V
0 1 2 3 4 6
viess (V) Uy Slot Bias Voltage V)

Fig. 5 Schematic of a slotted-line Mach-Zehnder modulator. (a) Electrodes
in form of an RF coplanar transmission line in a ground-signal-ground (GSG)
configuration. Inset: The electrodes connect to the Si rails of a slot waveguide
(WG) with n-doped Si slabs (refractive index ng; = 3.5) and to Al vias which
punch through the protecting oxide. During the poling process, the EO material is
heated beyond its glass transition temperature, and a direct current (DC) voltage
Upol (green circuit) is applied so that the chromophores align. After cooling
and subsequent removing of Upol, the chromophore orientation remains. A
modulating voltage Uq (red circuit) applied to the signal electrode induces
an electric field in the slot (red arrow) that is anti-parallel (parallel) to the
chromophore alignment (green arrow) in the respective MZM arms leading
to push-pull operation. Because the RF field and the optical mode overlap
strongly inside the slot region, the phase modulation is highly efficient. (b)
Before and after the modulator sections, the light is split and combined with
multimode interference couplers (MMI). Low-loss strip-to-slot mode converters
([46], not drawn) connect the MMI to the slotted PS sections which have a
typical attenuation of 2 dB/mm. (c) Example of the sinusoidally-shaped MZM
transmission (in dB) for PS sections with lengths L = 1 mm as a function of
the DC bias. The half-wave voltage for a phase shift of 7 between both MZM
arms is Uy = 0.5 V, resulting in Uy L = 0.5 Vmm. The RF modulating voltage
Uq comprises a DC bias which determines the operating point, either at the null
point for nearly linear amplitude modulation, or at the 3 dB point for nearly
linear intensity modulation. (Figures adapted from [47], [11]).

silicon rails having typical heights of & = (200. . .400) nm and
widths of w51 = (150...240) nm. Both rails are separated by
a slot with a width in the range of wy = (80...200) nm thereby
forming the slot WG. The high index contrast at the interface
between the high-index Si rail and the low-index EO material
at the sidewalls of the slot leads to a field enhancement and
to a strong optical confinement with a typical field interaction
factor I'qior x of 0.18...0.25 [24], see (4), (5) in Section V-A.
It is related to the modal confinement factor I' which highly
depends on the rail and slab dimensions, as well as on the slot
width and the refractive index of the EO material [10], see (10)
in Section V-A. A large value of I'qjo¢ « hence leads to a high
modulation efficiency and to a small Uy L-product.

During the poling process, the chromophores are aligned
according to the electric field within the slot, induced by the
poling voltage Uy, (Fig. 4 and green arrows in Fig. 5(a)). The
modulating RF drive signal Uy is applied as shown by the red
circuit in Fig. 5(a). The fields are resistively coupled from the
CPW to the slot WG through the doped Si slabs. In the slot, the
RF field induces an electric field (red arrows) that is parallel to
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Fig.6. Mach-Zehnder modulator cross-sections. (a) Resistively-coupled (RC)
slot WG formed by two silicon (Si) rails (green) with typical heights 7 =
(200. . .400) nm and widths wyai; = (150...240) nm, which are separated by
a gap of width wgs = (80...200) nm. A cover of organic EO material (light
orange) fills also the slot. The Si rails are connected to the metal strips (height
hm) of the GSG transmission line (yellow) through doped Si slabs (green). At
low frequencies, the RF modulating voltage drops predominantly across the slot
region. To reduce optical loss, a smaller doping concentration np is used in
the rails and in the directly adjacent slab regions of width wog (light green),
whereas the slab regions further away from the optical slot waveguide (dark
green) are subjected to a higher doping concentration n$ [48]. A simplified
equivalent-circuit model is depicted as a white overlay. The slot is represented
by capacitance C's/2, which is connected to the ground and the signal strip
of the transmission line through a total slab resistance 2Rgp,. The insets in
the grey substrate region are the electric-field profiles of the optical quasi-TE
mode and the RF mode. (b) Capacitively-coupled (CC) slot WG. The doped
Si slabs in the upper panel (a) are substituted by a high-k dielectric material
(red, relative permittivity €, pro = 18 at microwave frequencies, refractive
index npro = 1.85 at optical frequencies) with width wyy and height hpj.
As depicted in the equivalent circuit, the slot capacitance Cgs/2 is electrically
connected to the electrodes through a coupling capacitance C.. > Cj so that the
RF voltage applied to the transmission line drops predominantly across the slot.
In contrast to RC-SOH modulators and with a properly chosen high-k material,
CC-SOH devices do not suffer from optical loss in the Si rails and from RC time
constants associated with resistive coupling. (Figures adapted from [49]).

the chromophore alignment in one MZM arm and anti-parallel
in the other one, resulting in push-pull operation of the MZM.
For operating the modulator in a nearly linear regime of its
sinusoidal electro-optic characteristic, the device is biased with
a DC voltage at the null point (for amplitude modulation), or
at the 3 dB point (for intensity modulation). In Fig. 5(c), the
normalized optical transmission as a function of the bias voltage
is shown [11] for an L = 1 mm long device with a half-wave
voltage U, = 0.5 V.

In combination with the resistance of the doped Si slabs, the
slot capacitance forms a first-order low-pass filter for the EO
transduction process. For maximizing the RC-bandwidth while
minimizing optical losses introduced by free carrier absorption
in the silicon slabs and rails, a multi-level doping scheme (np,
ng) can be employed [11], [48] as is to be seen in Fig. 6(a).

B. SOH Modulator With Capacitively-Coupled (CC)
Electrodes

As mentioned in Section IV-A and explained in more detail in
Section V-A, SOH devices achieve high modulation efficiencies
through a strong interaction of the optical and electric fields
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within the organic EO material in the slot region. In so-called
resistively-coupled SOH devices (RC-SOH) as described in the
previous section, the confinement of the electric field is accom-
plished by resistively connecting the metal electrodes with the
Si slot waveguide through doped Si slabs, forming a serial RC
circuit, Fig. 6(a), that limits the bandwidth of the device. The
RC time constant is determined by the resistance of the doped
Si slabs and the capacitance of the slot waveguide.

To overcome this bandwidth limitation, capacitively-coupled
SOH devices (CC-SOH) illustrated in Fig. 6(b) can be used
[49], substituting the doped Si slabs from Fig. 6(a) by high-k
dielectric slabs. This dielectric material should be chosen such
that its relative permittivity at microwave frequencies is much
larger than that of silicon and of the organic EO material, while it
is smaller than the permittivity of silicon at optical frequencies
to maintain the optical waveguiding. The use of such a high-
k dielectric material results in a large coupling capacitance,
thereby achieving an efficient transfer of the RF electric field
to the slot region, without impairing the confinement of the
optical mode. Thus, the capacitive coupling scheme used in
CC-SOH devices circumvents the RC bandwidth limitation.
The bandwidth of CC-SOH devices is hence only limited by
the frequency-dependent propagation loss experienced by the
modulating RF signal, by the RF impedance mismatch, and by
the velocity mismatch between the RF and the optical waves.
Since the silicon rails can be left undoped, the device can also
benefit from reduced optical losses when using an appropriate
high-k material.

In [49], CC-SOH devices were demonstrated using barium
titanate (BaTiO3, BTO) as a high-k dielectric material. An
electro-optic 3 dB-bandwidth of 76 GHz and a 6 dB-bandwidth
of 110 GHz (power of photocurrent reduced by 4) was reported
along with a small 7-voltage of 1.3 V (UL = 1.3 Vmm),
limited by the rather thin gold transmission lines used in this
experiment. The functionality of the device was demonstrated
by generating data signals using a four-state pulse-amplitude
modulation format (PAM4) at line rates of 200 Gbit/s. The BTO
slabs have a relative permittivity €, pro = 18 and were in an
amorphous phase. According to [50], the relative permittivity
of polycrystalline BTO can exceed 100 which would lead to a
better RF field confinement and therefore to an even smaller
U.L.

