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Summary

Development of IMOS technology for a high
bandwidth modulator

Electronic integration is a technology that has been increasing its perfor-
mance since its invention in 1958, mainly due to miniaturisation. However, in
the last years, it is facing speed limits due to the interconnect bottleneck. This
has forced the search for new technologies to solve this communication prob-
lem. In this respect, photonic integrated circuits based on membrane technology
has emerged as an ideal candidate. This scheme consists of placing the commu-
nication in the photonic domain in a membrane layer on top the electronic chip.
The most widely studied platform for this is silicon-on-insulator. Regardless the
potential of this platform, it has an inherent physical limitation due to the in-
direct bandgap of Silicon. This creates a lack of efficient active component,
especially lasers. To solve this problem, integrated islands of III-V materials are
created where the lasers are needed, mixing two different kinds of materials.
In our group, we consider that the use of a single membrane layer of III-V ma-
terial bonded to the electronic chip is a better solution because it enables the
integration of all devices monolithically. This platform is called InP membranes
on Silicon (IMOS). Among the different devices needed for this platform, an
optical modulator has a key importance for communications applications.

In Chapter 2 we presented several technological developments needed for
the construction of such devices. This includes the use of a self-alignment tech-
nique for two different levels with a high-resolution overlay exposure and a
two-level contacts scheme using polyimide slopes, among others. An essen-
tial condition during the design was compatibility with the fabrication of other
active devices in this platform. This characteristic is obtained by aligning the
processing with the passive devices manufacturing steps. We also investigated
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the different techniques needed to treat the electro-optical polymer.
In Chapter 3 we presented several passive devices that help to improve the

properties of the optical modulator based on a Mach-Zehnder Interferometer
(MZI). We studied a deeply etched grating with a focusing geometry as optical
couplers. This geometry is defined in the same lithography step as for the other
passive elements. This decreases the fabrication complexity and permits fast
prototyping compared to other grating coupler geometries. The use of focus-
ing geometry reduces by five times the footprint as compared to the previously
employed coupler geometry, but it presents a similar measured coupling trans-
mission (−5.6 dB). We also proposed the same geometry with a metal reflector.
This promises higher coupling transmission (−1.2 dB ) and makes the device
independent of the buffer thickness. We also studied an adiabatic taper based
on a Gaussian approximation. We developed a method using an analytical ap-
proach allowing a fast design of the smallest geometry, without the need for
any numerical simulation. The method could be easily implemented on differ-
ent platforms. We measured transmission losses of 0.22 dB per taper. Another
device covered in this chapter is a low reflection 1x2 multi-mode interference
(MMI) coupler. In a high contrast index platform, the reflections in the dif-
ferent devices are higher than in standard photonic integrated circuits. Such
reflections could be detrimental to the overall performance of the circuit. We
fabricated an MMI coupler with a lower reflection at the combiner mode. This
device is important to obtain high extinction ratio (ER) in modulators based on
the Mach-Zehnder configuration. We predicted reflection levels of −38 dB when
working in the worst scenario (in a combiner mode with inputs being out-of-
phase). Finally, a slot waveguide converter was also developed with measured
losses of −0.18 dB.

In Chapter 4 we investigated the use of the slot waveguide in the developing
of different modulator configurations. In the first section, we investigated the
use of ring resonator as modulators. We characterized the optical properties of
such structures and predicted their performance. A single ring configuration can
provide a small footprint (∼ 90 µm2), low switching voltage (1.2 V), low energy
consumption (7.2 fJ/bit), high ER (15 dB) and high modulation bandwidth (56
GHz). The main problem with these devices is their fabrication tolerances. We
also developed analytical models to study the transmission line properties of an
MZI configuration. This model helped us to identify the impedance mismatch
as the main limit of the bandwidth of our structures. A bandwidth of 32 GHz
is predicted for a 400 µm long MZI. However, this bandwidth can be increased
over 100 GHz by engineering the impedance of the device.

The results presented in this work shows the potential of IMOS for high-
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speed communications applications. We expect these results help to understand
the limits and challenges of this technology and inspire others to push it further.
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Chapter 1
Introduction

Humanity has a strong bond with technology. We have learned to use the re-
sources around us in innovative ways to fulfil our needs. In this journey of
discovery, we found out that light has several properties that can be used in an
enormous number of applications. This has been noticeable at the beginning
of the 21st century where almost every aspect of technology uses at one point
light-based solutions. It is believed that this century will depend on optics as the
20th century depended on the electronics. One example of this is that UNESCO
has declared 2015 as the international year of light, an effort "to raise aware-
ness of how optical technologies promote sustainable development and provide
solutions to worldwide challenges in energy, education, agriculture, communi-
cations and health" [1].

One of the most iconic applications of light nowadays is the use in exchang-
ing information. This has been the result of a series of innovative technological
developments, e.g. the invention of the Light Amplification by Stimulated Emis-
sion of Radiation (LASER) in 1960 and the low-loss optical fibre in 1970. Those
inventions had a strong impact on the field. An example of this is that around
this time the term "photonics" (from the Greek word photos, meaning light)
was conceived. This term is used to describes the science and technology that
encompasses the generation, manipulation and detection of light.

The use of photonics for communication applications has become predom-
inant because of the ability of light to transport large amounts of information.
In information theory it is known that the maximum rate at which information
can be transmitted over a communication channel depends on the noise and
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the bandwidth of the channel [2]. The bandwidth is defined as the difference
between the upper and lower frequencies of the carrier signal. Since the opti-
cal signals have high frequencies, they can carry large bandwidths, resulting in
high data transmission rates.

Over the past decades, photonics has boosted the telecommunication tech-
nology for the transfer of massive amounts of data around the globe, enabling
the Internet. During this time, photonics has been applied for shorter and
shorter distances by providing high bit rates at a lower cost than their electronic
counterparts. In this race to reduce cost and footprint of photonic devices, a big
effort was made to use the Integrated Circuit (IC) approach. This created a new
field of technology called PIC. In the following section we will review the main
PIC platforms, including the one that we will focus on. Then we will introduce
the main subject of this thesis: a fast optical modulator on this platform. Finally,
the structure of thesis will be described.

1.1 Photonic integrated circuits

A PIC consists of a large number of photonic devices connected to each other
on the same material substrate. The development of PICs is analogous to that
of the electronic ICs. There are a set of basic building blocks, which can be
combined to create complex systems to be used in different applications, e.g.
communications, sensing, metrology, aerospace. In electronics, the most im-
portant Building Block (BB) is the transistor, but other elements such as the
capacitor, the resistor and the electrical interconnect are needed to make a fully
operational IC. In PICs the main BBs are: optical amplifier, phase modulator, po-
larisation converter and waveguide. Figure 1.1 compares the building blocks for
the electronic and photonic ICs. With this approach, PIC technology has much
potential for scalability and mass production. It is predicted that this technol-
ogy will follow an exponential growth in complexity in the coming years [3], a
similar trend as the one experienced in electronics ICs the last 50 years.

Unlike electronics, where silicon became the prevailing material, in photon-
ics there are several types of materials used for PICs. Each PIC platform provides
different advantages and limitations. Between the different platforms, the one
based in silica Planar Lightwave Circuits (PLC) has low losses (∼ 0.1 dB/m),
transparency in a broad range (405−2350 nm) and low thermal sensitivity [4].
Several applications in the telecommunications or metrology can take advan-
tage of such properties. However, the optical confinement in the waveguide is
relatively weak, resulting in large devices. This platform also lacks light sources,
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Figure 1.1: Symbolic representation of building blocks for the electronics ICs (a) and the
PICs (b).

limiting its capabilities.
Another set of materials used for PICs are III-V semiconductors. These ma-

terials have been traditionally used in photonics, mainly because they possess a
direct bandgap, making light generation highly efficient. They also have good
characteristics for modulating light due to good electro-optic properties. The
high mobility properties of these materials provide high-speed capabilities for
detectors and modulators. The Indium Phosphide (InP) based PICs have played
an important role in optical communication systems for Telecom applications.
The use in combination with other elements, as in InGaAsP and InGaAlAs al-
lows bandgap engineering. This property is essential for integrating active and
passive devices in the same platform. All these properties have allowed creating
PICs platforms with plenty of different functionalities e.g. the COBRA/SMART
platform1 [3]. This platform provides high-performance devices and great flex-
ibility for communication, as well as other applications.

This platform can solve several communication problems with a possible
reduced price and better footprints compared with a discrete component system
approach. However, it is envisaged a need of higher integration density and
better device performances the next years. These two primary requirements
can be fulfilled by the use of a membrane photonic platform approach. This
new technology could also lead to the integration of electronic and photonics
in the same chip, to enable efficient onboard communications and specially on-

1The COBRA Research school of TU Eindhoven has developed such a platform, which has been
licensed to the start up company SMART Photonics
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chip communications.

1.1.1 Membrane PIC

Membrane photonic integrated circuits have gained much attention for their
capability to provide higher integration density with high-performance devices.
Among the different solutions, Silicon On Insulator (SOI) is one of the most
promising. It consists of a silicon waveguide layer on top of buried SiO2 and a
Silicon substrate. This platform uses Complementary Metal–Oxide–Semiconductor
(CMOS)-like fabrication technology. This results in high-volume manufacturing
at low cost with high-reliability [5]. Another advantage is the possibility of
co-integration with electronic circuits. This platform aims to satisfy the increas-
ing requirements for high-density, high-speed, low-energy consumption PICs.
Several of these demands are easier to achieve if we reduce the size of the de-
vices. In this platform, this is possible because low refractive index material
surrounds the membrane. This creates a high refractive index contrast, which
allows miniaturization of the photonic devices

Silicon, however, is not a good material for light generation. It has an indi-
rect bandgap that impedes generating light. This problem limits the potential of
these circuits. Several approaches have been addressed to solve this. However,
only the combination of III-V material with the SOI circuits appears to allow
high integration density at low-cost.

The epitaxial growth of III-V material on Silicon is one interesting solution
that has been investigated. This epitaxy process is difficult because III-V ma-
terials have a lattice and thermal expansion coefficient mismatch with silicon.
This condition creates dislocations when the material is grown, compromising
its quality. However, different approaches try to reduce this problem. Recently,
an optically pumped laser of InP grown in a pre-etched V-groove trench was suc-
cessfully demonstrated, and research effort on obtaining an electrically pumped
device are underway [6]. An electrically pumped laser using of III-V quantum
dots on Silcion has also been shown [7, 8]. Such results hold many promises,
but they are in a too early stage to be used in practical PIC applications in the
short term.

Another solution consists of placing pieces of III-V materials on top of SOI
waveguides and post-processing this with III-V fabrication tools. Molecular
bonding can connect the III-V with the Silicon (LETI [9], USCB [10]). Adhesive
bonding can also be used (Gent/IMEC [11]). These devices show promising
performances. The III-V fabrication technology defines the scalability of this ap-
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proach. The optical coupling between the two materials will however always be
critical in these approaches.

Another solution is to implement the membrane technology in the III-V ma-
terials. Arai et al. have shown a fully functional platform for communication
applications with this approach. They have demonstrated a distributed-reflector
(DR) lasers with low threshold current (0.48 mA) and maximum output power
of 0.19 mW with a lateral current injection configuration [12]. The waveguide
of this platform is based on InGaAsP material with InP besides it. This creates a
low lateral confinement, reducing the flexibility for the design of complex pas-
sive devices. In NTT Japan, Matsuo et al. have developed a platform where
they demonstrated distributed feedback lasers with a threshold current of 0.39
mA with a maximum output power of 77 µW [13]. In the same platform, they
also demonstrated a Mach-Zehnder modulator using a 700 µm long heteroge-
neously integrated InP/Si metal-oxide-semiconductor capacitor working at 25
Gb/s modulation [14]. These efforts have been focus for on-chip communica-
tion, but the use of these platform for other applications can be limited. In our
group we investigate a similar platform, but oriented to fulfil several applica-
tions. This is the platform on which the present work is based on. This platform
allows all the photonic functionalities in a single chip and it will be described in
the next section.

1.1.2 The IMOS platform

The IMOS platform consists of a membrane layer bonded with an adhesive
polymer Benzo-Cyclo-Butene (BCB) to a silicon wafer. The use of a polymer
as a bonding layer will allow future replacement of the silicon wafer with a
CMOS, chip as illustrated in figure 1.22. The BCB material has a low refractive
index (1.54) compared to InP (3.17), creating a high refractive index contrast.
This allows to optically decouple the membrane layer from the silicon substrate,
but it also permits the fabrication of small footprint devices. This will enable
high-density integration. The devices described in this thesis are designed for
this platform. IMOS is constantly being improved, and new devices are regu-
larly added to the platform. Table 1.1 gives a summary of the devices already
demonstrated.

The main advantage of this platform is that it enables the monolithical inte-
gration of active and passive devices. This property reduces the complexity and
cost of fabricating membrane-based PICs.

2Image elaborated by D. Heiss
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Device Dimension Performance
Waveguide Cross section:

300×400 nm
Prop. loss= 2.5 dB/cm
[15]

90◦ WG bend radius: 0.96 µm I L = 0.13 dB [16]
Dielectric grating coupler 10×10 µm2 I L = 5.6 dB [17]
Focusing dielectric deep
etched grating coupler

20×25 µm2 I L = 5.2 dB [this work]

Metal grating coupler 16µm2 I L = 2.7 dB [18]
Multimode interference
coupler (1×2)

2×3 µm2 I L = 0.6 dB [19]

Polarization converter 10 µm I L =< 1.2 dB, conversion >
99% [20]

Arrayed Waveguide Grat-
ing (AWG)

0.2 mm2 I L = 10 dB [21]

Planar concave grating Size: 0.25 mm2 I L = 4 dB [22]
UTC Photodetector 10×3 µm2 DC responsivity > 0.7

A/W, 3dB BW >67
GHz, Dark current: 100
mA [23]

Distributed Bragg Reflec-
tor (DBR) Laser

2×500 µm2 Ith = 20 mA (2 kA/cm2),
Output power: 1 mW [24]

Nano Light-Emitting
Diode (LED)

< 1 µm2 Output power: 60 nW, On
chip EQE ∼ 1% [25]

Table 1.1: Summary of devices experimentally demonstrated and tested within the IMOS
platform [IL= Insertion loss].
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Figure 1.2: Schematic of an IMOS circuit integrated with a CMOS circuit. The top layer
is a heat sinking metal layer.

1.2 Optical modulators in membrane platforms: State
of Art

In PIC platforms, an optical modulator is a key element for communication
applications. It is the device that converts the information from the electrical
domain into the optical domain. It also has a significant impact on the per-
formance of a transmitter by defining the extinction ratio of the optical signals
and a big part of the energy consumption. There are several metrics we need
to fulfil with this device. Some of the most important ones are to keep a small
footprint, a low switching voltage, a high modulation bandwidth and low en-
ergy consumption. There are two types of modulator: Electro-Absorption Mod-
ulator (EAM), which switches the absorption of the optical signal, and phase
modulator, where we modulate the phase of the optical signal. The second kind
can also produce intensity modulation when combined with an interferometer
structure. To obtain higher order modulation schemes, which have attracted
attention lately, a phase modulator device is necessary.

Traditionally in III-V materials the Quantum-confined Stark effect (QCSE) is
widely used. This effect consists of changing the absorption properties of the
material by switching its bandgap with an applied electric field. For the QCSE,
the optical bandwidth is narrow and it is complicated to make it compatible with
the current IMOS platform because it requires a different layer stack than for the
other active devices. This type of modulator can also be implemented as phase
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modulator due to the Kramers–Krönig relationships, but most of the refractive
index change occurs close to the bandgap edge, creating high Insertion Loss
(IL). We can use a region far from the bandgap, but only limited refractive
index changes can be obtained in those regions [26].

Another type of modulator is based on the Franz-Keldish effect. This phe-
nomenon describes a tail in the absorption spectrum present below the bandgap
of the material. This absorption can be enhanced by applying an electric field.
However, this effect is small, which implies long devices to achieve good Extinc-
tion Ratio (ER).

Another approach is the use of an electro-absorption modulator based on
the band-filling effect. This device relies on the change in absorption of a highly
doped n-InGaAs layer when the electron concentration is varied. This change
in absorption is due to a combination of band-filling and band gap shrinking
in InGaAs, which causes electron-density dependent absorption [27]. The main
advantage of this device is its predicted broadband operation, mainly because
the band filling effect is inherently broadband. The device has small footprint
(0.4×80 µm2) and low voltage operation (< 1.5 V). The main disadvantage is
that it requires a separate layer stack from those used in the current IMOS
platform.

The approach that we use for this work is based on a slot waveguide with
an electro-optic polymer. This waveguide has high optical confinement in the
low refractive index slot. When there is an electro-optic polymer present in the
slot, we can modulate the phase of the light wave by applying an electric field.
The slot waveguide allows an electric field highly present in the slot. This large
overlap between the electrical modulating signal with the optical field creates an
efficient modulator. One main advantage of this approach is that we can directly
improve the overall performance of the device if a new material, with a higher
electro-optic coefficient, becomes available. The structure is easily compatible
with the IMOS platform, making it a good candidate for its application as a
BB. The slot waveguide can be used in an MZI structure or a ring resonator
configuration. This flexibility allows us to fulfil the requirements for different
types of communication applications. The MZI could focus on backplane and
Telecom application, while the ring resonator could fit the requirements for on-
board and on-chip communications. This is discussed in chapter 4 of this thesis.

MZI modulators based on slotwaveguide were first implemented in the SOI
platform. Several demonstrations have been shown with this approach [28,29].
A devices showing low voltage-length product (0.5 V mm) with low energy con-
sumption (1.6 f J/bit) have been demonstrated [30]. This structure was also
used for higher order modulation schemes [31,32], with the latest result show-
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ing 100 GBd 16QAM signals with modulating voltage Vπ = 1.5 V and energy
consumption of 25 f J/bit [33].

Figure 1.3: Schematic of the MZI configuration implemented on SOI [34].

Devices based on this approach can be fabricated in IMOS. One advantage
of InP is an easy doping procedure during the epitaxy growth process. In the
case of Silicon, the doping is obtained by a complex diffusion or implantation
processes. The IMOS platform should also allow the implementation of high
modulation bandwidth devices with simpler configurations than on SOI. This
is because InP has higher mobility. In the SOI platform, the low mobility issue
is solved by applying a voltage between the silicon membrane and the silicon
(Vg ate) substrate. This voltage increases the conductivity of the semiconductor.
This mobility depends on the voltage applied, with commonly Vg ate > 200 V to
obtain good mobility values. Figure 1.3 shows a schematic of the MZI configu-
ration on SOI. The Vg ate is identified in the image. This voltage is not required
in the InP based modulator, which reduces the complexity.

Using a similar principle, a MZI can be used with plasmonic waveguides
filled with the electro-optical polymer. The high confinement factor of the op-
tical field in the low refractive index in the plasmonic waveguide (higher than
in the slot waveguide) allows creating small modulator with ultra-high band-
width. Devices with this configuration have shown modulation bandwidth of
170 GHz [35]. It is known that plasmonic waveguides have high losses (0.5
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dB/µm [36]), but the small dimensions of these devices limits this problem.
This approach can be used in the IMOS platform, but previous experience with
the electro-optic material in MZI structures is needed to explore this technology
in our platform.

1.3 Outline of this thesis

This work aims to investigate the slot waveguide modulator based on an electro-
optic polymer in the IMOS platform. For this we have divided the work into
three main sections. The first one covers the technology used. The second one
presents several passive devices needed to obtain a high-performance optical
modulator in a MZI structure. These devices also increase the functionality
of the IMOS platform. The third one covers the optical modulator based on
ring resonator and MZI structures. The remainder of this thesis is structured as
follows:

• Chapter 1 presents an introduction to the photonic integration technology
and its impact on our society. The IMOS platform is introduced, and a
study of the state of art of optical modulators based on slot waveguide
modulators with electro-optic polymers is covered.

• Chapter 2 describes the different fabrication technology developments
used to fabricate the devices of this thesis. It introduces the adhesive
bonding technology, a key technology to enable the IMOS platform. The
technology to fabricate the different passive devices is also included. Spe-
cial attention is given to the self-aligned technique, which allows fabricat-
ing the slot waveguides. We also present the technology for fabricating a
slope into a polyimide layer. This will allow connecting two height levels
in the circuit with a metal layer. This technology is essential to allow dif-
ferent geometries in the metal contacts. The last part of this chapter cov-
ers the technology developed to process the electro-optic polymer. This
includes the preparation of the polymer, the deposition onto the sample,
the opening of the metal contacts and the thermally assisted poling pro-
cess. We identified different issues faced during this treatment and discuss
possible solutions to enable the use of these materials in our platform.

• Chapter 3 describes the different passive devices that were developed dur-
ing this work. These devices aim to improve the performance of the IMOS
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platform, but especially the optical modulator based on an MZI structure.
We discussed the design and performance of the following devices:

– A deep etched sub-wavelength grating for the Transverse Elec-
tric (TE) optical mode. This configuration increases the coupling
efficiency, reduces the fabrication complexity and enables small foot-
print gratings. We discuss the optimization of this geometry and its
tolerances. The geometry of a Transverse Magnetic (TM) grating
based on the same principle is also covered. A TE grating with a
metal reflector is included as well. This last configuration would
allow making the grating couplers independent of the buffer layer
thickness.

– A taper based on a diffraction-suppressed adiabatic geometry.
We implemented an analytical model that allows connecting waveg-
uides with different width and height with the shortest possible taper
lengths. This device uses an approximation only valid for TE optical
mode. Its implementation for connecting a grating coupler and a
standard waveguide is used as an example.

– A low-reflection MMI. This device shows low reflection when used
as a combiner. This property is crucial in the MZI if we want to obtain
a high ER. This geometry is introduced because typical rectangular
MMIs present high reflections. A new geometry could help to reduce
reflections with several tens of dBs.

– A strip to slot waveguide converter. This device uses a logarith-
mic defined shape to reduce its length, while keeping the adiabatic
performance. The working principle and the fabrication results are
presented.

• Chapter 4 introduces the theory of the electro-optic effect in general, and
the electro-optic polymer in particular. It also covers the discussion of
different optical modulator configurations that could be used for differ-
ent communication applications. All the configurations are based on the
slot waveguide with an electro-optic polymer. We study the ring resonator
configuration because it can provide a good solution for on-chip commu-
nications. We analysed three ring resonator structures. They present a
small footprint, predicted low energy consumption and large modulation
bandwidth. Every configuration enhances a specific characteristic of the
modulator. We analysed their properties and discussed their pros and
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cons. We also study the configuration based on an over-coupled ring res-
onator in an MZI structure. This novel geometry can provide devices with
higher modulation bandwidth because of the coupling condition of the
rings. This geometry also has predicted low switching voltage and good
energy consumption, but it is not tolerant to losses in the waveguide. We
discuss the limitations and possibilities. The last section of this chapter
will present a study of a modulator based on an MZI structure. We anal-
yse the predicted performance based on the electrical characteristics of
the structure. We will develop an equivalent circuit model that will help
to analyse the bandwidth limitation of such geometries. This model will
also be used to propose solutions to enhance their performance.

• Chapter 5 summarises the main results of this thesis and gives an outlook
to improvements.



Chapter 2
Fabrication technology

The IMOS platform is in continuous development. With every new device, novel
fabrication techniques are developed. This is necessary for the platform to ad-
vance. In this chapter, we will introduce the different fabrication technologies
needed to fabricate the devices presented in this thesis.

2.1 Passive layer stack

Before explaining the fabrication processes, a typical layer stack of a passive
IMOS wafer is introduced in figure 2.1. The membrane consists of 300 nm InP.
The two layers on top are known as cap layers and serve as protection. They
have to be removed before processing the sample. Wet etching is used for this
purpose. 30 s in a (10)H2O:(1)H3PO4 solution removes the 50 nm InP cap layer
and 30 s in a (1)H2SO4:(1)H2O2:(10)H2O solution removes the 50 nm InGaAs
cap layer. The sample is then ready for processing or for an adhesive bonding
step.

2.2 Adhesive Bonding

Heterogeneous integration of III-V material with silicon has been investigated
extensively in the recent years. The capability of joining wafers of different ma-
terials, such as silicon and III-Vs, can combine the best properties of each. Sili-
con can provide high-performance electronics, while the III-V layer adds excel-
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Figure 2.1: Typical layer stack for an IMOS passive membrane.

lent photonic properties [19]. To bring these two materials together, a bonding
technology is needed. One approach consists of molecular bonding, where the
Van der Waals attraction forces provide the physical effect on which the bond-
ing relies [37]. This requires a Chemical Mechanical Polishing (CMP) process
to planarize the sample and reduce the surface micro-roughness to a minimum.
This step is needed because of the short range of the Van der Waals forces. This
makes the technology highly sensitive to surface quality and contamination. A
second approach is adhesive bonding which uses a polymer as adherent mate-
rial. In the IMOS technology BCB polymer is used [38]. This technique is more
tolerant against the flatness of the wafers, dust particles and defects than the
molecular bonding. It also allows processing of the wafer before and after the
bonding step, enabling double-sided processing. BCB is chosen because of its
optical transparency, notable planarization properties, low curing temperature
and high glass transition temperature [39]. Two processes are developed for
the adhesive bonding: thin (50 nm BCB) bonding is used when strict control
of the buffer thickness is needed, and thick BCB bonding (> 1µm BCB) when
double-sided processing is required. Thin BCB bonding is illustrated in figure
2.2, and thick BCB bonding in figure 2.4. Both methods are explained in the
following subsections.

Thin BCB bonding

When a tight control on the flatness and the buffer thickness is needed, the best
option is the thin BCB bonding (50 nm) technique. The first step is to prepare
the sample. From the III-V wafer we need to cleave the desired sample size
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Figure 2.2: (a) Adhesive thin BCB bonding. (b) Picture of a thin bonded sample.

and remove the protection layers with selective wet etch steps. With the sample
ready, we proceed with the fabrication steps. These are depicted in figure 2.2 1:

1. We deposit a 50 nm layer of SiO2 on the III-V sample. We bake this sample
for 1 hour at 300◦C in a vacuum oven. This is done to remove remaining
gaseous inclusions in SiO2.

2. We deposit a 1.85 µm layer of SiO2 on the Silicon wafer. This thickness
is needed to decoupled both semiconductor materials. This thickness is
also selected to maximize the coupling efficiency of our grating coupler
(This will be explained in section 3.2.2). This sample is also baked in the
oven with the same settings as the previous sample to remove gaseous
inclusions. After this step, the BCB (diluted in mesitylene 8 : 1) is spin-
coated (4000 rpm) on the silicon wafer and pre-cured at 155◦C for 5 min.

3. The III-V sample is placed upside down on top of the silicon wafer and
aligned manually to it by setting the edge of the sample parallel with the
primary flat of the silicon wafer. This rough alignment of the crystallo-
graphic orientation is important to allow cleaving of the silicon wafer to
the size of the III-V membrane sample. The bonding process is done in
a vacuum in a bonding machine with a pressure of 0.3 N/mm2 at 250◦C
for 1 hour. These conditions allow full polymerisation of the BCB. We re-
move residual BCB on the III-V sample with a polymer Reactive-Ion Etch-
ing (RIE) process and remove silicon oxide deposition from the sidewalls

1The development of the thin and thick BCB bonding recipes were carried out by Y. Jiao and T.
de Vries, but used and tested by A. Millan Mejia
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with a nitride RIE step. The substrate is removed in a (4)HCl:(1)H2O
solution at 35◦C for 30 min. The high temperature of the solution acceler-
ates the etching rate. Finally, the InGaAs etch stop layer is removed in a
(1)H2SO4: (1)H2O2:(10)H2O solution.

When the sample is finally bonded, we cleave the silicon wafer to the desired
size. Usually, this is similar to the III-V sample size.

The sample can have residues of InP in the forms of ’ears’ or ramps that
are created during substrate removal. Such structures originated from the ex-
posure of the (112) crystallographic plane and the anisotropy of the etching
in HCl [40]. This etchant does not etch through the (011̄) crystallographic
plane [41], one of the planes that are opened after the cleaving of the sample.
These ramps can create a problem when a contact lithography step is needed,
so they need to be removed. An undercut in the sacrificial InGaAs layer in a
(1)H2SO4:(1)H2O2:(10)H2O solution for 15 s helps to reduce such formations.
Here these ramps are removed by cleaving of those areas. Figure 2.2 (b) is a
picture of a fabricated sample with a thin BCB bonding. The substrate material
is removed.

InP

SiO2

BCB

Si

SiO2

Figure 2.3: Scanning Electron Microscope (SEM) of a Focused Ion Beam (FIB) cut of a
thick bonded sample. The different layers can be seen and are identified in
the schematics on the right.

Thick BCB bonding

When a pre-bonding fabrication process is required, a thick BCB bonding (1.8
µm) technique is needed. This approach allows a post bonded fabrication pro-
cess too, but it does not guarantee buffer thickness control. In this case, a thick
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layer of BCB to bond the two wafers is used. This thick layer will allow to cover
the topology on the chip and alleviate out-gassing problems, by allowing the
gas to diffuse laterally through the thick BCB layer. Figure 2.3 is an SEM picture
of an FIB cut showing the cross-section of a thick bonded sample. The differ-
ent layers are specified in the schematics besides it. The fabrication process is
shown in figure 2.4. The steps for thick BCB bonding are similar to thin BCB
bonding, with the following modifications:

InP III-V substrateSiO2 BCB Si

Au

1

2

3

Figure 2.4: Adhesive thick BCB bonding fabrication process.

1. We deposit a 50 nm layer of SiO2 on the III-V sample. Next, the BCB (not
diluted) is spin-coated (4000 rpm).

2. We do the same process as the previous step on the silicon wafer (SiO2

deposition and spin of BCB). Then, we place both samples in the vacuum
oven for a partial curing step at 200◦C for 1 hour.

