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Resumen

La fotonica de silicio es una de las tecnologias fotonicas que esta experimentando un
crecimiento mas excitante y rapido en los Gltimos afios. La caracteristica mas destacada
de esta tecnologia es su compatibilidad con las maduras técnicas de fabricacion de
circuitos integrados de silicio basadas en los procesos “complementary metal-oxide
semiconductor” (CMOS) ampliamente utilizados en la industria microelectrénica. Otra
motivacién es la disponibilidad de circuitos de guia de ondas planas de silicio sobre
aislante (SOI) de alta calidad que ofrecen un fuerte confinamiento éptico debido al alto
contraste indices entre el silicio (n=3,45) y el SiO;, (n=1,45). Esto abre las puertas a la
miniaturizacion y a la integracién a gran escala de dispositivos fotonicos lo que resulta
en circuitos fotdnicos integrados para una amplia gama de aplicaciones y mercados,
desde telecomunicaciones Opticas a dispositivos bio-fotonicos o sensores de fibra
precisos. Los moduladores Opticos son elementos bésicos fundamentales para la
transmision de sefiales a alta velocidad y el procesado de informacion en cualquier
solucion de interconexidn fotdnica. El trabajo desarrollado en esta tesis, como parte del
los objetivos del proyecto Europeo HELIOS en el que esta enmarcada, se centra
fundamentalmente en realizar moduladores compactos y eficientes, integrados en chips
de silicio.

La tesis consiste en 3 capitulos principales asi como una seccién de conclusiones del
trabajo conseguido. El capitulo uno esta destinado a dar una descripcion general de los
beneficios del uso de la fotdnica de silicio, mostrando sus retos y oportunidades, asi
como a dar una visién profunda de todos los aspectos relacionados con la modulacién
electro-optica. El capitulo dos estd dedicado a desarrollar moduladores de silicio de altas
prestaciones para aplicaciones digitales. Especificamente, se presentan nuevas
estructuras Opticas diferentes a las convencionales con el objetivo de mejorar el
rendimiento de la modulacién o al menos algunos parametros criticos en la modulacion.
El tercer capitulo se dedica a las aplicaciones analdgicas. Se describe el concepto de la
foténica de microondas, asi como diferentes investigaciones llevadas a cabo en el
ambito analdgico para su aplicacion en el campo de la fotonica integrada de
microondas, todas ellas usando moduladores electro-Opticos de silicio compatibles con
los procesos de fabricacion CMOS, lo que valida el potencial de la fotonica de silicio
como un prometedor enfoque para permitir el desarrollo de aplicaciones de la fotonica
integrada de microondas. Por ultimo, las conclusiones sobre el trabajo realizado se
proporcionan en el Capitulo 4.






Resum

La fotonica de silici és una de les tecnologies fotoniques que estd experimentant un
creixement més excitant i rdpit en els ultims anys. La caracteristica més destacada
d'aquesta tecnologia és la seua compatibilitat amb les madures tecniques de fabricacio
de circuits integrats de silici basades en els processos “complementary metal-oXide
semiconductor” (CMOS) ampliament utilitzats en la indUstria microelectronica. Una
altra motivacio és la disponibilitat de circuits de guia d'ones planes de silici sobre aillant
(SOI) dalta calitat que oferix un fort confinament optic degut a l'alt contrast index entre
el silici (n=3,45) iel SiO; (n=1,45). AcoO obri les portes a la miniaturitzacié i a la
integracié a gran escala de dispositius fotonics, el que resulta en circuits fotonics
integrats per a una amplia gamma d'aplicacions i mercats, desde telecomunicacions
optiques fins a dispositius bio-fotonics o sensors de fibra precissos. Els moduladors
optics s6n elements basics fonamentals per a la transmisio de senyals a alta velocitat i el
processat d' informacié en qualsevol solucié d'interconnexié fotonica. El treball
desenvolupat en aquesta tesi, com part dels objectius del projecte Europeu HELIOS en
el que esta emmarcada, es centra fonamentalment en realitzar moduladors compactes y
eficients, integrars en xips de silici.

La tesi consisteix en 3 capitols principals aixi com una secci6 de conclusions del treball
aconseguit. EI capitol un esta destinat a donar una descripcié general dels beneficis de
I'us de la fotonica de silici, mostrant els seus reptes i oportunitats, aixi com a donar una
visié profunda de tots els aspectes relacionats amb la modulaci6 electro-optica. El
capitol dos esta dedicat a desenvolupar moduladors de silici d'altes prestacions per a
aplicacions digitals. Especificament, es presenten noves estructures optiques diferents a
les convencionals amb I'objectiu de millorar el rendimient de la modulacié o al
menys alguns parametres critics en la modulacid. EI tercer capitol es dedicaa les
aplicacions analogiques. Es descriu el concepte de la fotonica de microones, aixi com
diferents investigacions dutes a terme en I'ambit analogic per a la seua aplicacio en el
camp de la fotonica integrada de microones, totes elles usant moduladors electro-optics
de silici compatibles amb els processos de fabricacio CMOS, el que valida el potencial
de la fotonica de silici com un prometedor enfocament per a permetre el
desenvolupament d'aplicacions de la fotonica integrada de microones. Per ltim, les
conclusions sobre el treball realitzat es proporcionen en el Capitol 4.






Abstract

Silicon photonics is one of the most exciting and fastest growing photonic technologies
in recent years. The salient feature of this technology is its compatibility with the
mature silicon IC manufacturing based on complementary metal-oxide semiconductor
(CMOS) processes widely used in microelectronic industry. Another motivation is the
availability of high-quality silicon-on-insulator (SOI) planar waveguide circuits that
offer strong optical confinement due to the high index contrast between silicon (n=3.45)
and SiO;, (n=1.45). This opens up miniaturization and very large scale integration of
photonic devices allowing photonic integrated circuits for a wide range of applications
and markets, from optical telecommunications to bio-photonic devices or precise fibre
sensors. Optical modulators are key building-blocks for high speed signal transmission
and information processing in any photonic interconnection solution. The work
developed in this thesis, as part of the objectives of the European project HELIOS in
which it is framed, is essentially focused on realizing compact and efficient modulators
integrated on silicon chips.

The thesis consists of three main chapters as well as the concluding section on the
work accomplished. Chapter one is aimed at giving a general description of the benefits
of using silicon photonics, showing its challenges and opportunities as well as at giving
a deeply overview of all issues related to the electro-optic modulation. Chapter two is
devoted to develop silicon modulators with high features for digital applications.
Specifically, new optical structures different to the conventional ones are presented with
the aim of enhancing the modulation performance or at least several critical parameters
in the modulation. Chapter three is dedicated to the analog applications. The concept of
microwave photonics is described as well as different researches carried out in the
analog scope for application in the field of integrated microwave photonics, all of them
using CMOS-compatible electro-optic silicon modulators which validate the potential of
silicon photonics as a promising approach for enabling the development of integrated
microwave photonics applications. Finally, conclusions on the work realized are
provided in Chapter 4.
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Chapter 1

Introduction

1.1. Silicon photonics

Optics is and old and venerable subject involving the generation, propagation and
detection of the light. Three major developments, which have been achieved in the last
thirty years, are responsible for the rejuvenation of the Optics, nowadays under the
denomination of Photonics, and its increasing importance in modern technology: the
invention of the laser, the fabrication of low-loss optical fibers and the introduction of
semiconductor optical devices. So, Photonics is the science and technology of light,
with an emphasis on applications. At the heart of photonics are technologies for
generating, transmitting, amplifying, modulating and detecting light, and particularly
using light for practical purposes. It thus builds heavily on optical technology but
reflects the growing tie between optics and electronics forged by the increasing role that
semiconductors materials and devices play in optical systems. For all, Photonics is
considered as one of the key technologies of the 21* century. It supplements electronics
in the form of optoelectronics and exhibits a strong market growth, which is expected to
continue for the foreseeable future. Typical Photonics application areas are: information
and communication technologies (ICTs), health care and life sciences, optical
metrology, sensing and biosensors, defense and space technology.

Among all these main application areas, the field of ICTs is witnessing a
development speed unprecedented in history. Internet traffic grows by 40-60% per year,
almost unchanged for >10 years, driven by new user applications and user access data
rates by 42% per year [OCL11]. So, as traffic demands are growing much more rapidly
than revenues, service providers must continually seek ways to carry the traffic more
efficiently. The idea of using light beams to replace wires has been dominating during
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the last decades all long-distance communications but the trend nowadays is
progressively taking over in networks over increasingly shorter distances: from optical
fiber communications to optical interconnect computing; and silicon photonics seems to
be the most effective technology for such purpose.

Signal transmission and processing by means of optical beams rather than electrical
currents or radio waves has been a very interesting topic since the 1960s [KAOG66]. Low
loss, high data rate capabilities, noise rejection and electrical isolation are just a few of
the important features that make fiber optic technology ideal for the transport of
information in communication networks [GAMOQ]. In current telecom and datacom
networks, the optical fibers are used to transport the information in the form of light and
are usually installed in the intermediate links between the core networks and between
networks and small sub-networks, whilst copper wire or coaxial cable is commonly
used in the access network which connects subscribers to their immediate service
provider. Replacing at least part of these links with fiber shortens the remaining copper
segments and allows them to run much faster. Following this approach, new emerging
technologies such as FTTH (Fiber-To-The-Home) started to arouse the interest of
telecom operators many years ago. The key objective of FTTH technology is to be able
to offer to the customers a higher speed and broadband access, by bringing the fiber link
directly to their homes. However, even in FTTH technology, the network equipment
mainly remains electronic circuitry, and the optical signals are just used to transport the
data, nor for data processing. So, in the network nodes, the routing and signal
processing is performed electrically, and the electrical signal is converted back into light
and sent on the output fiber and transport it towards the next node. These optoelectronic
conversions cause an increase of the latency of the whole transport network, and the
benefits of high velocity capability of using optical fibers is unfortunately wasted. This
fact represents a real bottleneck in current communication networks. The most efficient
way for making the most of optical fiber advantages is to replace microelectronic
circuitry with optical circuits capable for all-optical signal processing. Fortunately,
besides the main function of guiding light, optical fibers can also be developed as
attractive photonic components performing desired optical signal processing, through
corresponding maodifications on the fiber core. So, Photonics has seen a big
development in the last years at the request of this communication market. Nowadays,
the capacity of optical communication on long hauls is reaching some Tbit/s over
thousands of kilometres. And all these are thanks to the progress in optical fibre
fabrication, the use of erbium-doped-fiber-amplifiers (EDFA) and Raman amplifiers,
modulators and single frequency lasers. However, these optical fiber-based devices
result in high cost and large discrete elements. The key to make more advanced and
cheaper components is the integration of these optical components on a single chip.