C. Silicon-Polymer-Hybrid (SPH) Modulator

Another variant of the SOH modulator avoiding any resistive
coupling is the so-called silicon-polymer hybrid (SPH) device
[51], Fig. 7. Instead of a slot waveguide, very thin (40 nm) silicon
strip waveguides form an MZI, the arms of which are covered
with a 1 um thick EO polymer, acting as phase shifter sections.
In this specific implementation, the field around each of these
waveguides hosts 74% of the total modal cross-section power.
Two independent travelling-wave electrodes on top of the PS
sections propagate the RF drive field. The low dielectric constant
of the EO polymer results in a comparable size of the effective
refractive indices [52] for the RF field (n., = 1.52) as well as for
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Fig.7.  Silicon-polymer hybrid (SPH) modulator for A = 1.55 pzm with length

L =8 mm, UyL = 144 Vmm, and WG loss 0.22 dB/mm. (a) Layer cross-
section (b) Calculated optical field distribution around the Si core (c) Exploded
perspective view of layers. From bottom: Aluminum ground plane on SiO2/Si;
ultra-thin (40 nm) silicon; WG forming a Mach-Zehnder interferometer (MZI Si
Core, arm spacing 200 pm) with 1 pm thick EO polymer cover, both embedded
in a sol-gel SiO2 cladding; on top, two independent travelling-wave electrodes
(TWE). (d) Measured EO transmission So1 in dB, 3 dB bandwidth 68 GHz. The
solid black line is a fitted curve. (Figures adapted from [51]).

the lightwave [51] (ngppr = 1.66), so that the velocity mismatch
is small: This leads to a 3 dB-bandwidth of 68 GHz.

As discussed in Section II, the EO activity of the polymer
can be high. From a measured in-device figure of merit of
n%mrgg = 1021 pm/V at 1 = 1.55 um (see (12) in Section V-A)
an EO coefficient of 33 = 223 pm/V can be estimated. The WG
shape and an effective index of the mode close to the cladding
index leads to a low propagation loss of 0.22 dB/mm. This
and the ultra-high glass transition temperature 7, = 172 °C of
the EO polymer allow operation at 110 Gbit/s OOK in a harsh
environment with a wide temperature range (25...110) °C.

As a disadvantage, SPH devices offer only comparatively
large half-wave voltage-length products compared to SOH de-
vices (e.g., Up L = 14.4 Vmm), so that large footprints result
(e.g., L = 8 mm). In addition, the fabrication process cannot
easily be integrated into a standard CMOS line. With respect to
its U, L -product, the SPH phase shifter is comparable to CMOS-
compatible carrier-depletion type pin-diode phase shifters, but
does not suffer from a parasitic amplitude modulation.

V. PERFORMANCE AND APPLICATIONS
A. Definition of Metrics

The performance of SOH Mach-Zehnder modulators needs to
be characterized by quantitative figures of merit (FOM), see the
following Table I. This allows to find the optimum design for a
certain application and to compare different schemes. The most
important metric is the half-wave voltage-length product U, L
(modulation efficiency). In the following paragraphs, we intro-
duce various performance metrics, which we use to benchmark
different SOH and POH MZM as well as IQ modulators that have
been demonstrated over the previous years, see Section V-B,
Table II.

Half-wave voltage-length product: We denote the free-space
propagation constant of a monochromatic field /! with fre-
quency f =w/(2m) by ko =w/c = 2n/A (vacuum speed of
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TABLE I
FIGURES OF MERIT (FOM). SYMBOLS AND THEIR MEANING

FOM Definition
U,L Half-wave voltage-length product of the EO modulator
)
néor33 In-device EO figure of merit (12)

Leg Effective electrical length of EO modulator (14)

U,La |Half-wave voltage-loss product of the EO modulator (17)
ro EO power conversion efficiency (19)
fxaas  |EO 3 dBbandwidths (22), (23), (26), (27), (28)
BVR EO bandwidth half-wave voltage ratio (28)
TW  |Average energy dissipated in a load resistor during a symbol
an . . .
duration for NRZ-OOK modulation of an MZM with travel-
ling-wave electrodes (29)
WbC_ Average energy dissipated in a load resistor during a symbol
1t

duration for NRZ-OOK modulation of an MZM with lumped
electrodes (30)

AQ Ratio of charge transport and phase shift between the arms of]
AD an MZM (31)

Energy dissipated in an MZM to produce a phase shift of =
with 1dB optical insertion loss (32)

n,1dB

light ¢, vacuum wavelength A = 1.55 pm). The propagation
constant /3 of a lossless slot-WG mode (propagator e ### along
the z-axis pointing into the drawing plane of Fig. 6) is associated
with an effective refractive index n, = /ko. We assume that
the modulating RF drive field Eq4 ,(x,y) = Uq/ws is spatially
constant inside the slot with width wg, and is dominantly oriented
along the x-direction, i.e., horizontally in Figs. 5 and 6, so that
it can be represented by the drive voltage U4 between the two
silicon rails.

This is not quite true for CC electrodes and undoped rails, as
can be seen from Fig. 6(b) (RF plot). Slight doping of the rails,
however, leads to an increased confinement of the electrical RF
field Eq ,(x,y) within the EO material inside the slot, Fig. 6(a)
(RF plot), but generally, the spatial dependencies of refractive
indices and electric drive field have to be taken into account by
a numerical evaluation ([49] Supplementary Material, Sect. 5).

The WG is clad and the slot is filled with an EO organic mate-
rial having a refractive index ngo. Exploiting the Pockels effect,
an applied (possibly time-varying) drive voltage U4 changes
the refractive index by Ango, and this changes the phase of
the optical quasi-TE mode. For simplicity, the refractive index
change in the slot is assumed to be Ango slot, but zero outside.
The effective index of the propagating mode varies by An,, and
the modal phase changes by A® [11] after the device length L,

AP = — koAneL

1.3 U,
Ane = FSIOt,XAnEO,SIOta AnEO,slot = _§nEOT33i~ 3)

The quantity I'go¢ « is the field interaction factor. Its subscript
x reflects the assumption that electrical and optical electric field
as well as the poling orientation of the EO material are in
parallel and oriented along the x-axis (horizontal direction in
Fig. 5 (Inset) and Fig. 6). The field interaction factor describes
how the refractive index change inside the slot influences the
modal propagation constant 3 and the effective index n, of the
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optical mode. The change Ango g0t of the refractive index in
reaction to a field Eq ,(z,y) = Uq/ws is determined [62] by
the dominant EO coefficient rg3 = —2 '35 /ni, [10] [Eq. (5)],
[64] [Eq. (2.20)] of the organic material in the slot.

To achieve complete extinction (destructive interference), the
phase difference in both arms must be Ay = n. For push-pull
operation the modulus of the required phase shift per arm is half
this amount, A® = Ap/2 = n/2. The corresponding driving
half-wave voltage is Uq = Uy, and the voltage-length product
becomes with (3)

Ap =

A ==F =T
2 2

1 Aows 1

UL = ~ .
2 n%OTBB 1_‘slot,x

“)

The smaller U, L is, the smaller the drive voltage Uyq may
be for a given phase modulation. According to (3), it is the
field interaction factor I'go¢  that relates the effective modal
index change An, to the slot index change Ango 1o, Which is
controlled by the drive voltage Uy,

Ang Neg

r o o o Wilot
slot,x — - ) I'= .
AnEO,slot NEOg w

(&)

Equation (5) implies a proportionality of the field interaction
factor I'yjot x With the field confinement factor I that is defined
by the ratio of the energy Wy in the slot and the total mode
energy W. The ratio ne, /nEog of effective group refractive
index neg of the slot-waveguide mode and group refractive index
of the underlying material, ngog, = ngo + wdngo /dw, connects
Is1ot,x and I'. This relation will be proved in the following.