3. We repeat step 3 of the thin BCB bonding fabrication technique.

Contrary to thin BCB bonding where the buffer thickness is strictly controlled
with the high precision Plasma-Enhanced Chemical Vapor Deposition (PECVD)
deposition, in thick BCB bonding the buffer thickness can vary typically by 15%
over the sample. This will not affect the optical isolation between the III-V
membrane and the silicon substrate. However, it influences the efficiency of
devices with a high dependency on the buffer thickness, notably the grating
couplers. The use of metal reflectors is one approach to solve this problem. This
structure will be discussed in section 3.2.2.
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2.3 Passive devices fabrication

With the bonding explained, the fabrication process of passive devices in the
IMOS platform needs to be introduced. It is important to mention that in the
lithographic process, the structures are defined in a lithographic resist. This
is a light-sensitive material that changes its properties when it is exposed to
specific radiation (i.e. UV or electron beam). When the exposed areas of the
resist become more soluble to the resist developer, the material is called positive
resist. When the exposed areas become insoluble to the resist developer, it is
called negative resist.

The lithography tools can define small structures into this resist. However,
this material does not resist well the semiconductor etching process. To solve
this issue, an intermediate material layer that can stand such a process is used.
The pattern defined in the resist is transferred to this material with a selective
etching process, creating a "hard mask". This hard mask can stand more aggres-
sive etching processes. Therefore, it can be used to transfer the pattern to the
semiconductor material.

Having introduced some fabrication concepts, we present in figure 2.5 a
schematic representation of the process flow to fabricate passive devices in
IMOS: 2:

Membrane bonded and 

protective layers removed

1

E-beam exposure and development

3

Nitride RIE and resist removal

4

ICP etching and nitride removal

5

SiNx deposition (PECVD) 

and Spin of ZEP/C60

2

InPSiO2 ZEP/C60Si SiNxBCB

Figure 2.5: Process flow for the fabrication of passive devices in the IMOS

1. The sample is bonded, and all the protective layers are removed.

2This process flow was developed in the earlier years of IMOS. The adaptations to ZEP/C60
resist and to the new 100 kV EBPG5200 system are carried by Y. Jiao and A. Millan Mejia
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2. We deposit a 50 nm thick SiNx layer with PECVD. Next, a thin layer
(∼ 100 nm) of ZEP/C60 is spin-coated (2000 rpm) on top of the sample
and baked (100◦ C - 150◦C for 4 min, 200◦C for 2 min). The ZEP/C60

resist is chosen because of its high-resolution capabilities, thermal uni-
formity (fewer distortions) and resistance during plasma etching of di-
electrics [42].

3. Exposure is done with a 100 kV e-beam machine (dose ∼ 170 µC/cm2). Be-
cause the ZEP/C60 is a positive resist, we define the devices with trenches
(∼ 2 µm). The resist is developed with n-amyl acetate (1 min), followed
by a rinse with Methyl IsoButyl Ketone (MIBK)/Isopropanol (IPA) (45 s).
A reflow bake is done to reduce the roughness of the pattern (thus reduc-
ing optical losses) for 2 min at 170◦C .

4. The pattern is transferred to the SiNx hard mask with an RIE etching step
with pure CHF3 chemistry. The resist is then removed with an oxygen
plasma step. A dip in 1% HydroFluoric acid (HF) removes residues of the
nitride. The low concentration of HF, and the short dipping time avoid
damaging the nitride mask.

5. The pattern is transferred to the semiconductor with a CH4-H2 Inductively
Coupled Plasma (ICP) process. The etching is stopped when a renaming
height of 30 nm is reached in the membrane. The SiNx hard mask is re-
moved with Buffered HydroFluoric Acid (BHF). The 30 nm left as a footing
level protects the layers underneath the membrane from this etchant. This
is important because BHF would destroy the adhesion of BCB.

The choice between standard ZEP and ZEP/C60 will depend mainly on two
factors: the resolution needed, and the topology of the membrane. The thick-
ness of the spun ZEP/C60 is only 100 nm, so it is not suitable when there is
topology present.

If another lithography step is needed to fabricate devices with a different
height, we need to repeat the previous process with standard ZEP resist. This
requires adapting some steps from the previous process. In step 2 the spinning is
done with standard ZEP resist (5000 rpm) with a resulting thickness of 300 nm.
In step 3 the dose of the exposure is around 150 µC/cm2, and the reflow baking
temperature is changed to 154◦C.

This process has shown to be reliable, and several of the devices described
in the next chapter are fabricated with it.
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2.3.1 Metal reflector

Some passives devices we propose require some processing before bonding. In
section 3.2.2 a new grating coupler with a metal reflector will be presented.
This device requires a metal layer underneath the grating device. For this, we
do a metallization using a lift-off process. This consist of spinning PMMA resist
(6500 rpm for 30 s) and baked it (180◦C for 3 min). This resist is exposed it with
a 100 kV machine (1000 µC/cm2), developed with MIBK/IPA (1 min) and rinse
in IPA (1 min). The metal is deposited with an e-beam evaporator. We select a
Ge/Ag (5/300 nm) configuration. The Ge layer is used to enhance the adhesion.
The lift-off process is done with acetone for 1 hour. After the deposition of the
metal layer, we proceed to bond the sample with the thick BCB bonding process
presented in section 2.2. After that, the passive devices are fabricated with the
process presented in the previous section.

During the fabrication of our devices, we have faced problems with the align-
ment during the Electron-Beam Lithography (EBL) exposure. The Ag metal
marks do not create enough contrast to be recognised as a mark in the EBL ma-
chine. This forces us to use a manual alignment during the first fabrication of
our metal reflector based devices. This manual alignment produces errors of a
couple of hundred of nm, which is not acceptable for our grating application.
We tried to solve this problem by depositing a thin layer (50 nm) of Au on top
of the Ag in a second fabrication. This extra layer enhanced the contrast during
the mark recognition making automatic alignment possible. We did fast anneal-
ing at 350◦C for smoothing the surface of the metal. This step mix the metals,
modifies the optical properties of our reflector and alters the performance of the
device. To avoid this problem, we need to fabricate the marks with a passive
process before the metal deposition. This would allow automatic alignment be-
tween the different exposures and enable the use of metal reflectors for future
applications.

2.3.2 Self-aligned process

In the fabrication of slot waveguides, areas without semiconductor are needed.
For this we need to adapt the standard passive fabrication process. For this
reason, we created a self-alignment technique. This technology is illustrated in
figure 2.6 and explained as follows:

1. The sample has a defined hard mask pattern fabricated following the steps
1 to 4 of the passive device fabrication process.
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SiNx or hard mask

1

E-beam exposure and development

2

ICP etch with resist present

3

ZEP removal and ICP etch continuation

4

Hard mask removal with Nitride RIE

5

InPSiO2 ZEPSi SiNxBCB

Figure 2.6: Process flow for the fabrication of passive devices in IMOS with a self align-
ment process.

2. The ZEP resist is spun and exposed as mentioned in the standard ZEP
process.

3. The pattern is transferred to the semiconductor with a CH4-H2 ICP etch
process. The etching is stopped after 80 nm of etching. The etched areas
where no hard mask is present will be defined with the resist.

4. The resist is removed with an oxygen plasma step and followed with a
CH4-H2 ICP process until the footing height is reached.

5. The SiNx hard mask is removed with an RIE etching step with pure CHF3

chemistry. BHF cannot be used because the bonding area is exposed.

Figure 2.7 (a) shows an SEM picture of a slot waveguide converter fabri-
cated with this flow. The open area is clean and the waveguide is well defined.
With this process, a slot waveguide with electrical isolation can be made. In the
development of this technology, we have realised structures with smooth side-
walls, as the one presented in figure 2.7 (a). However, due to the presence of
the resist, extreme care on the etching chamber cleanness is needed. Figure 2.7
(b) shows the SEM picture of another sample after the same ICP etch process.
In this last case the waveguide has much roughness resulted from polymer de-
position during the etching process. We have measured devices fabricated with
such roughness, but this problem should be avoided for future fabrication runs.
We recommend a physical cleaning of the chamber before the etching step to
avoid this problem.
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Figure 2.7: (a) SEM picture of a slot waveguide converter fabricated with the self-aligned
process flow. (b) SEM picture of a fabricated slot waveguide with the same
fabrication process with much roughness in the sidewall.

2.3.3 Contact slopes

In the fabrication of the slot waveguides based modulators, we need to deposit
metal contacts. This can be done in a standard lift-off process after the fab-
rication process, similar to the one presented in section 2.3.2. However, this
solution limits the geometry of these contacts. In the ring resonator structures,
one of the contacts is placed inside the ring. To place an electric probe on such
location is risky because we can easily destroy the waveguides of the ring by a
small movement of the probe. This issue can be solved by increasing the ring
dimensions, but that would limit the design to large rings. This problem is also
present in the MZI structures restricting its geometry. To avoid these constraints,
we can fabricate the contacts in two levels and connect them through a slope
created in a polymer layer. In this way, the contacts can cross the waveguides
without affecting them. One level of the contacts will be on top of the semi-
conductor while the second level will be on top of a polymer layer. The process
flow for this fabrication is shown in figure 2.8 and explained in the following
steps:

1. We spin the polyimide HD4100 layer with an increasing spinning speed (
500 rpm (10 s), 800 rpm (10 s), 1500 rpm (10 s), 2000 rpm (10 s), 3000
rpm (10 s), 400 rpm (10 s), 5000 rpm (10 s) and 6000 rpm (45 s)) and
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Figure 2.8: Process flow for the sloped metal contacts [43].

bake it (40−90◦C for 5 min). The polyimide needs to be cured. Therefore,
we place the sample in a vacuum oven at 375◦C for 1 hour. We spin the
MaN-440 optical resist (3000 rpm) and bake it (40−90◦C for 5 min). The
thickness of the MaN resist needs to be more than the polyimide to have
well-defined structures. We proceed with optical lithography to define the
open areas and develop with MaD-332 solution (90 sec).

2. We reflow the photoresist with a hot-plate bake at 140◦C for 5 min. This
creates a slope of around 45◦ at the edges of the resist pattern.

3. We transfer the slope into the polyimide using an O2/CHF3-based RIE
etching process. The etching rates of both materials in this recipe are
similar, allowing to transfer the slope with the same angle from the resist
to the polyimide. When we reach the semiconductor, we remove residues
of the MaN resist with acetone (5 min), placing the sample upside down
to avoid the MaN photoresist to be redeposited onto the sample.

4. We make a lift-off process similar to the one presented in section 2.3.1.

For the fabrication of our modulators we used a Ni/Ge/Au (30/50/250
nm) metal contact. This contact has shown good results for n-InP contacts
(1×10−6 Ωcm2) after two baking steps at 325◦ for 1 hour [44]. Figure 2.9 shows
an SEM picture of a fabricated metal slope (∼ 45◦). The slot waveguide is visible
next to the metal contact.

We have done two fabrication runs for the modulator. In the first one we
fabricated the slopes with the optical lithography process. In the second run
we use an electron-beam resist to create the slope for the metals instead of a
photoresist. This e-beam resist can create patterns with better resolution, and
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Polyimide

Ni/Ge/Au contact

Figure 2.9: SEM picture of a fabricated MZI structure. The metal follows the slope cre-
ated in the polyimide. No breaks in the metal are visible.

it provides flexibility in the mask design process, because we can modify it at
will. The process is kept almost identical as that presented in the previous
section with changes in step 1. In this case, we use the electron-beam resist
MaN 2410. We spin-coated the resist (2000 rpm) and bake it (−90◦C for 150 s).
This results in a resist thickness of 1.3 µm. The resist is exposed with a 100 kV
e-beam machine (dose of 1000 µC/cm2) and developed with MaD332s (1 min).
We found a 45◦ slope with the same temperature reflow as before (140◦C for 5
min). The etching rate in an O2/CHF3-based RIE etching process is the same as
for polyimide.

We fabricated our devices with this new e-beam resist. The polymer was
etched in one cycle of around 12 min. After this etching step, the sample pre-
sented a non-homogeneous slope angle. In some areas the slope is good, and
the metal covers it well, but in other areas the slope is steeper and the metal
does not cover totally the slope (see figure 2.10). From figure 2.10 we see two
different slope angles, angle 1 was measured in the profilometer to be ∼ 45◦,
while angle 2 > 60◦. This indicates that there is a change in the profile of the re-
sist in the middle of the etching process. We consider that the high temperatures
during the etching process have the MaN resist reflow again. This has not been
seen in the tests before because those etching experiments were done in shorter
cycles. This suggests that using short cycles avoids this problem, because the
resist can cool down before the next etching cycle. The electrical connection
between the two levels of most devices was still possible, so we proceed with
this sample.
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Figure 2.10: SEM picture of a fabricated MZI device. The metal does not cover totally
the slope. Two different slopes angles are visible.

After a thin BCB bonding,a passive device, a self-aligned and a contact pro-
cesses, we fabricated our optical modulator devices. These technologies have
demonstrated to work well and they have allowed us to fabricate several de-
vices. Figure 2.11 shows the SEM pictures of two optical modulator configu-
rations. Figure 2.11 (a) is a MZI structure and (b) is a ring resonator. These
devices were fabricated in the second fabrication run. The next steps for these
devices are the deposition and treatment of the electro-optic polymer. These
processes are presented in the following section.

2.4 Electro-optic polymer treatment

After the fabrication of the devices, we need to spin the electro-optic polymer
on the sample (SEO110 from Soluxra). We prepare the sample based on the
instruction given by the provider [45], adapting the steps to our tools. The ma-
terial comes in a powder format. We mix 125 mg of this material with 1.96 g of
dibromomethane. The vial that contains the mixture of solvent and electro-optic
polymer needs to be placed onto a rotator and rotated overnight. The provider
recommends that this material is best if processed within the following 24-36
hours to avoid changes in the solution ingredients. We deposit this mixture on
our sample with a 0.2 µm poly(tetrafluoroethylene) filter and spin-coated it at
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(a) (b)

Figure 2.11: SEM picture of (a) an MZI modulator and (b) a ring resonator structure.

2300 rpm for 50 s. We obtained a 2.5 µm thick layer. We dry the sample in a
vacuum oven at 45◦C overnight.

Contact opening

Optical lithography opening In the first fabrication run, we define the open-
ings of the contacts with optical lithography in a MaN-440 resist. After the ex-
posure and development, we etch the polymer and the resist with an O2/CHF3-
based RIE etching process. This will remove the electro-optic polymer in the
opening areas, but also etch the photoresist. Because the photoresist is thick
enough to cover the polymer, and since their etching rates are similar, this step
allows us to open the metal contacts. Figure 2.12 (a) shows a picture of an
opened Ground Signal Ground (GSG) contact with metal pads 80µm wide in an
MZI structure. There are metal lines on the upper and lower padd. They were
made to connect the different devices in the chip in parallel to pole them at the
same time. We have faced problems with electrical short cut in some devices.
This problem made use decide to pole the devices individually.

The devices in this circuit could not be poled. A possible explanation can be
that the combination of optical lithography and polymer RIE affects the polymer
and diminishes its electro-optic properties. Both processes expose the sample
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to intense Ultra-Violet (UV) light radiation that is known to destroy this kind of
polymers. For this reason we developed another technique to open the polymer
in our second fabrication run.

Ion beam opening For the second fabrication run, we try to reduce the ex-
posure of the polymer to UV radiation. We use an FIB to open the contacts.
We try to limit the electron-beam exposure to the selected areas. However, the
material is still exposed to electrons during the SEM imaging. Figure 2.12 (b)
shows an SEM picture of an opened GSG contact with this technique in a ring
modulator. The contacts are opened and we experience good electrical contact
after this process.

After the poling, we could measure a small electro-optic effect in one of
the samples processed with this technique. This indicates the ion beam could
be used in future samples. If the metal contact locations are arranged in a nice
geometrical pattern, we can reduce the exposure of the sample to electron-beam
radiation to the minimum by navigating with the beam shielded when we move
from contact to contact.

(a) (b)

Figure 2.12: (a) Picture of an MZI with the GSGcontact opened. (b) SEM picture of a
GSG opened with an FIB exposure

After opening the metal contact, the polymer on the sample needs to be
poled. The basic concept of this process is explained and our experiment dis-
cussed in the following sections.
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2.4.1 Thermally assisted electric field poling

A general poling process is illustrated in figure 2.13. In this scheme, the poly-
mer is sandwiched between two contacts which are used to apply an electric
field. The first consideration is that the molecules in the electro-optic poly-
mer after deposition are arranged with an isotropic ordering. To render a non-
centrosymmetric ordering of the molecules, the sample is heated above its glass
transition temperature Tg (1). In this condition, the main chain of the polymers
can reorientate. Once above Tg , a strong DC electric field is applied (2). This
field generates a force on the dipole moments of the chromophores, aligning
them [46] (3). With the electric field still applied, the temperature of the poly-
mer is reduced to room temperature (RT ), fixing the chromophore orientation
(4). The electric field is removed and the polymer has obtained a partial order-
ing. In this case, the E field of the optical mode can be strongly influenced with
an applied external field Eexter nal , if both are parallel to the oriented molecules.

Vp Vp

Tg RT

1 2 3 4

Figure 2.13: Representation of the poling process for a two-plate configuration.

For our devices, the two slot waveguide ridges are the electrodes for the
poling process. The poling voltage is applied between the two slabs of this
waveguide. Figure 2.14 shows a schematic cross-section of the MZI during the
poling process. For modulation two ground contacts (left and right) are used,
with a signal contact in the centre. This allows oppositely directed electric fields
(blue arrows), thus providing push-pull operation. However, for this the poling
fields need to be co-directional on both MZI branches (red arrows). This is
achieved by applying the poling voltage Vp between the two "G" contacts.

2.4.2 Poling process in our devices

For the poling process, we have adapted the instructions given by the supplier
(They have developed a process as in figure 2.13) since the geometry of figure
2.13 is not applicable to our case. The sample is placed on a programmable hot
plate. We gradually apply an electric field (Ep) of 100 V/ µm (Vp = 10 V for a 100
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 Vp

InPSiO2 EO-polymerSi MetalBCB
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Figure 2.14: Schematic of the MZI cross-section. The applying of the poling voltage Vp is
shown in the figure. The direction of the poling electric field is represented
by red arrows while the direction of the modulating signal by blue arrows.

nm slot) with the sample at room temperature. We increase the temperature T
to 130◦C at a rate ∼ 15◦C/min). When the sample reaches this temperature, we
wait 5 min. After this time, we switch off the heating, and let the sample cool
down to room temperature. After this, we turn off the electric field.

When applying an electric field in the slot (Ep), there is a small current pass-
ing through the polymer. In our devices, this current is a few nanoamperes due
to the dimensions of the slot and the conductivity of the polymer (σp (Ep ,T )).
This conductivity is dependent on the applied electric field and the temperature.
We use this current to monitor the poling process. The time-dependent poling
current density J (t ) can be described with the Gaussian’s law as [47]:

J (t ) =σp (Ep ,T )Ep + dPs (t )

d t
(2.1)

where Ps is the persistence polarisation of the chromosphere dipoles. This
polarisation persistence is modelled using a single relaxation frequency Debye
equation [48]:

dPs (t )

d t
+α(T )Ps (t ) = ε0(εsl ow −εp )α(T )Ep (2.2)

where α(T ) is the dipole relaxation frequency as a function of temperature,
ε0 is the vacuum permittivity, εsl ow is the low-frequency dielectric constant and
εp is the dielectric constant of the polymer. The dipole relaxation frequency
α(T ) follows an exponential decay modelled by the Arrhenius function (α =
α0exp(A/kt )), where α0 is approximately constant, A is the activation energy, k
Boltzmann’s constant and T the absolute temperature.
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Because σ(Ep ,T ) increases along with Ep and T , the first term of equation
2.1 predicts that the current through the polymer will increase drastically when
the temperature increases. The second term predicts that once we have reached
the target temperature, the current will continue to increases for a short time,
reach a maximum value and then decay to a constant value. This behaviour has
been seen in different experiments [47, 49], but it is quite small and tends to
be shadowed by the remaining temperature rise if the hot plate cannot provide
stable temperature conditions. Figure 2.15 shows a typical poling current pro-
file. When the temperature is switched off, the current follows an exponential
decay.

Figure 2.15: Plot of current (green solid line) and temperature (black dashed line) over
the time of the poling process. The red dashed line indicates the moment
when the sample starts poling [50].

We have attempted to pole our samples following the process explained be-
fore. Figure 2.16 shows the current versus time for three representative poling
experiments for the first run sample. There are three time steps indicated. T1

(red dashed line) is when the hot plate is turned on, T2 (green dashed line) is
when the temperature reaches the target value, and T3 (yellow dashed line) is
when the hot plate is turned off. The first experiment is shown in figure 2.16
(a). We had faced a drop in the current when the temperature was close to the
target temperature. These drops are caused by the metal expansion of the hot
plate that results in the electric probes to lose contact with the metal pads. We
can see that the current appears again once the temperature reduces to a certain
level. The contact pads are small compared to the shifts caused by the thermal
expansion. Making the contacts bigger could alleviate this issue. A second ex-
periment is presented in figure 2.16 (b) placing the probes in a configuration
that avoid loose contact. This technique could be used in a limited number of
devices in this chip where the contacts have enough space, but some other de-
vices with smaller contact geometry still present the loose contact problem. This
plot shows current spikes (electrical discharges). These are quite normal during
this process [50] and we have seen them in several of our poling experiments,
in fact figure 2.15 shows a successful poling process with a current spike on it.
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However, these electrical discharges tend to destroy some polymer molecules,
compromising the final electro-optic effect. In the parallel plate configuration,
using current blocking layers helps to reduce this problem. However, this is not
possible with slot waveguides due to their small dimensions. We could limit the
current levels in the source meter reducing the possible damage to the material.
Figure 2.16 (c) is the third experiment where we limited the current levels in
the source meter. The current versus time plot does not present drops or spikes
in the process. However, the device did not show any electro-optic effect. This
suggests that the electro-optic polymer was destroyed already during the con-
tact openings process or reiterative temperature ramping due to previous poling
processes.
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Figure 2.16: Plot of current and temperature over the time of the poling process. The
red line indicates the moment when the sample starts poling. The green
line when the hot plate reaches the target temperature, and the yellow line
when the hot plate is turned off

In the second fabrication run we change the hot plate to a more stable one
and use double electric probes to avoid electrical disconnections. We also limit
the exposure of the sample to white light to reduce the UV radiation. In one
of our tunable directional couplers, we obtained a small electro-optic effect.
This device was poled similarly to the ones from the first run. The current
through the device is plotted in figure 2.17. The figure presents two sections.
This is because after we finish the poling and the temperature was reduced, we
observed a drop of the current. We decided to ramp up again the temperature
at T’1, reach the target temperature at T’2, wait for 5 min at this temperature
and then turn off the hot plate at T’3. The current is lower than in the previous
plots because the gap in the directional couplers (300 nm) is larger than the
slot waveguide (100 nm). We have not observed any distinctive features in the
current compared with previous poling experiments. Because this device has
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a wider gap, it is possible that the dimensions of the slot influence drastically
the poling process. We suggest to include these tunable directional couplers in
future fabrication to characterise such an influence.
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Figure 2.17: Plot of current and temperature over the time of the poling process. The red
dashed line indicates the time when the heating starts, the green dashed
line the time when the hot plate reaches the target temperature, and the
yellow dashed line the time when the hot plate is turned off. There was a
drop in the current values, therefore, we repeat the poling process. For this
second process the red solid line the time when the heating starts again, the
green solid line the time when the hot plate reaches the target temperature
for the second time, and the yellow solid line the time when the hot plate
is turned off for the second time.

During the poling experiments we have faced several problems such as cur-
rent spikes and drops. We can avoid the current drops by increasing the size of
the contacts, and we can reduce the impact of the spikes by limiting the current
from the source meter. The conductivity σp ∼ 120 S/m is consistent between the
different experiments, indicating that the material keeps its conductivity prop-
erties. A heating system with a more controllable temperature setting is desired.
This will allow identifying the relaxation effect in the current density after we
stop increasing the temperature. This can give important information about the
polymer and the poling process.

2.4.3 Polymer degradation

After we measured the electro-optic effect in one of our devices, we measured
this structure on different days to verify the stability of this effect. Figure 2.18
shows the spectrum versus the applied electric field in the slot in three consec-
utive days. Figure 2.18 (a) is the same day of the poling process, (b) is one day
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after the poling, and (c) two days after poling. The sample was kept in darkness
to reduce its exposure to the UV light, but this did not stop the degradation of
the material. After one day, the spectrum keeps some of the dips seen in the
first day measurements. These dips disappeared when the measurements were
done two days after the poling. The losses increase 3 dB after one day and >10
dB after the two days. The polymer degrades over time. This can be caused by
exposure to the atmosphere. We consider that a sealing mechanism is needed
to avoid such a degradation process.
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Figure 2.18: Measured transmitted spectra indicating the electro-optic effect in a direc-
tional coupler after the poling process: (a) the same day, (b) one day after,
and (c) two days after.

2.5 Conclusions

In this chapter, we have present the main technology used in this work. We
presented the fabrication process of different types of devices including pas-
sive devices, metal reflectors and slot waveguides. We improved some previous
IMOS process by adapting them to new resists as the e-beam ZEP/C60 and MaN
2410 resists. For the slot waveguide fabrication, we presented the self-aligned
process and discussed some of the problems we observed. We also discussed the
process to prepare and spin-coated the electro-optic polymer in our samples, the
opening of the metal contacts with an ion-beam exposure and the thermally as-
sisted poling process. We discussed several issues presented during our poling
experiments and proposed some solution. We also mentioned the degradation
of the polymer over the time. This last point needs to be addressed in future
works to make the optical modulator based on electro-optic polymer a success
in our platform.





Chapter 3
Passive elements for an IMOS
modulator PIC

This chapter presents the design and characterisation of several passive pho-
tonic devices for the IMOS platform. Optimizing those elements helps to pro-
vide high-performance characteristics for optical modulators. Among them, new
grating couplers for TE and TM based on subwavelength structures. These grat-
ing could help to reduce the footprint of the circuits and permit the couple of
TM polarized light to increase the capabilities of the platform. We also analysed
the TE grating with a metal reflector which could make this device independent
of the duffer thickness. We also investigate MMIs and short adiabatic tapers.
An optimisation of the slot waveguide geometry is also included. The design of
a coupler between a rectangular and a slot waveguide is covered as well. The
experimental results of some of these devices are presented and discussed.

3.1 Membrane specifications

The IMOS platform is on its way to becoming a fully integrated platform. The
main challenge is to integrate different layer stacks and process flows for sev-
eral optimised devices in one standard technology. One step in that direction
is to establish a standard configuration for passive devices. The InP membrane
has a 300 nm standard thickness for such devices. This membrane is bonded
to a silicon wafer with a low refractive index polymer as an adhesive layer.
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This polymer provides a buffer layer between the InP membrane and the silicon
wafer. This layer should be thick enough to optically, electrically and thermally
disconnect the membrane layer from the silicon wafer. The fabrication of the
passive devices could be done either before or after bonding the membrane to
the silicon wafer [19]. The last option is preferred because it allows to select
samples based on their quality after the bonding process. However, more com-
plex devices can be fabricated using so-called double-sided processing, which
requires process steps before and after the bonding step. This technique will
allow better device optimisation, increase functionality and provide fabrication
flexibility to the platform [51]. Such an approach will be used for a fully inte-
grated platform. The post-bonding fabrication and the double-sided processing
requires a bonding technology as described in section 2.2.

In the following sections several passive devices are presented. Most of them
are optimised to improve the overall performance of an optical modulator based
on an MZI, while the rest adds extra functionalities to the IMOS platform, or
improves on previously developed IMOS devices.

3.2 Deep etched gratings

In this section, grating couplers will be studied. The design optimisation and
characterisation of some dielectric and metal-based gratings are covered. The
design aims at a deep etched sub-wavelength grating geometry. This grating will
significantly simplify the fabrication process. The grating couples from a waveg-
uide, through the diffractive structure and the free space into the fibre. Because
of reciprocity, the coupling efficiency found is the same as coupling from the
fibre to the waveguide. The presence of the grating will create back-reflections
because some light is coupled back into the waveguide. In the first subsection
we will present a summary of the vertical fibre-to-chip coupling mechanisms,
followed by a subsection on the design of focusing sub-wavelength gratings for
TE and TM optical modes. The third subsection presents a grating with a metal
reflector for the TE optical mode.

3.2.1 Grating principles

The problem of coupling in and out of a photonic membrane chip is more com-
plex than in other PIC platforms. In the case of a high contrast refractive index
platform like the IMOS platform, this situation arises due to the extreme dif-
ference in size of the optical modes in the waveguides of the PIC and the fibre
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optic. In general, there are two main techniques to couple in and out of a chip.
The most commonly used in mature platforms such as the COBRA platform are:
direct butt-coupling (figure 3.1 (a)). For membrane platforms this approach is
troublesome because direct butt-coupling with a fibre leads to losses as high
as 20 dB [52]. To overcome this, the use of mode size converter is one solu-
tion [53]. However, those devices require long adiabatic tapers which occupy a
large space on the chip. Another approach to couple out the light is by exciting
the beam at a certain angle from the surface by placing a diffractive element.
With this approach, phase matching, and thus efficient coupling, can be done
with a particular medium, making the selection of a specific mode achievable.
The use of surface gratings (figure 3.1 (b)) as the diffractive element is attrac-
tive because light can be coupled to any specific mode and they can be placed in
any location on the chip. This last feature makes them interesting for on-wafer
characterisation. Such a solution is widely used in fibre-to-chip configurations,
but chip-to-chip coupling could also be used, which is interesting for intercon-
nects [54].

SiO2

InP

SiO2

InP

(a) (c)

Fiber

Figure 3.1: Schematic of the coupling techniques for membrane photonics platforms: (a)
Direct butt-coupling and (b) Grating coupler.