On the other hand, as the first semiconductor transistor was demonstrated in 1943,
and the later invention of integrated circuit (IC), microelectronics has kept developing
in a very fast pace. The size of complementary metal-oxide-semiconductor (CMQS)
transistors, as a key factor concerning the computer performance, has been continuously

2
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scaled following the Moore's Law, which states that the number of transistors on an
integrated circuit doubled approximately every two years [MOOG65]. However,
conventional copper electronic interconnects are not suitable for the ultra-high
bandwidth on-chip communication in future so, a significant performance limitation in
ICs has become the metal interconnect. For that, a big driving force is the need to
replace electronic interconnects in today’s microprocessors, which has become the
bottleneck that limits the operating speed of microelectronic devices. Optical or
photonics interconnects seems to be the better solution to overcome such bottleneck due
to its larger bandwidth, lower power consumption, smaller interconnect delays, and
better resistance to electromagnetic interference. When one speak about optical
interconnects, one may think in four levels of interconnects which can be easily
identified: rack-to-rack, board-to-board, chip-to-chip and on-chip. These optical
interconnects are the main motivation to look for silicon photonics.

Board-to-board

—
— 4
[ — / v
\ |
/ A~
Computer-to-computer (Rack-to-Rack) Optical
Interconnects

Chip-to-chip

000 pins
100 Tb/s on-chip
40 Tb/s off-chip

On-chip

Figure 1-1: Optical interconnects, “This approach to signal transfer is moving from longer-
distance applications, such as linking separate computers, to joining chips within a computer”
[SAVO02].

So, the key to face the actual trend is to make advanced and cheap components
towards the integration of optical components on a single chip. When the optical
components are integrated on chip, we talk about photonic integrated circuits (PICs).
Following same approach as in microelectronic devices, the commitment towards a
process of photonic device integration and miniaturization has attracted the interest of
industry which has allowed the emergence of integrated photonics. So, the main
objective is to find a technology in which a variety of PICs can be easily fabricated in a
generic foundry process. This concept is well known in silicon microelectronics. As
happened with silicon microelectronics, photonic technology to the mass market may
happen only if one can bring high volume manufacturing at low cost. It was possible

3
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because microelectronic integration processes support the integration of a set of basic
building blocks, which make possible more complex circuits by simple interconnection
between them. So the idea of using silicon and its mature technologic platform for
developing photonics started to make sense driven by the increasing demand for low-
cost mass-production.

Thus, the traditional argument in favour of silicon photonics is based on its
compatibility with the mature silicon CMOS microelectronic manufacturing. Silicon
wafers have the lowest cost (per unit area) and the highest crystal quality of any
semiconductor material. It can also be used for optical interconnects due to its
transparency in the range of optical telecom wavelengths which will enable a platform
for a monolithic integration of optics and microelectronics. So, creating low-cost
photonics for mass-market applications by exploiting the mighty IC industry has been
the traditional motivation for silicon photonics researchers. Another motivation is the
availability of high-quality silicon-on-insulator (SOI) wafers, an ideal platform for
creating planar waveguide circuits. The strong optical confinement offered by the high
index contrast between silicon (n=3.45) and SiO2 (n=1.45) makes it possible to scale
photonic devices to the hundreds of nanometre level. Such lateral and vertical
dimensions are required for true compatibility with IC processing.

Changing the field but without departing from the scope of the photonic, the area of
microwave photonics (MWP) has evolved in parallel to the development of optical
communication, as optical components have become available at microwave
frequencies and beyond. We refer to MWP as the study of photonic devices operating at
microwave frequencies and their applications in microwave and optical systems. The
interdisciplinary field of MWP covers research within a frequency span from MHz to
THz. The flexibility of microwave technology in combination with the low loss, large
bandwidth and the insensitivity to electromagnetic disturbances of photonics, create a
solid foundation for a vast number of MWP applications. These applications span from
common antenna TV, to antenna remoting of communication systems and radars and to
signal generation and signal processing. Further, a particular aspect that recently gains
significant interests is the use of PIC technology in the microwave photonics (MWP)
field, technology known as integrated microwave photonics (IWMP), for enhanced
functionalities and robustness as well as the reduction of size, weight, cost and power
consumption. IMWP is an emerging field, in which analog radio frequency (RF) signals
are generated, distributed, processed and analyzed using the strength of photonic
techniques. It is a technology that enables various functionalities which are not feasible
to achieve only in the microwave domain. The past years have also seen significant
increase of silicon photonics technology for MWP systems.

After presenting all challenges and opportunities of silicon photonics, one can
imagine that tremendous amount of progress has been reported in the last decade in
individual photonic components on silicon, including hybrid lasers, fast and low-power
silicon electro-optic modulators, and high-speed photodetectors or even transceivers,
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since significant global companies such as IBM or Intel, have included the silicon
photonics technology among his main lines of research. As a matter of fact, the
integration of modulators and photodetectors (the two key interfaces bridging the
electrical and optical domains) on the same chip, enabling a fully PIC with high speed
electronics, is one crucial step towards a fully functional optical interconnect system.

Figure 1-2: (a) Intel Silicon photonics-based 50 Gbit/s link (5 channels @12.5Gbps) with a bit
of scaling: 1 Terabit/s link forecasted (25 channels @40Gbit/s) (b) Intel’s packaged 40Gbit/s
modulator [INT], (c) angled view of a portion of an IBM chip showing blue optical waveguides
transmitting high-speed optical signals and yellow copper wires carrying high-speed electrical
signals [IBM].

In this thesis, the previously introduced SOI technology is employed to develop one
of these key building blocks. This device, as already abovementioned, is the electro-
optic modulator which links the electrical and optical domain. So, as proof of concept,
this thesis intends to be a contribution to the field of silicon photonics through the
demonstration of high-speed modulation in silicon devices to achieve more complex
building blocks and thus going one step further towards a fully integration of
modulators devices in the CMOS-compatible silicon photonics platform for digital and
analog applications for future inter/intra-chip interconnect applications.

This thesis is framed in the European project called HELIOS [HEL] (pHotonics
ELectronics functional Integration on CMOS). The HELIOS consortium has developed
innovative means to combine a photonic layer with a CMOS circuit, using
microelectronics fabrication processes. HELIOS has gathered 19 partners among the
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major European CMOS Photonics and Electronics players and potential users. It has
driven the European RTD in CMOS Photonics and has paved the way for industrial
development [HEL].

The objectives of HELIOS have been the following:

» Development of high performance generic building blocks that can be used for a
broad range of applications such as wavelength-division multiplexing (WDM)
sources by IlI-V/Si heterogeneous integration, fast modulators and detectors,
passive circuits and packaging.

» Building and optimization of the whole “food chain” in order to fabricate
complex functional devices.

» Demonstrating the power of this proposed “food chain” by realizing several
complex PICs addressing different industrial needs, including a 40Gbit/s
modulator, a 10x10Gbit/s transceiver, a photonic 10Gbit/s wireless transmission
and a mixed analog and digital transceiver module for multifunction antennas.

» Road mapping, dissemination and training to strengthen the European research
and industry in this field and to raise awareness of new users about the interest
of CMOS Photonics.

Specifically, HELIOS work package 3 (WP3), in which this thesis is concretely
framed, is dedicated to the developing high speed plasma dispersion effect based SOI
modulators and part of the work is to find a way to increase the linear interaction
between charges carriers and the optical mode. One of the most promising options is to
take advantage of the slow-wave and resonant enhancement, which allows for more
compact and less power consuming electro-optic modulators.

1.2. Electro-optic modulation in silicon

Optical modulators are key building-blocks for high speed signal transmission and
information processing in both analog and digital scopes. The work developed in this
thesis is essentially focused on the design, fabrication and characterization of these
building-blocks in order to make possible the realization of compact and efficient
modulators integrated on silicon chips and its application to digital and analog optical
communications.

This section introduces all the issues related to electro-optic modulation effect. The
definition of optical modulators, as well as different ways to classify them, is
introduced. Moreover, the basic principles and performance analysis of a Mach-Zehnder
Interferometer (MZI1) modulator are discussed in order to get a comprehensive picture of
the mechanisms taking place in silicon to achieve phase and amplitude modulation
which are also described. Finally, a description of the complete development process of
is reviewed.
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1.2.1. Optical modulators

An optical source can be either directly or externally modulated. External modulation
offers several advantages compared to direct modulation: the optical source can be
relatively inexpensive and its operation does not need to be compromised by direct
modulation, modulation speeds can be higher, and optical isolation and wavelength
stabilization need to be performed only once for the entire system. Furthermore, a single
light source can feed multiple channels via individual modulators, thus reducing the
total power budget of the system [REE10]. This thesis focuses on the development of
external modulators.

An optical modulator is a device that is used to modulate (that is, vary the
fundamental characteristics of) a light beam propagating either in free space or in an
optical waveguide. These devices can alter different beam parameters, allowing them to
be categorized as either amplitude, phase or polarization modulators. The modulating
signal may come in several forms such that modulation may be carried out either via
electro-optical, magneto-optical, mechano-optical or acousto-optical effects. The prefix
placed before “optical” defines the nature of the modulating signal [BRI11B]. In
addition, modulators can be also classified as either electro-refractive or electro-
absorptive modulators. Applying an electric field to a material may change both real and
imaginary coefficients of the refractive index. A change in the real coefficient of the
refractive index (4n) with an applied electric field is known as electro-refraction,
whereas a change in the imaginary coefficient of the refractive index (4a) is known as
electro-absorption. Another main classification of modulators can be defined by the
signal type of the modulating signal.
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Figure 1-3: (a) Analog (b) digital amplitude modulation in a MZI modulator.

On one hand, we can talk about analog optical modulation, where the optical carrier is
gradually modulated in phase or intensity via a continuous electrical signal and on the
other hand, digital optical modulation, which converts a continuous light waveform
(containing no information) into a discontinuous carrier that carries information in a
binary form, that is, ‘1’s and ‘0’s referred to as ‘bits’. These binary states correspond to
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the case when light is respectively switched on and off. Specifically, in this thesis
electro-optical modulators are developed for both digital and analog applications, so the
modulating signal will be respectively, a set of bits and a continuous RF signal. Figure
1-3 illustrates an example of analog and digital amplitude modulations of a MZI
modulator.

1.2.2. Modulation in silicon: the plasma dispersion effect

In the field of light modulation in silicon, the challenging aspect is to alter the refractive
index as silicon does not exhibit any linear electro-optic (Pockels) effect, classically
used in 111-V semiconductors [BAHO1]. Alternative ways to alter the refractive index in
all-silicon structures have been proposed [BRI11B]. So far, the most viable mechanism
to achieve multi-GHz modulation in all-silicon devices is proven to be the plasma
dispersion effect. This physical effect is basically based on free carrier concentration
variation in a semiconductor, which alters both the real and imaginary coefficients of
the refractive index. These parameters were derived experimentally by R. A. Soref
[SOR87] from the Drude-Lorenz equations at the specific telecommunication
wavelengths (1.3um and 1.55um). His conclusions led to the following empirical
equations for A= 1.55 um, which is the desirable wavelength in this work:

An=-[8.8x10?AN_ +8.5x107** (AN, )**] (1.1)

Aa=85x10"°AN, +6.0x10° AN, (1.2)

where AN, and AN, are respectively the variations in concentration of electrons and
holes in cm™.