First we apply a variation theorem for dielectric waveguides
[63] [Eq. (2.2.73)]. Given a mode with cross-sectional power
P, this theorem specifies a perturbation J3 in the propagation
constant for perturbations d(weoe,) and 6(w po),

= 175 [ (Fez I BE + 8o AR av.
zi/A%{ExH*}-é}zdmdy. (6)

We previously assumed that the drive voltage changes the
relative permittivity in the slot only, Ae, ~ 2ngoAngo siot
therefore we find with dw = 0 and An, = AS/ko

ce
tne= 522 ([ nwodmgoaulEPaV. @)

Vot

We further assume that ngo and Ango siot are spatially constant
inside the slot volume Vo = Agoi L With cross-section Ag and
length L, and that the magnitude of the optical electric field
depends on the transverse coordinates x, y only. Note however,
that, for CC electrodes, this approximation is quite coarse, see
the text in the paragraph preceding the one with (3). In addition,
we introduce the vacuum wave impedance Zy = 1/(cgg). The
field interaction factor then reads
Ane neo [ [ [E y) |?dzdy

= . (8)
ANEO slot Zo ffA {E X H*} - e, dxdy

1—‘slot,x =

The field confinement factor I is the ratio of the modal energy
Wiiot in the slot volume related to the modal energy W stored in
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the full modal volume with cross-section A. For the time average
of the field energy W [63] [Eq (2.2.79)] we write

W= = /// ( o~)€O€r |E|2 4 20 d(wﬂo |H|2) dv
dn 2, 2|72
:fso/// {n <n+2nw) |E|? + n?|E]| }dV
4 v
= 150 /// 2nng|E\2dV 9)
4 v

The derivative d(we,)/dw = &, + wde, /dw implies a term
which changes the electric field energy by material dispersion
that is intimately connected to a dissipation of energy as formu-
lated by the Kramers-Kronig relations. We assume a transparent
medium, where in the region of interest the energy dissipation
can be neglected, and in this spirit the magnetic field energy
[ 1ol H|?dV and the electric field energy [ eoe,|E|2dV are
approximately equal.

As before we assume that the permittivities and the respective
refractive indices n, ngo as well as the group quantities ng, ngog
are spatially constant in the relevant integration regions. With
the help of (9) we calculate the field confinement factor

W[[ 1 1
V;/o _ VV427’LEO’nE()gEQL//IOt LE y)‘ de’dy
(10)

With the field energy per length W /L from (9) we find the
group index of the mode either from [63] [Eq. (2.2.81)], neg /¢ =
W /(LP), or by applying the variation theorem (6) when all vari-
ations are caused by perturbations in w alone, ne, /c = df /dw.
We then prove with (10) and comparing to (8) the second relation
for Fslot,x in (5),

_W/L  ne . snEoceo [[uy |E(z,y) [2dzdy

neg = P 5 = . . .
neos 4 ff, R{E x fi*} - 2.dady
(11

This finding can be physically interpreted as follows: The larger
I is, i.e., the stronger the optical field is confined to the slot,
the more efficient a voltage-driven slot index change Ango siot
leads to an effective modal index change An,.

However, An, also depends on the time it takes for the mode
to propagate through the PS section: The slower the propagation
is, the more effective the interaction with the nonlinear medium
will be. The quantities n.; and ngog are the group indices
associated with n, and ngo. Their ratio ne /neo, reflects the
ratio of time that the mode stays in the PS region, related to the
time it would dwell if propagating in bulk electro-optic material
having the same properties as that in the slot. Specifically for
slow-light structures, It « > 1 becomes possible.

With respect to efficiency, SOH MZM stand out due to low
half-wave voltage-length products down to UL = 0.32 Vmm,
which is approximately an order of magnitude smaller than
the half-wave voltage-length products of competing modulator
technologies [24]. POH devices canreduce U, L by another order
of magnitude [45], but they suffer from significant optical losses,
see discussion of the half-wave voltage-loss product U, L a after
(17) below.

I =
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In-device EO FOM: When changing the drive voltage Uqg,
we record a trace like in Fig. 5(c) from which we determine
the half-wave voltage U,. We measure the slot width wg and
determine I'qo « by a numerical simulation. Substituting the
results in (4), we find Tlgo’f’gg as the in-device EO figure of merit,

1 )\,ows 1
2 UnL Fslot,x'

TL%OT' 33 = (12)
The larger niorss is, the smaller the drive voltage Uq may be.
If a reliable estimate of the refractive index ngo is available,
the EO coefficient 733 can be determined. However, also the
measurement of the effective slot with wg and the numerical
calculation of the field interaction factor I'sjo¢ x gives rise to
uncertainties.

Effective modulator length: The modulator’s transmission
line electrodes are lossy and attenuate the propagating electrical
mode. Due to the skin effect, the RF power attenuation con-
stant agp in (13) depends on the modulation frequency f,, =
wm/(21), arp(fm) = e/ fm, where the factor a, accounts
for the conductor’s material parameters. Neglecting impedance
mismatch and walk-off, the modulation amplitude Uy, oxc AdD
of the drive voltage Ugq = Uy, sin(w,,t) controls the phase shift
A® of (3) and decays with U,,,(z) = U,,(0)e or¢(/m)2/2 The
phase shift along a modulator length L results by integrating the
local voltage-proportional phase shifts [64] [Eq. 2.42)],

L "
i) (fm) _ Aq)ol/ ef§aRp(fm)de _ A(I)O Lett (fm) .
L/ L
(13)

This defines a frequency-dependent effective electrical length
Letr < L (if agg — 0, then Lo — L),

2 1
Legt(fm) = ——— 1—ez”‘RF(fr“)L>. (14
et (fm) onr () ( )
The frequency fu, = fr3as Where Leg(fw) = L/v/2 holds,
determines the loss-dependent roll-off frequency
fraas = 0.54/(a.L)>. (15)

Half-wave voltage-loss product: The optical MZM input
power Py is split evenly between the two MZM arms by an
MMI as in Fig. 5(b). At the MZM output there is another MMI
which adds the fields of both arms. If the modulator is biased
at its 3 dB point, only half of the input power would leave the
output port of the modulator’s output MMI, if it was not for
the optical power loss in the MZM arms. The associated optical
power attenuation constant cvg (unit 1/mm) can be regarded to be
constant near the optical operating frequency fy. For the MZM
output power P, and for the length-related optical insertion loss
a (measured in dB / mm) we find

1
P, = §Popteia0L (3 dB-bias, Apzap = 1/2),

1
= 7 10logq (€™°7) = 4.34 . (16)

The optical insertion loss L a (measured in dB) depends on
the device length L of the MZM. Doping the slabs and rails is
a major source of optical loss, and sidewall roughness of the
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slot WG contributes, too. For resistively coupled modulators,
a = 2.5 dB/mm was measured [23], but roughness-determined
optical insertion losses below a = 1 dB/mm are expected [49].
To account for the modulator loss, the Uy-loss product UL a
(measured in V dB) is defined [11],

1 Aows 1

U,La=—
2 n%or?)B 1—‘slot,x

a. (17)

The smaller the U, -loss product Uy L a is, the better is the device.
The metric of x VdB describes the half-wave voltage U, =
x V for an MZM with optical insertion loss La = 1 dB, or
alternatively, it specifies the insertion loss La = x dB of a device
with a half-wave voltage U, = 1 V.

With respect to UpL a, SOH modulators can reach values
down to 1.0 V dB [23], which is among the lowest values so far
demonstrated irrespective of modulator technology. In contrast
to that, POH devices suffer from significant optical loss, leading
to Ur L a-products in excess of 10 V dB, despite their low U L.

Electro-optic conversion efficiency: Radio-over-fiber (RoF)
denotes a technology where radio frequency (RF) signals are
transmitted over optical fibers by modulating an optical carrier.
Technical advantages of this transmission method as compared
to RF cables are the immunity with respect to RF interference
and noise, the large bandwidth and the low transmission loss,
and the compactness of the fiber. These advantages are also
of interest for RF read-out of cryogenic electrical circuits, but
it is especially the low thermal conductivity of glass fibers
which makes the technology attractive for this application, see
Section V-C.