The use of gratings to couple light in and out of a chip were proposed in
1970 by Dakss et al. [55]. However, the requirements for fabricating sub-micron
structures have prevented the practical use of such devices for a long time. For
devices with and operating wavelength of 1.5 µm and propagating in a high
refractive index medium as the semiconductor, the grating structures would
required features of <400 nm. The minimum resolvable feature for contact
lithography is 500 nm, making this technology not suitable to fabricate these
structures. The use of EBL and Deep UltraViolet lithography (DUV) allows the
fabrication of feature size on the order of 100 nm or less. These technologies
have allowed the use of the grating coupler as a basic element in membrane
PICs.
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Figure 3.2: (a) Schematic of the coupling of the light in the chip (b) Wave diagram where
the representation of the vectors of light in the waveguide, the grating vector
and the diffracted light are presented.

When the light reaches the grating, it will be scattered at each grating tran-
sition. If these scattering contributions interfere constructively, i.e., are added
with the same phase, strong coupling (in a certain direction) will occur. This
condition leads to phase matching between the phase velocities in the direction
of propagation of the waves that are coupled. Figure 3.2 (a) shows the geom-
etry of the coupling problem. In the schematic, the horizontal (x) component
of the propagation constant kx of the free space wave has to be equal to the
propagation constant β in the InP waveguide.

ne f f = n1si nγ (3.1)

Equation 3.1 implies ne f f ≤ n1. This condition is not physically possible since
the guided mode can only exist if β> n12π/λ0. To fulfil the phase matching con-
dition, an element which modifies the propagation properties in the waveguide
is needed. A grating structure in the membrane creates a periodic modulation of
the effective refractive index which generates a wave vector β = k0si nγ−mkg ,
where kg = 2∗π

Λ is the grating vector with m the diffraction order and Λ the
period of the grating. For the grating vector, negative values are needed to ac-
complish the phase matching condition. The first diffraction order is selected
for our designs, but higher orders can also be implemented using the same
principle with smaller kg (thus larger grating periods). The condition of phase
matching is illustrated with the wave vector diagram in figure 3.1 (b). Here the
direction of the diffracted light depending on the grating vector is shown. By
choosing the desired grating vector, positive and negative angles with respect
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the normal of the surface are possible. A vertical outcoupling is highly desired
for straightforward packaging and alignment. However, in coupling in, both +β
and −β modes are excited, adding 3 dB extra loss. The solution is to use a small
angle, close to the normal, which allows almost a vertical coupling and have
low back-reflections. In the following sections an angle of 10◦ is selected to be
practical.

The design of the grating coupler aims to optimise the overlap between the
diffracted field distribution from the grating coupler and the optical mode in the
fibre. This mode matching is needed in two different directions in the grating:
along the grating and traversal to the grating. Figure 3.3 shows this problem for
both directions. In a uniform grating coupler, the diffracted light exponentially
decays while it propagates in the longitudinal direction, whereas the optical
field of the fundamental mode in an optical fibre has a Gaussian-like distribution
(see figure 3.3 (a)). The maximum theoretical power coupling between these
two field distributions is 80% [56]. This maximum is obtained if the length over
which the field decays to its 1/e value is the same as the fibre mode width. In
the transversal direction the situation is different. The field distribution inside
the grating follows a cos2 distribution. The maximum overlap with the Gaussian
distribution in the fibre occurs when the grating width is around 15 µm with a
theoretical power coupling efficiency of around 85% [57].

(a)(b) (c)

x

y

Figure 3.3: The longitudinal and transversal directions in the grating coupler are de-
picted (a). In (b) the field distribution above the grating coupler in the
longitudinal direction is shown in red while the Gaussian distribution from
the fibre is in blue. In (c) the diffracted light in the transversal direction is
presented in red and the Gaussian distribution in the fibre in blue.

The most common configuration for grating couplers is parallel lines with a
typical waveguide width of 10 µm that allow a good mode matching between
the diffracted mode and the field from the fibre in the transversal direction.
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This width also make the maximum coupling to be at certain distance from the
membranes, when the diffracted field reaches similar size as the fibre mode
. The conversion from the grating width (10 µm) to the standard waveguide
(∼ 400 nm) is normally done with long linear adiabatic tapers, which consume
valuable area in the chips and practically determine the footprint of the grating
coupler structures. Other adiabatic taper geometries can be used (see section
3.3), but the footprint remains considerable. Curving the lines of the grating
couplers to create focusing would avoid the use of such adiabatic tapers and
reduce the grating coupler footprint significantly [58]. Figure 3.4 illustrates
this area reduction from the typical grating coupler configuration (a) and the
focusing grating coupler geometry (b). The total footprint is reduced six times.

10 µm

~300 µm

~3000 µm2

25 µm

20 µm

~500 µm2

(b)(a)

x

y
0,0

Figure 3.4: Geometry of the grating coupler with adiabatic linear tapers (a), and the
focusing grating (b). The typical dimensions and an estimated footprint for
both geometries are shown.

The equation that describes the curved lines of the gratings, with x the grat-
ing axis, is the following:

qλ0 = ne f f

√
y2 +x2 −xnc cos(θc ) (3.2)

where q is the integer number of the grating lines, λ0 is the wavelength in
vacuum, ne f f is the effective refractive index in the grating, nc is the refractive
index above the waveguide (cladding) and θc is the angle between the fibre and
the normal of the surface. We can select a q value that allows for a diffraction
distribution that overlaps maximally with the mode in the fibre.

Having introduced the basic information for grating couplers, in the next
subsections we will present some new geometries for such devices.

3.2.2 Deep etched subwavelength gratings

The grating is based on a modulation of the refractive index in the waveguide.
In semiconductors, this is done by etching the grating in the semiconductor, cre-
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ating a periodic structure of low and high refractive index areas. An increase in
the etch depth decreases the effective refractive index of such a section and in-
creases the grating strength. Deep etched gratings are interesting because they
simplify the fabrication process by being etched at the same time as the rest of
the passive devices, reducing fabrication cost, time and complexity. This geom-
etry allows rapid prototyping of passive devices in IMOS. However, this creates
a large refractive index contrast interface which generates two problems. The
first one is a high Fresnel reflection (∼ 17%), which degrades the performance
of the photonic circuits drastically. This problem is crucial if lasers or other de-
vices in the circuit have a high feedback sensitivity. The second problem is that
the deeply etched areas creates a strong grating with a narrow-diffracted field
distribution. This field has a poor mode matching with the standard fibre mode.
The overlap between the diffracted field distribution of the deep etched gratings
with the Gaussian distribution in the fibre optic is around 35% [59]. To reduce
these problems, a shallow etch geometry has been preferred so far, being the
most used geometry for grating couplers nowadays. In IMOS we currently use
such a geometry with a predicted efficiency of 41% of the light coupled to a fibre
at 10◦ from the grating normal. 37 % is leaked to the substrate. The coupling
efficiency to the air is 60 %. This value indicates that the coupling efficiency to
the fibre can be increased. An apodization of the grating could be one method
to do it. This consists of varying the strength of the grating along the device,
shaping the diffracted field. This technique creates a better overlap with the
mode in the fibre, increasing the coupling efficiency. The apodization can be
done by changing the geometry of any of the design parameters. The main ad-
vantage of shallow etched gratings is the low level of back-reflections (∼ 0.6%),
but realization requires one extra lithography step, increasing the fabrication
complexity and cost.

To use deep etched gratings, the refractive index contrast needs to be de-
creased, which will reduce the back-reflections and the grating strength. One
solution is the use of a deep etched grating with a subwavelength section in-
side the etched area [60]. This section should be in the sub-wavelength regime
where the diffraction effects caused by the periodicity of the structure disap-
pears. In this regime, the propagating wave will experience an average refrac-
tive index between the etched areas and the non-etched areas. The effective
refractive index of this structure is similar to the one for shallowly etched grat-
ings, therefore, have similar levels of reflection. The subwavelength sections
could also be placed as periodic structure along the transverse direction. This
would required to expose a pattern of holes during the lithography step. It is
known that controllably defining small holes is more complicated than small
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lines with EBL, for that reason we selected the first geometry to work with.
Having selected the geometry an optimisation procedure is needed. Figure

3.5 is a lateral cut that shows the parameters in the design of a deep etched sub-
wavelength grating, where l g is the large grating width, sub the subwavelength
section width, Λ the grating period and f f is the filling factor of the large grat-
ing or l g /Λ. These three parameters in red are the one that will be used for the
optimisation. The footing is selected to be 30 nm for the other passive devices.

lg

Λ sub

270 nm 300 nm 

50 nm
50 nm

2.1 µm

Figure 3.5: Lateral view of the grating with the different parameters.

In the grating couplers the light is diffracted upward and downward. The
reflected light from the silicon-buffer interface interferes with the upward light,
creating a periodic constructive and destructive interference effect. The effi-
ciency varies around 2.5 dB between the maximum and the minimum values.
The periodicity in thickness is around 500 nm, being the half wavelength in the
BCB layer (nBC B = 1.54). This effect is simulated and seen in figure 3.7 (a).
From this result, a buffer thickness of 2.1 µm is selected to obtain the maximum
coupling efficiency.

In the following two subsections we will present an optimisation of the de-
sign for TE and TM gratings.

TE grating design

To obtain an efficient grating, we first use 2D-Finite-Difference Time-Domain
Method (FDTD) simulations [61] for a rough optimisation. Next a full 3D-FDTD
simulation is used to validate the geometry. The optimisation was done using
a Particle Swarm Optimization (PSO) method The design parameters selected
to be optimised are the filling factor f f = l g /Λ, the sub wavelength section
length sub and the period of the grating Λ. The figure of merit to maximise is
the coupling into the fibre at 10◦ from the normal of the grating surface with
a wavelength of 1.55 µm. 20 generations of 20 elements each were simulated.
The optimal parameters correspond to Λ= 695 nm , f f = 0.65 and sub = 82 nm.
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Figure 3.7 (a) shows the coupling efficiency. The maximum coupling to the
fibre is 60 % of the injected power. The Full Width at Half Maximum (FWHM)
is 71 nm, covering the complete C-band. The back-reflections at 1.55 µm are
quite high ∼ 6%. The rest of the power is lost by leaking to the substrate and
transmitted through the grating. Efforts to reduce these reflections are needed,
an optimisation aiming to reduce such reflection and to keep the fibre coupling
efficiencies high could be implemented. There is also another possibility by
focusing the reflected light away from the entrance waveguide [62]. However,
these improvements are outside the scope of this work. We also calculated the
tolerances of the sub-wavelength width. These results are plotted in figure 3.6.
The back-reflections remain almost the same with 20 nm fabrication tolerances.
However, the transmission could drop 3 dB within the same tolerances, making
the device sensitive to small variations of the sub-wavelength section width.
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Figure 3.6: Coupling efficiency of the TE deep etched grating versus the width of the
subwavelength section in blue. The reflectance back to the waveguide is in
red.

The peak of the far field emission in the x direction of the light propagating
upwards from the grating is located at 10◦.

In the design of devices in a high refractive index contrast platform, rigor-
ous 3D-FDTD simulations are needed. 2D-FDTD can work as a starting point
of the design, but the approximations taken in such simulations are not accu-
rate enough. In the case of subwavelength features this is important because
such structures create anisotropy in the propagation properties of the structure,
which can influence the final performance of the device strongly. For 3D sim-
ulations, we need to consider an angle φ between the axis along the grating
and the edge of it. This angle should allow the light to diffract. Figure 3.8 (a)
illustrates this angle in the structure. It also shows the electric field distribution
in the plane of the grating. In our case φ = 20◦ inside the grating allows the
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Figure 3.7: (a) Out-coupling to the free space as a function of the buffer thickness. (b)
Coupling efficiency of the TE deep etched grating.

diffraction of the light and has shown good results. Figure 3.8 (b) is the plot
of the coupling efficiency to the free space and the fibre versus the wavelength
for the optimised geometry for both 2D-FDTD and 3D-FDTD simulations. In
the coupling from the grating to the free space we found similar spectra in both
simulations. In the 3D-FDTD results this coupling efficiency is lower. Part of the
power is radiating to the sides of the device; an effect not taken into account in
the 2D-FDTD simulation. In the case of the coupling of the fibre, the reduction
is by radiation to the sides of the structure, but also due to the traversal mode
overlap between the diffracted light from the grating and the mode in the fibre.
We can slightly increase this efficiency. However, the obtained geometry is good
enough for the first experimental demonstration.

The fabrication of this device was done by using the passive fabrication pro-
cess with ZEP/C60 resist (section 2.3). Figure 3.9 (a) shows an SEM picture
of the sub wavelength grating pattern in the hard mask (SiNx), the angle φ is
different from the simulations because we made a sweep of this angle to define
the one with the best efficiency, being φ = 20◦ the selected one. Figure 3.9 (b)
is an SEM picture of an FIB cut of the grating in the longitudinal direction. The
sample was etched with an ICP process. The etching of small areas changes the
dynamic condition of the etching process resulting in two effects. The first one
is the sidewall angle increase which can be seen in the SEM picture. The sec-
ond one is a slowdown of the etching process (lag effect). Both effects change
the predefined geometry from the simulated geometry. Thus, a deviation of the
properties will be present.

The structures that are used for characterisation are two grating connected
with a waveguide. We injected the light into one grating and collected it with
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Figure 3.8: (a) Electric field distribution in the grating in the place of the grating from
3D-FDTD simulation. (b) Coupling efficiency to the air (blue and yellow)
and the fibre (red and purple) for 2D and 3D-FDTD simulations.

another fibre, both fibres tilted 10◦ from the normal of the surface of the chip.
From the measured power, we subtracted the losses of the waveguide and divide
the power by two to obtain the IL per grating. Figure 3.10 shows the measured
spectra of the subwavelength gratings with a fixed period and filling factor (both
from the optimised geometry). The size of the subwavelength section is swept.
The fabricated grating centred at 1.55 µm corresponds to a subwavelength sec-
tion width sub = 67 nm, a shift of 15 nm from the optimise simulated value. This
is reasonable because the large sidewall angle presented in this device increases
the effective refractive index of the grating. The best performing grating was
the one having a subwavelength section width of sub = 97 nm, with losses of
−5.2 dB. This value is similar to shallow etched gratings (standard linear shal-
low etched grating has shown −5.1 dB per grating in previous works [17]). The
origin of the variation of the coupling efficiency among the different gratings in
this chip is due to the fact the sample was fabricated on a thick bonded sam-
ple. With such bonding technology the buffer thickness varies along the sample,
providing different efficiencies depending on their location. The FWHM of the
device is 55 nm which is similar to shallow etched gratings (58 nm).
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Figure 3.9: (a) SEM picture of the focusing grating in the SiNx mask. (b) SEM picture of
a FIB cut along the grating, the insets are a zoom of the grating structures.

TM grating

An optimisation for TM gratings was also done for the deep etched geometry
with 2D FDTD simulations. The use of TM shallow etched grating with a lin-
ear taper has not been successfully demonstrated in IMOS. The problem lies
in the taper section where the non-symmetry in the waveguide allows hybrid
modes. These modes allow efficient energy coupling between several modes,
which includes the first TM and the first higher order TE modes. This reduces
the transmission properties for the TM mode. We will give a more described
explanation in section 3.3. With the use of a focusing grating this problem is
not present anymore. From a rough approximation of a TM grating with the
subwavelength section an optimisation was carried out. A PSO method of 20
generations with 20 elements each was used. The parameters to vary and the
optimisation function are the same as for the TE case.

The optimal parameters are found to be a period Λ = 903 nm , f f = 0.6554
and sub = 180 nm. Figure 3.11 (a) shows the coupling efficiency of this grating.
The estimated coupling efficiency to the fibre is 40% of the power and the back-
reflections re 1.4% at 1.55 µm. This grating is close to the reflection regime. This
is not ideal if transmission signals above 1.6 µm are needed. Figure 3.11 (b) are
the coupling efficiency to the fibre and the back-reflections, versus the width of
the subwavelength section. The efficiency is kept high with only a drop of 0.6
dB for 20 nm variation of the sub-wavelength width. The back-reflections are
low for this tolerances range.
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Figure 3.10: Measured transmission spectra of the TE gratings with different subwave-
length widths.

After characterisation, we found that the gaps opened in the grating are so
small (65 nm) that the lag effect strongly affects the geometry of the fabricated
devices and shifts drastically the spectrum. We need to make a new optimisa-
tion taking into account the fabrication limitation we have faced in such small
structures. We also need to find the conditions to make this grating far from the
high reflections regime, if possible.

Deep etched subwavelength TE gratings with metal reflector

Standard dielectric gratings present in general good performance. However,
they have a strong dependency on the buffer layer thickness. This is caused by
the light diffracted downwards. This diffracted light causes an inherent loss that
compromises the coupling efficiency of the grating strongly. This is the power
leakage to the substrate. The power lost by this mechanism is around 20% of
the total power. One approach that reduces such losses consists of placing a
reflector at the bottom of the grating. This structure will avoid power leakage
to the substrate, increasing the efficiency of the device. Several solutions have
been proposed in the last years. Multilayer Bragg reflectors were used to reflect
the downward light with a predicted coupling efficiency of more than 70% for
both TE and TM [63]. However, careful control of the thickness of such layers is
needed to obtain those results. Another solution is the use of a metal reflector



48 Passive elements for an IMOS modulator PIC

140 150 160 170 180 190 200 210 220

Sub-wavelength width [nm]

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

E
!

ci
e

n
cy

E
!

ci
e

n
cy

1.45 1.5 1.55 1.6 1.65
Wavelength [µm]

0

0.1

0.2

0.3

0.4

0.5

(a) (b)

Coupled to "bre

Re#ectance back 

to the waveguide

Coupled to "bre

Back-re#ections

Figure 3.11: (a) Coupling efficiency of the TM deep etched grating to the fibre (blue)
and the reflectance back to the waveguide (red). (b) Coupling efficiency to
the fibre (blue) and back-reflections (red) versus the width of the subwave-
length section.

placed below the buffer layer. This method has demonstrated experimental
coupling efficiencies of 69% to the fibre [64]. This approach avoids the power
leakage to the substrate, but because the mirror is placed on the substrate,
it is dependent on the buffer thickness. An interesting solution based on a
grating patterned in SiOx , which is covered with a metal layer placed at the
bottom of the membrane, provides the reflection effect while making the device
independent of the buffer thickness. This device has shown coupling efficiency
to the fibre up to 54% with a FWHM of 61 nm [18]. This solution is attractive,
but it requires dedicated EBL and etching steps for processing the SiOx layer,
which increase the fabrication complexity when different devices are needed on
the same chip.

In this section we propose a deep etched focusing subwavelength grating
with a metallic reflector for TE polarisation. This solution is compatible with
both silicon on insulator and InP membranes. The design and optimisation
are done for the IMOS platform. We use 2D-FDTD simulations for a grating
period of 20 elements. 3D-FDTD simulations are done to validate the optimised
geometry.

Design and optimisation The structure is based on double-sided processing.
A metal layer (Ag) of 300 nm is placed on the area of the grating. The use of Ag
is preferred due to its low absorption compared to other metals. Between the
semiconductor and the metal there is a thin layer (50 nm) of SiOx . This layer
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helps to reduce the back-reflections by reducing the difference in the effective
refractive index from the waveguide to the grating. After depositing the metal,
the sample is bonded. The grating structure is deep etched into the semiconduc-
tor (270 nm), the same for other passive devices. The schematic of the geometry
is depicted in figure 3.14 (a). An overlap with an SEM picture of a FIB cut of
the fabricated device is presented.

A PSO method was used with 2D-FDTD simulations of 20 generation with
20 elements each, having the same optimisation parameters as the TE and TM
deep etched grating (pitch Λ, filling factor f f and subwavelength width sub).
The obtained parameters are Λ= 776 nm, f f = 0.52 and sub = 100 nm. A grating
with these parameters has shown the best performance with a coupled efficiency
to the fibre of 76% at 1.55 µm wavelength. The absorption due to the metal is
calculated to be around 2.4%. The reflected light coupled to the fundamental
mode of the waveguide is 3.5%. Figure 3.12 (a) shows the coupling efficiency
and figure 3.12 (b) shows the electric field in the simulation. The FWHM is
72 nm which covers the entire C-band. The total upwards diffraction efficiency
is 90%. This value indicates that the coupling efficiency to the fibre can be
increased by an apodization technique.
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Figure 3.12: (a) Coupled efficiency to a single mode fibre tilted at 10◦ from the grat-
ing normal with the FWHM indicated. (b) Electric field distribution of the
grating.

In metal gratings, simulation results have indicated that small variations
could increase the back-reflections drastically due to a strong interaction with
the light. This problem is not so severe for the dielectric gratings. Due to the
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small dimensions of the subwavelength section and the difficulty to accurately
fabricate them, a fabrication tolerances study was carried out. A sweep of this
dimension was done and the coupling to the fibre efficiency and back-reflections
are determined. Figure 3.13 shows the results. It is important to realise that
small changes have a significant impact on the efficiency of the grating. 10 nm
fabrication deviation would decrease the efficiency more than 1.5 dB and reflec-
tion rises up rapidly. This indicates that a tight control during the fabrication
must be applied.
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Figure 3.13: Coupling efficiency (blue) and back-reflections (red) vs width of the sub-
wavelength section.

A realisation of the device using the fabrication process from section 2.3.1,
was done. Figure 3.14 (a) shows an SEM picture of an FIB cut, and figure 3.14
(b) shows an SEM picture of the fabricated device. The metal layer can be seen
through the semiconductor. The overlap with the schematic of the structure is
included to distinguish the different elements in the bonded sample. The inset
picture is a zoom in of the last period of the grating. In this image the lag
effect from the ICP etching process is visible. This effect can be critical if small
gaps need to be fabricated, like in the TM deep etched grating described in the
previous section.

2D-FDTD simulations are a good approximation to predict the performance
of the device. However, 3D-FDTD rigorous simulations are needed to validate
the previous results because it is known that the subwavelength structure could
create an anisotropy in the refractive index properties. They are also needed
to take into account the focusing geometry of the grating and its influence in
the coupling efficiency of the device. Figure 3.15 (a) is the electric field dis-
tribution from this simulation in the grating plane. Figure 3.15 (b) is the plot
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Figure 3.14: (a) Schematic of the grating structure and SEM picture of a FIB cut of the
etched focusing grating with a metal reflector. (b) SEM picture of the grat-
ing from the top.

of the coupling efficiency versus the wavelength for the 2D and 3D-FDTD sim-
ulations. The coupling to the free space have good agreement between both
simulations. The effective refractive index in the grating is higher than in the
dielectric grating because of the metal layer. This creates a smaller diffraction
angle as equation 3.4 stipulates. Because of this, the light interacts less with the
sidewalls, reducing the light escaping in the lateral direction. The difference
between 2D and 3D simulations in the power coupling to the fibre is due to
the mismatch of the modes in the transversal direction between the diffracted
field and the fibre mode. This effect is not taken into account in the 2D-FDTD
approximation. There is also an small shift in the peak of the spectrum. This
comes from the slightly different propagation properties between 2D and 3D
simulations. However, the good match between both simulations indicates that
the 2D simulations can be used the optimization of these structures. It is im-
portant to point at the high-efficiency performance predicted for such a device,
> 60% coupling to the fibre.

Characterisation Figure 3.16 is the measured spectrum of the grating with
a metal reflector. This device has a subwavelength section of 77 nm with a
maximum peak centred around 1.56 µm wavelength. The angled sidewalls and
the lag effect during the etching process result in a variation from the optimised
design. The losses are high, 13 dB per grating, which is far from the predicted
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Figure 3.15: (a) Field distribution in the plane of the grating. (b) coupling efficiency to
the free space and the optical fibre.

performance. One of the possible reasons for the high loss is the presence of
a thin layer of gold that is deposited on top of the Ag layer to allow mask
alignment during the EBL exposures. From some test simulations, this layer of
gold does not alter the functioning of the grating because it is far away from the
optical mode. However, a fast annealing process was done after the deposition
of the metal, creating a mixing of the metals, changing the properties of the
metal layer. This annealing process was used to smooth the surface of the metal
and decrease the losses of the grating. It is not clear how strong this metal
mixing affects the grating performance. We also see that the FWHM is smaller
than predicted. The measured FWHM is 39 nm, more than 30 nm smaller than
our predictions. The back-reflections of the gratings are low, from the spectrum
we calculated values of 1.3%. Further investigation with linear gratings using
long adiabatic tapers are needed to isolate the different factors that can create
this low efficiency. Also, the thin Au layer needs to be avoided and a technique
using deep etched marks is required.

In this section we discussed different configurations for grating couplers.
Deep etched grating is an approach that allows a reduction in the fabrication
complexity of the IMOS PICs. The TE design has shown similar performance
as shallow etched one, making them attractive to be used as a standard grat-
ing coupler. A combination of the deep etched grating and a metal reflector
predicts promising results, making these grating couplers independent of the
buffer thickness with an increased performance. However, the first fabrication
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Figure 3.16: Measured spectrum of a grating with metal reflector.

was not successful and more investigation in the fabrication process is needed.
Grating couplers can also be used in different applications such as OPA. How-
ever, they need to fulfil different constraints. In appendix B we investigate the
design of a grating coupler for such application.

3.3 Adiabatic taper 1

In the various photonic circuits platforms, tapers are used for mode and spot
size conversion [66, 67]. Some of the most interesting applications of tapers in
PIC nowadays are: combination with grating couplers, spot size converters for
butt coupling, laser-waveguide coupling in the heterogeneous integration of III-
V and silicon photonics, among others. Typically, long linear or parabolic tapers
are used which guarantee a smooth (adiabatic) mode conversion. Nevertheless,
for applications where the footprint is important, tapers are required to be as
short as possible.

For best performance, the taper must be adiabatic. This condition means a
minimum conversion to other (higher) order or radiative modes by keeping the
optical power in the original mode. This condition can be achieved if the taper
angle of the waveguide walls is smaller than the diffraction spreading of the
lowest order mode [67]. We can achieve this condition with several geometries.

1Victor Dolores-Calzadilla made the concept of this device. I proposed the analytical model
and I did the fabrication and characterisation of the devices. This section is based on the shared
publication [65]
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The method explained here is based on the Gaussian optics approximation. By
using this method, the geometry could be used in different PIC platforms. The
simulations were performed using 2D-FDTD and Finite Difference Eigenmode
(FDE) solvers. In the following subsections a fast design method for adiabatic
tapers, and the characterisation will be presented and discussed.
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Figure 3.17: (a) Gaussian beam approximation, (b) schematic of the taper geometry and
(c) taper efficiency for the three proposed models.

3.3.1 Design

To define the geometry of the new, short taper, the diffraction limit in free space
is used as a starting point (equation 3.3). It is illustrated in figure 3.17 (a). λ0

is the wavelength in vacuum and ω0 the waist of the beam.

θ = λ0

πω0
(3.3) θt = a

λ0

πne f f (x)ω0(x)
(3.4)

In the case of a semiconductor waveguide, equation 3.3 is modified to take
into account the refractive index of the waveguide resulting in equation 3.4.
Here θt corresponds to the angle between the axis of propagation and the tan-
gent of the taper at the position x. a is a factor close to unity that accounts
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for the Gaussian approximation made. There is not a sharp transition from the
non-diffracted to the diffraction regime, there should be a range of a > 1 values
where the transmission is high and adiabatic. Yunfei et. al. calculated that in
a SOI platform, high efficiencies above 0.98% were achieved with a < 1.4 [68].
We prefer larger a values to reduce the footprint of the taper since the taper
length is inversely proportional to the a value. In our analysis we make a sweep
of the a value to see if the design can be pushed for shorter devices. However,
if the value of a is much bigger than unity, the taper is no longer adiabatic and
higher order modes are excited. This effect is shown in figure 3.17 where the
propagating electric field is plotted for designs with a = 1 (left) and a = 2 (right).
The RE {Ey } plots 3.18 (c) and (d) illustrate the phase front with and without
diffraction, showing higher modes for a = 2.
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Figure 3.18: (a) Electric field and (c) Re{Ey } field in a taper with a = 1. (b) Electric field
and (d) Re{Ey } field in a taper with a = 2.

For the analysis, we use a staircase approximation for the taper, in which
each waveguide section has a specific width. In this case, the ne f f (x) and ω0(x)
are dependent on the width of each section. To calculate these values, we use
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three approaches:

1. Model 1: ne f f (x) and ω0(x) vary along the taper and they are calculated
numerically with a mode solver.

2. Model 2: We calculate the ne f f value in the widest section of the taper
(so it will be the maximum value it can take). ω0 is considered to be the
same as the width of the section ωt along the taper.

3. Model 3: We also calculate ne f f (x) and ω0(x) along the taper, but using
an analytic approximation based on the refractive index method. This
method and its implementation is explained in Appendix A.

It is clear the first model is the most accurate one, because it calculates the
actual ne f f and ω0 in all the sections that the taper is divided. Unfortunately,
this method requires as many simulations as sections in the taper. Model 2 is the
easiest to implement since only one single simulation is required. The drawback
is that the length is not the minimum, compromising the final footprint of the
device. Method 3 is the most powerful because there is no need for numerical
simulations to calculate the mode properties and it is based on a fundamen-
tal method making it possible to implement in other geometries and platforms.
The effective refractive index method is not accurate enough for high contrast
refractive index platforms in general. However, in the case of the adiabatic
taper for the TE mode, the approximation is valid since the fabrication toler-
ances in the IMOS devices are one order of magnitude higher than the error the
approximation creates as indicated in appendix A figure A.2 (b). The simula-
tion results of the three methods are shown in figure 3.17 for tapers connecting
400 nm to 10 µm wide waveguides. Methods 1 and 3 show similar behaviour.
The differences are due to the analytical model approximation.