Let us consider now that light coming up from a continuous wave laser can be
confined and guided by total internal reflection (mechanism through which light can be
confined and hence guided within the central layer of the silicon waveguide) in a single
mode silicon waveguide. As for electronic devices, silicon needs to be doped with
elements from the third and fifth columns of the periodic classification of elements to
form a semiconductor junction capable of injecting, depleting or accumulating charge
carriers (electrons and holes). This enables to accurately control the electrical response.
Such control is required to realize diodes, transistors, detectors, and others devices.
Conveniently using this existing technology, it becomes possible to combine an optical
structure guiding the propagating mode with an electrical structure in charge of
injecting, depleting or accumulating a plasma of free carriers overlapping the mode in
question. The next section deals with this issue.
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1.2.3. Phase modulation: electrical structures

As already discussed, the refractive index as well as the absorption of silicon can be
altered varying the density of charges carriers within a silicon waveguiding structure
through the plasma dispersion effect. To achieve such variations, the silicon
waveguiding structure must be mandatorily doped to form an electrical structure where
charge carrier motion can be produced under an applied electric field. Such application
of an external electrical field in form on a direct current (DC) voltage modifies the
refractive index profile of silicon in the waveguide region and ultimately the optical
phase of light passing through it, thus acting as a phase modulator. So, if the An index
varies by plasma dispersion effect, there will be a change 4n in effective index of the
propagating mode. Therefore, the injection of an electric field causes a change in the
effective refractive index of the guided mode, which in turn induces a change in the
accumulated phase, defined by Equation (1.3):

2w
AD = 7 ANy Lpcr (1.3)

where Ang is the effective index change, /4 is the wavelength and Lacr is the length of
the active region. By embedding such optical phase modulation in a MZI structure, it is
possible to convert the phase modulation into intensity modulation as we will discuss in
the section 1.2.4.

The speed of the optical modulation is directly related to the intrinsic speed of charge
carrier motion, but however may be limited by other effects. Since the first GHz
modulator [LIU04] was demonstrated in 2004, a variety of designs were reported, each
of them involving specific charge carrier motion in an appropriate electrical structure.
So, electrical manipulation of the charge density with the propagation light is achievable
through mechanism such as carrier injection, accumulation or depletion. An overview
on each of them is hereinafter given.

The first electrical mechanism used for achieving high-speed modulation was the
carrier accumulation. In such case, carrier density modulation is obtained by driving a
metal-oxide-semiconductor (MOS) capacitor (Figure 1-4(a)) into the accumulation
mode of operation. A thin insulating layer of oxide, SiO, (p-type doped) is used to
isolate two halves of the waveguide (slightly n-type doped) to create a capacitor
structure. When a positive voltage is applied between the contacting pads, electrons and
holes accumulate at the gate oxide layer, that is, at the Si/SiO, interface. This change in
charge density causes the optical mode propagating to overlaps with those accumulated
electrical charges, leading to a variation in its effective index of refraction. Carrier-
accumulation modulators are not limited by the relatively long minority carrier lifetime
in silicon, which is the case of carrier-injection modulators, but are instead dominated
by the device resistance and capacitance. Thus, these modulators generally suffer from
high capacitance and the lack of modulation efficiency due to the low amount of carrier
involved.
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On the other hand, carrier injection-based modulators are usually based on forward
biased PIN diode (Figure 1-4(b)). The basic PIN structure architecture consists of a
silicon optical waveguide embedded into highly p- and n-type doped silicon regions.
When the junction is forward biased, minority charge carrier motion through the
intrinsic silicon region, where the mode propagates, is produced. So, forward-biasing
the device causes free electrons and holes to be injected into the intrinsic waveguide
region. The optical mode is confined into the intrinsic silicon region to avoid high losses
due to heavily doped p- and n-type regions and overlaps with the current of charge
carriers injected through the intrinsic region.

There is a trade-off between the intrinsic silicon region width, meaning higher
modulation speed and optical losses induced by heavily doped regions. Because of the
slow carrier/generation recombination process modulation are in principle limited to 1
GHz. To counteract such a fundamental limitation, a pre-emphasis driving scheme
consisting in applying short peaks of current at the beginning of each electrical bits to
accelerate the carrier generation process and followed by a reverse bias operation to
extract carriers more efficiently, may been employed which adds complexity to the
overall device. Moreover, the advantage of PIN diode architectures is the high amount
of charge carriers involved in the electrical process leading to strong change in silicon
refractive index. Therefore, smaller modulation lengths at the expense of non negligible
power consumption unless low driving voltages are used. So, special care must be taken
to minimize the insertion losses and power consumption.

Finally, depletion modulators are based on the change in space charge region
depletion width of a PN junction, that is, slightly doped p- and n-type regions in the
waveguide to form a PN diode (Figure 1-4(c)). The diode’s depletion width, and
therefore the free-carrier density in the waveguide, varies with the applied reverse bias
in such a way that, the depletion area of the diode becomes larger with increasing
reverse bias voltage.

Figure 1-4: Cross section of typical phase shifters to implementing the (a) carrier accumulation
mechanism through a MOS structure, (b) carrier injection mechanism through a PIN structure,
(c) carrier depletion mechanism through a PN structure, used to electrically manipulate the free-
carrier concentrations in plasma dispersion based silicon optical modulators.

Due the fact that depletion modulators are based on the change in space charge region
depletion width of a PN junction and hence involve only majority carriers, no
generation/recombination process takes place since the modulator behaves as a RC
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circuit with specific rise and fall time constant. This effect is intrinsically fast but
involves a lower amount of carriers than in the case of the injection regime, which
implies that carrier depletion-based modulator are generally less efficient than their
injection counterparts. Despite this drawback, the carrier depletion mechanism is the
technique that manipulates free-carrier densities in a modulator avoiding the speed
limitation posed by the minority carrier lifetime. So, modulation speeds in excess of 30
GHz can be reached by using carrier depletion modulators, but at reduced efficiency as
mentioned above. For all, the challenge remains to improve efficiency while
maintaining other performance metrics. Special care in decreasing the access (or series)
resistance and decreasing the junction capacitance must be taken into account.

Apart from these three main electrical structures, with the increasing develop in the
fabrication processes, evolution of them or new electrical structures have been proposed
in the last years. For example, a PIPIN (used in this thesis) structure which allows
achieving low loss optical modulator working at the same cut-off frequency than a PN
diode [RAS10]. A high-speed silicon MZI modulator was proposed, in [XU12], based
on interleaved PN junctions. This doping profile enabled both high modulation
efficiency and low doping-induced loss. Moreover, in [AKI12A, BAB12 and AKI12B]
the authors presented high-speed operation of PIN diode-based silicon MZI modulators
that have side-wall gratings on both sides of the waveguide core. In [THO10], a new
design of high speed carrier depletion silicon optical modulator was introduced which
featured the use of a self-aligned fabrication process to form the PN junction.

1.2.4. Intensity modulation: Mach-Zehnder Interferometer (MZI)

As already discussed, the electrical structures presented in the previous section are
phase shifters since they only alter the phase of the propagating wave. This optical
phase modulation can be converted into an amplitude modulation by integrating a phase
shifters into one or both arms of an interferometer structure. The most frequently used
interferometer is the Mach—Zehnder type being the basis of several other devices such
as switches and filters. Some of the advantages of the MZI are its simplicity, its large
optical bandwidth and the fact that they are temperature independent. In contrast the
relatively large phase shifter length required in a MZI silicon modulator is the main
drawback. This device is schematically shown in Figure 1-5.

Electrodes Phase shifter 2 @,

Splitter Combiner

out

Electrodes Phase shifter: > @,

Figure 1-5: Basic schematic of the MZI modulator
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It consists of an input waveguide, a splitter, two waveguide with integrated phase
shifters into one or both them and an output combiner. The splitter and combiner
function can be based on Y-junctions or multimode interference (MMI) couplers.

Let us briefly review the basic operation of the interferometer acting as electro-optic
modulator: the incoming light is split into two waveguides under the influence of
conducting electrodes, as shown in Figure 1-7. The electro-optical effect (the plasma
dispersion effect in the case of a silicon phase shifter) induces a change in the refractive
index of one or both interferometer arm and phase-modulates the light propagating into
that arm (modifying the values of ®; and/or ®,) according to the electric voltage
applied to each electrode. By combining the two paths with different phase
modulations, this phase modulation is turned into an intensity modulation in such a way
that the power at the output can be defined as:

AD

Pout = I:)in COSZ (7) (1.4)

where Pj, is the power input and A®=®d,-®; is the phase difference between both
arms.

The ideal working principle of this amplitude modulator is based on the fact that the
active part of the first arm shifts the phase of the incoming wave by = (by applying a
suitable voltage V,) with respect to the second arm. As a result, the splitted waves
interfere destructively, leading ideally to no optical signal at the output. The modulator
is in turned off and a “0” is transmitted (Figure 1-6(a)). On the contrary, if no voltage
is applied to the phase shifter, the phase of the wave remains unchanged and hence the
two waves interfere constructively at the output leading to no alteration of the optical
signal. The modulator is turned on and a “1” is transmitted (Figure 1-6(b)).

Destructive Interference L, =1
“Off-state”

Constructive Interference Loy
“On-state”

Light out

I,=1 Light in

I,=1 Light in

Figure 1-6: Ideal MZI amplitude modulator consisting of two phase shifters integrated into both
arms of the device. The operation principle is shown.
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The efficiency of the modulator active region is defined by the V,L, product, where
V, is the bias voltage applied to the junction, and L, is the length of the active region
that leads to a z-phase variation. The better efficiency is obtained when V,L, is minimal,
that is, when the active region length is the shortest and/or the applied bias voltage is the
lowest. Thus, this V,L, product can also be read as a footprint indication.

Two basic types of MZI modulators with different configurations can be defined:

» Single drive: this type of modulator has a single access to both branches. By
introducing an electrical signal in such single access, it will affects in the same
way to both electrodes but with opposite sign. This modulator can only works in
a push-pull configuration, which is obtained by applying data and bias voltage in
one arm and inverted data and inverted bias voltage in the other arm.

> Dual drive: this kind of modulators has two accesses, one for each of the two
branches. So it is possible to work in asymmetric configuration, besides in a
push-pull configuration, where the modulating signal and the bias voltage are
applied to only one of the interferometric branches, either to the same or to
different branches.

Finally, there are several figures of merit that are used to characterize a modulator
[REE10]:

» The modulation speed or bandwidth: is usually defined by the frequency at
which the modulation is reduced to 3dB (roll-off frequency) of its maximum
value. The speed of the modulator is characterized by its ability to carry data at
a certain rate. High modulation speeds are required for interconnection
applications in which high data rates are imperative.

» Modulation depth or extinction ratio (ER): is defined as the ratio of the output
power in the “on” state to the output power in the “off” state. A large
modulation depth is useful for long transmission distances, good bit error rates
and high receiver sensitivity.