In the context of these applications, an important metric is
the electro-optic conversion efficiency ngo of the electro-optic
modulator. The basic setting of an RoF transmitter is as fol-
lows: An optical field with effective input power Py, feeds
an MZM. The travelling wave electrodes of the MZM have
a real line impedance Zi, and are terminated with a matched
resistor. The modulator is biased at its 3 dB point, in which the
phase difference of the signals coming from the two MZM arms
amounts to Apsgp = 1/2, for intensity modulation with best
efficiency. An RF voltage Uy = Uy, sin(w,,t), where both, Uy,
and wy,, could depend on time, drives the electrodes with an RF
power Py = U2 /(271,), Uy < Uy, and modulates the phase
difference A®yzv(t) of both arms with a phase modulation
index 1y, < /2 according to

A(I)MZM (t) = A()OSdB + (t> )

T U

2U; "
Consequently, the optical fields in both arms become phase-
modulated, which leads to a spectrum described by Bessel func-
tions [65]. In the small-signal case, i.e., for modulation indices
Nm < 1, the zeroth-order and the first-order Bessel functions
for carrier and sideband can be approximated by Jo(7m) = 1
and J1 (7m) = 1m /2, respectively, while higher-order sidebands
may be safely neglected. The relative phase differences of
the first sidebands at frequencies fy £ fi, with respect to the
carrier at frequency fy are the same as for amplitude modula-
tion. The optical carrier power at the MZM output amounts to

@ (t) = N sin (Wt) , 7w = (18)

3400222

Py = J? (Mm ) Popt/2, and the power of each of the two first-order
modulation sidebands is P; = J3(1m) Popt/2- The electro-optic
power conversion efficiency in the small-signal case then reads

P _ (1n/2)*Pop/2 _ 7% Z1Pops
Py U3/(Zy) 16 UZ

NE0 = Mo < 1. (19)
The signal Uy = Uy, sin(wpt), upconverted to the first or-
der optical sidebands, can be downconverted by detecting the
strong carrier and the small sidebands with a photodetector
in the next step. The photodetector output current contains a
mixing term of carrier and sideband fields, /Py cos(wot) X

Py cos|[(wo & wim)t], which oscillates with the modulation
frequency wy, and which has an amplitude proportional to Uy,.
Using (19) we find the photocurrent

im X \/ Pov/Neo Pa cos (wmt) & /MEo Un cos (wmt) . (20)

Obviously, /1o acts as an amplification factor for a linear
voltage “amplifier”. The conversion efficiency 7go can be im-
proved either by increasing the effective optical input power Py
of the modulator, or by decreasing its half-wave voltage Uy,.

However, if U, should become smaller, the modulator must
become longer for a given design, (4). As a consequence, the loss
increases, and the optical power Py, in (19) decreases exponen-
tially, Poye “0L, see (16). To find the optimum length which
yields maximum conversion efficiency, we multiply numerator
and denominator in (19) with L? and use the fact that the product
UrL is a constant related to the modulator technology. The
conversion efficiency ngo is then maximized for an optimum
length L = 2/a,,

Palpax 16 (U,L)>?
~—

const

2
Py - ZLPOpl 20—l

TTEO,max =
max:(2/(age))?

for: L=2/aq

= Lzﬂ - G.QQﬂ. 1)
4e? (U, L ag)? (UxL a)?
With (17) we find that a small half-wave voltage-loss product
UrL a (measured in V dB) leads to a large maximum electro-
optic conversion efficiency 7go max-

EO bandwidth: The electro-optic bandwidth of a modulator
is an important characteristic. A full description including also
walk-off can be found in [69], [70], [71]. To separate the effects
and to simplify the derivations, optical loss and a possible
mismatch between electrical phase velocity v, and optical group
velocity v, resulting in a walk-off are considered independently
in the following.

The MZM bandwidth is essentially determined by the electri-
cal equivalent circuits which drive the phase modulator sections.
Fig. 8(a) represents the travelling-wave transmission line by
a differential electrical equivalent circuit which is resistively-
coupled (RC) to the optical slot WG. Fig. 8(b) stands for a
differential element of a capacitively coupled (CC) electrical
transmission line. Both circuits contain resistive elements which
attenuate the propagating electrical amplitude according to the
frequency-dependent power attenuation constant arg( fr,) (unit
1/mm), (14).
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Fig. 8. Differential electrical circuits of travelling-wave modulators. The

quantities X’Thsb’hk,S = dX71, sb,hk,s/dz represent differential circuit ele-
ments of a differential coplanar transmission line section with length dz (R,
has to be interpreted as 1/ R g,= G’y = d(1/Ry,)/dz= dGg/d2).

belong to the metallic electrodes. (a) Resistively-coupled (RC) trans-
mission line. Green elements represent the RC shunt load formed by the doped
Si slab 'y, and the Si slot capacitance C”. (b) Capacitively-coupled (CC)
transmission line. Red and green elements stand for the shunt load formed by
the series connection of the high-k dielectric coupling slab C/, and the slot
capacitance C”, respectively. (Figures adapted from [66]).

Fig. 9. Equivalent electrical circuits of modulators. (a) Travelling-wave elec-
trodes form a transmission line with line impedance Z1, = 50 €2, matched to
generator and terminating resistor. The drive voltage along the transmission
line is Ugq = Up/2. (b) Lumped element electrodes represented by the slot
capacitance Cs. Compared to the matched transmission line, the drive voltage
is doubled, Uq = Uy. (Figures adapted from [11]).

For a push-pull MZM, the phase difference between the fields
in the two arms amounts to A®yzy o< Ug. The drive voltage Uy
depends on the generator voltage U in Fig. 9(a) through an elec-

trical network with transfer function A(fy,). In the following,
we interpret the “zero” modulation frequency “f, 0 = 0” as a
frequency fm,0 < f3qp. We then find the electro-optic transfer
function mgo(fim) of an MZM with length L [66] [Eq. (2.31)]
and the associated 3 dB bandwidth f3q4p,

mEO(fm) = m = \l;“(fm)Leff(fm)/La
Imeo(fsas)| = meo(0)|/V2, frsas = 0.54/(acL).

(22)

The RF loss-limited frequency f7 3qp was derived in (15). The
conversion efficiency (19) depends on 72, which is in propor-
tion to A®Z,,\; according to (18). Therefore the 3 dB limiting
frequency f3qp from (22) determines the limiting frequency for

MEO,

10 (fm) = [meo(fm)|*nE0 (0) . 7ME0 (f3dB) = MEO0 (0)/2.
(23)

If RF losses can be neglected, the electrical transfer functions

h(fm) = {hrc(fm), hee(fm)} for RC and CC-coupled mod-
ulators can be approximately determined by a voltage divider
relation, i.e., by the fraction of the transmission line drive voltage
which drops across the differential slot capacitance C, [66] [Eq.

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 30, NO. 4, JULY/AUGUST 2024

(2.31),2.32)],

HRC(fm) !

1 Ce>Cl
1+ jwm RGO

ECC(fm) = Tr oG
(24)

From (24) we see that the CC-SOH modulator has a frequency-

independent transfer function hcc(f) and thus overcomes
the Ry, C. bandwidth limitation of the conventional resistively-
coupled SOH devices. However, if the condition C', > C!, can-
not be met, the effective drive voltage across C, is reduced.

If the transmission line is electrically short compared to
the smallest RF wavelength of interest and therefore needs no
termination as in Fig. 9(b), the electro-optic transfer function
is determined by the internal resistance R; = 50 {2 of the mod-
ulation source, and by the lumped slot capacitance Cy. In the
specific case [64] [Page 151], the slab resistance R, ~ 182 is
about three times smaller than Rj, so it is disregarded in this
estimate,

oy _ APy (fu) _

(fun) e !
m m) — - N O A e ———
Fo ARNE(0) T T e i

(25)

The frequency, where the moduli of the electro-optic transfer
functions (24), (25) drop by a factor 1 /\/i, is called the limiting
RC frequency,

1 Imp

—— = —— (26
mRLC, s T e %0

Jrc3daB =
The prominent advantage of an electrically short MZM is the
doubling of the drive voltage compared to the travelling-wave
case, but because usually R; = 50 and R;Cs > Rl C, this
comes at the price of a reduced bandwidth.