For IMOS, a taper is simulated connecting a standard 400 nm wide waveg-
uide to a 10 µm wide waveguide. This is the width of the standard grating out-
couplers. With a = 1, an efficiency of 98.4% is obtained with a length of 100 µm.
Comparing this geometry to other taper shapes, an efficiency of 91% and 97% is
found for linear and parabolic tapers of the same length, respectively. Even if the
efficiency of the parabolic taper approaches that of the diffraction-suppressed
shape, several series of simulations are needed to optimise this geometry. Model
3 automatically obtains the shortest adiabatic taper, connecting arbitrarily wide
waveguides for a specific wavelength.

This design is only valid for the TE mode. In symmetric waveguides (where
the bottom and top claddings have the same refractive index) there are vertical
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and horizontal symmetry planes, allowing so-called quasi-polarized TE and TM
modes. In asymmetric waveguides a vertical symmetry does not exist. This bro-
ken symmetry in the vertical direction allows the optical field to have hybrid po-
larization states and can induce polarization coupling [69]. Figure 3.19 shows
the effective refractive index versus waveguide width for a non-symmetric (a)
and a symmetric (b) case, with a waveguide thickness of 300 nm. For illustra-
tive purposes, a waveguide width of 810 nm is shown. Two modes with a hybrid
polarization alignment are present at this width. Such hybrid modes result in
the initial TM mode in the taper in which this width is present to be partially
coupled to the other polarization making the optical field at the end of the taper
a mix of different polarizations. This leads to additional losses if polarization
dependent devices are used in the circuit, such as input/output gratings. To
avoid this conversion, the sections with widths where the hybrid modes exist
should be removed [69]. Depending on the application, different strategies can
be used to enable TM mode tapers. At the moment this taper is used to connect
a waveguide to a grating coupler so that a focusing geometry could do this work
for IMOS. This geometry is discussed in section 3.2. Note however that for the
TE fundamental mode (figure 3.19) no mode hybridising occurs. This means
that the tapers described above can work for the TE mode.
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Figure 3.19: Effective refractive index of the waveguide versus the width of the waveg-
uide for: (a) non-symmetric, and (b) symmetric waveguides. The first two
hybrid modes of the non-symmetric waveguide are shown.

3.3.2 Characterization of the adiabatic taper

To experimentally test the taper design, the proposed geometry is fabricated.
Model 2 was used because it is the simpler model. The characterisation was
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done by cascading several sets of taper pairs for each a factor. Each set has a
different number of pairs to obtain the insertion loss per taper. These sets are
shown in figure 3.20 (b). To eliminate the effect of the waveguide loss, the
loss of the tapers is compared with a narrow waveguide (Lw g = 100 µm) with
the same total length. In this way, the measured losses comprise the coupling
efficiency and the propagation loss of each taper plus the loss in Lw g , which
is assumed to be negligible. Figure 3.20 (a) is an SEM picture of a fabricated
device. The tapers are fabricated using the process explained in section 2.3. To
characterise the samples, the light is coupled in and out the chip with grating
couplers. For every set of devices, the transmitted power is measured and the
losses per taper calculated. Figure 3.20 (c) shows the fraction of transmitted
power for each taper for different α factors at 1.55 µm. A drop of the transmis-
sion can be observed when α increases. Losses of 0.22 dB per taper with α = 1
are obtained. This device has a length of 67 µm, almost five times smaller than
previously used linear tapers.
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Figure 3.20: (a) and (b) are SEM pictures of fabricated set of devices. (c) Measured
transmission per taper versus α values.

These adiabatic tapers show potential for use in the IMOS platform. Losses
are low and the footprint is notably reduced. The analytical model of the ef-
fective refractive index allows a fast design, which is an important requirement
for complex PICs. It is also important to remark that this kind of taper can
be straightforwardly implemented in the SOI or any other photonic platform.
About the factor α, we expected that we could select a higher α value, which
will reduce the footprint of the device. However, in our measurements we could
see a fast drop in the transmission for higher α values. This indicates that the
regime where the light starts to diffract could be sensitive to fabrication errors
and higher order modes can be generated and propagated along in the devices.
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3.4 Multimode Interference coupler (MMI)

In the realisation of an optical modulator based on an MZI, a splitter/combiner
is required. To obtain the highest extinction ratio, these devices have to de-
liver equal splitting and combining of the incoming light. Reflections should
also be minimum to avoid parasitic interferences. Large optical bandwidth, low
loss, thermal stability, small footprint and tolerance to fabrication deviations
are additional requirements. Several solutions have been proposed. Among
them, directional couplers stand out for their simplicity. They are easy to design
and fabricate. However, they tend to need large interaction lengths, present
a strong dependence on the wavelength [70] and have low fabrication toler-
ances in sidewall angles and separation between waveguides [71]. Therefore,
to achieve equal splitting ratios is challenging. Another solution is the Y- splitter.
This geometry has shown values as high as 16 dB extinction ratio in an MZI, but
it is difficult to improve such performances without a drastic variation in the
geometry. On those devices, reflections tend to be high. This originates because
the field is split at a sharp tip, which overlaps with the area where the highest
energy of the mode is concentrated. Small variations of the shape, mainly by
lithographic constraints, can lead to strong reflections. One solution is to use
double masking [72], but this will increase the fabrication complexity and it
will be limited by the overlay accuracy of the lithography tool. Another pro-
posed structure is a star coupler configuration, which is a modification of a Y
splitter. In this structure a slab region is introduced before splitting the optical
mode. This slab section is a wider waveguide, which allows the light to diffract
towards two waveguides at the end of the section. Such a configuration allows
compact devices (< 6µm ×20 µm) [73]. The problem of overlap of the highest
energy concentration of the mode with the splitting section is alleviated in some
degree, but it is still present and it compromises the performance of the device.
Another option is the MMI. With this geometry, an equal splitting ratio is guar-
anteed because of symmetry. Among other qualities polarization insensitivity,
fabrication tolerance, and large optical bandwidth can be mentioned [74]. For
these reasons this is the configuration developed in this work.

MMIs are basic building blocks in most photonic integration circuit plat-
forms. Such devices can be used as splitters and combiners. The mechanism of
a MMI is the so-called self-imaging. This is a property of multimode waveguides
where the input field profile is reproduced in single or multiple images at pe-
riodic intervals along the propagation of the waveguide by the interference of
multiple modes. The main section of the MMI is a wide waveguide that supports
a large number of modes. Some single mode waveguides are placed at the be-
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ginning and the end of the wide multimode section. Depending on the number
of these access waveguides, the MMIs are defined as N ×M MMI couplers, N
and M being the number of input and outputs, respectively. A 1×2 MMI coupler
works as a splitter and combiner for MZI devices.

The problem of MMIs is that they are heavily affected by parasitic reflections
due to the self-imaging properties of the structures. Such reflections are orig-
inating from the abrupt transitions their geometry comprises and the imaging
limits of the device. These reflections can compromise the expected perfor-
mance of the integrated circuits, so it is important to eliminate them. There are
three main origins of the reflections [75]:

1. Back end reflections: This is light reflected from the end of the MMI
section into the input waveguides. These reflections occur when the MMI
works as a combiner and the phase difference between the input waveg-
uides is different from 0◦. The interference pattern will lead to a perfect
imaging of the input waveguide modes onto themselves. These reflections
vary from a minimum when an in-phase input is launched to a maximum
in an out-of-phase condition.

2. Multiple internal reflections: This is due to the presence of several self-
images. Because of the self-imaging property, these reflections imagine
the two reflecting ends of the MMI structure. These reflections occur in
splitter and combiner mode.

3. Imaging related reflections: There are some reflections that occur in a
combiner mode due to the limited imaging resolution of the device. This
phenomenon is due to the limited number of modes that the device can
support. This constraint allows some light to be imaged on the back edge
of the structure, which will be partially reflected to the input.

In membrane platforms this problem is magnified due to the high index
contrast regime. To alleviate the problem, specific measures for reducing each
type of reflection is applied.

To obtain a device with a small footprint, the width of the MMI is limited
to wM M I = 2 µm. With this width only ten modes can propagate (6 TE and 4
TM). Even with this low number of modes, good performing devices have been
predicted and they will be presented in the following subsections. Starting with
a rectangular MMI shape, the length of the device is calculated. For that the first
step is to calculate the beat length of the two lowest-order modes with equation
3.5 [74]
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Lπ = π

β0 −β1
(3.5)

Where β0 and β1 are the propagation of the fundamental and the first-order
mode in the MMI waveguide. In a symmetric system like the 1×2 MMI only even
modes are excited and the first N-fold image distance is calculated by equation
3.6.

L = 3Lπ
4N

(3.6)

The calculated length of such a device in our case is ∼ 4.3 µm. The next
step is to make an evaluation of the performance of a standard rectangular
MMI. The optimisation of the analysed MMI structures is based on a combiner
configuration since this presents the worst-case scenario. This configuration,
with an out-of-phase condition is what strongly limits the extinction ratio in
MZIs. The devices are covered with an electro-optic polymer (n = 1.57) and are
considered for TE mode. This mode was selected because most of the devices
in the IMOS platform are designed for this polarization. The optical modulator
with slot waveguides is also based on this mode.

3.4.1 Design

This geometry consists of a wide waveguide connecting two inputs to one out-
put. The simulation of such devices is done with 3D-FDTD. Figure 3.21 illus-
trates an MMI in a combiner configuration with the input fields in ports 1 and
2 and the output in port 3. The main source of reflections is also indicated with
curved arrows.

2

3

1

Figure 3.21: Schematic of an MMI in a combiner mode.

We made a sweep of the device injecting two optical modes in ports 1 and 2
and measured the transmission in port 3. The phase of the optical fields in both
ports were the same. The maximum transmission was obtained with a device of
L = 2.9 µm with 91.4% of light transmitted.
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Geometry Transmission [dB] Reflections in out-of-phase [dB]
Rectangular MMI T -0.3886 (91.44%) -10

Angled MMI -0.0008 (99.98%) -29.5
Low reflection MMI -0.2411 (94.60%) -37.8

Table 3.1: Transmission and reflections (in an out-of-phase situation) of the different
MMI configurations for the TE mode at 1.55 µm

Because we are interested in using this device as combiner in an interfer-
ometer structure, we analysed the case when the optical modes in ports 1 and
2 are out-of-phase. In this situation the transmitted light in port 3 is low, but
the reflected light into the ports 1 and 2 is strong (−10 dB). This result is listed
in table 3.1 (a compilation of the three geometries we investigated). These re-
flection values are too large, so we need to investigate a new geometry. In the
following sections this geometry will be referred as a rectangular MMI.

3.4.2 Angled MMI

The first geometry optimisation is based on the design proposed by Hanfoug
et al. [76]. It consists of removing the sections next to the input and output
waveguides of the device. This step can be done because in a perfect splitter
and combiner mode, those areas do not have any influence on the self-imaging
property of the device. The angle α should be larger than the diffraction angle
of the light not to alter the normal performance of the device. This angle (α)
is highlighted in figure 3.22 (a). The diffraction angle in waveguides is defined
as:

θt = λ0

πne f f ω0
(3.7)

where λ0 is the wavelength in vacuum, ne f f is the effective refractive index
of the slab waveguide and ω0 is the 1/e2 width of the electric field intensity. The
calculated angle is θt ≈ 34◦. We have selected a value of α = 60◦ which is far
above the diffraction limit.

A second modification is the size of the input/output waveguides. This size
has a relevant effect on the performance of the device. This effect is explained
with two mechanisms [77]. The first one is the asymmetry of the optical field
in the vertical direction. The presence of a footing and the difference in the
refractive index below and above the InP membrane make the modes in the
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Figure 3.22: (a) MMI with the red lines showing the cutting angle α. (b) MMI with
wider waveguides to enhance performance.

device vertically asymmetrical. This asymmetry is stronger as the waveguide
width is smaller, because more of the field is outside the semiconductor. The
fundamental mode in a narrow input waveguide shows strong asymmetry (fig-
ure 3.23 (a)), while the modes inside the wide section of the MMI are virtually
symmetric in the vertical direction (as shown in figure 3.23 (b)). Thus, the cou-
pling would not be perfect and part of the energy of the input waveguide will
couple to radiative modes. Halir et al. [77] proposed to quantify the degree of
asymmetry with equation 3.8.

ps =
∫ ∫

Ω | 1
2 [Ed (y, z)+Ed (y, wth w av − z)]|2d yd z∫ ∫

Ω |Ed (y, z)|2d yd z
(3.8)

30nm

300nm

wav=400nm w=2µm

(a) (b)

y

z

Figure 3.23: Ex component of (a) the fundamental mode in the input waveguide. (b) a
high order mode in the wide section of the MMI.

where Ed is the dominant electric field component (Ex for TE mode and
Ey for TM mode), Ω is the waveguide cross section and wth the thickness of
the membrane. Thus, ps = 1 implies a purely vertically symmetric mode, while
any asymmetry results in a lower value. A rough estimation of the excess loss
due to coupling to radiation modes can defined as −10log10(ps ) dB [77]. The
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degree of asymmetry is calculated with a FDE solver (lumerical) and a Matlab
script. Two conditions are simulated. The first one has the waveguide covered
with air and the second one with electro-optic polymer as cover material. As
expected, devices covered with electro-optic polymer are less asymmetric in the
vertical direction, thus suffering lower losses. Table 3.2 gives the values of pg for
waveguides width of 400 nm and 750 nm. 750 nm is selected as an interesting
width because it uses a big part of the input of the MMI, while avoiding the
input waveguides to be coupled.

The second reason to use wide input and output waveguides is related to
imaging limitations. If the input waveguide is too narrow, the limited number of
modes in the wide section of the MMI cannot represent exactly the more abrupt
field distribution such waveguides have. Wider waveguides are preferred to
reduce these losses to a minimum. To analyse these losses, pg is defined as the
fraction of the input power which is guided in the MMI. Equation 3.9 .

pg = power coupled i nto g ui ded modes i n the M M I

tot al i nput power
(3.9)

Another advantage of wider input waveguides is that the focal depth in the
image plane is larger, which makes the insertion loss less sensitive to variations
in the MMI width.

The calculation of the approximate value of pg was done with 3D-FDTD
simulations. The total power coupling to the MMI in the simulation is taken as
the total Excess Loss (EL) value. Considering in the simulations only asymme-
try and imaging limitations as the loss mechanisms, pg can be calculated from
equation 3.10. Table 3.2 shows the values of pg , ps and EL for the cases where
the input waveguide is 400 nm and 750 nm for either electro-optic polymer or
air cover.

EL =−10l og10(ps pg ) (3.10)

The input and output waveguide of 750 nm are selected. The losses are
minimal for both covers.

To incorporate this width to the waveguide, tapers are included. Taper
length of 4 µm is a good option. These tapers do not increase the footprint
of the device drastically. The taper angle is around ∼ 5◦, which is far below the
diffraction angle. Therefore, it works as an adiabatic taper connecting our stan-
dard 400 nm waveguides to the 750 nm input and output waveguides. Figure
3.22 (b) illustrates the new geometry.
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Wav [nm]
-10 log10ps -10 log10pg EL [dB]

EOP Air EOP Air EOP Air

400 -0.0815 -0.1298 -0.0503 -0.1053
-0.1318 -0.2351
(97.25%) (94.73%)

750 -0.0101 -0.0132 -0.0047 -0.009
-0.0148 -0.0222
(99.69%) (99.49%)

Table 3.2: Estimated losses by non-vertical symmetry and limit number of modes for
400 nm and 750 nm waveguides.

The optimised geometry is really attractive regarding low losses and low
reflections for a splitter or a combiner with in-phase inputs (99.9%). However,
if the inputs as a combiner become out-of phase, as it can be seen in figure
3.25 (b), the field is present next to the output waveguides and is partially
reflected (−29.5 dB). The angles added in the structure will avoid resonances
by self-imaging, and they will also let most of the field escape by coupling to
radiative modes at the back plane of the MMI. However, the field is strongly
concentrated in the output waveguides. The overlap of this field with small
fabrication features, such as roughness, can allow some of this field to couple to
the fundamental mode in real devices, thereby reducing the predicted behaviour
of the device. To avoid this situation a new geometry is introduced which can
reduce even further those reflections.

3.4.3 Low reflection MMI

The angled MMI introduced in the previous section reduces the losses and re-
flections, with predicted performances that could be useful for many applica-
tions for PICs. Nevertheless, regarding reflections, a new geometry could reduce
them even more. Such a design was first proposed by E. Kleijn for the COBRA
generic platform [78].

In this design the interfaces next to the waveguides, where the parasitic
reflections are originating but which do not play an important role in the self-
imaging in the MMI are removed. The idea is that in this way any scattered
light in those regions will escape from the structure, thus avoiding its potential
contribution to reflections. In the remaining structure angles are added so that
light reflected there is directed out of the main propagation path. Figure 3.24
shows the top view of the structure, indicating the parameters to be optimised
and the port numbers.
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Figure 3.24: 2D view of the low reflection geometry with the correspondent port num-
bers and its geometric parameters.

In an out-of-phase condition, the light can escape through the openings, re-
ducing the possibility of coupling back to the output waveguide. This strategy
could create cross-talk problems of light coupling to other devices if the de-
vice density is high. To avoid this, incorporating absorbing materials or other
structures to scatter the light out of the membrane would be needed.

Regarding footprint, this geometry (24µm2) is comparable to the angled
(∼ 24µm2), but larger than the rectangular MMIs (∼ 8µm2). In the optimised
geometry the width wt was selected to be wt = 2 µm, but this value can be
reduced without compromising the general behaviour of the device.

For the optimisation of the device, an evaluation function Feval is chosen
which maximises the output power and reduces the reflections.

Feval = 0.2[−10log10(PR to i nput 1 +PR to i nput 2)]−3
Pout

Pout −0.8
(3.11)

Here Pout is the power obtained from port 3 when injecting equal power in
port 1 and port 2, with total power unity. The PR ’s describes the back-reflected
power in that case. The weights factors of these terms are selected to give a
fair balance between the reflection levels and the transmitted power. The first
term increases in value when the back-reflected power reduces. The second
term increases Feval when more light is coupled to the output waveguide, but it
penalises drastically if the power is lower than 90%. The two terms are weighted
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to increase similarly a small change of percentage of transmitted above 92%
and a couple of dB of back reflections. This function was tested with several
weight factors and these gave the best result. A PSO method was applied for 20
generations with 20 elements each, starting from similar parameters as in [78].
After the optimisation, the resulted parameters are α1 = 22.2◦, α2 = 10◦, α3 = 20◦,
α4 = 10◦, w1 = 183 nm, wt = 2 µm and Lopen = 940 nm.

3.4.4 Results

The results of the three MMI geometries from previous sections are presented
in figure 3.25. (a), (b) and (c) show the field distributions inside the device for
an out-of-phase condition for the rectangular, angled and low reflection geome-
tries, respectively. This condition is the worst-case scenario regarding reflec-
tions and the field distributions indicate nicely how each geometry deals with
this. The low reflection geometry presents the best qualitative performance by
directing the field out of the device in all the areas that create reflections. How-
ever, the remaining reflections are originated in the tips between the output
waveguides and the open areas beside it. Those sharp areas will be rounded in
the real samples because of the limits in the resolution of the lithographic step.
This can compromise the performance of these devices. Further study of this
effect is needed to know the limits of this device.

Figures 3.25 (d), (e) and (f) are the plots of the transmitted power and the
reflections to the input waveguides. In an in-phase situation reflections are suf-
ficiently low for most application in all three geometries. However, when the
phase between the signals in input waveguides start changing and reaches the
out-of-phase condition, it becomes clear that the rectangular MMI will degrade
the performance of the PIC because of a reflection of around 10 dB. In appli-
cations using the out-of-phase condition, the low reflection geometry is highly
desired. It has reflections values of −38 dB. One special feature observed is the
asymmetry in the reflections to each input waveguide. The input field when the
phase is not 0◦ or 180◦ is neither symmetric nor antisymmetric. This input field
creates an asymmetric field along the device. With this condition, reflected field
profiles would be asymmetric too. This effect is less present in the low-reflection
geometry because in this structure the main reflections are coming from the tips
of the output waveguides. Such reflections are much stronger than any other
source of reflections in this structure. They are also really close to the waveg-
uide, so its image back in the input plane is more equally distributed and less
asymmetric. In these simulations, the injected field in port 1 was kept without
changes, while the phase of the injected field in port 2 was varied.
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Figure 3.25: Top: the electric field TE mode distribution of the different geometries.
Bottom: the transmission (blue) and the reflections to port 1 (yellow) and
port 2 (red) waveguides as a function of the phase difference of the input
waveguides.

3.5 Slot waveguide

The concept of a slot waveguide was first presented by Almeida et al. [79]. It
consists of two slabs of high refractive index material (n2) separated by a low
index sub-wavelength slot (n1). The confinement of the light in the waveguide
is obtained with a Total Internal Reflection (TIR) mechanism. The light inten-
sity is enhanced in the slot due to the electromagnetic boundary conditions.
In refractive index contrast interfaces, Maxwell’s equations stipulate that the
normal component of the Electric Flux Density (D) (equation 3.12) should be
continuous. To fulfil this condition, the electric field experiences a large discon-
tinuity, with a higher field in the low refractive index material (E1 in equation
3.14). Equation 3.13 shows the electric field ratio regarding the refractive index
values. Figure 3.26 shows the electric field in the slot waveguide, the subplot
illustrates the distribution of the refractive index in the structure. The electric
field is parallel to the horizontal axis, so perpendicular to the slot.
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D = εr 1E1 = εr 2E2 (3.12) εr 1 = n2
1, εr 2 = n2

2 (3.13)

E1 =
n2

2

n2
1

E2 (3.14)
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Figure 3.26: Electric field distribution in a one-dimensional slot waveguide. The subplot
shows the refractive index distribution.

The electric field at the slot interface in the low refractive index is n2
2/n2

1
larger than in the semiconductor. In the case of InP (n = 3.14) and air the factor
is 9.85. When the slot is filled with the electro-optic polymer from Soluxra (n =
1.57), this factor is 4. This high value of the electric field in the slot increases the
confinement of the optical field in the low refractive index area. This condition
allows a strong interaction between the optical field and material in the slot
area. If this material has special optical properties, different types of devices
can be constructed. In the next subsection we discuss the geometry of the slot
waveguide and the optimisation of such a geometry to enhance the interaction
of the optical field with the material in the slot.

3.5.1 Design and optimisation

The slot waveguide will be filled with an electro-optic polymer. This mate-
rial can change its refractive index when an electric field is applied, thus the
propagation properties of the waveguide will change. Using this structure in a
Mach-Zehnder interferometer, an optical modulator is built. One main require-
ment for such a device is an electrical connection between the slot waveguide
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and metal contacts next to it. With this contact layer an electrical modulating
signal can be transferred from metal contacts to the slot. For this purpose, an
electrical conductive footing layer is required. To provide this electrical con-
ductivity, 50 nm of the InP is doped to 1×1018 cm−3, the rest of the membrane
is left intrinsic. The doping increases the losses by free-carrier absorption, but
since the doping layer has a small thickness, the losses are relatively low. A
description of the electrical properties and their influence on the performance
of the optical modulator will be given in chapter 4. In the design the footing
thickness is chosen to be 30 nm, to be sure that the metal will land on a highly
doped semiconductor. From an optical design perspective, this thickness needs
to be as small as possible to increase the optical field inside the slot, but thick
enough to allow a good conductivity.

30 nm

300 nm

W Wslabslot

θ

n-InP (1018 cm-3)
i-InP 

50 nm

Figure 3.27: Geometry of the slot waveguide showing the doping levels and the impor-
tant parameters.

The different parameters in the geometry to optimise (Wsl ab , Wsl lot and θ)
are indicated in figure 3.27. The thickness of the waveguide layer is 300 nm, to
be compatible with the passive devices. For such a thickness the fundamental
TE and TM modes are supported. The first two parameters to optimise are the
width of the slabs (Wsl ab) and the slot (Wsl ot ). The confinement factor inside
the slot Γ needs to be maximised. Avoiding higher order modes propagating in
these devices is necessary. A mode solver [61] was used to analyse the number
of modes supported and the properties of the TE mode in the waveguide. We
limit the slot width to 100 nm for practicality in the fabrication process. It is
possible to reduce the slot width to smaller dimensions, but there is not much
gain regarding confinement factor while it could lead to fabrication problems.
The upper limit is selected to 180 nm because the confinement factor is low for
such dimensions. For the ridges we select 200 nm as a lower limit because it
is close to the cut-off geometry of the fundamental mode. The upper limit was
selected to be 300 nm because after this value, the confinement factor reduces
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considerably. For the angle plot, we select 8◦ because it is the upper limit of
angles we have seen in the etching process. Figure 3.27 (a) displays Γ versus
Wsl ab and Wsl ot . The maximum confinement factor is Γ = 28% when the slot
Wsl ot = 100 nm and slabs Wsl ab = 250 nm. In the plots, the area I represent
geometries that only allows the propagation of the fundamental TE and TM
modes. Area I I support the propagation of higher order modes. The geometry
should be far enough from the cut-off condition, which is in the lower left part
of the plot, and from the high order area to avoid several modes propagating in
our waveguides. We select a gap of 100 nm and 230 nm slab as a good trade-off.

0 1 2 3 4 5 6 7 8

θ [°]

100

110

120

130

140

150

160

170

180
G

a
p

 [
n

m
]

0.24

0.245

0.25

0.255

0.26

0.265

0.27

0.275

200 220 240 260 280 300

Slab width [nm]

100

110

120

130

140

150

160

170

180

G
a

p
 [

n
m

]

0.22

0.23

0.24

0.25

0.26

0.27
I II III

(a) (b)

Figure 3.28: Confinement factor in the slot for variations in (a) width of the slab and
the slot, and (b) variations in the slot and sidewall angle. The dashed
lines indicate the separation of area I (single mode waveguide) and area II
(multimode waveguide).

In the fabrication of the waveguides, the etching process produces sidewalls
that are not perfectly vertical. Because in the slot waveguides the optical field
has a strong overlap with the vertical walls of the structure, small changes in
this angle influence strongly the properties of the optical mode. Figure 3.28
(b) indicates the change of the confinement factor in the slot when the gap
size and the angle of the sidewalls changes. We consider the slab width of
230 nm. According to previous experiences in the fabrication of waveguides in
membranes, a sidewall angle between 2◦ and 5◦ is obtained with typical etching
steps. There is a high confinement factor when the angle is around 6◦, although
for such value higher order modes are supported. With sidewalls angles lower
than 5◦, a small gap is needed to keep a high confinement factor.

In one of the fabricated test samples the angle of the sidewalls was mea-
sured. Figure 3.29 shows the SEM picture of an FIB cut of a slot waveguide.
It is interesting to see that there is a difference between the inner and outer
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Figure 3.29: SEM picture of an FIB cut of a fabricated slot waveguide.

sidewall angles. Such difference originates from the dynamics of the ICP pro-
cess in the small geometry of the structure. A similar effect has been observed
and explained in section 3.2.2. The inner wall angle is ∼ 5◦ while the outer
wall is ∼ 1◦. Due to the small outer angle, the waveguide carries only the fun-
damental TE and TM modes, so the geometry selected has Wsl ab = 230 nm and
Wsl ot = 100 nm.

3.5.2 Characterization

To characterise the losses in the waveguide, we needed to understand the dif-
ferent loss mechanisms that affect this kind of structures. There are two mech-
anisms that influence the transmission strongly in the slot waveguides. These
are:

Free-carrier absorption This loss mechanism arises because of photons trans-
ferring their energy to electrons already in the conduction band, or holes in the
valence band, raising their energy (intra band absorption). The absorption co-
efficient α f c due to free-carriers is derived from classical electromagnetic theory
and defined in equation 3.15 [80] :

α f c =
Ne2λ2

0

4π2n(m∗)µε0c3 (3.15)

where N is the free carrier concentration in cm−3, e the elementary charge,
λ0 is the wavelength of the optical field in vacuum, n the refractive index of the
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material, m∗ the effective mass of an electron or hole, µ the electron or hole
mobility, ε0 the vacuum permittivity and c the speed of light.

The value of α f c is proportional to the doping level of the material. The
structure that was discussed has a thin layer of high n-doped material. This
creates high losses to the waveguides. Calculating the overlap of the mode with
this layer, and with the help of a mode solver, the losses in the slot waveguide
due to the free carrier absorption when the doping level is N=1×1018 cm−3 are
around 1 dBcm−1.

Scattering loss A second mechanism that gives losses in such structures is
the scattering due to the roughness of the sidewalls. In slot waveguide struc-
tures, the light propagates by the TIR mechanism, so the light is reflected on
the sidewalls of the waveguide. In case of rough sidewalls, the light will reflect
in random directions, producing losses. For slot waveguides this situation is
worse, due to the presence of four interfaces, making the losses quite high in
comparison to other types of waveguides.

To measure the losses of the slot waveguides transmission through waveg-
uides with different lengths was measured. Fabrication of structures consisting
of a pair of grating couplers connected to slot waveguides with different lengths
was used. In these structures there are also two slot to rectangular waveguide
converters which will be discussed in the next section. When a signal propagates
through a waveguide, the loss mechanism attenuates it following an exponen-
tial decay. This is known as Lambert-Beer’s law (Pout = Pi nC 2e−αl L) where C is
the coupling factor that includes the grating couplers, tapers and slot to rect-
angular waveguide converters; αl is the propagation loss coefficient and L the
length of the waveguide.

The transmission of the waveguide is calculated as 10l og ( Pout
Pi n

) and it is plot-
ted as a function of the slot waveguide length. The propagation loss is extracted
from the slope of the plot. The intercept in the vertical axis corresponds to
the C 2 value. Figure 3.30 (a) shows the measured values of the devices. The
1200 µm device is missing because it was damaged. The obtained slot waveg-
uide losses are around 33 dB/cm. The losses due to the grating, tapers and
converters are around 31 dB. Such high values come mainly due to the rough-
ness we encounter during the etching step of this sample. Figure 3.30 (b) is an
SEM picture of the fabricated slot waveguide. The fabrication of these structures
was done with a standard ICP etching step. This process creates a considerable
amount of roughness. This problem becomes severe in the slot waveguides due
to the overlap of the optical field in the four sidewalls, two of them in the cen-
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tre of the mode, where the field is highly present. An effort on developing a
new recipe that reduces the roughness is needed to decrease the losses of such
waveguides to acceptable values.
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Figure 3.30: (a) Determination of the propagation losses for the slot waveguide. (b)
SEM picture of the fabricated slot waveguide, the sidewall is rough after
the etching of the semiconductor.