» On-chip insertion losses (On-chip IL): takes into account the optical power that
is lost when the modulator is added to a photonic circuit, so, it can be defined
as the ratio between the optical input power before entering the modulator and
the “on” state.

» Optical bandwidth: refers to the useful operational wavelength range of the
modulator, that is, to the range of wavelengths in which the performance of the
modulator is maintained.

> Drive voltage: is the voltage peak-to-peak required by the modulator to achieve
the desired level of performance in terms of ER. The drive voltage determines
the power consumption of the modulator which is the energy expended in
producing each bit of data (energy per bit).
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1.3. Development process of photonic structures

A complete development process of any photonic structure can be split into four basic
steps: design (including modelling, simulation and analysis), mask generation,
fabrication and characterization. In this section, we are going to describe in broad terms
each of them as well as the contribution of this thesis at each step.

1.3.1. Design

When talking about light propagation in optical integrated waveguides, one must be
thinking in two physical approaches which are presented in such mechanism: on one
hand the ray optics approach or geometrical optics, which enables light propagation
along an optical waveguide by total internal reflection [REE04] (in silicon this
mechanism is highly effective due to the high index contrast effect); and on the other
hand, the electromagnetic approach (by means of Maxwell’s equations), which allows
to derive the guided modes and the field patterns. Maxwell’s equations enable to make a
rigorous study of the mode profiles propagating along the considered waveguide.

First, the designer must try to model the performance of the device under study. The
modeling of photonic structures may not always be carried out in an analytic way,
especially when one deals with high index contrast structures with non uniform
refractive index profiles all over the propagation length. In this case, the device under
study must be simulated to analyze its performance.

(a ) E, Mode Profile (m=0,n,,=2.382952) ( b) Contour Map of Hy
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Figure 1-7: (a) BeamPROP simulation of the fundamental mode in a silicon waveguide of
220nm height and 450nm width, (b) FUllWAVE simulation on a waveguide-ring resonator
structure with a distance between them of 200nm in the coupling region. The power density
trough the ring and the waveguide is represented.

Several techniques exist to perform these simulations. Among them, some of those that
have been employed to simulate the behaviour of our photonic modulators are: the finite
time difference domain (FDTD) method, which consists in discretizing Maxwell’s
equations via finite differences, the plane wave expansion (PWE) method, which, in
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contrast with FDTD, computes the electromagnetic field as a superposition of planes
waves, which are straightforward solutions of Maxwell’s equations in an uniform
medium or beam propagation method (BPM) used for some structures which are
uniform in the propagation direction. The simulation tools used in the Nanophotonics
Technology Center to carry out the above mentioned methods are, respectively:
FullWAVE, BandSOLVE and BeamPROP from RSOFT ™ [RSO00]. Figure 1-7 shows
two simulation examples.

Besides from the abovementioned optical modelling, also the electrical modelling
must be taken into account when working with the electro-optic modulators based on
the plasma dispersion effect. In this case, an extra semiconductor device simulation is
needed to simulate the electrical structures which compound the phase shifters of the
electro-optical modulators under study. Specifically, in this thesis, ATLAS simulation
tool from SILVACO has been used. It predicts the electrical behavior of specified
semiconductor structures and provides insight on the internal physical mechanisms
associated with device operation. DC, alternating current (AC) and transient behavior of
a given device may be modelled via solving the discretized Poisson’s equation (derived
from Maxwell’s law), which basically relates variations in electrostatic potential to local
charge densities.

All the simulations carried out to finally designing the electro-optical modulators
used in this thesis have been developed under the framework of the work package 3 of
HELIOS project partnered by the University of Surrey (UNIS), the Université Paris-Sud
(UPS) and the Nanophotonics Technology Center in the Universitat Politecnica de
Valencia (UPVLC).

1.3.2. Mask generation

Once the designer is in possession of appropriate design parameters derived from the
modelling and simulation process, the mask design for the fabrication must be
generated. When generating the mask layout, the designer should consider the specific
lithography process limitations, essentially given by the wavelength of the illuminating
radiation. Usually, a set of photonic structures are designed varying the parameters in a
wide range. Moreover, each several repetitions of the same mask are positioned at
different locations on the wafer since the deep-UV (used for lithography) incident dose,
and therefore the waveguide width (as the resist is more exposed) depends on
positioning on the wafer.

In the Nanophotonics Technology Center, Raith150 lithography software it is used
[RAI150]. This tool generates the graphic database system (GDS) final file of the mask
which, finally is sent to the fabrication foundry. The electro-optic modulators involved
in this thesis are divided into two main masks: on one hand, slow-wave modulators
(Figure 1-8(a)) and on the other hand ring-resonator modulators (Figure 1-8(b)).
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(a)

Figure 1-8: Final GDSs mask layers of the fabricated modulators used in this thesis, (a) MZIs
and slow-wave MZI modulators and (b) micro-ring and ring-assisted MZI modulators.

1.3.3. Fabrication

Today’s trend in silicon photonics is demonstrating that any new device design may be
mass produced in CMOS foundries. Such entities consist of advanced nanofabrication
tools and highly experienced engineers. Working in a controlled environment gives the
designer the opportunity to be aware of the reality of fabrication constraints and
capabilities.

The complexity of active silicon devices requires numerous demanding fabrication
steps, which must be handled cautiously to avoid time and money consuming errors. For
the abovementioned reasons, a CMOS foundry provides a suitable platform to realize
complex active silicon devices. In Europe, one of the most standardized foundry models
relies on the use of the eP1Xfab platform [EPI] within the FP7 European Commission
Program. ePIXfab organizes multi-project wafer-scale fabrication services of silicon
PICs and partners three institutions: CEA-LETI [MIN], IMEC [IME] and IHP [IHP],
with similar standard fabrication capabilities summarized below. Design rules and
guidelines are provided in the technology paper standard of both CEA-LETI and IMEC
[EPI]. In addition to passive technology, ePIXfab offers ion implantation services to
realize silicon active devices based on the plasma dispersion effect. The most common
impurities used to dope silicon are boron and phosphorus, which are respectively
situated in the 11l column and V column of the periodic table. Finally, silicide and
metallization are also available processes to form low loss contacting electrodes.
Specifically, the fabrication of all silicon-based modulators involved in this thesis was
carried out at CEA-LET]I on 8 inches wafer, with 193 nm deep-UV lithographic process.
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(b)

Figure 1-9: (a) Photograph of an 8-in SOI wafer with hundreds of photonic components and
circuits and (b) picture of a single silicon chip fabricated in CEA-LET] consisting of 26 electro-
optical modulators.

1.3.4. Characterization

The main task of this thesis is focused at this step of the device processing. The
characterization in the laboratory of all electro-optic silicon-based modulators
developed and presented along the thesis has been carried out entirely at the NTC
facilities. Several types of characterization processes have been performed: passive, RF,
high speed, small signal. All of them are deeply explained in each section, as well as,
the characterization set-up and the equipment used and obviously the obtained results.

1.4. Objectives and outline of the thesis

Over the last decade, the advancement in realizing efficient silicon or silicon-based
active components has shown that silicon photonics is reaching a degree of maturity
never imagined so far. Indeed, the potential commercial impact is motivating research
efforts towards creating highly reliable integrated lasers, optical modulators, detectors,
and all types of passive elements such as multiplexers, demultiplexers, splitters,
directional couplers and delay lines to eventually realize complex optical functions. The
key to success is integrating all these building blocks on a standard CMOS-processed
silicon wafer while achieving ultra-low footprints. Among them, optical modulators,
which handle electrical-to-optical data conversion, are of paramount importance. In
such a way, this thesis is intended to be a contribution to the field of silicon photonics
through demonstrating high speed modulation in silicon devices featuring small
footprints and thus going one step further towards a fully integration of modulators
devices in the CMOS-compatible silicon photonics platform. So, the thesis focuses on
the development of silicon-based electro-optic modulators with applicability in wide
application areas, in both analog and digital scopes, which are the two main chapters in
which this work is structured.
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This introductory chapter 1 is aimed at giving a general description of the benefits of
using silicon photonics, showing its challenges and opportunities as well as at giving a
deeply overview of all issues related to the electro-optic modulation. The concept of an
optical modulator is given, as well as different classifications of them. Furthermore, a
description of the main physical mechanism used for optical modulation in silicon is
presented in order to make possible to also give an overview of the phase and intensity
modulation in silicon. Moreover, a summary of the main steps followed to developing
any photonic structure is presented and the contribution of this thesis in each step is
highlighted. Chapter 2 is devoted to develop silicon modulators with high features for
digital applications. Specifically, new optical structures different to the conventional
MZI are presented with the aim of enhancing the modulation performance or at least
several critical parameters in the modulation as the speed or the drive voltage. On one
hand, slow-wave structures and, on the other one, resonant structures, are presented
theoretically and then demonstrated experimentally. The state-of-the-art of silicon-based
modulators is also provided in both cases. Chapter 3 is dedicated to the analog
applications. The concept of microwave photonics is described as well as different
researches carried out in the analog scope for application in the field of, IMWP all of
them using CMOS-compatible electro-optic silicon modulators which validate the
potential of silicon CMOS photonics as a promising approach for enabling the
development of IMWP applications. A study of nonlinear distortion produced by a
silicon MZI is presented leading analytical expressions. Moreover, two silicon-based
modulators are used each one to carry out two important analog applications as
frequency mixing and microwave filtering. Again the state-of-art of silicon-based
modulators reported in such tasks is provided. Finally, conclusions on the work realized
are provided in Chapter 5.

Finally, the specific objectives of this thesis can be summarized as follow:

» To demonstrate high-speed and low-drive voltage slow-wave silicon-based
electro-optical modulators.

» To propose and demonstrate a method for obtaining the propagation losses
parameter. The method will be firstly developed for conventional rib
waveguides and then extended to slow-wave waveguides.

» To demonstrate high-speed silicon ring resonators-based electro-optical
modulators.

» To develop analytical expressions for the nonlinear distortion in a silicon
electro-optic modulator.

» To demonstrate a silicon photonic mixer based on an electro-optic modulator for
high quality frequency conversion analog application.

» To demonstrate microwave filtering application by using a single silicon electro-
optic modulator.
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Chapter 2

Digital applications

2.1. Introduction: state-of-art of plasma dispersion effect-
based MZI

The emerging research conducted on silicon photonics has emphasized its potential to
utilize low cost, mature and mass productive CMOS processes. The goal of integrating
photonics together with electronic devices has become one of the major possibilities to
provide higher capacity for future computation. Among all of the silicon photonics
devices, the silicon modulator is one of the key building blocks. So, silicon-based
modulators could possibly be key elements for high speed, less consuming and low cost
optical solutions for the future optical on-chip interconnections. Despite silicon natural
inability to produce electro-optical effects (neither Pockels nor Kerr effects) researches
an engineers discovered several mechanisms to turn optical modulation in silicon into
reality. Based on the two decade old Soref’s predictions [SOR87], the refractive index
of silicon can be altered varying the density of charge carriers within a silicon
waveguide structure. This effect is known as the plasma dispersion effect, as we already
presented in Chapter 1. Since the first GHz modulator [LIUO4] was demonstrated in
2004, a variety of designs have been reported, each of them involving specific charge
motion in an appropriate electrical structure. Following, we review the state of the art of
silicon (featuring the plasma dispersion effect) electro-optical modulators for
applications in the digital field and all of them based on a MZI structure. Its advantages
and disadvantages using different electrical structures are summarized and compared.