We now assume that the transmission line is impedance-
matched and terminated, and that its transmission loss is low,
Lege(fm) = Lin (14). We further postulate that the electro-optic
transfer function (22) is mgo(fm) = 1.If then the group velocity
Vg el(fm) (group delay t, o1 = L/vg 1) Of the electrical drive
signal (which is not necessarily a sinusoidal) deviates from
the optical group velocity v, (optical group delay ¢, = L /v, at
the optical carrier frequency), this group delay walk-off limits
the bandwidth. When electrical and optical signal envelopes
have acquired a phase difference m, the walk-off limited modu-
lation frequency for a travelling-wave modulator with length L
is reached,
1w 1
2 L1 —vg/vgel

27

Wrw3dB |t — tgell =T, frwsds =

A more accurate analysis replaces the factor 1/2 = 0.5 by 0.556
[9] [Eq. (3)], [67] [Eq. (A.86)], [68] [Eq. (6.28)]. Referring to
optical and electrical effective phase velocities, vy — v, and
Ugel = Ueel, [71] [Eq. (2)] replaces the factor 1/2 = 0.5 by
0.445 using a slightly different cut-off frequency definition. In
all cases, bandwidth and length can be traded.

Measuring the total EO bandwidth fiot 3qp- In small-signal
approximation, the intensity change at the MZM output near the
3 dB-point is in proportion to the phase difference A®yzpm,
which in turn is in proportion to the drive voltage Uq(fim ).
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The output intensity is measured with a photodiode which
delivers a photocurrent with a modulation of amplitude i,, =
Um /50 (voltage u,,) at frequency fi,,. The element Sa1 (fin)
of the scattering matrix, So1(fm) X wm(fm)/Uda(fm), can be
recorded with an electrical network analyzer. The 3 dB drop
of S21 4 (fim) = 20log(S21(fm)/S21(0)) marks the total EO
bandwidth fiot 345 including all bandlimiting effects.

Bandwidth half-wave voltage ratio (BVR): For comparing the
EO activity of different devices, the EO bandwidth half-wave-
voltage ratio (BVR) is defined [51],

} 1 Vg
2UzL |1 —vg/vgel|
(28)

BVR = fiot,3a8/Ur, BVRrw =

The BVR is a FOM which is large for a high EO activ-
ity and indicates a high-speed operating capability. The band-
width half-wave-voltage ratio BVRrw is especially useful if
frot,3dB = frwsdB, i.e., if the bandwidth is limited by walk-oft,
(27). In this case, both the bandwidth and the half-wave voltage
U, decrease in proportion to the length, such that the ratio of the
two quantities is constant.

Energy efficiency: Mach-Zehnder modulators have either
travelling-wave or lumped electrodes, Fig. 9. We first model
the electric circuit of a travelling-wave modulator as in Fig. 9(a)
by a lossless transmission line, terminated on both sides with
the line impedance Z1,, R; = Z1, = Ry,. Then the modulator
drive voltage amounts to half the generator open circuit voltage,
Ugq = Up /2. Assuming a mean-free drive signal switched be-
tween +Uy /2 and —Uy /2 for a non-return-to-zero (NRZ) on-off
keying (OOK) format, the average energy WiV dissipated in
Ry, during a symbol duration 75 is

WV = T,(Uy/2)? / Ry. (29)

This relatively high amount of energy can be much reduced
if the voltage-length product Uy L is small so that the modulator
length can be shortened without increasing U, unduly, and the
transmission line is reduced to a lumped capacitor. In this case
the driver electronics needs to be placed close to the phase
modulator sections. Then the electro-optic transfer function is

—Im

given by gs (fm) in (25).

A single charging process of the slot capacitance Csfrom drive
voltage —Uq /2 to +Uy /2 stores the same energy Wy = C;U3 /2
in the capacitor (charge Qs = CsUy) as is dissipated in the
charging resistor, independent of its value. If the symbol duration
is larger than the R;C; time constant, 75 > R;Cj, then the
slot capacitance becomes fully charged respectively discharged
during the symbol duration. For NRZ modulation, charging or
discharging occurs on average only every second bit, so the
dissipated energy and the average charge per bit become

Wit = Cs(Ua/2)? = QuilUa /2,

Quie = CsUa/2. (30)

Ratio of charge transport and phase shift: The charge trans-
port associated with a phase shift of A® = between the
arms of an MZM is AQ = C U, (Cs = gpe h L jwg as a coarse
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approximation). The ratio
% N CsUn - % )\.Q’LUS 1 o )\.0€0€rh
A T T 2ndo733 Daotx L 2nnoraslsion x
(€29)

does not depend on slot length L and slot width ws. The slot
height h and width are defined in Fig. 6(a).

Energy dissipated in MZM for phase shift m and 1 dB loss: The
device length is related to the optical insertion loss. We compare
the dissipated energy with a reference MZM having an optical
insertion loss (L a),.; = 1 dB, (17). A device with insertion loss
L arequires adrive voltage Uy = Ur(L a)/1 dB for aphase shift
of m. We find the energy dissipation W = %QsUd for a charge
transport Qs = TAQ /AD as specified in (31) leading to a phase
shift  in a device with 1 dB optical insertion loss [11],

1 1 AQ La
Wn,ldB = iQsUd = 5 T AD Unﬁ-
From [11] [Table I] it can be seen that SOH modulators
are more efficient in this respect (W2%z = 25£J) than pn-

(32)

depletion modulators (W?7 ' = 51J), while POH modulators

(WrSHp = 60£J) are a match much closer to the SOH types.

B. Application in Communications and Sensing

Fueled by the demands of bandwidth- hungry applications
such as cloud-based services, video streaming, and artificial
intelligence, the growth in data traffic imposes higher capacity
requirements on optical communication systems. Optical mod-
ulators are necessary for modulating electrical baseband signals
on optical carriers. They are key elements in such optical com-
munication systems and are hence in the focus of research and
development activities worldwide, driven, e.g., by the migration
of data center communication to 400 Gbit/s Ethernet (400 GbE)
standards as well as by the growing focus on upcoming 800 GbE
and 1.6 TbE with interface rates of 800 Gbit/s and 1.6 Tbit/s,
respectively [72]. Importantly, high-performance EO modula-
tors must therefore have high bandwidths while concurrently
operating at low drive voltages, thereby reducing power dissi-
pation of the device itself and of the associated drive circuitry.
For cost efficiency, CMOS process compatibility and a small
modulator footprint are also highly desirable. In these regards,
SOH modulators have been shown to be promising candidates
that can outperform most competing platforms.

There have been numerous publications demonstrating the
high-speed data transmission capabilities of different SOH
modulators. Amplitude modulation techniques, such as on-
off-keying (OOK) and four-level pulse amplitude modulation
(PAM4), have been shown using SOH MZM, while quadra-
ture modulation techniques, such as 16-state quadrature ampli-
tude modulation (16QAM) and quadrature phase shift keying
(QPSK) have been demonstrated with in-phase / quadrature (IQ)
modulators. In recent publications, the lifetime concerns of these
modulators have also been addressed through long-term thermal
stability testing and through the use of organic EO materials with
a high glass transition temperature T}, see Section II-C.
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TABLE II
SUMMARY OF PERFORMANCE METRICS OF SOH MACH-ZEHNDER AND IQ MODULATORS

Device Line rate Modulation Drive UL Device a U,La | EO material T, [°C] Ref.
[Gbit/s] scheme voltage [Vmm] length [dB/mm)] [VdB]
(Overhead) [Vipl L [mm]
Slot-WG IQ-M | 400 (20%) | 16QAM 1.5 1 0.6 - - SE0250 130 [73] | [74]
Slot-WG MZM | 280 (20%) | PAM4 0.86 0.46 0.75 - - Perkinamine™ | >175 [32]
Series 5A
150 (7%) 00K 0.82
Strip-WG 200 (-) PAM4 - 144 8 0.22 3.2 Synthesized ba- | 172 [51]
MZM sed on [33] [75]
110 () OOK
Strip-WG 110 (-) PAMA4 1.6 22 0.22 3.6 EO1%4 185 [76]
MZM
Slot-WG IQ-M | 52 (7%) 16QAM 0.41 0.8 1.5 - - SEO100 140 [74] | [77]
Slot-WG MZM | 40 () OOK 0.14 0.32 1.5 9.3 7.4 JRDI 82 [24]
Strip-WG 252 (-) PAM4 - - 1.5 3.9 - Synthesized 172 [78]
MZM (Si/InP based on [33]
hybrid)
Slot-WG  CC- | 200 (20%) | PAM4 1 1.3 1 - YLDI124 81 [24] [49]
SOH MZM
POH 1Q-M 560 (27%) | 16QAM 3 0.12 0.015 > 100 > 10 - - [79]
POH MZM 432 (16%) | PAMS 2.8 0.162 0.015 > 100 > 10 HLD1:HLD2 - [80]

Record performance metrics for SOH devices indicated in bold.