3.6 Strip waveguide to slot waveguide converter

In the previous section it is mentioned that a slot to rectangular waveguide
converter is used. This is a key device if slot waveguides are included in the
circuits. Several geometries have been proposed for this, as illustrated in figure
3.31. Low reflection, high transmission and short length (small footprint) are
the characteristics needed for this device. One extra feature asked when slot
waveguides are used for optical modulators is the electrical isolation between
the two slabs of the slot waveguide. Table 3.3 summarises the published results
of slot to rectangular waveguide converter solutions. The results indicated with
(s) are simulated results, while (m) refers to experimental ones.

The most common approach is based on a symmetric geometry (figure 3.31
(a)). This geometry has the disadvantage that there is no electrical isolation
between the two slabs in the slot waveguide. A small gap can be introduced
to create such isolation, but it will create losses in the converter. The second
issue this geometry presents is the sharp tip. This section overlaps with the area
where the highest energy of the mode is concentrated. This condition increases
reflections making this design less suitable for use in an MZI modulator.
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Figure 3.31: Slot to rectangular waveguide converter geometries: symmetric (a), linear
(b) and logarithmic (c). The colours represent the different etching depths.

Convertor length [ µm] Losses [dB] Electrical isolation
Symmetric 4 [81] 0.09 (s) [81] no

Linear 3 [82] 5 [83] 0.04 (s) [82] 1 (m) [83] yes
Logaritmic 4.5 - 16 [84] 0.25 - 0.02 (m) [84] yes

Table 3.3: Comparison between three different slot waveguides converters.

A linear asymmetric converter has been proposed with a short length and
low losses [82]. It provides the electrical isolation and low reflections. In this
converter, the rectangular waveguide (slab1) reduces its width linearly until it
reaches the width of the slot waveguide slab, while a second slab (slab2) runs
parallel. These two slabs form a slot waveguide at the end of the converter. This
geometry is shown in figure 3.31 (b). In the device, the power is exchanged
from slab1 to slab2. This power transfer along the device is not uniform. This
is because the power coupling between the slabs increases when the width of
slab1 decreases. This makes the power transfer between the slabs non-linear.
If we modify the geometry of the slab1, we can make the power transfer more
uniform along the device. In this case, a logarithmic shape is needed to obtain
a linear power transfer [84]. If we obtain a linear transfer of the optical power,
we can reduce the size of the converter, keeping the adiabatic behaviour. Figure
3.32 shows the geometry of the linear converter and the logarithmic converter.
The plot shows the relative power in each slab to the total power of the mode
(solid for slab1 and dashed for slab2) along the converter. The linear converter



76 Passive elements for an IMOS modulator PIC

is in blue, while the logarithmic converter is in green.
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Figure 3.32: Illustration of linear and logarithmic converters. The relative power in each
slab (dashed for slab1 and solid for slab2) are indicated. The blue line
corresponds to the linear converter while the green to the logarithmic con-
verter [84].

The logarithmic geometry follows equation 3.16:

wl s (x) = ww av − Alog10 [B x +1] (3.16)

where wl s (x) is the width of slab1 along the converter length, ww av is the
width of the standard waveguide (400 nm), A is the coefficient that stipulate
how strong the exponential geometry is, and B is a constant value that assures
wl s (x = lconv ) = wsl ab .

The best value for the exponential section is found to be A = 1e−6, presenting
a linear power transfer as a function of propagating distance. The coupling from
the mode in the rectangular waveguide to the slot waveguide was simulated.
Figure 3.33 (a) shows the efficiency of the converter versus the length of the
conversion section lconv . It is clear that the conversion can be done in a really
small device (3−5 µm). However, there is a mode conversion from the TE to
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the TM mode. This is due to the geometry of the rectangular waveguide which
supports both modes with similar propagation constants. The dispersion plot of
the waveguide width of the first slab in the converter is shown in figure 3.33
(b). The crossing in the effective refractive index allows for efficient power
transfer from one mode to the other. However, if a proper length is selected,
a beating length can be found and the conversion will be minimised. It was
found lconv = 17 µm presents the maximum transmission with losses of −0.03 dB
and conversion to the TM mode of −23 dB. This mode conversion makes this
converter dependent on the beating of two modes. Both modes have similar
effective indices, which makes the beating length quite large. This long coupling
length provides a good tolerance for the device.
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Figure 3.33: (a) Taper efficiency for the fundamental mode and the first TM mode versus
the length. (b) Refractive index of the fundamental mode and the first
TM mode in the slot versus the width of the waveguide. These results are
obtained for a 300 nm thick membrane.

One of the fabricated devices is presented in figure 3.34 (c). To characterise
the devices several pairs of converters are placed in series. Sets with a different
number of converters are created (figure 3.34 (b)). A similar principle as with
the characterisation of slot waveguide losses is used here. The measured loss
per converter is 0.18 dB. This is an acceptable value for practical applications.

17µm is an acceptable size for a converter used in an optical modulator
based on an MZI of few hundreds of µm length. However, it is expected, when
more experience with such modulators is acquired, that shorter modulators will
be needed. Having that in mind, shorter converters are beneficial to reduce the
overall footprint. From figure 3.33 (a) is clear that short highly efficient con-
verters are possible, the problem is the dispersion properties of the waveguide.
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Figure 3.34: (a) losses of the transmission of light vs the number of converters. (b) SEM
picture of the converters series. (c) Zoom SEM picture of a slot waveguide
converter.

Optimization taking this consideration into account is required. One possible
solution would be to reduce the waveguide thickness from the standard 300 nm
to 250 nm. With such a geometry, the effective refractive indexes of the TE and
TM modes will shift, reducing the conversion from one mode to another. Figure
3.35 (b) shows the plot of the refractive indexes for this geometry. The sep-
aration in the properties of the modes avoids power transfer. Figure 3.35 (a)
shows simulation results of the power transmission versus the length of the con-
verter. More than 99%(< −0.05dB) simulated transmission with devices longer
than 6 µm are simulated. It is clear that the transfer between the TE and TM
modes is reduced to a minimum and that the converter could be very short.
However, a thickness of 250 nm requires adaptation of all the passive devices
developed in IMOS.

3.7 Conclusions

This chapter presented several designs and measurements of new passive de-
vices in IMOS. We have presented efficient deep etched TE gratings with ex-
perimental coupling loss to a fibre of −5.2 dB. This device reduces fabrication
complexity because it is fabricated in the same etching step as the other pas-
sive devices. The design uses a focusing geometry, which reduces the footprint
compared to our previous grating couplers by five times. We also proposed
an adiabatic taper that connects two waveguides from 400 nm width to 10 µm
width. This device has 0.22 dB loss and is 67 µm long. For this structure we im-
plemented an analytical model that makes the design an easy process. We also
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Figure 3.35: (a) Taper efficiency for the fundamental mode and the first TM mode versus
the length. (b) Refractive index of the fundamental mode and the first
TM mode in the slot versus the width of the waveguide. These result are
obtained for a 250 nm thick membrane.

presented a low reflection MMI which, working as combiner, can reduce the
reflections in an out-of-phase condition to values of −38 dB. We optimise the ge-
ometry of the slot waveguide to create a high overlap of the optical mode with
the electro-optic material. This property can allow shorter modulator devices.
Finally, we implemented a converter from a rectangular to a slot waveguide of
17 µm length. We measured values of 0.18 dB per converter. All these devices
are needed to increase the overall performance of the optical modulator based
on an MZI. These passives will be used in the following chapter, especially in
section 4.5, where the MZI structure is discussed.





Chapter 4
Optical modulators based on
slot waveguides with an
electro-optic polymer

This chapter covers the theoretical and technological background of optical
modulators based on electro-optic polymers. Section 1 provides the introduc-
tion to the electro-optic effect mechanism in the electro-optic polymers. Section
2 presents simulation and design of an optical modulator based on an MZI. Sec-
tion 3 comprises optical modulators based on a ring resonator and section 4 the
results of the fabricated devices.

4.1 Electro-Optic Effect

Optical modulators based on electro-optic polymers are based on the principles
of both linear and non-linear optics. A brief overview of these principles for
electro-optic polymers will be given. This analysis will provide the guidance for
the design of the optical modulators in the consecutive sections.

4.1.1 Theoretical background

The Maxwell equations describe the nature of electromagnetism, and among
others how electromagnetic waves propagate in a medium. In the case of a non-
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magnetic and non-conductive medium, which holds for most optical waveg-
uides, the wave equation can be written as 4.1 [85].

∇2~E −µ0εε0
∂2~E

∂t 2 = 0 (4.1)

Here ~E is the electric field, µ0 the permeability of free space, ε0 the vacuum
permittivity and ε the relative permittivity or dielectric constant of the medium.
Assuming a sinusoidal plane wave travelling in a medium along the z-direction,
the solution of the wave equation is represented by:

~E = E0e j (w t−kz), (4.2)

where E0 is the electric field amplitude, w is the angular frequency and k
the wavevector. The ratio w/k = 1/

p
εε0µ0 is the dispersion relation for light

propagating in the non-conducting, non-magnetic medium. Here p
εε0µ0 is the

phase velocity of the wave. It is possible to infer the important role that the
dielectric constant ε plays in the phase changes of the electromagnetic wave
while propagating in a medium. It is common in optical materials to describe
their propagation properties regarding the refractive index n. The relationship
between the dielectric constant ε and the refractive index is given as:

n =p
ε (4.3)

This equation accounts for lossless materials. In general however, ε is a
complex number where the imaginary part represents the losses of the material.

For practical optical applications, materials with transparency in the spec-
trum of interest are selected. In that region the loss is negligibly small and the
equation can be simplified into 4.3.

The dielectric constant, ε, relates the electric displacement field D to the
electric field E .

~D = εε0~E (4.4)

The material in which the optical wave propagates contains charged par-
ticles (especially electrons) which react to the influence of the ~E field of the
light. This field moves the particles from their equilibrium position. Such a
disturbance creates dipoles oscillations with the frequency of the optical field.
The dipole formation induces a polarisation ~P in the material which strongly
depends on the number of dipoles ~P = N p, with p the dipole moment and N
the number of dipoles per unit volume [86]. The dipole oscillations radiate
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back into the electromagnetic waves with the same frequency. By adding all
the dipole contributions and the original wave, their superposition produces a
polarised wave with the same frequency, but a larger k value, implying a shorter
wavelength in the medium. Equation 4.4 can be written regarding the polarisa-
tion density of the material.

~D = ε0~E +~P (4.5)

The relation between the polarisation of the material and the applied electric
field is a dimensionless proportionality constant χ. This constant is defined as
the electric susceptibility, and it allows rewriting the polarisation density as

~P = ε0χ~E (4.6)

Using equations 4.4, 4.5 and 4.6, the dielectric constant is related to the
electric susceptibility constant as

ε= 1+χ (4.7)

If a quasi-static external electric field eu is applied, the equilibrium position
of the dipoles is disturbed. This condition changes the characteristics of the
created oscillating dipoles and thus the propagation properties of the optical
field. The effect can be described as a Taylor expansion of the dielectric constant
[87]

ε= ε(0)+aE u +b(E u)2 + ... (4.8)

With a describing the strength of the first-order (Pockels effect) and b de-
scribing the strength of the second-order (Kerr’s effect) non-linear optical terms.
With increasing order number of the terms their magnitude strongly decreases,
i.e. the third order is typically 15 orders of magnitude lower than the ε0 value
[47]. For this work, such low values can be neglected. In the case of centro-
symmetric materials, like gasses and fluids, an inversion symmetry needs to be
fulfilled: ε(−E u) = ε(E u). The only solution for such a condition is a = 0. This
kind of material does not present in general a Pockels effect (demonstration
of first-order non-linear effect in centrosymmetric materials has been done by
band engineering the semiconductor material with multi-quantum-wells struc-
tures [88]), and manly only a Kerr effect is found. Since the Pockels effect is
attractive because it requires a low electric field, non-centrosymmetric media
are preferred. Such materials are anisotropic and imply birefringence.
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Equation 4.6 represents the case of an isotropic material where the electric
field and the polarisation are parallel. For anisotropic materials, like the electro-
optic polymers, this condition does not hold, and ε and χ need to be considered
as tensors. These characteristics change equations 4.6 and 4.7 to the following:

~~ε=~~I +~~χ (4.9) ~P = ε0
~~χ~E (4.10)

By using the Einstein notation1 equation 4.10 can be rewritten as:

Pi = ε0χi j E j (i , j = x, y, z) (4.11)

There are some important properties for the tensor χi , j :

1. All χi j are real. This property is a result of neglecting the losses.

2. The terms follow the reciprocity principle (Time reversal symmetry). This
means χi j =χ j i .

3. Any real, symmetric tensor can be expressed as a tensor with only diagonal
elements by an orthogonal transformation.

By using property 3, a new coordinate system is selected (X ,Y , Z ) which is
a rotation of the original coordinate system (x, y, z). In the respective coordi-
nate system, the tensors εi j and χi j become diagonal. The (X ,Y , Z ) coordinate
system defines the optical axis of the medium. The dielectric tensor εi j can be
written as:

~~ε=
εX X 0 0

0 εY Y 0
0 0 εZ Z

 (4.12)

If εX X = εY Y the dielectric tensor εi j is rewritten as:

1The Einstein notation is a convention aimed to simplify the expression of summations of ten-
sors by avoiding the use of the summation symbol. There are three rules to follow to use this
notation:

1. Each index can appear at most twice in any term.

2. Repeated indices are implicitly summed over.

3. Each term must contain identical non-repeated indices.
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~~ε=
n2

0 0 0
0 n2

0 0
0 0 n2

e

 (4.13)

n0 and ne being the "normal" and "extraordinary" refractive indexes, respec-
tively. This configuration of two different refractive indices implies that the
material is uni-axial, as is the case for the electro-optic polymers. When light
is polarised perpendicular to the optical axis, the light experiences the refrac-
tive index no . In the case of light polarised parallel to the optical axis, it will
experience the refractive index ne .

The Pockels effect is considered as a linear disturbance in the susceptibility
tensor by the presence of a static or low-frequency electric field (E u) that leads
to a new expression for the susceptibility tensor

χi j →χi j (1+ak E u
k ) =χi j +χi j k E u

k (4.14)

where E u
k is the k component of the low-frequency electric field. Tensor χi j k

has real elements and has the symmetry property χi j k =χ j i k .
Because of this symmetry property, out of the 27 elements of χi j k tensor,

there are only 18 independent values. By substituting equation 4.14 in 4.11,
the non-linear equation for the first order electro-optic effect can be found

Pi = ε0χi j E j +ε0χi j k E j E u
k (4.15)

Equation 4.15 is a general expression for electro-optic materials. However,
it is more practical to use the symmetry properties of each specific material to
simplify the susceptibility tensor. This procedure for the electro-optic polymer
is applied in the following subsection.

4.1.2 Symmetry in the electro-optic polymer

This symmetry simplification method is based on the work of J. van der Tol [89].
For simplification reasons, the susceptibility tensor, is selected with the optical
axis parallel to the Z -axis. In a plane perpendicular to the optical axis, all
directions will thus be equivalent (see figure 4.1).

In this configuration, the following simplifications can be taken:

1. If the orthogonal transformation expression 4.16 is used for this analysis,
the symmetry in the X and Y plane allows considering the plane formed
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Figure 4.1: Optical axis orientation.

by the X and Z axis as a mirror. In that case, the transformation tensor is
defined as:

χi j k = Si l S j mSknχl mn (4.16)

~~S =
1 0 0

0 −1 0
0 0 1

 (4.17)

The mirror property leads to the susceptibility being the same after the
transformation, giving:

χi j k = Si i S j j Skkχi j k (4.18)

For such a case, every time there is a y component in the susceptibility
tensor χi j k , it will be multiplied by −1. So, the elements with odd numbers
of y component can not fulfil equation 4.18 and need to be 0. Those
elements are χY X X , χX Y X , χX X Y , χY Z Z , χZ Y Z , χZ Z Y , χY X Z , χX Y Z , χX Z Y ,
χZ X Y , χY Y Y , χZ Y X and χY Z X .

2. The same procedure is done by taking the X and Y plane as the mirror
plane. The elements that need to be 0 are the following:

χX Y Y , χY X Y , χX Z Z , χZ X Z , χY Y X , χZ Z X , χX Y Z , χY X Z , χY Z X , χZ Y X , χX X X ,
χZ X Y and χX Z Y
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After eliminating the elements from χi j k that are-zero and knowing χi j k =
χ j i k , only five non zero elements remain: χX X Z , χY Y Z , χX Z X , χY Z Y , and χZ Z Z

Because of the symmetry properties in the X −Y plane. It is possible to find
similar susceptibility elements: χX Z X = χY Z Y , χY Y Z = χX X Z and χZ Z Z . These
three remaining susceptibility elements refer to three different effects:

1. Change in the refractive index for light polarised parallel to the optical axis
Z (χZ Z Z ), with the external field parallel to the optical axis E u ∥ Z −axi s.

2. Change in the refractive index for light polarised perpendicular to the
optical axis (χX X Z and χY Y Z ), with E u ∥ Z −axi s.

3. Polarization rotation of the light from the parallel to the perpendicular
orientation from the optical axis (χX Z X and χY Z Y ), with E u ⊥ Z −axi s.

4.1.3 Electro-optical coefficients

After analysing the symmetry properties of the electro-optic polymer, it is in-
teresting to determine how those susceptibility values relate to changes in the
refractive index of the material.

The first step is to consider the energy density per unit volume [90],

U = 1

2
D ·E (4.19)

By using equation 4.4, equation 4.19 can be rewritten as,

U = 1

2
ε0εi j Ei E j (4.20)

A coordinate system aligned to the optical axis allows rewriting the electric
field displacement in the following formDX

DY

DZ

= ε0

εX X 0 0
0 εY Y 0
0 0 εZ Z

EX

EY

EZ

 (4.21)

This gives equation 4.20 in the following form

U = ε0

2

[
εX X E 2

X +εY Y E 2
Y +εZ Z E 2

Z

]
(4.22)

and can be rewritten as:
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U = ε2
0

2ε0

[
ε2

X X E 2
X

εX X
+ εY Y E 2

Y

εY Y
+ ε2

Z Z E 2
Z

εZ Z

]
= 1

2ε0

[
D2

X

εX X
+ D2

Y

εY Y
+ D2

Z

εZ Z

]
(4.23)

The result shows that the surface of constant energy density in the D space
is an ellipsoid. By substituting X = DX /(2ε0U )1/2, Y = DY /(2ε0U )1/2 and X =
DZ /(2ε0U )1/2, the following equation is derived:[

X

εX X
+ Y

εY Y
+ Z

εZ Z

]
= 1 (4.24)

This equation describes the surface identified as the optical indicatrix or the
index ellipsoid. In the case of a different coordinate system, and considering
ε= n2, such an ellipsoid is represented as:

(
1

n2

)
1

x2 +
(

1

n2

)
2

y2 +
(

1

n2

)
3

z2 +2

(
1

n2

)
4

y z +2

(
1

n2

)
5

xz +2

(
1

n2

)
6

x y = 1 (4.25)

Thus six elements are needed to represent the index ellipsoid of any mate-
rial. Later on, the relation of such elements with the susceptibility coefficients
will be discussed. At this moment the impermeability tensor ηi j is introduced,
which is related to the dielectric tensor in the following way

ηi j k = ε−1
i j k (4.26)

In the presence of an electric field, the dielectric tensor changes its value.
Considering the description of the material with the impermeability tensor, this
is done by the electro-optic coefficient ri j

ηi j → ηi j +∆ηi j (4.27)

∆ηi j = ri j k E u
k (4.28)

Since both εi jηi j = δi j and (ηi j +∆ηi j )(εi j +∆εi j ) = δi j it follows in first order
approximation:

(ηi j +∆ηi j )−1 = η−1
i j −η−1

i j ∆ηη
−1
i j (4.29)

From equations 4.29 and 4.28 the following relation is found
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∆ε=−ε2
i j ri j k E u

k (4.30)

Using equation 4.3, the relationship between the electro-optic tensor ri j k

and the susceptibility tensor χi j k is

ri j k =−χi j k

n4 (4.31)

Historically, the electro-optic effect has been described by the crystallogra-
phers, who have developed a different notation based on the index ellipsoid (eq
4.23). This convention takes into account the symmetry of the i and j indices
to create a new index I , varying from 1 to 6 as indicated in table 4.1 [89].

I ij
1 xx
2 yy
3 zz
4 yz (zy)
5 xz (zx)
6 xy (yx)

Table 4.1: Index I and its relation with the standard coordinate system axis.

This relation can be written in matrix form as follows [91]

11 12 13
21 22 23
31 32 33

⇔
1 6 5

2 4
3

 (4.32)

The elements that exist in the susceptibility tensor of the electro-optic poly-
mer are: χX X Z , χY Y Z , χZ Z Z , χX Z X and χY Z Y . From 4.31 it can be verified which
elements of the 6×3 r I k tensor exist. The matrix that represents the r I k tensor
(Equation 4.33) contains in the rows the two first indices and the columns the
last index. Being I , i j =⇒ orientations of input and output E fields of the wave.
k is the orientation of the external E field.
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r I k =

x y z



0 0 r13 xx

0 0 r13 yy

0 0 r33 zz

0 r51 0 yz (zy)

r51 0 0 xz (zx)

0 0 0 xy (yx)

(4.33)

Having defined the r I k matrix, we need to relate this parameter to changes
of refractive index when an electric field is applied. It is possible to determine
the changes in refractive index with equation 4.34.

∆ni =−1

2
n3ri j E j (4.34)

In the case of an optical field polarised in the z-direction, and an electric
field applied along the z-axis, the electro-optic coefficient r33 will determine the
change of the refractive index. Other configurations can be selected, e.g. with
the optical field perpendicular to the z-axis. However, it has been observed in
electro-optic polymers that r13 = 0.33r33 [47], which makes this configuration
unattractive.

In the next subsection, a description of the molecular properties of the
electro-optic polymers will be given and their link to the electro-optic effect
will be addressed.

4.1.4 Electro-optic polymer

Electro-optical polymers are attractive for two reasons. The first one is the fem-
tosecond response time. This property has the potential of using such material
in terahertz generation and detection applications [92–94]. In practical func-
tions, the limitation is not the modulation mechanism, but the electrical prop-
erties of the device. The second reason is the possibility of creating a material
with large electro-optic coefficients. If a material with higher electro-optic coef-
ficient is obtained, shorter devices can be fabricated and improvement regarding
bandwidth, energy consumption and/or drive voltage can be realised [95].

This work is based on a guest-host electro-optic polymer. It uses a host poly-
mer doped with an organic molecule called a chromophore. The name stems
from the property of this material to be colourful and thus highly absorbent in
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the visible spectrum. However, the absorption in the infrared spectrum (which
is of interest for our application) is low. The organic chromophores are based
on π conjugated materials with strong donor and acceptor groups as illustrated
in figure 4.2. This bridge admits the electronic coupling of donor and acceptor
groups. It allows inducing dipoles with electrons from the donor to the acceptor
group. Because the dipole moment equals charge times distance, in practice it is
possible to increase the distance between molecular states by placing the strong
donors and acceptors as much apart as possible [96]. This approach increases
the electro-optic effect. However, these large molecules tend to be chemically
unstable and it took several years to obtain chemically stable electro-optic poly-
mers. For more information Dalton et. al. have an excellent review article
explaining in detail such solutions [95].

AB π

Z

Figure 4.2: One-dimensional π system [96].

To analyse the origin of the electro-optic effect we can describe the induced
polarisation of the molecule with a Taylor series expansion

pi =µi +αi j E j +βi j k E j E u
k +γi j kl E j E u

k El +· · · (4.35)

where p is the molecular polarizability, α is the first order polarizability, β
the second-order polarizability, and γ the third-order polarizability. The indices
i , j ,k = X ,Y , Z are the coordinate axes of the molecule. The coordinate sys-
tem can be seen in figure 4.3. The molecular β parameter is the microscopic
counterpart of the macroscopic susceptibility χ. The electro-optic activity is
proportional to the product of the chromophore number density N , the molec-
ular second-order polarizability β, the non-centrosymmetric order parameter
< cos3θ > and the local field factor F (equation 4.36) [98]. < cos3θ > indicates
the average orientation of the molecule concerning an external field, with θ the
angle between the axis of the electric field (z) and the molecule dipole axis (Z ).
This angle is indicated in figure 4.3.

χ333 = NβZ Z Z < cos3θ > F (4.36)
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θ

y

x

z

Z

Y
X

E

Figure 4.3: The ellipse is representing the non-linear molecule of the polymer. Z is the
molecule axis and the optical axis. θ is the angle in the global coordinate
system [97].

using equation 4.31 it is possible to define the electro-optic coefficient re-
garding the microscopic properties of the molecules

r33 =−NβZ Z Z < cos3θ > F

n4 (4.37)

It is important to highlight that the r33 coefficient can be enhanced by in-
creasing the β values of the chromophore or the non-centrosymmetric order of
the set of molecules. The electro-optic effect has a maximum for a certain con-
centration of molecules, which depends on the product of the created dipole µ
and β. Chromophore-chromophore dipole interactions promote a centrosym-
metric pairing of chromophores, opposite to the desired alignment. This prob-
lem is shown in figure 4.3 (b). It limits the electro-optic effect in the material.
In figure 4.3 (d) the development over the years of manufactured polymers is
shown, indicating their µ and β product in red, and their electro-optic coeffi-
cient r33 in blue 4.3. Big efforts were made to translate the high β coefficient to
high r33 values, mostly by engineering the shape of the molecules [99].

It is clear that the non-centrosymmetric order (figure 4.3 (c)) in the molecule
direction is needed to obtain electro-optic effects. Unfortunately, the orientation
of the chromophores after the preparation of thin films is random and isotropic
(figure 4.3 (a)). It is possible to grow crystalline organic materials with a non-
centrosymmetric order [101]. However, this approach is difficult to achieve
because of fabrication complexity. For that reason the most common method to
obtain such order consists in thermally assisted electric field poling as the one
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Acentric ordering

Isotropic ordering

Centric ordering

Z

Z

Z

(a)

(b)

(c)

(d)

Figure 4.4: (a), (b) and (c) are the isotropic, non-centrosymmetric and centrosymmetric
ordering of the molecules, respectively [100]. (d) Chronological develop-
ment of electro-optic polymers represented by the µβ product (red) and the
electro-optic coefficient r33 [95].

explained in section 2.4.1.
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4.2 Directional Coupler based electro-optic switch

The electro-optic polymers have demonstrated high electro-optic coefficients
when used in bulk structures. This is not the case in our slot waveguides. Dur-
ing the first fabrication run of the modulators, we did not see the electro-optic
effect. We assume that the slot geometry has a great influence due to several
phenomena that potentially reduce the efficiency. These effects can be enhanced
in InP compared to Silicon due to materiel properties. If we alleviate the size re-
quirements, it is possible to test if the polymer is still good. Therefore we focus
on the influence of small slot widths on the electro-optic coefficient. We analyse
this effect with the macroscopic second-order non-linearity equation 4.37. This
equation shows how three main characteristics of the material determine the
electro-optic coefficient: a) the second order polarizability β, which is intrinsic
to the material and independent on the geometry, b) the density of molecules
N , and c) the non-centrosymmetric order parameter < cos3θ >. The other pa-
rameters in the equation can be considered as constant. These three elements
can be affected by the slot in the following ways [102]:

1. The molecule size (∼ 2 nm). The dimensions of the slot have only a
small volume (small number of molecules). Therefore, contaminants or
not filled volumes have a large impact on the final electro-optic effect.

2. Surface effect. The surface interaction with the EO polymer can be strong,
due to covalent bonding. It works opposite to the ordering forces created
by the poling field. This affects few molecules that are close to the walls.
The macroscopic effect is a reduction of the non-centrosymmetric order
parameter < cos3θ >.

3. Sidewall roughness of the waveguides. The presence of sidewall rough-
ness could lead to an inhomogeneous field distribution along the device.
The overall effect is a reduction of the < cos3θ > factor.

4. High currents. If the power during the poling step is not limited, high
currents could occur and damage the EO material.

5. Angled sidewalls. They decrease the electro-optic effect because the pol-
ing electric field becomes curved. The < cos3θ > of the molecules is not
uniform anymore and the overlap with the electric optical field of the
waveguide mode is less, reducing the electro-optic effect.
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These effects can result in a lower r33 in the slot geometries, as compared
to bulk ones. One way to reduce these effects is by increasing the slot size.
It is shown that a slot wider than 200 nm gives values closer to bulk [102].
We consider that a directional coupler is a device that can provide a way to
characterise the EO polymer for varying the slot sizes. These devices are also
easier to fabricate than the slot waveguide modulator, allowing fast testing.

The description of this device, the design and the measured results are pre-
sented in the following sections.

4.2.1 Introduction

A directional coupler consists of two waveguides placed side by side. At the
input side of the device, the single mode of the input waveguide can be ex-
pressed as the sum of the first even and odd mode in the system. Both system
modes propagate with different propagation constants βeven and βodd . When
the phase difference between these two modes is π, the light will couple to the
other waveguide. It is described by the coupling length Lc = π

βeven−βodd
. Regard-

ing the effective refractive indices this equation is:

Lc = λ

2(ne −no)
(4.38)

The geometry of a four-port directional coupler is shown in figure 4.5, with
the injected light coupled in port a. The plot of the power in output ports b and
d versus the length of the device L is also included.