The electrical mechanism less used to modulating light consists on carrier
accumulation. As already mentioned in the previous chapter, in this configuration a thin
insulating layer of SiO; is used to isolate two halves of the waveguide to form a
capacitor structure. These modulators are based on biased metal-oxide-semiconductor
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(MOS) structure. The advantage of a MOS structure is its process similar to a transistor.
This is precisely the desired property for future photonic and electronic integration. The
drawback is that the modulation based on a MOS structure is limited by the RC delay.
Furthermore, a modulator with low capacitance has a wide bandwidth but requires a
higher radio-frequency (RF) voltage to achieve the same amount of charge. Therefore,
is a trade-off between speed and voltage (and efficiency). The first modulator based on
a MOS structure was proposed and demonstrated in February 2004 by Intel [LIUO04].
Moreover, this modulator was the first one based on the plasma dispersion effect. The
length of the device was 2.5mm and results showed that the optical output signal
faithfully reproduced the 1 Gbit/s electrical input data stream. The modulator efficiency
was 8V.cm and it presented a high insertion losses (IL) of 13.5dB (4.3dB per interface
coupling loss to and from the waveguide and 6.7dB on-chip loss). Later, in 2005, the
same authors achieved an increased speed of 10Gbit/s with 3.8dB of extinction ratio
(ER) [LIAO5]. The modulator was 3.5mm which a better modulation efficiency of
3.3V.cm although higher IL of 19dB (10dB of on-chip loss and 9dB of coupling loss).
Further, NEC Corporation group recently demonstrated a high speed of 12.5Gbit/s
operation in case of 120um phase-shift length, high optical modulation efficiency of
0.5-0.67V.cm and lower IL of 7.5dB, by using a projection MOS junction structure
designed to maximize the overlapping between the optical field and the carrier
modulation region by using a compact rib waveguide with highly-efficient optical
confinement [FUJ10].

Otherwise, injection modulators are usually based on forward biased PIN diode;
highly doped p- and n-regions are separated by an ‘intrinsic region’ in which the
waveguide is formed and forward-biasing the device causes free electrons and holes to
be injected into the ‘intrinsic” waveguide region. The advantage of this type of structure
is that it can provide electrical injection of carriers to further increase the refractive
index change respect to other structures, which in turn provide much lower V,L..
However, there is a main drawback associated with this type of structure. It is the
modulation speed typically determined by the free carrier’s lifetime. Therefore, pre-
emphasis (PE) (which consists on apply short peaks of current at the beginning of each
electrical bit to accelerate the carrier generation process and followed by a reverse bias
operation to extract carriers more efficiently) is a commonly used technique for
successfully mitigating this fundamental limitation enabling broadband operation. In
such configuration, a 200um MZI modulator operating at 10Gbit/s was reported in 2007
by IBM research group [GREQ7]. The short modulation length is due to the low device
modulation efficiency of 0.036V.cm. However, a large measured on-chip loss of 12dB
was presented in the work. In January 2012 a PIN-diode-based silicon Mach-Zehnder
modulator with side-wall gratings on both sides of the waveguide core has been
presented by the Photonics Electronics Technology Research Association (PETRA) and
others research groups in Japan [AKI12A]. A V,L, 0.29V.cm was obtained at
12.5Gbit/s using the fabricated modulator and the PE technique. The ultra short
modulator (250um) showed low IL of 4.2dB compared with the IBM modulator. Latter,
in May 2012, the authors achieved a higher modulation speed of 25Gbit/s in a shorter
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modulator with a phase shifter length of 100um by optimization of the doping profile.
The modulator showed similar IL and lower dynamic ER [BAB12]. Finally, the same
groups enhanced again these results, in August 2012, showing an operation speed of
50Gbit/s in a 250um-length modulator with similar results of both ER and IL. They
designed a doping profile of the PIN diodes to operate the MZI at a higher speed than in
their previous works [AKI12B].

Since 2004, Mach-Zehnder modulators using reverse-biased PN diodes have been the
most commonly investigated for near-future applications. In these diodes lightly doped
p- and n- type are in contact in the waveguide forming the PN diode. This mechanism is
called depletion and the depletion area of the diode becomes larger with increasing
reverse bias voltage. Among the previous mentioned, carrier-depletion on a reverse-
biased PN junction has been shown to be the best option for high speed operation and
this kind of modulator has already exhibited as high-speed operation as 50Gbit/s.
However, typically the density of carriers, mostly provided by donors and acceptors is
low and a large doping may introduce more optical loss. This change can only provide
carriers refractive index change around An~10 resulting in a large efficiency VL.
This great efficiency requires a length of several millimetres of the phase shifter,
therefore a good design of travelling wave electrode is required to achieve a high
modulation speed. In 2007, Intel demonstrated the highest modulation speed until that
moment; it was 40Gbit/s with 30GHz of bandwidth in a 1mm travelling device with a
low ER of 1dB and a large VL, of 4V.cm. Moreover, the total on-chip optical loss was
less than 4 dB [LIAQ7]. From that moment, many works have been published improving
these parameters. We are going to review the modulation performance of the reported
carrier depletion MZlIs with speeds up to 40GHz of the most important research groups.
In 2001, researchers of the Advanced Technology Institute in University of Surrey
demonstrated 40Gbit/s optical modulation in silicon is demonstrated with a large ER for
the first time. Phase modulators with an efficiency of 2.7V.cm were incorporated into
MZIs with 3.5mm and 1mm length arms. ERs of up to 10dB were demonstrated at
40Gbit/s from the 3.5mm MZI, with a corresponding optical loss of approximately
15dB [THO11]. On the other hand, the most recent modulator presented by this research
group achieves a modulation speed of 50Gbit/s also in a 1mm travelling device
[THO12]. The bandwidth showed by the modulator is 40GHz and a dynamic ER of
3.1dB. With the progress in the fabrication processes, in recent years some works have
presented with optimized electrical structures based on reverse biased carrier depletion.
For example, in April 2012, the research group Institut d’Electronique Fondamentale
(IEF) showed a reverse biased PIPIN modulator operating at 40Gbit/s. Two devices
were presented, one with an ER of 3.2dB and an optical loss of 4.5 dB, and another one
with an ER of 6.6dB and an optical loss of 6dB. The bandwidth of the larger was
20GHz and both showed an efficiency of 3.5V.cm [ZIE12]. Also in 2012, Bell Labs. &
Alcatel-Lucent research group reported a 2 mm-long device, whose switching speed
reached 50 Gbit/s with an ER of 4.7 dB [DON12]. Finally, very recently, the State Key
Laboratory on Integrated Optoelectronics in China demonstrated in February 2013 a
very high speed of 60Gbit/s in a 750um MZI modulator with doping optimization of the
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PN junction [XIA13]. The next Table 2-1 summarizes the above mentioned metrics of
the silicon-based MZI modulators reported.

Electrical Research [ref] VaLna BW Data rate [Gbit/s] [I)Eylg " | Length "}Zesrsg;m
mechanism group [V.cm] [GHZz] @Vpp dB [um] dB
8 25 1

[LIV04] 2500 15.3

Carrier Intel

Accumulation [LIAOS] e 10 10@35 38 3450 19
(MOS) NEC Corp.  [FUJL0] 0.50.67 . 125@35 36 120 75
IBM [GREOT7] 0.036 ; 10@7 - 200 12
— [AKI12A] 0.29 7.89 125@2.3 8 250 42
Injection (PIN) :I'.ETRA & [BABLZ . 20 25@3.7 43 100 47
[AKI12B] 13 25 50@4.35 42 250 4
Intel [LIAO7] 4 30 40@6 1 1000
ey THOW 27 a9 e 5 100 8
Carrier [THO12] 24 40(*2) 50@6.5 31 1000 7.4
?SEIZtr',Znothers) IEF [ZIEL2] 35 20(*1) 40@6-7 . s
Bell Labs.  [DON12] 24 >20 50@4.5 47 2000 41
Egge Key  [xia13] 2.05 28 60@6.5 36 750 65(*4)

Table 2-1: The most important parameters of the last published MZI modulators based on the
plasma dispersion effect, (*1) for the 4700um length, (*2) BWsg, (*3) predicted, (*4) at
50Ghit/s.

Building a modulator that simultaneously features high speed (40Gbit5) maintaining
high dynamic extinction ratio, small footprint (a few hundred micrometers), low IL
(<6dB), and low drive voltage (~1V) to meet the stringent values required for
monolithic integration with CMOS transistors , represents the main target of silicon
modulator designers. As may be seen in Table 2-1, conventional MZI modulators
featuring high modulation speeds with high ERs, generally require large footprints,
which results in turn in large optical losses. So, the main issue encountered in MZI
based devices is the needed interaction length to achieve the m-phase shift in one arm
with respect to the other. As an alternative, decreasing the interaction length to reduce
the on-chip IL would require to operate the diodes under higher voltage leading to
higher injection current (PIN), faster depletion (PN), more accumulated carriers (MOS)
as well as the reduction of the extinction ratio.

Therefore, it is clear that there is a clear trade-off in conventional MZM between the
drive voltage, modulation speed and IL. On one hand, high modulation speeds are
achieved by minimizing the modulation length, which also contributes to reduce IL, but
increases the required drive voltage. On the other hand, low drive voltages are achieved
by increasing the modulation length which penalizes the IL and modulation speed.
Overall, although tremendous efforts have been carried out over the last years, the trade-
off between, IL, high speed and drive voltage inherent to silicon-based modulators
seems to persist.
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This is the reason for that new optical structures different to the MZI one have been
proposed in the last years improve the modulation efficiency or device footprint. Part of
the work to overcome such issues is to find a way to increase the interaction between
charges carriers (refractive index variation) and the propagating optical mode. Two of
the most promising solutions for such purpose are to take advantage of slow-wave and
resonant structures modulation enhancement, which allow for more compact and less
power consumption electro-optic modulators.

In this way, the objective of this chapter is to develop silicon modulation structures
in order to enhance the performance of conventional MZI modulators and to
demonstrate that the incorporation of optical phase modulators into slow-wave and
resonant structures can offer advantages in both reduced device footprint and power
consumption in terms of required drive voltage meanwhile high speed operation is
maintained and offer the prospect of compact optoelectronic devices integrated with
CMOS circuits on the same silicon substrate.