Table II provides an overview of metrics that were experi-
mentally demonstrated using SOH MZM and IQ modulators in
recent years. It compares notable line rates, modulation schemes,
and drive voltages used in various data transmission experi-
ments. For better comparability, the relative data rate overhead
required for error correction is included in the table if it was
provided in the respective reference. Table II also shows some
of the most important device parameters, namely the half-wave
voltage-length product U, L (4), the device length L, the optical
insertion loss a per length for the modulator section, (16), as
well as the combined half-wave voltage-loss product Ur L a of
(17). Furthermore, we list the used EO material and its glass
transition temperature 7},. Record performance values for SOH
devices in each column are in bold print. All table entries are
measured for 1550 nm wavelength operation, unless otherwise
indicated.

As can be seen from Table II, Wolf et al. [74] demonstrated
with an SOH IQ modulator a line rate of 400 Gbit/s using a
16QAM format, the highest line rate published so far using an
SOH modulator. The modulator is a slot waveguide of RC-SOH
type. With a similar device architecture and amplitude modula-
tion schemes, Eschenbaum et al. [32] showed record-high line
rates of 280 Gbit/s and 150 Gbit/s with PAM4 and OOK signal-
ing, respectively, using sub-1 V peak-to-peak drive voltages. No-
tably, the thermally-stable organic EO material (Perkinamine™
Series 5A, Lightwave Logic, Englewood, Colorado) used in [32]
features a glass transition temperature of more than 175 °C. The
modulator did not show a relevant performance degradation after
thermal stress at 85 °C for 900 h.

Kieninger et al. [24] demonstrated ultra-high EO activity in
an RC SOH MZM with a half-wave voltage product of UL
= 0.32 Vmm. With a record low peak-to-peak drive voltage of
140 mV, OOK data transmission up to a line rate of 40 Gbit/s has
been shown for a 1.5 mm long device. Exploiting the efficiency
of SOH technology, amplifier-less generation and transmission

of 16QAM signals with a line rate of 52 Gbit/s was demonstrated,
relying on sub-500 mV drive signals generated by a CMOS
field-programmable gate array (FPGA) [77].

Weimann et al. used SOH electro-optic modulators for genera-
tion of optical frequency combs that served as multi-wavelength
light source for wavelength-division multiplexing (WDM) trans-
mission at Tbit/s data rates [120]. The device offered line spac-
ings of up to 40 GHz and flat-top comb spectra with less than
2 dB power variations over up to 7 lines.

A variant of an SOH Mach-Zehnder modulator, based on a
strip waveguide and also referred to as SPH modulator (Sec-
tion IV-C, Fig. 7), was shown to achieve high PAM4 line rates
of 200 Gbit/s, albeit with U, L-products about an order of mag-
nitude larger than their SOH counterparts [51], [75]. Thanks to
the device concept, the optical loss is very low and dominated
by the material absorption, rendering a record-low half-wave
voltage-loss product of 3.2 VdB. The thermal behavior of the
SPH modulator [75] was also tested, showing stable operation
up to 110 °C. SPH devices have also been operated with other
ultra-high T, materials, such as that in [52], where a 110 Gbit/s
OOK line rate was achieved in combination with an EO material
having T, = 185 °C.

Other hybrid approaches perform remarkably well, too. Ex-
ploiting the CC-SOH concept by integration of BTO slabs into
an SOH device, Ummethala et al. [49] achieved a broadband
modulator and showed line rates of 200 Gbit/s with PAM4
signaling, mainly limited by the quality of the electronic drive
generator. Fujikata et al. [78] have shown broadband operation
of EO polymer / Si hybrid (SPH) and EO polymer / InP hybrid
(IPH) optical modulators with 252 Gbit/s PAM4 signaling.

Although POH modulators are beyond the scope of this re-
view, record values for POH devices are listed as a benchmark at
the bottom of Table II. POH modulators feature a large field inter-
action between the optical and the electrical field and are hence
highly efficient and compact. In addition, the metal pads forming
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the associated plasmonic slot waveguides are highly conduc-
tive and the device capacitance is small, which leads to high
bandwidths up to 500 GHz [44], [81]. On the other hand, POH
modulators suffer from high optical insertion losses of typically
about a = 500 dB/mm [81]. Mardoyan et al. [79] demonstrated
a line rate of 560 Gbit/s with a POH IQ-modulator and 16QAM
signaling. With amplitude modulation (PAMS) in a single POH
MZM, line rates up to 432 Gbit/s have been shown [80].

In addition to their key role in optical communications,
modulators based on organic EO materials have emerged as
versatile components with diverse applications in the fields of
sensing and metrology, as has been shown in numerous scien-
tific publications. In [82], [83], phase shifters with organic EO
materials have been employed in optical phased arrays (OPAs)
for ultrafast, low-power beam steering. Avoiding any moving
parts, OPAs consist of a series of light-emitting apertures, each
coupled to a phase shifter. The beam is steered by individually
controlling the phase of the light emitted by each element, such
that the resulting interference patterns in the far field occurs
in the desired direction. An eight-channel OPA, shown in [83],
achieved high-speed optical beam steering at a frequency of
2 MHz and boasted a total power consumption of 0.38 mW at a
scanning speed of 500 kHz. Enabled by SOH modulators, OPA
can achieve fast, robust, low-power and compact beam steering,
making them attractive for a variety of applications, including
light detection and ranging (LiDAR), network switches and
optical sensors.

Lauermann et al. [84] demonstrated a waveguide-based fre-
quency shifter using single-sideband phase modulation. The
scheme was based on an SOH slot-waveguide 1Q modulator
and achieved a frequency shift of up to 10 GHz and a carrier
suppression of 37 dB in the small-signal regime. Frequency
shifters based on SOH technologies are attractive for their com-
patibility with very large-scale integration (VLSI), and for their
high performance, which outmatches their all-silicon serrodyne
counterparts.

Recent works from Li et al. [85], [86], [87] have proposed
a flexible polymer-based EO MZM to convert human electro-
cardiogram (ECG) signals into optical signals, with the aim of
improving the fidelity of wearable medical monitoring sensors.
In [85], an MZM was realized on a polydimethyl-siloxane
(PDMS) substrate, covered with the crosslinked polymer Dis-
perse Red 1 (DR1)/SU-8. Although the EO coefficient for DR1
/ SU8 was only 18.3 pm/V, the modulator was able to recover
ECG signals with amplitudes in the range (1...5) mV.

In [88], a proof-of-concept experiment was reported using a
100 GBd SPH silicon slot MZM, demonstrating a high-speed
accelerator for an optical convolutional neural network. The
accelerator scheme was used for image convolution. Having
learned a test dataset, the subsequent image restoration by
the neural network demonstrated a speed of 0.72 TOPS (tera
operations per second). This opens new avenues for applying
EO polymer modulators in machine learning applications.

There have also been a number of publications showing
terahertz-to-optical conversion enabled by antenna-coupled EO
polymer modulators [89], [90], [91]. Chung et al. [73] demon-
strate an RF sensor based on an EO polymer-filled silicon slot
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photonic-crystal waveguide (PCW) coupled to a bowtie antenna.
Impinging free-space RF waves are collected by the bowtie
antenna and coupled into two slotted PCW, which form an
MZI. The MZI is operated in a push-pull configuration and
modulates the free-space RF signal on an optical carrier. The
scheme achieves a minimum detectable electromagnetic power
density of 2.05 mW/m? at a frequency of 8.4 GHz. Exploit-
ing the outstanding bandwidth of POH devices, Ummethala
demonstrated conversion of a wireless communication signal
at a carrier frequency of approximately 300 GHz to an optical
carrier along with subsequent transmission through a fiber and
coherent reception [44].