Port a Port b

Port c Port d

L

1

0
Lc 2Lc 3Lc 4Lc0

Pout b

Pout d

Figure 4.5: Four-port directional coupler scheme and the transmitted power in ports b
and d versus the length L.
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The coupling length can also be described by the mode coupling coefficient
of the directional coupler κ: Lc = π

2κ . The power in port b is then given as
Pb = sin2(κL) which leads to:

Pb = sin2
(
πL

2Lc

)
(4.39)

The efficiency of the directional coupler as modulator will depend on how
much we can change the difference in the propagation properties of the two
system modes. The confinement factor of the modes in the EO polymer Γ helps
us to calculate this difference. This parameter indicates the amount of light that
will experience a refractive index change when an electric field is applied. If
the difference between the confinement factors in the even Γeve , and the odd
mode Γodd is big, the device is more efficient. In the design of our experiment,
we required a wider gap in the directional coupler than in the slot waveguide
to avoid the problems mentioned before. We had to increase the gap size and
decrease the efficiency of the device.
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Figure 4.6: Ex field of the even (a) and the odd (b) system modes.

4.2.2 Design

Starting from the theory of directional couplers, we select in our design a gap
of 300 nm with waveguides of 400 nm width. We examine several gap sizes
and 300 nm gives a good compromise on the length of the device if we want to
characterise r33 values as low as ∼ 20 pm/V with a Vπ lower than the breakdown
voltage of the polymer in this structure. Figure 4.6 shows the Ex optical field in
the directional coupler cross section for the even mode (a), and the odd mode
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(b). The confinement factors inside the tuning regions are: Γeven = 19%, while
the odd mode Γodd = 11.2%.

For this configuration the coupling length Lc is 15 µm. Due to the small ∆Γ
difference, we select a total length of the device L = 1500 µm. We calculated
the change of the refractive index with equation 4.34. In this equation, we
include the material and geometry parameters that are identical for both modes
and define ι = 1

2d n3
0r33. Equation 4.34 can be rewritten as ∆ne f f = ιV Γ. We

can define the refractive index as a function of the voltage ne f f (V ) = ne f f (0)+
ιV Γ. Combining equations 4.38 and 4.39 and n(V ), we arrive at the following
expression:

Pb = sin2
(
πL

λ
(ne −no + ιV (Γeve −Γodd ))

)
(4.40)

Figure 4.7 shows the power in port b of the directional coupler versus the
applied voltage. We first calculate this change for the case that the electro-optic
coefficient is the same as in the bulk case for our polymer: r33 = 120 pm/V.
For this case, a π phase shift between the modes is obtained with a voltage
Vπ = 8.6 V. We also plot the case for r33 = 25 pm/V with a Vπ = 41 V. These
examples illustrate that this device allows characterising a wide range of electro-
optic coefficients. Because of the Vπ changes linearly with r33, we can measure
a π phase shift down to ∼ 20 pm/V if we sweep the voltage from −30 V to 30 V.
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Figure 4.7: Simulated transmission in the port b versus the applied voltage.

The presented design is simple to characterise the electro-optic coefficients
of the polymers. Due to the optical properties and the length, we can charac-
terise electro-optic coefficients as low as r33 = 20 pm/V. This property is useful
to characterise different kinds of polymer materials. The wide gap separation
would reduce the effects seen in the electro-optic behaviour in slot waveguides.
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The design consists of two standard IMOS waveguides and two contacts, which
makes it perfect for fast prototyping. After the design of the directional coupler,
we discuss the result of the fabricated device in the following section.

4.2.3 Results

We fabricated the device in the same run as the other modulators. We include
them as test structures for the poling process of the electro-optic polymer. Figure
4.8 shows the lithography mask of the device with the different ports indicated.
An SEM picture of the begin of the coupling section shows the metal contacts
and the electrical isolation areas. Another SEM picture of an FIB cut shows
the cross-section of the directional couplers with the schematic over it. With
this last picture, we confirmed that after fabrication the polymer is not present
everywhere and does not fill the gap.

400 nm 300 nm 2 µm

Port a

Port c

Port b

Port d

Figure 4.8: Lithographic mask with the layout of the directional coupler. There is an
SEM picture of the section where the waveguides get side by side. From this
picture we make a cross-section of the device with the geometry and show an
SEM picture of an FIB cut of one of the devices. We can see that the polymer
is not present everywhere.

For the measurements we inject the light into port a and measure the spec-
trum in ports b and d. Figure 4.9 (a) shows the normalised spectra. The de-
vice works nicely with an ER of more than 15 dB for different wavelengths.
We simulated the output spectrum using the dispersion values obtained with
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FDE simulations. These simulation results are shown in the inset plot of figure
4.9 (a). The wavelength spacing is similar to the measured results, indicating
that the device is working close to the design conditions. Figure 4.9 (b) is the
spectrum after the poling process. The spectrum changes drastically from the
previous measurement. We have observed that the surface of the polymer on
the device looks different in some areas after the poling step. It is possible that
the polymer releases from inside the gap, leaving the gap filled with air in large
parts of the device. This theory is also supported by the observation of low ad-
hesion between InP samples and EO polymer in our previous experiments. The
SEM picture of an FIB cut in figure 4.8 shows that one of the devices close to
the one discussed here had part of the slot unfilled with the polymer. With the
assumption of the gap filled with air, the dispersion simulations of the device
could predict similar λ-spacing between the dips. The result is in the inset plot
of figure 4.9 (b).
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Figure 4.9: Normalised transmission spectra of the directional coupler for port b and d
when the light is injected into port a. (a) Measurements before the poling
process, (b) After this process. Inside both plots are the simulated spectra
obtained with dispersion values obtained with an FDE solver.

Despite the change of the spectrum of the directional coupler, we proceed to
measure the spectral response when a voltage is applied to the device. Figure
4.10 shows the spectrum from port b versus the voltage applied. An ER= 18.5 dB
with an optical bandwidth ∆λ3dB = 280 pm was measured. There is a tunability
of 16.6 pm/V. We cannot extract the value of r33 because we are not sure of the
amount of light that interacts with the EO polymer along the device. Another
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Figure 4.10: Measured spectrum of the DC after poling versus the applied voltage.

effect that we can observe is the decrease of the dip depth with negative voltages
and the increase with positive ones. An asymmetry is created in the system that
reduces (or improves) the coupling efficiency. We analyse it using the maximum
power coupling factor. The definition of this parameter is:

F = 1

1+ (δ/κ)2 (4.41)

Where δ = (β1 −β2)/2, and β1 and β2 are the propagation constants of the
fundamental modes in both waveguides. The calculated change in the differ-
ence in the effective index of the two waveguides is ∆ne f f = 6×10−4.We do not
know exactly where this asymmetry comes from, but it depends on the polar-
isation of the applied electric field meaning that the electro-optic polymer is
not working symmetrically as we would expect. It is possible that in some ar-
eas the polymer remains at one side of the wall creating an asymmetry in the
waveguide system. This can explain the asymmetry effect we observed in the
directional coupler with the applied electric field.

4.2.4 Conclusions

The directional couplers which we have designed are suitable to test the char-
acteristics of the electro-optic polymer. Unfortunately, the fabricated device suf-
fered problems after the poling step, making it difficult to extract much infor-
mation out of it. The main problem we encountered is the low adhesion of the
polymer to the InP. This creates areas in the device where the polymer does not
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fill the gap anymore, while in others areas the filling is good. We could modulate
the refractive index of the polymer that was still in the gap, observing a spectral
change when the applied voltage was swept. Efforts on resolving the adhesion
problem are underway. By solving this issue, this device will provide valuable
information about the polymer performance and can become a standard test
structure.

4.3 Modulators based on ring resonators

Optical filters can be used as optical modulators. For this kind of device, when
the optical properties of the structure are modified, the spectral characteris-
tics of the filter are shifted. If the wavelength of the injected light is close to
the passband of the filter, this shift will change the optical transmission. One
of the most common optical filters in PICs is the ring resonator. This kind of
resonator is attractive because of the small footprint, low energy consumption
and simple structure. In this section, we present the design of three different
ring resonator configurations using the slot waveguide in the ring. Each con-
figuration enhances a particular performance parameter of the modulator. The
design, realisation and characterisation of each device are discussed.

4.3.1 Introduction

A ring resonator is a waveguide looped back on itself, thus forming a cavity. The
ring is connected to an adjacent waveguide with a coupling mechanism, usually
a directional coupler. If the light is travelling in the adjacent waveguide, it will
present a drop in the transmission if the wavelength is a multiple of the optical
path length in the resonator. This is established in equation 4.42 [103].

λr es =
ne f f L

m
(4.42)

with m = 1,2,3..., ne f f the effective refractive index of the light in the ring
waveguide and L the circumference of the ring. In the IMOS platform, this
device promises the combination of small size and low switching energy. The
use of this structure as a modulator has been demonstrated in the SOI plat-
form, where different configurations have been proposed. The most common
one uses the carrier-depletion effect of a PN junction [104–106]. Devices up
to 50 Gb/s operation with ER=4.6 dB have been demonstrated with this con-
figuration [104]. Another solution is the use of a slot waveguide filled with
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electro-optic polymer. This structure has a high optical and electric overlap in
the slot, which can produce an efficient refractive index change when an elec-
trical field is applied. This condition will change the filtering properties of the
cavity, and therefore create a modulator. This configuration was demonstrated
in SOI with a small footprint, low energy consumption and low switching volt-
age [107]. Its limitation was in its electrical bandwidth (∼ 1 GHz), mainly due
to fabrication issues. In silicon, the RC constant is limited by the low mobility of
carriers, a restriction that is more relaxed in InP due to higher mobility. This last
characteristic makes IMOS an interesting platform to fabricate these devices.

We designed and analysed the ring resonators based on the description pre-
sented in [108]. It consists of an All-Pass Filter (APF) configuration with only
one waveguide adjacent to the ring. Figure 4.11 shows its schematic. Here, r
is the self-coupling coefficient, and k is the coupling between the ring resonator
and the adjacent waveguide. For simplification, we consider the coupling to be
lossless, which leads to r 2 +k2 = 1. The phase accumulation of the light after
propagating through the ring will be φ = 2π

λ ne f f L. When propagating through
the ring, the light also experiences losses, which are indicated by the parameter
a. Note that a is the multiplication factor of the optical field amplitude, while
α is the optical power loss per unit of length. The relation of a with the losses
is defined as a =

p
eαL. In figure 4.11 a reference plane is added where we cal-

culate the amplitude and phase of the different fields, leading to the next set of
equations:

a

r

k

Input

Output

2R

gap

E1

E2

E

E

I

II

Figure 4.11: Ring resonator in an all-pass configuration. The horizontal dashed line is
the reference plane.
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E2 = r E1 + j kE I

E I I = r E I + j kE1

E I = ae jφE I I

(4.43)

After some mathematical manipulation, the ratio between the output and
the input fields is obtained:

E2

E1
= r −ae jφ

1− r ae jφ
(4.44)

This leads to the following intensity transmission function:

T =
∣∣∣∣E2

E1

∣∣∣∣2

= a2 −2r a cosφ+ r 2

1−2ar cosφ+ r 2a2 (4.45)

and the phase transmission function:

Φ=π+φ+arctan
r sinφ

a − r cosφ
+arctan

r a sinφ

1− r a cosφ
(4.46)
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Figure 4.12: Normalised transmission of an APF ring configuration with the different
spectral characteristics highlighted.

When we plot the transmission, we can see that the transmitted light experi-
ences dips on the resonance wavelengths, as figure 4.12 illustrates. These dips
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are created because when the wavelength of the light matches the ring reso-
nance, a big amount of its energy is stored in the ring. When the light is inside
the ring, it suffers propagation losses. If those are high, less light comes out
of the ring, increasing the depth of the dips. The coupling coefficient k plays
an important role in the shape of the dips. It controls the amount of light to
be stored in the ring. There are three regimes in which the ring resonator can
work and they depend on the values of the a and k coefficients. If r (

p
1−k2) < a

the system is over-coupled, if r > a it is under-coupled, and for r = a there is
critical coupling. This last condition means that the power losses are equal to
the coupling power, which causes zero transmitted power due to destructive
interference. The different regimes have different effects, they determine how
fast the light can exit the ring, so they determine the speed of the device.

Some of the most relevant parameters of the ring resonators are also shown
in figure 4.12. The first property is the Free Spectral Range (FSR), or the wave-
length difference between two resonances:

F SR = λ2

ng L
(4.47)

in which ng = ne f f −λ0
dne f f

dλ is the group index. The FSR is quite important
in the design of the modulator. In principle, a small radius is desired to have
only one resonance in the chosen part of the optical band we are working in (i.e.
part of the C band in telecommunications). FDTD simulations show that when
R < 5 µm the losses start to increase drastically, so we select this as the limiting
radius. Considering that ng ∼ 2.9 in our slot waveguide, the F SR ∼ 25 nm. This
value will allow its use in Wavelength-Division Multiplexing (WDM) systems.

The second spectral property is the FWHM of the resonance, it can be calcu-
lated from:

FW H M = (1− r a)λ2
r es

πng L
p

r a
(4.48)

A property related to the FW H M is the Quality Factor (Q), which is the ratio
of the stored energy to the energy dissipated per radian of the oscillation upon
propagating through the ring. Its equation is the following:

Q = λr es

FW H M
(4.49)

The electrical bandwidth of the ring resonators has the potential to be high
because of the small size of the devices. To determine if the electrical properties
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of the device will limit its electrical bandwidth we calculate its RC constant. For
a ring with R = 10 µm we obtain R ' 60 Ω with a capacitance C ' 10 f F. This
leads to a 3 dB bandwidth of the device of a few hundreds of GHz. However, as
we are using optical cavities for modulating the light, we need to consider the
photon lifetime (τph) of such structures as a limiting factor. This is because τph

is the average time a photon needs for exiting the cavity, limiting the speed of
the optical transitions. The relation between τph and the Q factor is given by
τph = Qλr es

2πc [109]. The τph is related to the modulation bandwidth as:

f3dB = 1

2πτph
(4.50)

The Q factor is crucial for the design of ring modulators because it has a
big impact on four main parameters of the modulators: ER, FWHM, switching
voltage V0 and f3dB . The modulation bandwidth and the FW H M are related:
f3dB = cFW H M

λ2
r es

. Figure 4.13 shows the spectrum of two rings with respectively
Q = 8200 and Q = 4000. The two colours indicate the "on" (red) and "off" state
(blue). Both rings have the same a = 0.985, but the self-coupling coefficients are
different: r = 0.975 for the high Q case, and r = 0.93 for the low Q one. Figure
4.13 shows that the depth of the resonance increases and becomes narrower if
Q increases. This last condition produces a high ER, and a smaller switching
voltage is needed between the "off" and "on" states. For these examples, the
switching voltage is V0 = 1.1 V and V0 = 2.2 V for the high Q and low Q, respec-
tively. This is indicated by the red coloured lines. However, as f3dB is inversely
proportional to Q, f3dB = 23 GHz and f3dB = 48.5 GHz for the high and low Q,
respectively. We have to make a trade-off between different performance pa-
rameters to obtain an efficient modulator with sufficient electrical bandwidth.
Another performance parameter is the IL in the "on" state. It is also related to
the Q factor and the switching voltage. Still another parameter is the optical
bandwidth, which is the optical wavelength range that can be modified. For a
resonator, it is the same as the FWHM mostly. However, there are some specific
cases where this is not true, such as in the cascade ring configuration, where the
optical bandwidth is the combination of the FW H M of two rings. This explana-
tion is needed because in the ring resonators the F HW M is strongly related to
the modulation bandwidth, and this could induce some confusion.

For the switching voltage V0 we calculate the change in the refractive index
of the waveguide using equation 4.34 with n0 = 1.57 (the refractive index of
the EO polymer) and r33 = 120 pm/V (the electro-optic coefficient). A practical
equation to estimate the change in the resonance wavelength is [103]:
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Figure 4.13: Normalised transmission of the ring resonator with Q = 8200 (dashed) and
Q = 4000 (solid). The blue colour indicates the rings in "off" state and the
red one the "on" state. The "on" state occurs when the I L at the resonance
wavelength is lower than a defined value.

∆λr es =
x∆ne f f λr es

ne f f
(4.51)

with x the ratio of the modulated section of the ring compared to its total
circumference. It is not possible to modulate the whole ring, because one sec-
tion needs to couple to the adjacent waveguide, reducing the active section of
the ring. For most of the designs, this ratio is x = 0.75.

4.3.2 Design

Having introduced and described the properties of the ring resonators, we pro-
ceed to the design of a modulator based on such devices. The configuration
selected uses a slot waveguide for the ring, and a rectangular waveguide as an
adjacent waveguide. In the directional coupler theory, waveguides with differ-
ent geometries need to have a similar propagation constant to exchange energy
efficiently. For this reason, an analysis of the propagation properties of these
two types of waveguides was carried out. Figure 4.14 shows the ne f f versus
the geometry of the two waveguides at 1.55 µm. In blue is the width depen-
dence of the rectangular waveguide and in red the slab width dependence of
the slot waveguide, when the slot is 100 nm wide. For the slot waveguide, it is
preferred that the slabs are small to avoid the propagation of high order modes.
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A low value of ne f f is preferred to maintain the slot waveguide in a single mode
regime. However, the rectangular waveguide would be close to cut-off. With
this consideration, we select ne f f = 2, which is indicated by a dashed green
line. This ne f f is obtained with a slot waveguide with slab width of 263 nm
and an adjacent rectangular waveguide with a width of 317 nm. For this slot
waveguide, the confinement factor is Γ= 28%.
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Figure 4.14: ne f f versus the geometry of the waveguides. In blue the width dependence
of the rectangular waveguide and in red the slab width dependence of a
slot waveguide with a 100 nm slot.

After selecting the waveguide geometries for the modulator, we calculated
the coupling coefficient between the ring and the adjacent waveguide using
FDTD simulations. The coupling coefficient versus the gap size is plotted for
three different radii (7.5 µm, 10 µm and 15 µm). The coupling coefficient was
obtained from the expression k2 = P3/P1. The coupling coefficient versus the
gap follows an exponential behaviour. We fit the R = 15 µm results with the
equation k = Be−A g ap , giving the following fitting parameters: B = 1.61 and A =
4.51×106 m−1. It is seen that for R = 7.5 µm all the points follow the exponential
trend, but this does not hold for the smallest gap for the R = 10 µm and R =
15 µm cases. When the gap is small, the coupling increases strongly, but for
a R = 15 µm ring, the coupling coefficient decreases when the gap reduces to
100 nm. The exponential approximation holds only if the interaction length
Li nt is much smaller than the coupling length Lc of the directional coupler:
Li nt << Lc . Figure 4.16 shows the electric field distribution in the coupling area
for an R = 15 µm ring. The cross-section of the device is also shown. From this
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cross-section, the coupling length Lc = 3.67 µm is found, being comparable with
Li nt . The ring with R = 7.5 µm does not present this problem due to the short
interaction distance.
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Figure 4.15: (a) Schematic of the FDTD simulation used to obtain the ring coupling co-
efficient k. The different ports are indicated. (b) the k coefficient versus
the gap between the ring and the adjacent waveguide for rings of R=(7.5
µm, 10 µm and 15 µm). The fitting of the R = 15 µm ring is also plotted.

Having defined the parameters for the ring modulators, some geometries are
presented in the following section. Analysis of their performance is done based
on the following performance parameters: ER, IL, V0, f3dB and FW H M . The
loss considered is based on the measured losses from previous slot waveguides,
while the coupling values are obtained from FDTD simulations of the proposed
structures.

After explaining the designs, the experimental results will be discussed.

4.3.3 Configurations of ring modulators 2

A tunable ring resonator can be used as a modulator in different configurations.
Here three types are investigated.

2The first designs of the single ring, coupled rings and cascade rings configurations are carried
out by Stefanos Andreou Msc. for his master project under my supervision.
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Figure 4.16: Electric field distribution in the coupling region of a ring resonator for a
ring with R = 15 µm. The cross-section of the coupling area is illustrated as
well.

Single ring

The first configuration is a single ring modulator where shifting the resonance
wavelength creates the "on" and "off" states. Figure 4.17 (a) shows the schematic
of this design, and figure 4.17 (b) the spectrum of a simulated device. The blue
curve indicates the "off" state (V = 0 V ) and red one the "on" state. For these
simulations, with radius R = 10 µm and a = 0.98, the losses are −27 dB/cm; a
value close to the one measured in similar slot waveguides in previous chips.
The self-coupling factor is r = 0.985. This corresponds to a gap of 500 nm, so
this device works in an under-coupled regime. The quality factor of this con-
figuration Q = 10000, which results in a modulation bandwidth f3dB = 18 GHz.
The calculated change in the effective refractive index is ∆ne f f = 0.0004, which
implies a switching voltage V0 = 0.6 V. The predicted ER = 15 dB, the insertion
loss I L = 1 dB and the FWHM= 154.8 pm.

This configuration creates a simple modulator. The performance is attractive
and it is easy to implement with the technology for slot waveguide modulators.

Cascade ring configuration

In the single ring modulators, the optical bandwidth is too small for several
applications. One way to increase it is using two ring resonators in cascade,
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Figure 4.17: (a) Schematics of a single ring configuration. (b) The simulated normalised
transmission spectrum of the ring modulator.

combining their FWHM’s by giving each a slightly different resonance wave-
length [110]. If the resonance difference is small, a transmission band is created
between them. This band can be modulated, reducing it for an "off" state, and
increasing it for an "on" state. If a push-pull configuration is selected, the switch-
ing voltage is kept small. This configuration has been investigated with simu-
lation work [111] and devices based on this principle have achieved 40 Gbit/s
modulation with an extinction ratio of 3.9 dB [112].The presence of two rings
does not decrease the electrical bandwidth of the device because the two rings
are optically uncoupled and they have practically equal Q factors. Figure 4.18
shows the schematic of the cascade ring configuration and the spectrum of the
proposed device. The radii of the two rings are R1 = 10 µm and R2 = 10.004 µm,
respectively. Rings with similar characteristics as the single ring configuration
(r = 0.985 and a = 0.98) were used for this design. For modulating, a switching
voltage of V0 = 0.7 V is needed. This switching value is slightly larger than in
the single ring configuration because the IL for the "off" state is double due to
the two rings. To keep this value small, we need to push the resonance of the
two rings further away, increasing the V0. The ER for this device is 19 dB, the
I L = 1 dB, and the optical bandwidth is twice the FW H M of the single ring i.e.,
309.6 nm. The modulation bandwidth is the same as in the previous geometry
f3dB = 18 GHz.

This configuration increases the optical bandwidth, a property used to ac-
commodate small variations of the line-width of the optical source. The main
trade-off is the increase of the energy consumption of the device, because of two
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Figure 4.18: (a) Schematics of a cascade ring configuration. (b) The simulated nor-
malised transmission spectrum of the device.

rings need to be modulated. It also requires accurate control of the resonances
of the two rings.

Coupled ring configuration

If modulators with a high ER and high f3dB are needed, the configuration of
two coupled rings offers a good solution. Simulated results have predicted 60
Gb/s transmission with an ER of 20 dB. Devices working with this configuration
have demonstrated 12.5 Gb/s transmission with an ER of 9.6 dB [105]. This
device consists of an inner ring which is over-coupled (a > r ) to the adjacent
waveguide. With this condition the light escapes easily from the ring, producing
a low Q, and thus a high electrical bandwidth. However, this configuration
has a small dip (low ER), and the resonance will be wide, requiring a large
switching voltage to shift the resonance for modulation. If we add to this device
a new outer ring, coupled to the inner one, this new ring will introduce the
losses necessary to achieve critical coupling. When this condition is met, the
resonance will become deeper and narrower, improving the ER and alleviating
the switching voltage. It is important that the coupling to the second ring be
low (r ∼ 0.9999), if not, the coupling will lead to resonance splitting, which
deteriorates the performance. One main drawback of this configuration is that
a shorter section of the ring (x) can be modulated because of the two coupling
sections in the inner ring.

Figure 4.19 is a sketch of the proposed structure. Here, a reference plane is
placed where the different electric fields are evaluated. A similar approach as
for the single ring structure is followed.

The electric fields in the reference plane are related as:
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Figure 4.19: Schematics of a coupled ring resonator. The dashed line indicates the refer-
ence positions for evaluation of the fields.

E2 = r1E1 + j k1E I

E I I = r1E I + j k1E1

E I I I =p
a1e

jφ1
2 E I I

E IV = r2E I I I + j k2EV I

EV = r2EV I + j k2E I I I

EV I = a2e jφ2 EV

E I =p
a1e

jφ1
2 E IV

(4.52)

After some manipulation, we obtain E IV = γE I I I , with γ defined as:

γ= r2 −a2e jφ2 (r 2
2 +k2

2)

1− r2a2e jφ2
(4.53)

This γ factor comprises the effects the outer ring brings to the system. The
E2/E1 ratio is:

E2

E1
= r1 −γa1e jφ1(r 2

1 +k2
1)

1−γr1a1e jφ
(4.54)

which leads to the following transfer function, which is analogous to the one
obtained for a single ring configuration:

T =
∣∣∣∣E2

E1

∣∣∣∣2

= r 2
1 −2γa1e jφ1 +γ2a2

1e2 jφ1

1−2γr1a1e jφ1 +γ2r 2
1 a2

1e2 jφ1
(4.55)
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In the design of our coupled ring modulator, the same radius for both rings
is used: R = 10 µm, resulting in φ1 = φ2. Because the two rings are in princi-
ple the same, the losses should be the same as well a1 = a2. Figure 4.20 (a)
is a schematic of the coupled ring configuration. We consider a1,2 = 0.98. The
coupling between the inner ring and the adjacent waveguide should be high.
Therefore r1 = 0.97 is selected, which is obtained with a gap of 400 nm based on
the simulation results presented in figure 4.15. Figure 4.20 (b) is the spectrum
of the device. The coupling of the outer ring to the inner one should be really
small (r2 = 0.9999) to avoid the resonance splitting. Using the simulated cou-
pling coefficient, we can estimate roughly that the gap should be around 1 µm.
The simulations show the coupling between a rectangular waveguide and a slot
waveguide, which is not the case here, but it gives the first estimation. In the
"off" state, thanks to the extra losses from the outer ring, the system is in critical
coupling, producing a deep and narrow resonance. A voltage is applied to the
inner ring: V = 0.6 V. With this voltage, the two rings are not in resonance any-
more, and the inner ring becomes over-coupled. This condition also changes
the resonance wavelength as is shown in figure 4.20 (b). This shift allows a
higher ER and a lower I L. The outer ring could have been modulated instead,
but the resonance wavelength would have to stay fixed, and the performance
will be poorer. An ER = 41 dB with I L = 3.5 dB are calculated for this design.
Because the system is in critical coupling in the "off" state, a narrow FW H M is
obtained. However, this is larger than in the case of critical coupling in a single
ring due to higher losses because of the extra ring. The performance of this last
configuration is illustrated in figure 4.20 (b) with a = 0.98. The wider resonance
in the coupled ring case is visible.

We can summarise that this configuration provides a high ER, but is limited
in the modulation bandwidth due to the resonance FW H M . However, the elec-
trical bandwidth will be higher than in the single ring critical coupling case, due
to the outer ring. Depending on the desired ER, a few GHz electrical bandwidth
can be obtained.

Conclusions

We have now presented the designs of three different ring modulators. All three
configurations require a low switching voltage (< 1 V), which is compatible with
CMOS drivers; they also provide a high ER which matches telecom applications
(ER = 7 dB) or backbone communications. The cascade ring configuration pro-
vides a wider optical bandwidth than the single ring, with similar switching
voltage and electrical bandwidth. In the case of the coupled ring configura-
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Figure 4.20: (a) Schematics of a coupled ring configuration. (b) The simulated nor-
malised transmission spectrum of the device.

tion, this provides a high ER with a good modulation bandwidth. However, it
requires tight control of several parameters to work in the desired state.

These designs were fabricated and characterised. The results are presented
in the following subsection. It is important to mention that the poling process of
the electro-optic polymer did not work for these rings, so the discussion focuses
on the optical characteristics of the devices and their estimated performance.

4.3.4 Results

The three proposed ring modulators are fabricated in the IMOS platform. For
the three configurations, the radii of the rings are R = 10 µm. Their performance
is presented and discussed. All the transmission plots are normalised with the
transmitted measured power for easier analysis.

Single ring

The design of the single ring modulator was realized with three gap values
(330 nm, 340 nm and 350 nm), one lower and one larger than the design value.
This was done to compensate possible deviations between design and fabricated
device due to fabrication tolerances. The gap values here are much smaller than
those from the design in figure 4.15. This is because these simulations were
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not yet available when the mask was designed and an underestimation of the
coupling was used then. The device with the best results has a coupling gap
of 350 nm. Figure 4.21 shows an SEM picture of the fabricated device, and the
plot of the optical measurements. We consider the initial state as the "off" state
(V = 0 V). If the polymer would had been successfully poled, the predicted "on"
state would be the red line in figure 4.21 (b). The fitting of equation 4.45 to the
measurement results gives (a,r ) = (0.9545,0.94). Equation 4.45 is symmetric, so
it is not possible to discern between the two values. However, thanks to the gap
sweep between the ring resonator and the adjacent waveguide, the value of the
losses can be extracted. This leads to a = 0.954, which implies losses of around
−65 dB/cm. The higher losses than the normal slot waveguide ( 30 dB/cm) can
be due to the metal presence close to the waveguide. This effect is illustrated
in the zoom out SEM picture in figure 4.21 (a). This extra loss can be removed
by adjusting the fabrication tolerances during the design of the mask. For this
device the self-coupling value r = 0.94 which is similar to the simulated coupling
value (k = 0.35). The ring is over-coupled and close to the critical coupling
condition, giving a deep resonance. Because of the low values of a and r , we
find Q = 3400, providing a wide resonance. This low Q value implies a large
switching voltage, but it benefits the modulation bandwidth. The estimated
performance parameters are indicated in table 4.2.
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Figure 4.21: (a) SEM picture of the fabricated single ring modulator. Highlighted is the
section where the metal is close to the slot waveguide, which is the possible
source of extra losses. (b) The measured normalised transmission spectrum
and the predicted response for V = 1.2 V.
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Cascaded ring modulator

The device with the two cascaded rings was also realized with three different
gaps (330 nm, 340 nm and 350 nm). Figure 4.22 shows an SEM picture of
the cascaded rings, and the transmission spectrum of this device. The fitting
values for the two rings are: (a1,r1) = (0.945,0.929) and (a2,r2) = (0.962,0.941)
for a gap width of 350 nm. In this case, even with the variation in the gap
width, it is not possible to discern which parameters are the losses and which
ones the self-coupling parameters. In principle, the rings should have similar
fitting parameters because they are almost the same. Some deviations during
the fabrication could have created additional differences between the two rings.
Nevertheless, this configuration can be used as an efficient modulator if a wider
optical bandwidth is required. Table 4.2 contains the performance parameters.
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Figure 4.22: (a) SEM picture of the fabricated cascaded ring modulator. (b) The mea-
sured normalised transmission spectrum of the device device and the pre-
dicted response for V = 1.3 V.