First of all, a MRR electro-optic modulator device using the free-carrier-plasma-
dispersion effect [4] is briefly theoretical presented and then experimental results are
presented. Despite such modulator can be consider as a promising as it exhibit beyond-
GHz-speed, low drive voltage and offer the prospect of compact optoelectronic devices,
modulation is usually achieved by shifting the MRR intensity response, which
constrains the MRR to be operated close to the critical coupling point to achieve a high
extinction ratio, hence making the device very sensitive to temperature and fabrication
deviations. For that reason, a new optical structure is proposed, presented and
experimentally characterized: the so-called ring-assisted Mach-Zehnder interferometer
(RAMZI) which provides a more flexible structure as the MRR just needs to be over-
coupled, thus not requiring critical coupling, which in turn offers a higher robustness
and the potential for achieving a higher modulation speed.

Second, the enhancement introduced by slow-wave structures is briefly introduced. It
is shown that for a given perturbation of the refractive index, the size of the device
scales linearly with the group velocity. A review of state of the art of modulators based
on slow-wave structures is then carried out. Then, the characterization results of two
fast and compact silicon slow-wave-based electro-optic modulators are presented.
Finally a method for obtaining the propagation losses in conventional rib waveguides is
presented and later extended for obtaining the IL of slow-wave structures.

2.2. Micro-ring resonator structures

Micro-ring resonators (MRRs) have been extensively studied due to their high degree of
compactness which makes them suitable for large scale integration in silicon photonic
circuits. In this section, different configurations of ring resonator structures have been
investigated to enhance modulators performance in terms of extinction ratio, required
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external voltage and device size. Modulation based on the intensity and phase response
of a ring resonator is considered and analyzed. In the latter, phase modulation is
converted to an intensity modulation by using a Mach-Zehnder interferometer structure,
which provides a more flexible structure as the ring resonator just needs to be over-
coupled, thus not requiring critical coupling, which in turn offers a higher robustness
and the potential for achieving a higher modulation speed.

2.2.1. Introduction: state-of-art

Active high-speed ring resonators were first introduced in 2005 by the School of
Electrical and Computer Engineering in Cornell University [XUO05]. They introduced a
PIN diode based carrier injection scheme into sub-micrometre waveguide-based ring
resonator structures, and achieved an initial data rate of 1.5Gbit/s. The ring had a radius
of 6um, giving a device footprint far smaller than any MZI-based modulator reported so
far. The same authors later reported improved results in January 2007 of 12.5Gbit/s with
high ER >9dB using a PE driving signal in a ring resonator with the radius of 5um
[XUO7]. Then, also in 2007 they achieved an improved operation rate of 18Gbit/s at an
ER of 8dB in a ring with diameter of 12um [MANO7].

This method for modulating was also used by Kotura Inc. & Sun Labs, which in May
2010 obtained a data rate of 12.5Gbit/s with a ring radius of 5um and a driving voltage
of 3V, to achieve ~6dB of extinction ratio. The modulator consisted on an asymmetric
lateral PN junction [DON10A]. Later, in October 2010, they presented a silicon
racetrack resonator modulator with radius of 10.4um and a straight coupling length of
5um which achieves over 8dB of modulation depth at also 12.5 Gbit/s with a lower
driving voltage of 1V. The design improvement was the PN junction embedded along
the entire circumference of the resonator, including the coupler part of the resonator and
the bus waveguide. The modulator efficiency was of 0.71V.cm [DON10B].

Also in 2010, Sun Labs & Luxtera demonstrated, for the first time, a flip-chip
integrated all-CMOS photonic modulator with driver using a carrier-depletion ring
modulator and CMOS driver circuits. It showed a 3dB ER and was operated error-free
at a data rate of 5Gbps. Small signal measurements of the CMOS ring modulator
showed a 3dB bandwidth in excess of 15GHz at 1V of reverse bias, indicating that
further increases in transmission rate is possible while retaining compatibility with
CMOS drive voltages [ZHE10].

In 2011, the Oracle Labs group published a work reporting a very efficient silicon
ring modulator with a ring radius of 7.5um. Its high-speed section, employing PN
junction working in carrier-depletion mode, enabled a very high speed operation of
25Gbit/s modulation and an ER >5dB with only 1V, driving [LI11].

Also in 2011, IBM group demonstrated a silicon carrier depletion microring
modulator utilizing IBM CMOS Silicon Nanophotonics technology (that has been
shown to be fully compatible with fabrication of monolithically integrated optical
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transceiver chips), achieving 30Gbps operation with reasonable ER of 3.5dB at very
low power consumption in a device suitable for monolithic integration [ROS11].
Finally, special mention has the fastest speed operation so far of 50Gbit/s (with a
driving voltage of 1.96V,) which has been achieved in 2013 by PETRA research group
with a ring-resonator-based silicon modulator for the first time [BAB13].

. Ring
Electrical (0] BWsggs Data rate Dyn.ER .
- 6.9 6

[XU05] PIN injection 39350 1.5@6.9
Cornell [XU07] PIN injection (PE) 20000 - 12.5@8 9 5

[MANO7] PIN injection (PE) ~ 12000 - 18@6 8 6
Kotura Inc & Sun [DON10A] PN depletion 9000 - 125@3 6 5
Labs [DON10B] PN depletion 10000 20 12.5@1 8 10.4
Sun Labs & Luxtera [ZHE10] PN depletion 8300 15 5@2 B3 15
Oracle Labs [LI11] PN depletion 8000 16.3 25@1 5 75
IBM [ROS11] PN depletion 9800 - 30@1.6 35 300.8(*)
PETRA [BAB13] PIN injection (PE) ~ 4300 - 50@1.96 458 67.4(*)

Table 2-2: State-of-art of ring resonators-based silicon electro-optical modulators, (*) Racetrack
add-drop configuration with a 300.8um and 67.4 um circumference, (PE) Pre-emphasis.

As an alternative to intensity modulation, the so-called RAMZI optical structure
provides a more flexible and robust structure as the MRR [GUT12A]. In 2010, the first
RAMZI silicon modulator was demonstrated in CMOS-compatible technology [GIL10].
Modulation was based on carrier-depletion in a PIN diode and 10Gbit/s data
transmission with 2dB ER was demonstrated using an interaction length of 680 um.

2.2.2. Micro-ring resonator-based (MRR) modulators

In this point, theory of micro-ring resonator (MRR) based modulator is reviewed for
later demonstrate a silicon microring modulator based on carrier depletion in a PIPIN
structure.

2.2.2.1. Basic principle of MRR modulators

The basic configuration, which consists of a ring resonator (resonant at a wavelength ;)
coupled to a straight waveguide, is shown in the Figure 2-1. Key parameters are the
separation between waveguide and ring in the coupling region (d), the ring radius (R)
and the losses in the ring in dB/cm («). If the wavelength, for example, 4; satisfies the
resonant condition, that is,

Ny L =mA (2.1)
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the coupling of the wave with wavelength A; will be enhanced and all others will be
suppressed. As a result, only 4; will resonate inside the ring, while the rest of the
wavelengths will pass through and output. In this way, a ring resonator modulator can
be consider as a Notch filter. Here nes is the effective index of the bending waveguide,
L=2zR is length of the ring, and m is an integer.

Port1:in Port 2: Through

Figure 2-1: Ring resonator in Notch filter configuration and the most important design
parameters.

Eu

Figure 2-2: Model of a single ring resonator with coupled to one waveguide.

Defining that a single unidirectional mode of the resonator is excited, the coupling is
lossless, single polarization is considered, and taking into account that the different
kinds of losses in the ring resonator are incorporated in the attenuation constant, the
interaction can be described by the matrix relation:

= _ t x\( B
el ) &

The complex mode amplitudes are normalized, so that their squared magnitude
corresponds to the modal power. The coupler parameters t and x depend on the specific
coupling mechanism used. The “x*” denotes the conjugated complex value of t and «,
respectively. The matrix is symmetric because the networks under consideration are
reciprocal. Therefore:

[?|+[t?[=1 (2.3)
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In order to simplify the model, E;; is chosen to be equal to 1. Then the round trip in the
ring is given by:
E,=a-¢e” E, (2.4)

where o is the loss coefficient of the ring (zero loss: a=1) and #=wlL/c, being L the
length of the ring which is given by L=2zR, where R is the radius of the ring measured
from the center of the ring to the center of the waveguide, ¢ the phase velocity of the
ring mode (c=cy/nes) and the fixed angular frequency w=k.c,, ¢, refers to the vacuum
speed of light. The vacuum wave-number k is related to the wavelength 4 through:
k=2n/2. Using the vacuum wave-number, the effective refractive index nes can be
introduced easily into the ring coupling relations by:

2r-n
p=k-ng, = il (2.5)
A
where f is the propagation constant. This leads to
27-n - 27R
PR NP S R A (2.6)
C C A A
From Equations (2.2) and (2.4) we obtain:
—a+t-e
S e @7
—aKk’
E,=——— 2.8
2 ot e (28)
_K‘*
27 " ot'el (29)
This leads to the transmission power Py in the output waveguide, which is:
, ol +|t|2 —2a|t|COS O+,
P =|E[ = (210)

1+a? |t|2 - 2a|t| cos O+,
where t=|t|lexp(joy), |t| representing the coupling losses and ¢; the phase of the coupler.
The circulating power P, in the ring is given by:

a? 1-|tf

R.= |Ei2|2 = (2.11)

1+a? |t|2 -2x |t|COS 0+ o,
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On resonance, (0+¢y)=2zm, where m is an integer, we obtain that:

. a-f
P -lEf - @12)
1—a|t|
and
2 a l_|t|2
i2=|Ei2| =T .2 (2.13)
1-alt|

A special case happens when a=|¢t| in Equation (2.12), when the internal losses are
equal to the coupling losses, so the transmitted power equals zero, which is known in
literature as critical coupling, due to destructive interference. By using the above
equations, the behaviour of a basic ring resonator filter configuration consisting of only
one waveguide and one ring can be taken. This model can be extended to suit the
requirement of various types of ring resonator configurations.

Ring resonator filters can be described by some figures of merit which will be
explained in the next paragraphs. The first figure is free spectral range (FSR), which
represents the distance between resonance peaks. By using the propagation constant
from Equation (2.5), neglecting the wavelength dependency of the effective refractive
index, a simple approximation can be obtained for the FSR

~

on
LA AL (2.14)
oA A oA A

which leads to the FSR=41 expressed in Equation (2.15), which is the difference
between the vacuum wavelengths corresponding to two resonant conditions.