While the majority of optical modulators are operated at
near-infrared wavelengths, efficient visible-light EO polymer
modulators are advantageous for a many applications, including
bio-sensing and optogenetics. Such a visible-light modulator
was realized and demonstrated in [92] using an SPH MZM mod-
ulator with a transparent bottom electrode and an EO polymer
with low absorbance for visible wavelengths. The modulator
achieved a UL of 5.2 Vmm and had low optical absorption
losses of 2.6 dB/cm at an operating wavelength of 640 nm.

C. Application in Cryoelectronics

Computation and sensing concepts based on cryogenic elec-
tronics are set to usher in a paradigm shift, complementing or
replacing current technologies for room temperature (RT) op-
eration. In particular, superconducting electronics that operates
below 4 K offers a range of advantages that make it attractive
for various applications. For example, rapid single-flux-quantum
(RSFQ) electronics operates at clock frequencies in the THz
range with ultra-low switching energy, making the devices ideal
for super-computing and quantum computing [53]. Nowadays
superconducting quantum bits (qubits) are at the forefront [54],
and RSFQ technology is a perfect readout and manipulation in-
terface for these qubit realizations, providing a potential pathway
to building scalable and fault-tolerant superconducting quan-
tum processors. Furthermore, large arrays of ultra-sensitive and
low-noise superconducting sensors, such as superconducting
quantum interference devices (SQUID), transition-edge sensors
(TES), microwave kinetic inductance detectors (MKID), or su-
perconducting nanowire single-photon detectors [55], [56], [57],
[58] are indispensable in a wide range of applications, including
medical imaging, fundamental research, quantum technology,
astronomy, and LiDAR.

One significant challenge that needs to be addressed for
scaling practical use of cryogenic circuits is the implementation
of efficient readout and control lines, which connect to back-end
equipment operated at room temperature. Current systems use
coaxial RF cables for such connections. However, these RF
cables conduct heat into the cryostat, which becomes more
severe as the complexity of the superconducting circuits and the
number of required RF cables increases. Moreover, blackbody
radiation at RT contaminates the RF lines with thermal photons,
which is not desired for superconducting quantum circuits, since
thermal noise limits the RF transfer of quantum states as well as
an entanglement distribution between remote quantum nodes.
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Fig. 10.  Concept of a cryogenic optical egress link. The cryogenic electronics
operates at temperatures down to 15 mK. An RF cable connects them to the EO
modulator at the 4 K stage. Light is coupled from a laser operating at RT through
a fiber into the cryostat and into the EO modulator. Another fiber connects the
EO modulator to receiver electronics operating at RT.

This quantum-state transfer, however, would be needed for a
number of useful quantum applications [59], [60].

One promising approach to minimize the thermal load is
to use optical fibers instead of metallic readout and control
lines. The thermal load introduced by an optical fiber is two
orders of magnitude lower compared to a coaxial RF cable [61].
Furthermore, the high bandwidth provided by a fiber allows the
multiplexing of several signals on a single fiber.

The key component for such an optical egress link is the
electro-optic modulator, converting the electrical signal gener-
ated by cryogenic electronic circuits to an optical signal. The
concept for this egress link is depicted in Fig. 10. The cryogenic
electronics operates at a temperature of 15 mK, which is main-
tained by a dilution refrigerator. The EO modulator resides either
in the 4 K or in the 15 mK stage of the cryostat, and is connected
to the cryogenic electronics via RF cables. The optical carrier is
provided by a laser operating at RT, and a fiber guides the laser
light to the EO modulator.

In recent years, several electro-optic modulators have been
demonstrated at cryogenic temperatures. Non-resonant schemes
include a commercial lithium niobate phase shifter [61], a POH
MZM [93], and a silicon MZM based on the third-order nonlin-
ear susceptibility x(®, i.e., on the electro-optic DC Kerr effect
[94].

Resonant cryogenic modulators based on ring or racetracks
modulators reported to date use the materials indium phosphide
[95], barium titanate [96], silicon [97], [98], or graphene [54],
[99]. Except for the POH MZM, all these devices were limited
in bandwidth for transmission at a maximum line rate of only 20
Gbit/s [96]. With the POH MZM used in [93], line rates up to
128 Gbit/s at temperatures down to 2.6 K could be demonstrated.
However, POH MZM inherently feature high optical losses. The
SOH device platform combining the high EO coefficient of the
EO materials with low optical loss [23], [24] is uniquely suited
for emerging applications at cryogenic temperatures.

For cryogenic operation of SOH devices, two challenges have
to be addressed. The first issue is specific to RC-SOH devices
as the doped silicon slabs are affected by carrier freeze-out.
At low temperatures, the carriers stay localized at the dopant
atoms. As a consequence, the slab resistance increases, and
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Fig. 11.  Schematic of a high-speed cryogenic transmission experiment. (a) An
SOH MZM operates at an ambient temperature of 11 K. An arbitrary waveform
generator (AWG) operating at RT simulates the cryogenic electronics and is
electrically connected to the MZM, which may be electrically terminated with
a 50 Q impedance. Light is coupled from an external-cavity laser (ECL) to and
from the MZM using grating couplers (GC). The output fiber is connected to an
erbium-doped fiber amplifier (EDFA). Amplified spontaneous emission (ASE)
noise from the EDFA is filtered by a bandpass filter (BPF). The optical signal
is received by a high-speed photodiode (PD), and the electrical waveform is
recorded by a real time oscilloscope (Osci.). The recorded data are processed
offline by a digital signal processing (DSP) chain, and the bit error ratio (BER)
is calculated. (b) Measured BER vs. line rate for terminated (term. I) and
unterminated (unterm.) operation. After doubling the drive voltage (term. II), a
BER below the threshold for soft decision forward error correction with a 20%
overhead could be achieved at a line rate of 100 Gbit/s. Both hard decision FEC
limits (HD-FEC) and soft decision limits (SD-FEC) are shown as dashed lines.
(Figure adapted from [102]).

the bandwidth of the device decreases. This problem can be
overcome by using appropriately high doping levels. In case of
n-type doping, dopant concentrations beyond 5 x 10'¥cm ™3 are
referred to as degenerate. Beyond this so-called Mott transition,
the doped silicon acts as a metal, with the material’s resistivity
being constant or even decreasing with temperature in case of
sufficiently high doping [100].

Second, during cooldown, the organic electro-optic material
experiences high thermal stress that can cause the formation of
cracks in the organic film. In order to mitigate this issue, JRD1
was mixed with PMMA in a 1:1 ratio [101], and was used for a
first demonstration of an SOH MZM at cryogenic temperatures.
A UrL of 2 Vmm could be measured at temperatures of 4 K,
and a line rate of 50 Gbit/s was shown. With Perkinamine™
Series 5 mixed with amorphous polycarbonate (APC), the first
cryo-compatible MZM with a sub-volt U, was demonstrated a
year later [102]. With this modulator, PAM4 symbol rates (line
rates) of up to 70 GBd (140 Gbit/s) could be demonstrated with a
1 mm long device at a temperature of 11 K[102]. The U, L of this
device was measured to be 0.9 Vmm. To avoid carrier-freeze-out,
the device used in this demonstration relied on a multi-level
doping scheme, with doping concentrations close to degeneracy
near the slot WG, and well beyond degeneracy further away
from it.

To test the high-speed operation of the device at cryogenic
temperatures, a data transmission experiment was conducted
— the schematic setup is shown in Fig. 11(a) and the main
results in Fig. 11(b), indicating data rates of up to 100 Gbit/s
at a bit-error ratio (BER) just below the threshold for soft
decision forward error correction (SD-FEC) with a 20% coding
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overhead. The green curve (unterm.) depicts the performance
of the unterminated device. Up to line rates of 65 Gbit/s, the
behavior of terminated and unterminated modulators is similar.
At higher line rates, the device cannot be considered lumped
anymore, and the BER increases. By doubling the drive voltage,
line rates of up to 100 Gbit/s with a BER below the SD-FEC
limit could be achieved. Both the hard-decision FEC and the
SD-FEC limits are shown by black dashed lines.

Moreover, EO modulators are potential candidates for build-
ing so-called quantum transducers that convert quantum infor-
mation from superconducting qubits to quantum states in the
optical domain. The optical quantum state can be transmitted
over long distances through optical fibers. This is advantageous
because the optical signals experience very low loss and are
immune against thermal noise.