Coupled rings

The coupled ring modulator was realized in the same run as the previous two
configurations, also with a sweep of the gap1 size (280 nm, 300 nm and 320 nm).
The gap between the rings (gap2) was fixed to 700 nm. Figure 4.23 shows an
SEM picture of the fabricated device and the measured spectrum of the 320 nm
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gap1 device. The coupling of the inner ring and the adjacent waveguide is
crucial for the correct functioning of the device. After the fitting, we find that the
measured transmission of the device is much different from the simulation of the
design (see figure 4.20). We have the following parameters from the fitting of
the 320 nm device: (a1,r1) = (0.955,0.941) and (a2,r2) = (0.974,0.997). Due to the
high value of one of the parameters, we know that the self-coupling r2 = 0.997.
This is a high value and corresponds to a 700 nm gap2. This implies that a =
0.9743, and the losses of the outer ring are 35 dB/cm. This self-coupling value
is still too low to approach the coupling mechanism presented in the design
section, but it gives an indication how far we are from this condition. This
configuration shows resonance splitting due to the high coupling of the two
rings. For the inner ring we can determine that it is in the under-coupled regime
because the losses are the same as in previously measured rings. Even if the
rings are not in the regime that they were designed for, we can modulate the
resonance by shifting it away to create the "on" and "off" states, same as in the
single ring configuration. The results are shown in table 4.2.

1535 1535.5 1536 1536.5 1537 1537.5 1538 1538.5 1539

Wavelength [nm]

-15

-10

-5

0

N
o

rm
a

li
se

d
 t

ra
n

sm
is

si
o

n
 [

d
B

]

Measured

Simulated (V= 0 V)

Simulated (V= 0.9 V)

(a) (b)

Figure 4.23: (a) SEM picture of the fabricated coupled rings modulator. (b) The spec-
trum of the measured device and the predicted response for a V = 0.9 V. We
estimate the performance as a single ring operation.

One feature we have seen in the different devices is that the resonances
are different for the different rings, even when they have the same radii. This
difference could be because the fabrication tolerances are tight for these devices,
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small variations change their resonance properties quite strongly. This problem
affects all the ring configurations, but it is especially important for the coupled
rings because both rings need to have the same resonance.

4.3.5 Conclusions

From the different structures studied here, it is clear that the ring resonators
are suitable optical modulators. The configuration using slot waveguides in the
ring structure and rectangular waveguides as the adjacent waveguide shows
interesting optical properties. The small footprint is the main advantage of
these configurations. However, we can see from the optical characterisation
that the coupled ring resonator is a difficult configuration. Its tight restrictions
on four different design parameters make it difficult to fabricate it accurately.
Several fabrication runs would be needed to get this device to work in the de-
sired regime. In our case, this modulator can work, but in the same way as a
single ring modulator. The other two configurations require more investigation
to be used as modulators. To compare the different configurations, table 4.2
shows some of the important characteristics. The switching voltage V0 is com-
patible with CMOS technology. Regarding the energy consumption, we calcu-
lated this from the energy needed to charge and discharge the capacitor formed
by the slot waveguide. To calculate the capacitance, we use a Finite Element
Method (FEM) solver. These simulations are necessary because in such small
structures the capacitance is heavily influenced by fringe effects. Figure 4.24
compares the capacitances per length value from FEM simulations and paral-
lel plate approximation. It is worth mentioning that the energy consumption
per bit (Ebi t = 1

4 CV2
0) of the single ring and the coupled rings configurations

are under 10 f J/bit. This value is the limit that Miller established for optical
modulators to be attractive for interconnect applications [113].

Device type ER [dB] IL [dB] Optical
bandwidth
[pm]

f3dB

[GHz]
V0

[V ]
Ebi t

[ f J]

Single ring 15.3 1.7 450 56 1.2 7.2
Cascade rings 15 2.5 900 55 1.3 17
Coupled rings 15.3 1 439 55 0.9 4

Table 4.2: Summary of predicted performance of fabricated devices.

There is also an alternative configuration using the rings as compact phase
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Figure 4.24: Calculated capacitance per length obtained for the slot waveguide geometry
versus the width of the slot. The results are from FEM simulations and a
parallel plates approximation.

shifters in an MZI structure. It has a slightly different approach to the way it
works compared to the previous ring configurations. For this reason, it is treated
in a different section.

4.4 Mach-Zehnder interferometer (MZI) using ring
resonators

The use of a ring resonator as modulator uses the dip in the intensity response to
modulate the optical signal that passes through the adjacent waveguide. Three
different configurations have been discussed in the previous section using this
approach. However, the ring resonators could also be used as phase modulator
thanks to the well-known physical effect of a phase jump in resonators when
the light is tuned through the resonance [114]. If the light fits the resonance
condition of the ring, it experiences a ∆Φ= π phase jump, but if the light is off
resonance, it remains undisturbed (∆Φ = 0). This phase shifting property can
be used in an MZI configuration to create a modulator. In this section, we ex-
amine this possibility. The main advantage of such a configuration compared
to the previous ring resonators ones is the possibility of a high electrical band-
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width. This is because the rings work in the over-coupled regime, which has a
wide FWHM, resulting in high-speed capabilities. The design and measurement
results of the fabricated device are discussed in the following subsections.

4.4.1 MZI structure

The MZI is a device that consists of two 3 dB couplers (splitter/combiners) that
connect two interference arms, as illustrated in figure 4.25 (a). When light is
injected into the input waveguide, the power is split equally over both arms.
By controlling the phase difference between the signals in the two arms, the
field intensity in the output waveguide can be modified due to interference
effects in the 3 dB combiner. Figure 4.25 (b) is the normalised plot of the
ratio of the output and input intensities versus the phase difference between
the two interference arms. We modulate between the two extreme states: full
transmission for ∆Φ= 0 [r ad ], and no transmission at ∆Φ=π[r ad ].
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 2

 1 2
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3 dB splitter 3 dB combiner

Figure 4.25: (a) Basic MZI structure and (b) the intensity response depending on the
phase difference between the arms.

4.4.2 MZI with ring resonator principle 3

The phase of the signal in both arms can be modulated with a ring resonator
in the over-coupled regime. For an effective phase modulator, it is necessary

3The idea and first design for IMOS was proposed by dr. J.J.G.M. van der Tol
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that a = 1, meaning that all the light exits through the output port. This is not
physically possible because it implies a lossless waveguide. However, it is suf-
ficient if the ring is heavily over-coupled (k >> 1− a). This condition is easier
to obtain that critical coupling, making this configuration in principle more ro-
bust. Moreover, the short photon lifetime in this coupling regime could allow
high modulation speeds. In this scenario, the dip created by the resonance can
be really small, but the phase shifting properties will still hold. Devices with
this configuration have been proposed for optical interleaver [115, 116]. Mod-
ulator with linear transfer function [117] and relatively high bandwidth (19
GHz) [118] have been also demonstrated. Figure 4.26 shows: (a) the schemat-
ics of a proposed MZI based on a ring resonator [114]. In this case, a y-splitter
is used to have an equal field in both arms, and a 2×2 MMI combiner is con-
nected to two output waveguides; (b) is the instantaneous electric field in the
interferometer for the "on" and "off" resonance conditions. One problem with
the one ring configuration is that the ring resonator is not lossless, so the field
amplitudes will be different in both arms, reducing the ER of the modulator. To
alleviate this issue we design the MZI with two ring resonators, one in each arm
of the interferometer. This creates a symmetric system. This two ring configu-
ration can be used in a push-pull configuration, reducing the switching voltage
V0 by half.

On-Resonance

O�-Resonance

Splitter

Resonator

Combiner
Filter arm

Reference arm

Even 

system mode

Odd 

system mode

Drop Port

Through Port

(a) (b)

Figure 4.26: (a) Schematic of an MZI with a ring resonator as a phase shifter, and (b)
the electric field of the interferometer in "off" and "on" resonance condition
[114].

To analyse the proposed system, we use equation 4.45 for the intensity and
equation 4.46 for the effective phase shift. Both expressions are derived from
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equation 4.44. Figure 4.27 shows the phase shift versus applied voltage for
the three different regimes of the ring resonator: over-coupled (r < a or k >>
1−a), critical coupling (r = a), and under coupled (r > a). The critical coupling
and the under-coupled regimes present a drastic phase shift which makes it
difficult to be used for practical application. In the figure 4.27 we include two
over-coupled examples: one heavily over-coupled, and one lightly over-coupled.
Here we can see that if we increase the over-coupling condition, the phase shift
becomes smoother. This also reduces the depth of the resonance dip. However,
we can see that a larger switching voltage V0 would be required to obtain a π

phase shift.
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Figure 4.27: Phase shift versus voltage for four different configurations: blue for heavily
over-coupled, orange for over-coupled, green for critical coupling, and red
for under-coupling.

4.4.3 Design

With the previous information, we proceed to design the ring modulator. The
first parameter we select is a radius R = 10 µm, the same as in previous ring
configurations. We consider losses of 27 dB/cm, a value similar to previous
measurements (a = 0.98). We obtained a good performance if the rings are cou-
pled with k = 0.57 or r = 0.82. Based on the results presented in the calculations
for figure 4.15 (b), this condition is met with a gap in the coupling region of
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around 250 nm. With those design values, the behaviour of the ring resonator
is modelled. Figure 4.28 (a) and(b) show the losses of the ring and the phase
shift due to the voltage applied in the device. A π phase shift is obtained with
a voltage switch V = 4 V. This is a high V0 value. However, we work in a push-
pull configuration reducing this voltage by half. Because we have to switch over
the heavily over-coupled resonance width (which means wider λr es shift), the
switching voltage is larger than in previous ring configurations. If a smaller
switching voltage is required, a larger radius can be selected, but the energy
consumption of the device will rise as well since the capacitance of the struc-
ture increases. The loss difference between "on" and "off" states is around 1 dB.
To reduce this value, it is necessary to decrease the losses of the waveguide. We
could also decrease it by reducing the coupling gap. Unfortunately, this is not
a practical option because the V0 needed to have a π phase shift will increase
considerably.
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Figure 4.28: (a) Losses and (b) phase shift versus the voltage applied in the ring res-
onator.

The switching voltage is higher than the 1.5 V CMOS standard, but reducing
the losses in the slot waveguide will allow better compatibility. The modulation
bandwidth is f3dB = 110 GHz, which probably means that the limit will be on the
electrical properties (RC characteristics) of the device. The energy consumption
of this device is Ebi t = 40 f J/bit because it has two rings, increasing the total
capacitance of the device. The energy consumption is acceptable for backplane
communication (< 100 f J/bit), but it is not suitable for interconnects because it



124 Optical modulators based on slot waveguides with an electro-optic polymer

is four times the requirements for this application [119]. We fabricated the ring
modulator in the same run as the previous devices and the results are presented
in the following subsection.

4.4.4 Results

Figure 4.29 shows an SEM picture of the fabricated device. We have used the
1×2 low reflection MMI as splitter and combiner. The rings are connected to a
GSG pad.

Figure 4.29: SEM picture of the MZI with ring resonators.

Figure 4.30 (a) shows the spectrum of the fabricated device. We can identify
that the rings are not in the over-coupling regime because of their deep reso-
nances. This effect is because the losses are much higher than the design values.
The second problem is that the resonance wavelengths of both rings are not the
same. This requirement is crucial for the MZI to work. The lithography mask
for this device is symmetric, except for the location of the GSG contact, but this
should not affect its operation. The rings are also really close to each other
meaning that the fabrication variations over the sample should be minimal. A
possible explanation for the difference is the deposition of the metals. This is
done in an overlay exposure and it can be shifted by a few tens of nanometers
in any direction. The metals are far away from the slot waveguide, but it is
possible that these conditions slightly change the propagation properties in the
rings which shows up as a resonance wavelength shift. We poled this device
and we observed some resonance shift. Figure 4.30 (b) is the spectrum when
we apply a voltage. We made a voltage sweep of 36 V and observed a resonance
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Figure 4.30: (a) Spectrum of the MZI with ring resonators. (b) shows the spectrum of
one of the resonance dips versus an applied voltage after poling the sample.

shift of 90 pm, resulting in 2.5 pm/V. This means a r33 ∼ 1.2 pm/V, two orders of
magnitude smaller than the predicted value. Dynamic measurements were not
possible because the material deteriorated rapidly and the electro-optic effect
was not observable anymore one day after the poling process.

4.4.5 Conclusions

The use of rings for phase shifters in an MZI was presented. The configuration
has much potential regarding footprint and high bandwidth. The energy con-
sumption (Ebi t ∼ 40 f J) of such device fits well for backbone communications,
but is too high for optical interconnects. The electro-optic effect seen in this
device is two orders of magnitude smaller than expected. The conditions of
low loss and resonance alignment between the two rings present serious chal-
lenges for successful fabrication of this device. Nevertheless, an increase of the
maturity of the platform will allow the fabrication of such devices.
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4.5 MZI with slot waveguide for broadband modu-
lator

In this section, we will analyse the performance of the MZI used as a modula-
tor. This configuration uses the slot waveguide with the electro-optic polymer
in both arms of the interferometer. The use of an MZI provides a broadband
performance. However, this configuration suffers from limited electrical band-
width, due to travelling wave effects. We will analyse the main RF properties
and discuss how they impact the performance of the device. We will propose
a configuration which allows high-speed modulation and discuss possible solu-
tions to increase the modulation speed even more.

4.5.1 MZI introduction

For our device, we use the 3 dB low reflection MMI presented in section 3.4.3.
The outputs of this splitter are rectangular waveguides. The slot waveguide con-
verter presented in section 3.6 is used to connect those waveguides to the slot
waveguides. The slot waveguide with an electro-optic polymer allows chang-
ing its effective refractive index by applying an electric field over the slot. This
waveguide has been optimised to have large optical confinement of the guided
mode in the slot. It also provides a high overlap of the Radio Frequency (RF) sig-
nal with the slot, which in combination with the high optical confinement leads
to a highly efficient modulation mechanism. The slot waveguide is converted
again to a rectangular waveguide at the output side where the optical fields of
the two arms will combine in a low reflection MMI. Figure 4.31 (a) shows a
schematic of the device, with enlargement of the section with the slot waveg-
uide. The gratings for coupling the light in and out are visible, as well as the
GSG contacts that work as input/output for the RF signal. Figure 4.31 (b) gives
the cross-section of the arms of the interferometer. The metal contacts create
a CoPlanar Waveguide (CPW). This transmission line consists of a central strip
with two ground plates located on both sides. To inject an electric field from
the metal contacts into the ridges of the slot waveguide requires an electrical
connection. This property is obtained with a footing layer with high conductiv-
ity, as is mentioned in section 3.5. A doping level of 1×1018 cm−3 was selected.
For this doping level, the optical losses are calculated to be ∼ 1 dB/cm. By in-
creasing the doping levels we can reduce the resistance of the footing layer, but
the optical losses of the mode will rise dramatically. transmission line and the
properties of the electro-optic polymer allow the device to work in a push-pull
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configuration, reducing the total voltage-length product by a factor of 2.

(a)
(b)
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V(t)    
S    

G    

G    

Figure 4.31: (a) Schematic of an MZI with enlarged effective phase modulating section.
The input/output GSG contacts are also displayed. (b) Cross-section image
through both MZI-arms.

We can calculate the predicted length of this device in the push-pull con-
figuration using equation 4.34 and the π phase shift condition: β×L = π. This
results in equation 4.56:

L = λd

2n3
0r33VπΓ

(4.56)

We assume that the polymer is poled and has its maximum electro-optic
coefficient (r33 = 120 pm/V for our polymer). We also select Vπ = 1.5 V to be
compatible with CMOS voltages. These properties result in L = 400 µm. We will
use this length as a starting point to analyse the different RF properties of the
MZI modulator.

4.5.2 Travelling wave modulator

We first consider the MZI modulator as a lumped circuit. With this consider-
ation, the electrical bandwidth of the device can be determined from its RC
properties:

f3dB−RC = 1

2πRC
(4.57)

The f3dB−RC of the MZI is independent of the length of the device. This is be-
cause the resistance decreases at the same rate as the capacitance increases with
the length. One main parameter that determines this f3dB−RC is the resistance
of the footing layer. It depends on the doping levels of the semiconductor and
the separation between the slot waveguide and the metal contacts. We select
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this separation to be 2 µm. In this case, the metal contacts are far away from
the optical mode and do not interfere with it, while it provides low resistance
Rn . Fixing this separation value, we calculate the f3dB−RC bandwidth regarding
the doping levels. This relation is shown in figure 4.32. For the doping level
of N = 1×1018 cm−3, the calculated f3dB−RC = 530 GHz. This indicates that the
RC properties are not the limiting factors of the electrical bandwidth of this de-
vice. It is possible to reduce the doping levels in the footing, to decrease the
optical losses in the waveguide. If we use a doping level of N = 1×1017 cm−3,
the f3dB−RC = 80 GHz. Nevertheless, we decided to keep N = 1×1018 cm−3 to
avoid any RC limitation in our device and have tolerances against thinning of
the footing layer. If needed, we could reduce such doping levels for further
optimisation in the following realisation.
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Figure 4.32: Electrical bandwidth versus doping level of the footing. We consider the
device as a lumped element for calculating the electrical bandwidth.

The lumped element approach assumes that the electric field is instanta-
neously present in the slot waveguide when the RF signal is applied. In small
devices, this is accurate enough for practical applications, but it does not apply
for the MZI modulator. This device has a significant length, which is comparable
to the wavelength of the RF signal that is applied. This characteristic forces us to
consider the propagation properties of the RF signal and to study the electrode
as a transmission line.
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In the travelling wave theory for optoelectronic modulators, the electrical
signal travels in the same direction as the optical one. If we consider that both
signals propagate at the same phase velocity, the relative phase shift induced in
the optical signal is accumulated along the electrode. Figure 4.33 illustrates this
scenario showing an RF signal at different times and location in the modulator.
However, due to geometry and physical constraints, this match in the phase
velocities is not always achievable. This velocity mismatch makes it difficult to
accumulate the phase shift correctly along the modulator, reducing its efficiency.
When the RF and optical signals are co-propagating, the walk-off effect induced
by their velocity mismatch is defined as:

z

Optical signal

RF signal

Acumulated phase

shift

0 L

0 L z

V(f     ,z=0)RF V(f     ,z=L)
V(f     ,z)RF

H(f     ,z)
RF

RF

t1 t2 t3

Figure 4.33: The optical and microwave fields are plotted at different times and locations
in the modulator along the propagation direction. Both signals travel at the
same velocity [120].

b = ωRF

c
(nRF −ne f f ) (4.58)

with ωRF = 2π fRF , where fRF is the frequency of the RF signal. nRF is the
refractive index of the RF signal and ne f f the effective refractive index of the
optical signal. This parameter can account for the phase error per length of the
device.
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Another effect that limits the electrical bandwidth is the RF loss of the elec-
trode (αRF ). In our structure, the loss originates from two main sources: the
metallic conductor loss that increases with

√
fRF and the absorptive semicon-

ductor loss. Damping oscillations create the latter due to a finite conductivity of
the resistive semiconductor [121]. There is also a small attenuation effect due
to dielectrics which is proportional to the frequency.

Another important parameter of the travelling wave electrode is its charac-
teristic impedance. It is desired that this impedance is the same as the RF source
and load ones (standard ZS,L = 50 Ω). In the case of the transmission line of our
device, such an impedance is difficult to obtain as will be explained later. An
impedance mismatch between the RF source and the transmission line causes
part of the power of the RF signal to be reflected back to the source and not
contributing to the modulation of the signal. Equally, a reflection between the
transmission line and the load impedance is created. This interface will create a
reflected wave in the transmission line. The interference between this reflected
wave and the injected one creates a frequency dependent standing wave with
phase and anti-phase interferences along the electrode. This standing wave af-
fects the effective voltage of the device. At very low frequencies and when the
transmission line has a lower impedance than the load impedance, the reflected
wave will enhance the modulation because of an in-phase interference condi-
tion, but this would become anti-phase when the frequency starts to increase,
reducing the total phase shift. This counter-propagating wave will also experi-
ence a large velocity mismatch with the optical signal, decreasing the efficiency
of the modulator drastically [122]. The mentioned effect creates ripples in the
modulation response, reducing the electrical bandwidth, but also creating dis-
tortions in the optical pulse. In our design, we include a GSG pad of ZGSG = 50 Ω
to match the RF source and load. This impedance value is a standard in the RF
technology. The RF pads that will land in our GSG pads have a probe pitch of
100 µm. With this geometry consideration, we tuned the width of the metals
and their separation to fit the 50 Ω impedance. The geometry is shown in fig-
ure 4.34. Because of the existence of an impedance mismatch, we calculate the
reflection ΓRF which it generates according to equation 4.59.

ΓRF = Z −Z0

Z +ZL
(4.59)

Having introduced the three main RF properties: nRF , αRF and Z , we pro-
ceed now to analyse how the geometry of the transmission line affects them.

The impedance mismatch creates a reflection which counter-propagates the
original RF signal. We can define a new parameter to account for the walk-off
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Figure 4.34: Cross section of the GSG electrode showing its geometry.

effect in this case. It is defined as:

b′ = ωRF

c
(nRF +ng ) (4.60)

Travelling-wave modulator geometry study

For the study of the geometry we used 2D FEM simulations. Several factors
affect the propagation properties of the transmission line. In this work, some
variables were fixed to reduce the calculation effort. The buffer layer thickness
between the silicon wafer and the photonic membrane is 2.1 µm. This value
is the thickness that allows the maximum coupling efficiency of the gratings,
as explained in section 3.2.2. This also reduces the influence of the silicon
substrate on the CPW. Also the resistivity of the silicon wafer was fixed at a
high value of σ = 7500 Ω cm, reducing the losses of the transmission line. We
also chose the three metal contacts to have the same width.

For our study, we vary three parameters: The thickness of the metal contacts
(hmet al ), the width of the metal (wmet al ), and the separation between the metal
contact and the slot waveguide (smet al ). For our optimisation we look for the
following trade-offs:

1. The velocity mismatch should be minimum, so the RF refractive index
(nRF ) should be as close as possible to the optical refractive index index
(ne f f = 1.913).

2. The transmission line impedance Z needs to be close to 50 Ω to avoid
reflections for impedance mismatch.
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3. The RF losses αRF should be minimal.

We assume as a starting geometry for our study wmet al = 30 µm, smet al =
2 µm, to keep the resistance of the footing layer low, and hmet al = 300 nm which
is a typical thickness for our metal contacts in the IMOS platform.

The first parameter we analysed is the width of the metal wmet al . We made
a sweep of this parameter from 1 µm to 80 µm. Figure 4.35 shows the Z , nRF

and αRF values versus the metal width. We plotted three different frequencies
(10 GHz, 40 GHz and 100 GHz). 10 GHz and 40 GHz limit the range where
we would expect the first devices to work. 100 GHz would be the upper limit
for future attempts, so it is important to see how the geometrical parameters
affect the transmission line for high frequencies. The metal width does not have
a big impact on the RF properties above 15 µm. Below this value, the three
RF parameters increase, mostly the impedance and loss. Even if we want to
increase the impedance with this parameter, it is difficult to find a trade-off
that works conveniently for us. With these constraints we select 40 µm. Ideally
10 µm would be beneficial because the impedance increases a little, while nRF

and the loss do not change so much. However, for the first realisation we prefer
a width where small variations due to fabrication have less impact on the RF
performance.
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Figure 4.35: Microwave properties: Z (a), nRF (b) and αRF (c) versus the width of the
metal contacts Wmet al for three different frequencies (10 GHz, 40 GHz and
100 GHz).

The second property to be investigated is the height of the metal contacts
hmet al . This parameter we cannot modify so easily due to fabrication con-
straints. We use metal evaporation for the fabrication of the contacts. This
technique limits the thickness of the metal layers to a few hundreds of nanome-
tres. There is the possibility to use plating to obtain thicker metals and reduce
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the losses of the transmission line, but this requires a more complicated process
flow. As we can see in figure 4.36, above 400 nm the losses do not decrease
so much. Additionally, the impedance decreases in that range, enhancing the
impedance mismatch, and therefore the reflections. The nRF also decreases, but
its impact is less severe than the impedance mismatch. From figure 4.36 we can
see that the Z and ne f f properties have a strong dependency on the thickness
of the metal. Even if the electric mode is highly concentrated in the slot area,
there is an important part of the field distributed between the metals. When
we increase the metal thickness, the capacitance between the metals increases,
reducing the impedance of the transmission line. We select a metal thickness of
450 nm. This value gives a relatively high Z .
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Figure 4.36: Z , nRF and αµ versus the height of the metal contacts for three different
frequencies (10 GHz, 40 GHz and 100 GHz).

The last parameter we study is the separation between the slot waveguide
and the metal contact. This distance should be kept small to decrease the RC
constant of the device. However, we have seen that the frequency limit due
to RC is large. This tolerance allows us to increase this separation if needed.
Figure 4.37 shows the behaviour of the three RF parameters. It is clear that
by increasing the separation we can obtain higher impedances. Nevertheless,
it also increases the resistance, and thus the losses. This effect is enhanced
for high frequencies. We also see an increase of the refractive index of the RF
signal. We have selected smet al = 2 µm as a compromise of the various effects.

We have as parameters wmet al = 40 µm, hmet al = 450 nm and smet al = 2 µm.
With those parameters, we calculate the frequency response of the RF parame-
ters. Those results are presented in figure 4.38. It is interesting to see that up to
140 GHz we do not see big changes in the values of Z and nRF , indicating that
the electrical signal reaches the slot and the electro-optic effect of the polymer is
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Figure 4.37: Z , nRF and αµ versus the separation of the metal contacts from the slot
waveguide for three different frequencies (10 GHz, 40 GHz and 100 GHz).

obtained. This figure also includes fitting of an analytical model which is going
to be presented in the following subsection. This new model is important be-
cause it can provide fast analysis of the different properties of the transmission
lines, without the need of intensive computational numerical simulations.
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Figure 4.38: RF parameters Z (a), nRF (b) and αµ (c) versus frequency.

Equivalent circuit model

The 2D FEM simulations describe the RF properties of the travelling wave elec-
trodes accurately. However, these simulations required much computational
power. To reduce such demands, we use an equivalent circuit model. Such mod-
els have described correctly several high-speed transmission problems [123,
124] and provide a better understanding of the transmission line physics.

The transmission line is represented by a two-wire line since there always
are at least two conductors. This line has an infinitesimal length ∆z, illustrated
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in figure 4.39 (a). This line can be modelled as a lumped-element circuit with
the R, L, G and C per unit quantities defined as [125]:

C∆z

R∆z L∆z

V(z,t) V(z+∆z,t) G∆z

i(z,t) i(z+∆z,t)

∆z z ∆z

V(z,t) V(z+∆z,t)

i(z,t) i(z+∆z,t)

(a) (b)

Figure 4.39: (a) Two-port representation of the transmission line. (b) General transmis-
sion line equivalent circuit for a unit length ∆z.

1. R - series resistance for both conductors (Ω/m).

2. L - series inductance for both conductors (H/m).

3. G - shunt conductance (S/m).

4. C - shunt capacitance (F/m).

We use an equivalent circuit with RLGC distributed elements. We assume
that the physical propagation effects are taken into consideration with these
four elements. Figure 4.40 is a schematic of the cross-section of the device with
the corresponding electrical equivalent components. Because the presence of
the electric field between the slot, this structure can be considered as a capacitor
C j . There is also an electric field between the two metal electrodes which imply
a capacitor Cp ; a resistor Rn represents the footing layer. The metal contacts are
represented by a resistor Rs and an inductance Ls . This equivalent circuit differs
from the standard telegraph model of figure 4.39. To use the theory developed
for that, we need to define a modified equivalent circuit and adapt it to the
standard model. In the telegraph equation, the impedance is determined by the
ratio of the voltage and the current:

Z =
√

R + jωL

G + jωC
(4.61)
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Figure 4.40: Cross section of the MZI modulator and the equivalent electrical circuit (S:
signal line, G: Ground line).

In our modified circuit, we define two admittances Y1 and Y2, which are
included in the general admittance Yp . We can also designate the electrode Rs

and Ls as an impedance Zs to simplify the calculations. With those assumptions,
the impedance of the transmission line Z ′ would be defined as:

Z ′ =
√

Zs

Yp
(4.62)

We have Yp = Y1 +Y2. With this consideration and after some manipulation
we find the following expression:

Yp = 1

2Rn + 1
jωC j

+ jωCp (4.63)

Substituting 4.63 in 4.62, we find the impedance of the transmission line as:

Z ′ =
√√√√ Rs + jωLs

jωCp + jωC j

1+2 jωRnC j

(4.64)

Equation 4.64 calculates only the impedance for one arm of the modulator
(Z ′). Figure 4.41 shows the cross-section of the complete CPW electrode. The
modified equivalent circuit is similar to the one used previously, with minor
modifications.