-1 2
FSR:M:—Z—”(%j L
Loa) n,L

€

(2.15)

Note that the equation above is for the resonant condition next to a resonance found for
the used propagation constant. If the wavelength dependence of the effective index is
not neglected, we will obtain a modified version of Equation (2.14):

9P __k

= (2.16)

where ng is the group refractive index, which is defined as:

ON

n,=ng — A1 5

9

(2.17)
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The group refractive index can be used instead of the effective index in order to obtain
accurate values when avoiding approximation is important. The modified FSR A4 is
then given by:
12
FSR=AA=— (2.18)

ngL

The next parameter of importance is the resonance width which is defined as the full
width at half maximum (FWHM) or 3 dB bandwidth (264) of the resonance line-shape.
Using Equations (2.6) and (2.14) and assuming real coupling coefficients, no coupling
losses and without phase term, after some operations, we obtain that:

A7 1-t?
wlng t

20/ =

(2.19)

The expression which is commonly used can be obtained by assuming weak coupling
and A>>04:

212
KA

lng

FWHM =252 = (2.20)

The finesse F of the ring resonator filter, which is defined as the ratio of the FSR and
the width of a resonance for a specific wavelength (FWHM) is another parameter which
can now be directly calculated from the parameters defined previously is:

Fo_PR Mt 7 (2.21)
FWHM 264  1-t* «

if we consider that x<<1 .

A parameter which is closely related to the finesse is the quality factor Q of a resonator,
which is a measure of the sharpness of the resonance. It is defined as the ratio of the
operation wavelength and the resonance width:

A ng«L t ngL
Q=57 j?, 1-t2 jl i (222)

One key figure of merit of resonators is their bandwidth, which is inversely proportional
to the quality factor defined in Equation (2.22). While a narrow bandwidth (high Q) is
suitable for enhancing light-matter interactions such as lasing [REIO6] and sensing
[ARMO6], a wide bandwidth (low Q), on the other hand, allows for optical signals of a
broader spectrum and higher speed [LEEO6] and is more tolerant to variations in the
environment.

Once the most important parameters of a MRR have been presented we are going to
explain the basic performance of a MRR based modulator in silicon. The refractive
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index in the ring can be modified by means of the plasma dispersion effect. The change
of the real part of the refractive index induces a change in the effective refraction index
which shifts the spectral response of the ring. This property can be used to implement
an intensity modulator. Basic performance of an intensity modulator based on a single
ring resonator is shown in Figure 2-3. A continuous wave (CW) of a certain wavelength
is injected into the ring resonator. Minimum transmission is achieved when the
wavelength is located at a resonance. Furthermore, this transmission is ideally zero
when the ring operates at critical coupling, i.e. when the coupled power is equal to the
power lost in the ring (critical coupling condition) as it has been explained previously:

Pn Pn

T e o o

A A A )

Figure 2-3: Basic performance of an intensity modulator based on a ring resonator.

The spectral response of the ring resonator is shifted when the effective index is
modified. Thus, the output power increases up to a maximum value when the frequency
shift is enough to move the resonance out of the working wavelength. Therefore, to
optimize the performance of the intensity modulator, we are interested in the lowest
transmission at resonance to maximize the extinction ration and the narrowest spectrum
to minimize the required frequency shift, i.e. the required external voltage.

Figure 2-4 shows the full-width at half maximum (FWHM) and transmission of a
ring resonator as a function of ring losses and power coupling and taking into account
different radii. In the upper plots, power coupling is chosen for each radius to operate at
critical coupling while in the lower plots losses are 10dB/cm. The operating wavelength
IS 1550nm and the effective index is 2.76.

It can be seen that the FWHM increases as the losses (Figure 2-4(a)) and coupling
(Figure 2-4(b)) increase. Furthermore, it is also interesting to notice that the FWHM is
lower for higher radii and that it converges to a constant value. This constant value is
determined by the FSR, which is higher for higher radius, so the FWHM cannot be
increased more than the FSR value.

On the other hand, the transmission as a function of losses is the same for the three
different radii, as shown in Figure 2-4(c), because the power coupling is changed in
each case to operate at critical coupling considering 10dB/cm losses. The different
power coupling value for each radius is shown in the transmission plot as a function of
the power coupling in Figure 2-4(d). In both cases, it can also be seen that the variation
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of the transmission with power coupling and losses is more abrupt, and therefore
undesired for the intensity modulator, when the ring is smaller and the ring is under
coupled, i.e. when the coupled power is lower than the power lost in the ring.

[—R=10um ( ) [—R=10pm|
---R=20um os- |C ---R=20um
R=40pm 0.8 R=40pm| |

FWHM [nm]

50

20 30
Losses [dB/cm]

FHWM [nm]
Tranmsmission

) 0.04 0.08 0.12 0.16 0.2 ® 0025 005 0075 01 0125 015 0175 02
Power coupling Power Coupling

Figure 2-4: FWHM and transmission of a ring resonator as a function of ring losses and power
coupling and taking into account different radii. In the upper plots, power coupling is chosen for
each radius to operate at critical coupling while in the lower plots losses are 10dB/cm.

In summary, we should work with big radii and close to the critical coupling point
for optimizing the performance of the intensity modulator, i.e. maximum extinction
ratio and minimum frequency shift. Furthermore, a ring with a higher radius is more
robust against coupling variations than a ring with a lower radius.

2.2.2.2. Experimental MRR modulator

The modulator consists of a MRR embedded in a PIPIN diode structure and coupled
to a straight waveguide, as shown in Figure 2.5(a), fabricated on a silicon-on-insulator
(SOI) wafer. The ring and input waveguide of dimensions of 420nm x 390nm have been
partially dry etched to leave a 100nm thick slab as shown Figure 2-5(b). As it can be
observed, a p-doped slit has been inserted in the intrinsic region in order to act as a
source of holes. When a reverse bias is applied on the diode, holes are swept out of the
central p-doped region by carrier depletion, leading to a refractive index change. Figure
2-5(c) shows a scanning electron microscope (SEM) picture of some of the fabricated
structures and Figure 2-5(d) depicts a zoomed-in view of a MRR. Doping
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concentrations in the -p and -n parts of the diode are 8.10*" and 1.10*%cm respectively.
Within the 100nm-wide p-doped slit, doping concentration reaches 3.10*’cm?, The
lumped electrodes, placed 0.5um away from the rib edges to minimize the overlap
between the optical mode and so the optical losses, are formed by highly doped p+ and
n+ regions with concentrations of 1.10°cm™ in order to decrease the access resistance
between the active region and the metal contacts. For the same reason, the waveguide
was only etched in an 800nm-wide region on each side of the rib [RAS11A, RAS11B].

Lightin (a)

\

Straight
v~ waveguide

Modulated
Light

Figure 2-5: (a) Schematic of the MRR silicon-based electro-optic modulator, (b) cross section of
the device active region with a PIPIN diode (c) top view of some of the fabricated MRR
modulators and (d) close up view of the 40um radius MRR.

As already mentioned, carrier depletion is the mechanism used to electrically
manipulate the free carrier concentrations in the investigated plasma-dispersion-based
silicon optical modulator. Therefore, with no applied bias voltage, holes are confined in
the p-doped slit. Then, when a reverse bias is applied to the diode, they are swept out of
the active region. As we already know from Chapter 1, this hole concentration variation
produces an effective index variation based on Soref’s equations [SOR87], which in
turn induces a phase shift following the equation:

AD = 27” LAn, (2.23)

where A is the operation wavelength, L is de ring length (L=2zR) and Ane is the
effective index change due to the plasma dispersion effect.

The optical modulator is fabricated on a 200mm SOI wafer with a 2 um-thick buried
oxide layer and a 400nm-thick crystalline silicon film. Deep-UV optical lithography and
ion implantation is used to obtain the highly doped p+ and n+ regions. For hard mask
purpose, SiO; is then deposited by LPCVD. The waveguides and the slits are patterned
using deep-UV lithography. After hard mask etching by reactive ion etching, Boron
implantation (p in the slit) is performed to obtain the doped layer in the middle of the
waveguide and n and p doped regions are then obtained by lithography and ion
implantation, followed by thermal annealing. Finally, metal stack is deposited onto the
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wafer, and the electrodes are patterned and etched down to the SiO, cap layer. The
process used is fully compatible with SOl CMOS technology and could be transferred
in high-volume microelectronic manufacturing.

We first carried out passive measurements with the aim of designing the optimum
parameters of the MRR structures around the operating wavelength of 1550nm. Optical
measurements have been performed with an external cavity laser (ECL) having tuneable
range from 1500 to 1580nm. Light was butt-coupled to the chip via a lensed fiber
(details of horizontal coupling and passive characterization can be found in appendix
A).

Optimum modulation performance is achieved when the ring works at critical
coupling, so the ER is maximized, and the ring resonance bandwidth is reduced. As a
result, the power consumption may be significantly reduced as small resonance shifts
(produced by low applied voltages) will give rise to large extinction ratios. The critical
coupling condition is achieved by choosing the optimum waveguide to ring separation
depending on the losses of the MRR structure. On the other hand, the resonance
bandwidth is inversely proportional to the ring radius. However, large radii also affect
the modulation bandwidth owing to the higher RC constant of the lumped electrodes.
Hence, a MRR modulator with smaller radius is expected to achieve higher modulation
rates at the expense of higher required drive voltages (under the same coupling
condition with respect to a higher ring radius). Therefore, although the waveguide to
ring separation can be designed to maximize the modulation depth, the ring radius will
yield to a trade-off between the modulation bandwidth and power consumption.
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Figure 2-6: (a) Experimental and (b) simulated ER as a function of the ring to waveguide
separation.

Figure 2-6(a) shows the experimental ER as a function of the ring to waveguide
separation of MRR structures with different radii. It can be seen that the maximum ER
(around 15dB) is given for a separation around 200nm for R=10um and R=20um and
for a separation of s=250nm for R=40um. On the other hand, propagation losses of
around 10dB/cm were also estimated by means of the cut-back method. Taking into
account the measured propagation losses and the power coupling as a function of the
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waveguide to ring separation, obtained by means of 2D-FDTD simulations and the
effective index method, the maximum ER should be given for a waveguide to ring
separation of around 200nm for the three radii considered, as depicted in Figure 2-6(b).

Therefore, although there is a slight discrepancy for the optimum separation for the
ring with R=40um probably due to fabrication deviations, in general a good agreement
between experimental and simulation results is achieved. Finally, a MRR with big
radius (R=40um) and waveguide to ring separation of 200nm point has been chosen for
optimizing the performance of the intensity modulator, i.e. maximum extinction ratio
and minimum frequency shift required. Furthermore, a ring with a higher radius is more
robust against coupling variations than a ring with a lower radius.

Once the optimum MRR parameters were designed based on previous passive
measurements, the ring modulator was characterized under static and high speed
regimes. Static measurements for varying applied voltages were realized to estimate the
DC ER as well as the modulation efficiency deduced from the achieved phase shift.
High speed tests were carried out to evaluate the MRR modulator performance. In both
cases the diode was electrically biased via 40 GHz electric probes. The spectrum of the
MRR with 40um radius shows a free-spectral range of 2.5nm and a 9dB drop in
transmission at the resonant wavelength around 1556.17nm. The 3-dB bandwidth of
such resonance AA is 0.075nm measured from the spectrum, corresponding to a quality
factor of around Q~20750 (from Equation (2.22)).

Transmission [dBm]

_%%56 1556.05 1556.1 1556.15 1556.2 1556.25 1556.3 1556.35 1556.4
Wavelength [nm]

Figure 2-7: Transmission spectrum as a function of the wavelength for different applied bias
voltages.