The first attempt to demonstrate an EO quantum transducer on
the SOH platform was presented by Witmer et al. [103]. In this
work, the SOH modulator is based on a doubly-resonant scheme
in order to enhance the conversion efficiency. The approach
utilizes a silicon photonic Fabry-Perot type resonator with the
organic EO material SEO125 as a cladding. The silicon res-
onator is embedded in the planar capacitor of a superconducting
aluminum resonator with a resonance frequency of 6.7 GHz.

However, the demonstrated conversion efficiency in the order
of 107 is rather low, primarily due to the low optical pump
power used in the experiment. At a higher pump power, the
Q-factor of the microwave resonator is significantly reduced due
to the absorption of scattered pump light by the superconducting
Al, followed by the breaking of Cooper pairs and the generation
of quasi-particles with long lifetimes.

By using NbTiN or NbN instead of Al, the effect of scattered
light on a superconductor might be significantly reduced, poten-
tially increasing the conversion efficiency by several orders of
magnitude. Moreover, by using Si slot waveguides, one could
further increase the efficiency of the SOH transducer.

D. Emerging Applications of Nonlinear Organic Materials

Spatial light modulator: A very special application of y(?)-
nonlinear organic materials has been shown in form of a spatial
light modulator (SLM) [104]. In a proof-of-concept demon-
stration, four SLM pixels, arranged in an array (pixel size
390 pm x 390 pm, array dimensions 780 pm x 780 pm),
are voltage-controlled in their transmittivity. Each pixel consists
of interdigitated metallic electrodes covered with a nonlinear
organic slab (JRD1 mixed with PMMA), which is surrounded
by air above and by SiO5 below. If a center electrode finger has
a positive potential, then the two neighboring electrodes have a
negative polarity. Using these electrodes, a voltage Upol = Vpol
poles the organic material in-plane, i.e., the poling axis is essen-
tially parallel to the device surface along the z-axis in Fig. 12.
A periodically poled organic layer results, where the sign of the
electro-optic coefficient alternates between +|rs3| and —|r33]
with respect to the z-direction.

If then an electric drive field Egq = {Vbc /Weap, Vac/Weap }
is applied to these interdigitated electrodes, a refractive in-
dex change Ango jag = —3nio(£[rss|)(£|Ea|) results, (3),
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Fig. 12. Array element of a spatial light modulator, comprising a metallic
grating and an organic JRD1:PMMA slab with tunable refractive index. Light
inarange 1o = (1100...1600) nm is linearly polarized along the z-direction
(at right angle to the grating fingers), shines perpendicularly on the slab and
is diffracted by the tunable grating into grating orders. At certain diffrac-
tion angles, a guided mode is excited in the organic slab, and the grating
scatters the guided light back. Otherwise, the light is transmitted through
grating and slab. Data: Array spacing wgeig = (0.8...1.4) um, electrode
length le; = 390 pum, hjrp1 = 690 nm, wgyp = 1.2 pm, way, = 200 nm,
hau = (40...50) nm, poling voltage Upol = Vpot = 100V, DC and AC drive
voltages Ug = {Vpc, Vac}. thin film (Teng-Man ellipsometry @ 1310 nm)
T’é%D 1 =100 pm / V. (Figure adapted from [104]).

which is essentially the same in all unit cells of the grating. A
beam of light, linearly polarized along the z-axis and impinging
perpendicularly to the grating plane, is diffracted into grating or-
ders, which may or may not excite guided slab modes, depending
on the angle of diffraction. The guided light is scattered back,
interferes with the incident light, and creates a standing wave,
i.e., a resonance [104], [105], [106]. By varying the drive field
| Eq|, the grating can be tuned to different resonance frequencies,
thereby changing the pixel transmittivity between its minimum
and its maximum. Because the pixels can be driven individually
with a maximum frequency of 50 MHz, the RF domain may be
linked with pixels having different spatial positions.
Silicon-organic hybrid laser (SOH laser): The basic concept
of SOH integration is to combine highly scalable silicon pho-
tonics with organic materials that offer optical functionalities
complementary to those of silicon. This approach cannot only be
applied to electro-optic modulators, as discussed in the previous
sections, but also to laser sources based on dye-doped organic
materials [107], and it is not limited to silicon photonics, but
can also be expanded to the silicon-nitride (SizN,4) platform
[108]. Experimentally demonstrated SOH lasers relied on strip
and slot waveguides of 4.8 mm length, and were fabricated on
an SOI wafer [107]. As illustrated in Fig. 13, the waveguides
were embedded into an active organic cladding consisting of
a matrix of poly(methyl methacrylate) (PMMA) doped with
the commercially available dye IR26, which has a maximum
fluorescence at 1150 nm. For enabling laser operation in a wide
wavelength range, the wavelength-selective Bragg reflectors
shown in Fig. 13(a) are omitted, and the laser cavity was simply
formed by cleaved waveguide facets (4. ..8% power reflection)
and by residual reflections from on-chip grating couplers. In a
proof-of-concept experiment, the devices were pumped with a
pulsed laser having a wavelength of 1064 nm, an FWHM pulse
duration of 0.9 ns, and a pulse energy of up to 1.2 mJ at a
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Fig.13.  SOH laser concept. (a) Lightis guided by SOI strip or slot waveguides.
Optical gain is provided by a fluorescent organic cladding material which
covers the strip or fills the slot. The optical pump is either launched from
above or injected into the waveguide at one of the facets. Bragg reflectors
provide wavelength-selective optical feedback. (b) Dominant electric field com-
ponent (Ex) of the fundamental quasi-TE mode for a narrow strip waveguide.
(c) Dominant electric field component (Ey) of the fundamental quasi-TE mode
for a slot waveguide. (Adapted from [107]).

repetition rate of 13.7 Hz. The emitted laser pulses are 0.6 ns
wide, much longer than the cavity round-trip time. The effective
lifetime of the excited state amounts to 10 ps and is much shorter
than the durations of pump and emission pulses, so the lasing is
close to steady-state.

Pulsed room-temperature lasing with on-chip peak output
powers of up to 1.1 W at a wavelength of 1310 nm was achieved.

SigN 4-organic hybrid laser (SINOH laser): Expanding hybrid
integration to the silicon-nitride platform opens a path towards
visible-wavelength devices. Especially interesting are dispos-
able sensors for point-of-care analysis of body liquids outside
the laboratory, where visible light is favored due to reduced
absorption in aqueous biological samples. Such sensors, how-
ever, require cost-effective laser sources which can be integrated
directly on the chip.

Here, the combination of silicon nitride waveguides with light
emitting organic cladding materials comes into play, leading to
so-called SiNOH lasers (SizN4-organic hybrid). They can be
produced cost-effectively in large quantities by complement-
ing highly scalable passive SisN, waveguides with appropriate
light-emitting materials [108], [119]. More specifically, the nec-
essary laser and sensing waveguides are fabricated in a first step,
using standard lithographic processes, and the laser waveguide
structures are then covered, similarly as with the strip WG in
Fig. 13(a), with an organic cladding material PMMA, which
may, e.g., rely on pyrromethene 597 (PM 597) as a light-emitting
dye. The absorption peak of PM 597 is at 523 nm, and the
emission peak at 567 nm. Pyrromethenes [109] offer even better
laser action than rhodamine dyes. The SiNOH lasers are pumped
with external pulsed light sources, such as LED or laser diodes,
and the signal of the co-integrated sensors are detected by a
simple camera. The functionality of SINOH lasers in biosensors
was demonstrated in a proof-of-concept experiment [119].

VI. CONCLUSION

We reviewed the current state of the art related to a silicon-
on-insulator (SOI) technology in combination with nonlinear
organic materials, leading to high-speed and energy-efficient
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silicon-organic hybrid (SOH) Mach-Zehnder modulators. Pos-
sible stability issues of the organic material are being addressed,
and the associated solutions were elaborated. We derived and
discussed relevant modulator metrics. After a comparison of
different modulator implementations using organic materials,
we reported typical applications, mainly in the framework of op-
tical communications and cryoelectronics. Further, we referred
to emerging applications in metrology and sensing, covering
also hybrid organic lasers.
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