For this new equivalent circuit, we consider a new impedance Y ′
p = 2Yp . The

new impedance Z of the complete CPW is written as:
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Figure 4.41: Cross section of the MZI modulator and the equivalent electrical circuit with
the two arms.

Z =
√

Zs

Y ′
p
= 1p

2

√
Zs

Yp
(4.65)

Interestingly, the impedance of the CPW can be calculated easily by multi-
plying the impedance of one arm Z ′ with a factor of 1/

p
2.

The RF propagation can also be calculated using the telegraph equations. In
this equation, the propagation constant γ is defined as:

γ=α+ iβ=
√

(R + jωL)(G + jωC ) (4.66)

If we consider a lossless line for simplification (α= 0), the propagation con-
stant would be defined as β = ω

p
LC . However, this is not the case for our

device. Substituting the elements of the modified equivalent circuit to the tele-
graph model we arrive at the expression:

γ=
√

(Zs )(Y ′
p ) =

√
(Rs + jωLs )

(
2 jωCp + 2 jωC j

1+ jω(2Rn)C j

)
(4.67)

The imaginary part of γ is the propagation constant, from which we calculate
the effective refractive index. The real part of γ gives the loss of the transmission
line.

To be able to use this analytical model, we need to fit the parameters of the
equivalent circuit. We did this with the fitting of our model to the simulated
results presented in figure 4.38. The values of the electrical elements of our
modified equivalent circuit are given in table 4.3

From this analytical model, we can extract the trade-off’s presented in table
4.4



138 Optical modulators based on slot waveguides with an electro-optic polymer

Variable Extracted value
C j 117 pF/m
Cp 160 pF/m
Ls 380 nH/m
Rn 413.5 µΩm
Rs 1500 Ωm

Table 4.3: Extracted values for the equivalent electrical circuit.

Parameter ne f f Z αRF

C j ↑ ↓ ↓ ↑↑
Cp ↑ ↑ ↓ ↓
Ls ↑ ↑ ↑ ↑
Rn ↑ ↓ for high f ↑ for high f ↑ ↑
Rs ↑ ↑ for low f ↑ for low f ↑

Table 4.4: Trade-offs of the different parameters of the modified equivalent circuit.

This table allows us to identify useful tendencies. However, it is difficult
to isolate one specific electrical element from the real device. i.e. when we
vary the smet al , Cp and Rn change as well. If Cp decreases, an increase of Z is
obtained, while the loss increases by a small number. However, Rn increases as
well, and even if it is not affecting the value of the impedance Z , the losses α
increases a lot. This makes the optimisation process complicated.

To fully take advantage of the model we have developed, we need to see the
final performance of the device when one geometrical parameter is changed.
This can be done by calculating the transfer function of the MZI. This function
is presented in the following subsection.

4.5.3 Transfer function of the MZI

The transmission line can be represented as a Linear Time-Invariant (LTI) sys-
tem that relates its inputs to its outputs in the form of a 2-port network [123].
With this approach, we can calculate the existing voltage at any point in the
transmission line if we know the applied voltage. We can express the transfer
function of the transmission line as:
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H( f ) = V ( f , z = L)

V ( f , z = 0)
(4.68)

If the RF signal travels without any reflection, and at the same velocity as the
optical signal, the transfer function becomes H( f , z) = e−γz , with γ the complex
propagation constant defined in 4.67. However, in most of the cases, there are
reflections due to impedance mismatch between the transmission line and the
RF source and load impedances, creating standing waves along the electrodes.
There is also a velocity mismatch between the two signals, which reduces the
efficiency of the modulator when the length of the device is considerable. The
transfer function that takes those effects into account is the following [126]:

H( f ) =
∫ L

0

(1−ΓRF )
[

e−(αRF + j b)z +ΓRF e−(αRF + j b′)(2L−z)
]

1−Γ2
RF e−(αRF + j b)2L

d z (4.69)

The normalised transfer function in dBe can be calculated as:

A( f ) = 20log
|H f |

|H(DC )| (4.70)

To analyse the performance of our devices, we substitute the results from the
fitting of our analytical model in equation 4.70. We first consider the case when
there are no reflections, so the RF source and the load impedances (ZS,L) have
the same value as the transmission line impedance (Z ). The frequency response
will be defined by the loss and the velocity mismatch of the co-propagating sig-
nals. We analysed different devices, each one with a different electro-optic
coefficient r33 = (120,60,30,15) pm/V. This consideration is taken because the
electro-optic coefficient can be different depending on the efficiency of the pol-
ing process. By using equation 4.56 and maintaining the same applied volt-
age V = 1.5 V, the change inr33 will require devices with the respective lengths
L = (400,800,1600,3200) µm.

Figure 4.42 shows the simulated normalised optical response for four differ-
ent cases using the fitted values from our equivalent electrical circuit model. In
the case of L = 400 µm the 3 dB electrical bandwidth is higher than 140 GHz. This
value decreases rapidly when the device gets longer, but even for a L = 3.2 mm
a bandwidth of 31.5 GHz can be obtained.

The relative optical response promises high bandwidths for an impedance
matched scenario. However, the impedance of the transmission line is differ-
ent from the RF source and load impedances, creating reflections and counter-
propagating signals. We consider the case of Zi n,L = 50 Ω and an impedance of
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Figure 4.42: Relative optical response for impedance matched devices. Four different
electro-optic coefficients were considered.

the transmission line calculated from our equivalent circuit model. This model
indicates Z ∼ 26 Ω. Taking into consideration reflections, we simulate the rela-
tive optical response presented in figure 4.43 (a).
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Figure 4.43: Relative optical response for our simulated transmission line for the calcu-
lated Z (a), and for Z = 36 Ω (b). Four different electro-optic coefficients
were considered.

When there are reflections due to impedance mismatch, we see ripples in
our relative optical response plots due to standing wave in the structure. These
ripples reduce the performance of the devices drastically. The dimensions of our
devices are quite small. Therefore the dips are present in the high-frequency val-
ues. It is clear that the dips for longer devices are in lower frequencies because
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their dimensions are comparable to smaller wavelengths. For this reason we
see the first dip for The different geometries L =(400 µm, 800 µm, 1600 µm and
3200 µm) have respectively predicted bandwidths of f3dB =(32 GHz, 16 GHz,
8 GHz and 4 GHz). From figure 4.42 (a) we can see that the device could allow
high bandwidth performance if we reduce the ripples created by the impedance
mismatch. Obtaining Z = 50 Ω for the CPW contact in the slot is difficult if
we want to keep the RF losses low, but we can increase its impedance to lev-
els where the ripples are not so pronounced and the losses kept under control.
We have found that if the CPW has an impedance Z = 36 Ω, we can reduce
the dip of the ripple and increase the bandwidth of the four proposed devices.
With such a modification, we can obtain f3dBe =(122 GHz, 71 GHz, 43 GHz and
24 GHz) for the L =(400 µm, 800 µm, 1600 µm and 3200 µm) cases, respectively.
This reduced impedance match implies less light is reflected back, making the
interference less severe. This is the reason for less pronounced dips. These sim-
ulations are presented in figure 4.42 (b). Reducing the impedance mismatch
also has another advantage. Vπ = 1.5 V, which value is the voltage at the input,
but if there is an impedance mismatch, part of the signal will be reflected and
does not interact with the optical signal. In the calculation of the length of the
devices, we consider a voltage in the CPW of Vπ = 1.5 V. This would require
a voltage Vπ = 2.2 V from the RF source. Such a voltage level is doable, but
it would not be compatible with CMOS voltages anymore. It would require an
additional electrical amplifier. Increasing the impedance of the CPW will reduce
the reflections from the input impedance Zi n to the CPW impedance Z , thereby
reducing the switching voltage from the RF source.

We can increase the bandwidth by reducing the length of the device and
increasing Vπ. Reducing the length to half and doubling V would double the
bandwidth of the device. However, this solution again drifts away from the
compatibility with CMOS voltages.

Regarding the energy consumptions, the proposed devices consume 56 f J/bit,
113 f J/bit, 226 f J/bit and 543 f J/bit for the respective 400 µm, 800 µm, 1600 µm
and 3200 µm devices. These values indicate that we need to keep the length
as short as possible if we want to provide energy levels that are compatible
with backplane applications. The use for interconnects looks difficult with the
material considered in this work. However, if new electro-optic polymers with
higher electro-optic coefficient become available, these structures will have an
opportunity there.

We have seen from the geometry optimisation that the impedance can in-
crease by two parameters: the separation between the metal contacts and the
slot waveguide, and the size of the metal contacts. It is possible to arrive at
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36 Ω, but this gives an increase in the loss, which reduces the performance
drastically. It is necessary first to verify the predicted device performance from
with our model before another optimisation step is done. Nevertheless, we have
developed the tools to make such an optimisation simple and fast.

4.5.4 Conclusions

MZI structures used as optical modulators present interesting capabilities for
high-speed communication, especially using slot waveguides with electro-optic
polymers. This structure in IMOS could provide > 100 GHz operation, mainly
due to the high mobility of the InP material and the small dimension of such
a modulator. However, the RF properties are difficult to optimise because of
the high presence of the electrical field inside the slot. This condition creates
impedance mismatching, which results in counter-propagating signals, deterio-
rating the performance of the devices. A predicted relative optical response of
f3dB = 32 GHz for a 400 µm long phase shifter in the MZI arms are simulated.
An increase of the CPW impedance to Z = 36 Ω would allow increasing the
electrical bandwidth enormously, but a redesign of the slot waveguide and the
CPW is needed. This impedance correction also reduces the switching voltage
Vπ needed, by reducing reflections from impedance mismatch. Careful work on
designing the RF structures is needed to obtain the high-speed modulator. In
this sub-chapter, we have developed a set of models that make this work easier.

4.6 Conclusions

We have analysed different configurations for optical modulators in IMOS. We
first explored the use of ring resonators for this application. We analysed some
of the optical properties of the fabricated devices and predicted their perfor-
mances. The single ring and the cascade rings configurations could be imple-
mented with minors changes as a modulator, providing high modulation band-
width (∼ 50 GHz) and small footprint (∼ 314 µm2 for the single ring and ∼ 630
µm2 for the cascade configuration). For the coupled rings configuration, the
large number of parameters that need to be aligned make it difficult to fabri-
cate correctly, making it unattractive for further development. The single ring
and the cascaded ring devices fit the energy requirements for interconnect com-
munications. The use of an MZI with ring resonators was also discussed. The
concept is interesting because it modulates the phase of the signal, which is ben-
eficial for other applications besides communications. Its energy consumption
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is higher than the previous devices, but it can be used for backplane communi-
cations. The main advantage of this structure is its predicted high bandwidth
(110 GHz) because the rings work in an over-coupled regime. However, the
requirement of resonance alignment is difficult to achieve. An analysis of the
parameter tolerances of this device would be needed for a correct design. Be-
cause of problems with the poling of the electro-optic polymer we could test the
electro-optic performance of the devices only to a very limited extent.

In the last section of this chapter we also analysed the MZI structure. We de-
veloped an analytical model that allows us to make an accurate and fast design
of this structure. It also helps to analyse the travelling wave performance. This
analysis is crucial because these slot waveguides based structures suffer from
big impedance and velocity mismatches. We predict a high bandwidth device
(32 GHz) for a device with a Vπ×L = 0.88 Vmm. This is one order of magnitude
smaller than LiNbO3 modulators. If we increase the impedance of the transmis-
sion line to 36 Ω, a device with an electrical bandwidth over 100 GHz can be
obtained.





Chapter 5
Conclusions and Outlook

5.1 Conclusions

PICs have demonstrated to be a versatile technology to solve different tech-
nological problems, especially in communication applications. This is a key
technology in next-generation communications systems and data interconnects.
Among the different PIC platforms, IMOS could fulfil the requirements for such
applications, but also enable on-board and on-chip communication. In this
work, we have developed different tools and elements for obtaining high per-
formance optical modulators based on slot waveguides filled with electro-optic
polymer. This work can be summarised as follows:

1. Technology. We have extended the fabrication technologies in the IMOS
platform. These technologies allow the fabrication of slot waveguides with
a self-aligned technique, metal contacts in two levels, and metal reflectors
for grating couplers, among others. We have also investigated the differ-
ent techniques needed to treat the electro-optic polymer. This covers the
preparation of the polymer, the deposition in the sample, the opening of
the contacts and the thermally assisted poling process. We have discussed
the different issues that can degrade the electro-optic effect, and proposed
solutions. This information is important for future fabrication of efficient
modulators in our platform.

2. Passive devices. We have developed several passive devices that help to
improve the properties of the MZI optical modulator. For this, we devel-
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oped a low reflection 1x2 MMI with predicted reflection levels of -38 dB
when working in the worst scenario (in a combiner mode with inputs be-
ing out-of-phase). This is almost 30 dB better than a typical rectangular
geometry. A slot waveguide converter was also developed. We have mea-
sured -0.18 dB loss. We have also analysed deep etched sub-wavelength
gratings for the TE mode. This device has been designed with a focus-
ing geometry and has shown similar coupling efficiencies (-5.6 dB) than
the typically used shallow etched gratings. The structures are fabricated
in the same etching step as the passive devices, reducing the fabrication
complexity and cost. We also studied an adiabatic taper for the TE op-
tical mode with measured losses of 0.22 dB. We developed an analytical
model to create this geometry which can be implemented in other PIC
technologies as well.

3. Ring resonator modulator. We investigated the use of ring resonator as
modulators. We characterised the optical properties of such structures and
predicted their performance. The structure based on a single ring config-
uration is a modulator with a small footprint (∼ 90 µm2), low switching
voltage (1.2 V), low energy consumption (7.2 f J/bit), high ER=15 dB and
high modulation bandwidth (56GHz). These properties fit the demands
for on-chip communications. The cascade ring also shows good perfor-
mance. It can provide twice the optical bandwidth (900 pm) of the single
ring (450 pm), but it doubles its footprint and energy consumption. We
have faced problems to accomplish the configurations with multiple rings
that require good alignment between their resonances, mainly due to the
big shift in the resonance position with small geometry deviations. We
have also presented the configuration using an MZI with over-coupled ring
resonators. This novel configuration could provide much higher modula-
tion bandwidth (>100 GHz). However, it requests low loss (10 dB/cm) in
the slot waveguide to be feasible.

4. Transmission line properties of the MZI structure. We have devel-
oped the analytical models to study the transmission line properties of
this structure. The results of this model were compared with FEM sim-
ulation. We have used the result of this model to analyse the bandwidth
properties of this modulator. We have found that for the geometry we pro-
posed for a 400 µm long device, a bandwidth of 32 GHz can be obtained.
The impedance mismatch between the transmission line (26 Ω) and the
source and load probes (50 Ω) limits its bandwidth. Nevertheless, if we
slightly increase the impedance of the transmission without increasing the
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loss, a bandwidth higher than 100 GHz can be obtained. This impedance
mismatch reduction would also help to reduce the Vπ of the device.

5.2 Outlook

This thesis has reported the progress in the implementation of an optical modu-
lator and the development of new passive devices in the IMOS platform. During
this research we have identified several issues that need to be addressed and
can be summarized as follows:

1. The deeply etched grating with sub-wavelength sections and a metal re-
flector have shown promising results in the simulation work. However,
measured results were significantly below the predicted performance. A
new run without the Au layer on top of the Ag layer and the use of etched
EBL marks is expected to provide good results.

2. The slot waveguide is susceptible to have a high loss because it has four
interfaces with a high overlap with the optical mode. An etching process
with low roughness is needed to reduce this loss values from the current
30 dB/cm measured in our circuits. In our lab, a RIE etching process with
small sidewall roughness was developed. However, it is not compatible
with the current fabricating process of the slot waveguide. An effort to
make them compatible will have a large impact on the performance of
our devices. Especially for the modulator based on ring resonators.

3. The electro-optic polymer is an experimental material. Therefore, we need
to be able to characterise its optical properties before we deposit it in our
circuits. Building a setup to measure the electro-optic coefficient by the
Teng-Man or a similar method is strongly recommended.

4. The opening of the contacts with FIB has shown good results. However,
during this step, we exposed the polymer to electron-beam radiation. This
could damage the electro-optic properties of the polymer. Therefore, I
recommend exploring another method to realise this task.

5. Developing a sealing mechanism for the electro-optic polymer is essential
to maintain its optical properties over the time. Using a dielectric layer to
seal the polymer could be considered an option.
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6. The implementation of new materials in our platform brings a lot of open
questions. Strong collaboration with the polymer provider is essential to
make this material work.

7. The transmission line properties of the MZI configuration allow high-
speed devices but are not ideal. A further investigation on how to increase
the impedance of these devices while maintaining low RF loss is needed
to take the full advantage of the electrical properties of the slot waveguide
in the IMOS platform.

With the improvements mentioned above, I expect that we can fabricate
an efficient optical modulator based on a slot waveguide with an electro-optic
polymer soon. I also expect that the deeply etched grating with a metal reflector
can be successfully demonstrated.



Appendix A
Effective refractive index
method for calculating ne f f and
ω

Calculating the propagation constant of modes in an optical waveguide is es-
sential in the construction of models for a photonic platform. For rectangular
waveguides there is not an exact analytical solution for such problem and nu-
merical methods like FDE are commonly used. In some applications just a few
simulations are needed to determine the optical properties of the waveguide.
However, in other cases a numerous set of simulations are required for a correct
design of the device. The taper geometry explained in section 3.3 is a good
example of this second case. In the design of this device, a calculation of the
effective refractive index and the width of the optical mode along the geometry
is needed to obtain the shortest device possible. This methodology requires dis-
cretisation of the geometry and the calculation of the mode properties for each
section. If we change any parameter of the membrane, like the thickness of the
materials, we would require a new set of simulations to obtain the new taper
geometry.

Several approximations have been proposed to solve the mode properties of
the waveguides analytically. The problem is that they are based on assumptions
that are not totally valid in high refractive index contrast platform. This is the
case for devices that rely on multimode behaviour, e.g. directional couplers,
MMIs and polarization conversion. For our convenience, in the effective refrac-
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tive index method, the fundamental mode of the waveguide can be accurately
calculated because the fabrication tolerances of our waveguides produce bigger
errors than the ones produced with this analytical approximation. This allows
us to use this method for the design of the adiabatic tapers.

This method consists in converting a two-dimensional problem into two one-
dimensional problems, which can be solved analytically. The wave description
is calculated assuming a standing wave in the horizontal (x) and vertical (z)
directions. Figure A.1 shows the rectangular waveguide (a) decomposed in two
spatially orthogonal waveguides: (b) a horizontal slab waveguide and (c) a ver-
tical slab waveguide. The fundamental mode in the rectangular waveguide of
our interest has a TE polarization. To represent this mode in the two slab sec-
tions, for the horizontal slab we need to consider a TE mode. This will represent
the z component of the E-field. For the vertical slab we should consider a TM
mode and it will be the x component of the field.

n
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Figure A.1: Refractive index method.

The parameters to start the approximation are λ= 1.55µm, k0 = 2π/λ, nc = 1
(air), ns = 1.44427 (SiO2) and n f = 3.167 (InP).

The first parameter needed is the asymmetry of the horizontal slab waveg-
uide. This is calculated as:

ax = n2
s −n2

c

n2
f −n2

s
(A.1)

The normalised frequency for the horizontal slab VX is calculated as:

Vx = k0d
√

n2
f −n2

s (A.2)

Having the normalised frequency, the guide index bx can be calculated.
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Vx

√
1−bx = nπ+ tan−1

√
bx

1−bx
+ tan−1

√
bx +ax

1+bx
(A.3)

Vx and bx are calculated for the desired thickness. With those values, equa-
tion A.4 is used to obtain the effective refractive index ne f f x . The propagation
constant is also calculated with equation A.5.

ne f f x =
√

n2
s +bx (n2

f −n2
s ) (A.4)

βx = ne f f x
2π

λ
(A.5)

Having calculated the effective refractive index of the horizontal slab waveg-
uide, we use ne f f x as the refractive index of the vertical slab waveguide. For this
configuration nx = ne f f x . There is a small portion of the evanescent field that
overlaps with the SiO2/BCB material besides the waveguide, but this should be
small. This allows to consider nl = nr ≈ 1. For the vertical slab waveguide a TM
mode is considered. The asymmetry has to be calculated again.

ay =
n2

r −n2
l

n2
x −n2

r
(A.6)

The normalised frequency Vy is calculated with equation A.7, and the guide
index by with equation A.8.

Vy = k0d
√

n2
x −n2

l (A.7)
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x
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r
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1+by
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(A.8)

The ne f f and β are calculated as follows:

ne f f =
√

n2
r +by (n2

x −n2
r ) (A.9)

β= ne f f k (A.10)

The decay constant γl and γr of the evanescent fields are needed for the
vertical slab waveguide. For a TM mode, the reduction factors ql and qr are
required as mentioned in [127].
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In this case, the system is symmetric and qs = qc . Finally, the effective width
of the waveguide is calculated with equation A.15

w =
(

f + 1

qsγs
+ 1

qcγc

)
(A.15)

To decide if the approximation is good, the error between the β from the
analytical model and βnum from a FDE solver is calculated.

ε= max
|β−βnum |
βnum

(A.16)

We calculate the errors added by fabrication imperfections ε. Two differ-
ent phenomena can alter the geometry of the waveguide: uncertainness of the
thickness during the growth of the layers (deviations of 10% from the targeted
thickness is common), and sidewall roughness, which creates random error in
the propagation constant of the waveguide. The sidewall roughness can be
estimated from the measured losses by using the model proposed by Payne et
al. [128]. For this calculation, a waveguide loss of 3.3 dB/cm is considered [42].
Payne et al. model the losses of the waveguides as:

α≤ 4.34
16σ2

f

2k0ne f f x f 4 g [dB/m] (A.17)

with σ f being the Root Mean Square (RMS) roughness value, g is a geometry
parameter of the waveguide and 10loge = 4.34 is a factor needed to convert the
units to dB/m. The g parameter is calculated with equation A.18.

g =
d 4k4

0(n2
e f f x −n2

e f f )(n2
e f f x −n2

c )

16+8dk0

√
n2

e f f −n2
c

(A.18)

For the standard IMOS waveguide g = 3.54. From equation A.17 an estima-
tion of σ f is calculated.
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σ f ≥
√

2k0ne f f x f 4 α

4.34 ·16 ·20
(A.19)

giving σ f ≥ 0.8709 nm for typical waveguides. With σ f and σd (RMS value
of the thickness variation) calculated, the error expression can be expressed as
follows:

ε<< 1

βnum
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∂ne f f x
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∂ f
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(A.20)
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Figure A.2: (a) Change of the ne f f and ω0 in terms of waveguide width. (b) The error
created by the analytical model (blue) and the fabrication tolerances (red).

Figure A.2 shows in (a) the effective refractive index of the rectangular
waveguide (ne f f ) calculated with the method described here (red) and the re-
sults obtained with a numerical solver (blue). The effective width of the waveg-
uide is also included in yellow and shown on the right y axis. Figure A.2 (b)
shows the errors induced by this approximation (blue) and by the fabrication
tolerance (red). It is relevant to mention that the model error is quite high
(∼ 10−3). Nevertheless due to the high contrast index properties, the fabrication
variation produces bigger errors (∼ 10−2), making this approximation accurate
enough for the purpose of our taper design. We simulated the taper in the worst
case scenario for fabrication tolerances. The transmission for this case is 95.9%
while the predicted simulation transmission with the correct thickness is 98%,
this leads to ε∼ 0.021 .





Appendix B
OPA antenna

A phased array is a combination of antennas in which a change in the relative
phase of the emitting waves allows to reshape the radiation field by constructive
and destructive interference. This concept is well established in the microwave
field with a wide range of applications, such as wireless communications, radar,
electronic warfare and radio astronomy, among others [129]. In the field of
optics, this concept has been developed after the invention of the laser in a va-
riety of platforms. In bulk optics, work on multichannel lithium tantalate crys-
tal [130] and lithium niobate electrooptic prism deflector [131] have shown
1-D optical phased arrays. Other solutions in liquid crystals [132] [133], III-
V laser arrays [134], AlGaAs waveguides [135], among others have also been
presented. Although some good performance systems have been demonstrated,
this concept has been less developed than the microwave counterpart, mainly
due to dimensional constrictions, i.e. the difficulty to operate at the small opti-
cal wavelengths. One of the most important difficulties is to place the antennas
as close as possible (in the order of the wavelength), to reduce the number
of interferences orders in the far field. Photonic integration platforms are the
technology that can overcome these fabrication difficulties. In the SOI platform,
highly efficient 2-D OPA have been fabricated. Sun et al. [136] and Abediasl et
al. [137] have demonstrated high performance 8x8 dynamic OPAs using differ-
ent approaches. They have used CMOS SOI compatible fabrication technology,
which allows for good fabrication tolerances and high integration density. Nev-
ertheless, the lack of optical sources limits the integrability of this solution.
In III-V photonics integration platforms, Guo W. et al. [138] have shown 1-
D electrically controlled beam steering. This implementation was done in an
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InP platform with second-order grating couplers and an integrated laser on the
chip. Although the advantage is to have the grating and laser integrated in one
chip, the size of this kind of gratings seriously limits the capability to extend
to a larger scale for 2D arrays. This limitation could be solved with the IMOS
platform, allowing the fabrication of high-resolution OPAs. Among the devices
required to construct an OPA, the optical antenna could be consider the critical
one. It will define the characteristics of the beam steering and determine for an
important part of the energy efficiency of the full system.

B.1 Device design and optimisation

One of the main requirements of the grating coupler for OPA is to reduce the far
field interference orders. For that, these devices should be placed as close as pos-
sible and have the smallest size. Several designs have been proposed. Among
them, efficient dielectric multi etched gratings have been demonstrated [136].
However, to increase the efficiency, metal-based gratings are interesting due
to the strong light-matter interaction caused by the high refractive index of
metals. In this category, several wavelength scale antennas have been pro-
posed [139], [140], but their complex fabrication processes reduce their at-
tractiveness. In the IMOS platform, thanks to the possibility of double-sided
processing, a combination of dielectric grating and a metal mirror is selected.

In this work, the TE grating coupler is based on the design presented in
section 3.2.2. A width of 3µm and five periods grating were selected to keep
the antenna small for practical OPA applications. The grating is fabricated with
a deep etch in the semiconductor material. This configuration allows the light
that reaches the lateral boundaries to escape the grating. This will avoid that
reflected light excites lateral modes which could create an interference pattern
inside the grating, degrading the overall performance. A focusing geometry is
used to reduce the size of the grating and to avoid the use of adiabatic tapers.

After defining the geometry of the optical antenna, an optimisation pro-
cedure was performed. The far-field emitting angle is 15◦. A 2D-FDTD PSO
method was used using 12 generations with 20 elements each, having the pitch
Λ, filling factor f f and subwavelength width sub as parameters. The design
considers a thin layer of SiOx of 50 nm between the grating and the metal
reflector. From the best result obtained, simulations using the rigorous 3D-
FDTD simulations were done, correcting the deviations 2D-FDTD simulations
give [141]. A pitch Λ = 875 nm, f f = 0.52 and sub = 95 nm were obtained. A
grating with these parameters has shown the best performance with an emit-
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Figure B.1: (a) Schematics of the optical antenna. (b) is the far field view. (c) Far-field
when the polar angle is 00 with the azimuth angle in the horizontal axis and
the intensity in the vertical one.

ted upward power of 77% at 1.55µ m wavelength. The absorption due to the
metal is calculated to be around 1.25%. Figure B.1 (a) shows an illustration
of the designed grating. Fig. B.1 (b) is the far-field emission of the antenna
calculated by the near-to-far-field transformation from a 3D-FDTD simulation.
The far-field profile is viewed from the zenith of a sphere of 1 m radius with
the centre on top of the device. Figure B.1 (c) is a linear plot over a 0◦ polar
angle. The horizontal axis correspond to the azimuth angle showing the peak
of the field is around 15◦. It is important to mention that this grating has a
broadband behaviour due to the small dimensions. Figure B.2 (a) shows the
emitting efficiency. The antenna covers the complete S and C bands and part
of the L band with an emission over 70% of light coupling to free space. The
reflectance is less than 10% for most of the mentioned bandwidth. The rest fo
the power is transmitted through the grating, lost by the metal layer absorption
and diffracted to the sides of the grating.

In the fabrication of small devices, it is relevant to see the tolerance variation
in dimensions of small features have on the overall performance of the device.
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Figure B.2: (a) 3D-FDTD simulation of the spectrum behaviour of the optical antenna.
(b) Fabrication tolerance of the grating based on the dimensions of the sub-
wavelength section. The left axis shows the efficiency while the right axis
shows the peak emission of the far field for 1.55µ m.

The most critical dimension is the width of the subwavelength section. To study
more deeply this issue, an inspection of the tolerances for the width of this sec-
tion was done with 3D-FDTD simulations. Figure B.2 (b) shows the results. The
left y-axis indicates the emitting efficiency of the grating while on the right y-
axis gives the far-field emission maximum peak direction, all for 1.55µm. Small
changes on the subwavelength section produce considerable variations in the
far-field emission. Nevertheless, if 20 nm width variation is considered and the
subwavelength section is 95 nm , an upward transmission of > 60% of the light
will be obtained and the emission will be between 10◦ and 20◦ from the grating
normal, which should be acceptable for OPA applications.

Figure B.3 shows an SEM picture of the fabricated grating coupler. The
fabrication process is presented in section 2.3.1. An inset is added to see the
cross-section along the longitudinal direction of the grating. Because the fabri-
cation was done in the same way as the grating presented in section 3.2.2, the
performance was compromised and a new fabrication is needed.

The small dimensions of such a grating and the potential high efficiency
promise an interesting solution to be used in an increasing market of OPAs.
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Figure B.3: SEM picture of the optical antenna. The inset is an SEM picture of an FIB
cross section of the device showing the silver mirror.
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