Figure 2-7 shows transmission spectrum under different bias voltages. It can be
observed that a DC ER of 4dB is achievable at a bias voltage of 5V while it improves
up to 7dB when the bias voltage increases to 10V.
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On the other hand, the voltage-induced wavelength shift (A1) in the ring resonator
modulator output spectrum can be used to extract the effective index variation (Ane) as
follows:

AL
Ang = A—2
=~ FsRL, (2.24)

where La is the active length that, in our case, is slightly smaller than the MRR

perimeter (La=207um<Lmrr=251pm), 4 is the operation wavelength and FSR is the free
spectral range.

Figure 2-8 shows the effective index variation as a function of applied bias voltage for
the measured MRR.
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Figure 2-8: Effective index variation as a function of applied bias voltage.

A modulation efficiency V,L, of 2.8V.cm has been calculated from such effective
index variation by means of Equation (2.25):

A
2AN

AD=1—> L” = (2.25)

where L, is the interaction length required to achieve a w-phase shift.

Finally, high speed performance of the silicon ring modulator was characterized by
measuring the data transmission capability by using the set-up shown in Figure 2-9. The
ring modulator with 40um radius was driven with a nonreturn-to-zero (NRZ)
pseudorandom bit sequence (PRBS) of length 2%-1 delivered by a bit pattern generator
(BPG), which is connected to an external clock. The electrical signal is amplified
through a high-speed RF amplifier to achieve the desired voltage swing (V,,=8V) and
combined to a -4V DC bias voltage (in order to ensure reverse bias operation) using a
bias-Tee. The modulating signal is applied by a high-speed ground-signal-ground
(GSG) RF probes to the lumped electrodes, which are not required to be terminated
externally by a 50Q load. The output modulated optical signal is then optically
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amplified by an erbium-doped fiber amplifier (EDFA), filtered via an optical filter (OF)
and finally photo-detected by a digital communication analyzer (DCA). Details of
model equipments and pictures of the real set-up are given in section 2.4.
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OF
PC EDFA —— Digital
(000 DUT _.D_. %—4: Communication
< (Modulator) Analyzer (DCA)
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L 1 P It pattern | RF Signal generator
I generator (External clock)
_ (BPG)
Bias-Tee

DC power DC power
supply supply

Figure 2-9: Schematic of the characterization setup for the data transmission measurements.

Figure 2-10 shows the obtained eye diagrams. The ER is 4.5dB at bit rates of 5Gbit/s
and 10Gbit/s and 3.5dB at 12.5Gbit/s.
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Figure 2-10: Optical eye diagrams with an ER of 4.5dB at 5Gbit/s and 10Gbit/s and with an ER
of 3.5dB at 12.5Gbit/s.
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In conclusion, we have presented a high speed 40um radius ring resonator modulator
in which the modulation is achieved by carrier depletion effect in a PIPIN diode
structure. The modulator exhibited an ER of 4.5dB at a data transmission of 5Gbit/s and
10Ghit/s and 3.5dB at 12.5Gbit/s with a drive voltage of 8V

2.2.3. Ring-assisted MZI (RAMZI) modulators

This point is devoted to report and experimentally demonstrate a high-speed RAMZI
silicon modulator. It is shown that, the RAMZI optical structure relaxes the optimum
coupling condition of the ring without degrading the modulator performance, which
therefore improves the modulator robustness against fabrication deviations and could
eventually lead to an enhanced modulation bandwidth [GUT12A]. First, a brief
theoretical explanation about the RAMZI basic operation principle is given.

2.2.3.1. Operation principles of RAMZI modulators

The phase response of the MRR can also be used to achieve phase modulation. This
phase modulation is converted to an intensity modulation by using a MZI structure, as it
is shown in Figure 2-11(a).

(a)

Port1:In Port 2: Out
— —
A=\ Modulated signal

A

Figure 2-11: (a) Schematic of the RAMZI modulator with the parameters of the MRR and (b)
Basic performance of a phase modulator based on a MRR.
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To explain the basic performance of the RAMZI optical structure, which is depicted
in Figure 2-11(b), it is assumed that the input signal is a CW located at the MRR
resonance. The side-coupled MRR induces a m-phase shift to the signal that travels
through one arm of the MZI which will interfere destructively with the signal that
propagates through the other arm of the MZI. This =-phase shift is thus responsible for
minimum transmission at the MZI output. When the spectral response of the MRR
resonator is shifted due to the effective index variation and the frequency shift is enough
so that the operation wavelength is now out of the resonance, the MRR will not
introduce any additional phase shift and the signals at both arm ends will interfere
constructively, leading to maximum transmission at the MZI output.

The ER of the modulator is ideally infinite if the attenuation at both arms of the MZI
is the same. However, it is worth noting that the intensity response of the MRR
resonator will also vary when the effective index is modified (assuming losses are not
negligible, which is usually the case). This will introduce additional attenuation to the
signal travelling through the arm with the MRR at resonance, which could in turn
deteriorate the ER of the modulator due to the power unbalance between both arms of
the MZI. This power unbalance will be lower as the power coupling factor, i.e. the
fraction of power coupled from the waveguide into the MRR, increases. Therefore, the
MRR does not need to be operated at the critical coupling point and just over-coupled.
However, it should be realized that too high power coupling factors could increase the
IL as the change of the MRR phase response for a given effective index variation will
be smaller.
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Figure 2-12: Transmission at the MZI output as function of the difference in attenuation between
arms when the MZI is operating at (a) minimum transmission (n-phase shift) and (b) maximum
transmission (0-phase shift).

Figure 2-12 shows the transmission at the MZI output as function of the difference in
attenuation between arms when the MZI is operating at (a) minimum transmission (7-
phase shift) and (b) maximum transmission (0-phase shift). First of all, it can be seen
that at minimum transmission, the performance of the MZI is much more sensible to
attenuation differences than at maximum transmission. As the attenuation increases, the
minimum transmission is higher while the maximum transmission is lower so the ER
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will decrease. For instance, if the attenuation difference is 3dB, the ER is degraded to
9.57dB.

2.2.3.2. Experimental RAMZI modulator

The RAMZI modulator consists of a MRR embedded in the same PIPIN diode structure
(Figure 2-13(b)) with the same doping levels than previous MRR modulator but this
time coupled to one arm of a MZI, as shown in Figure 2-13(a). The MZI consists of two
arms of equal lengths of 215um with 3dB star coupler splitters and combiners. Figure 2-
13(c) shows an optical microscope image of the fabricated device. The overall footprint
of the modulator without probe pads is 680pm x 125um.

Light in (b) <460nm

splitter (a) _ !
b v, () L Lﬂ

—
1.5um 120nm 1.55pm

Figure 2-13: (a) Schematic of the fabricated ring-assisted MZI modulator, (b) cross section of
the device active region, (c) top view of fabricated modulator.

The fact that the MRR does not need to be operated at the critical coupling factor
(which we have already explained in the previous point) implies that modulator
robustness against fabrication deviations could be significantly improved with respect to
standalone MRR based intensity modulators. Fabrication deviations could lead to both
variations on the MRR losses as well as variations in the designed separation between
the waveguide and the MRR and therefore in the power coupling factor. Figure 2-14
shows the theoretical ER as a function of the coupling factor and the ring losses for the
standalone MRR based intensity modulator and taking into account different effective
index variations. The MRR radius is 40um. The same plot is shown in Figure 2-15 for
the RAMZI modulator. IL, i.e. losses at on-state, are lower than 5dB in the values
shown in Figures 2-14 and 2-15. Results in such figures were calculated by using the
transmission Equation (2.10) of the ring resonator.

Comparing the results shown in Figure 2-14 and 2-15 the enhanced performance
achieved by the RAMZI modulator can be clearly seen. High ER values in the
standalone MRR modulator are only achieved when there is a correspondence between
the MRR losses and the coupling factor, i.e. the critical coupling condition, and
therefore undesired variations in the MRR losses or coupling factor significantly
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degrade the ER even though the effective index variation is increased. The ER in the
RAMZI modulator is much less sensitive to variations in losses and coupling factor and
Is always improved for coupling values above the critical coupling condition when the
effective index variation increases.
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Figure 2-14: Theoretical ER as a function of the coupling factor and the ring losses for the MRR
based intensity modulator for different effective index variation. IL are lower than 5dB for the
values shown, where the ER is higher than 5dB (dark blue), 10dB (light blue), 15dB (yellow)
and 20dB (brown).
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Furthermore, it should be remarked that the ER could also be improved by
conveniently adjusting the splitting ratio of the couplers in the MZI to counteract the
power unbalance between arms (as it will be shown in section 2.3.4.1). On the other
hand, the main contribution to the IL in the RAMZI modulator is the insufficient phase
shift rather than the power unbalance between the MZI arms. A similar performance is
achieved for both modulators when the MRR radius is modified.

The fabricated RAMZI modulator has a 1um coupling length and 150nm waveguide
to MRR separation dimensions. The power coupling factor has been calculated to lie
around 0.3 for such coupling length and waveguide to MRR separation based on 2D-
FDTD simulations and the effective index method. Such value has been chosen as a
trade-off between large robustness and high extinction ratio-low IL performance.

The RAMZI modulator was characterized under passive (details of horizontal
coupling in Appendix A), DC and high speed regimes. DC measurements for varying
reverse applied voltages were realized to estimate the DC ER as well as the modulation
efficiency, which was deduced from the spectral shift of the modulation response, while
high speed tests were carried out to evaluate the radio-frequency RAMZI modulator
performance.
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Figure 2-16: Transmission spectrum of the RAMZI modulator as a function of the wavelength
for different applied bias.

The spectrum of the RAMZI exhibits a FSR of 2.4nm and a 10dB drop in
transmission at the resonant wavelength around 1550.6nm. Figure 2-16 shows the
RAMZI transmission spectrum for varying bias voltages. The voltage-induced
wavelength shift (A1) in the RAMZI modulator output spectrum can be used to extract
the effective index variations (Aner) using the Equation (2.24) with La=208um
(<Lmrr=253pm). Figure 2-17(a) depicts the deduced effective index variations as a
function of applied bias voltage. The V,L, product has also been calculated from such
effective index variations through Equation (2.25). Its evolution as a function of the
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applied voltage is shown in Figure 2-17(b). Nearly constant V,L, around 4.3V.cm for
reverse bias voltages ranging from 2V to 10V is found.
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Figure 2-17: (a) Modulation efficiency as a function of applied bias voltage and (b) Effective
index variation as a function of applied bias voltage.

Additionally, to deepen our DC analysis depicted in Figure 2.16, we have compared
experimental and simulated ER and IL under an 8V reverse bias voltage. Figure 2-18
shows the obtained results. Experimental results are in good agreement with our
theoretical ones assuming ring losses of 20dB/cm, the simulated coupling factor and the
effective index change (Ane=1.25.10") for 8V reverse bias voltage depicted in Figure
2-17(a). Hence, an ER of approximately 7dB with IL below 4.5dB is achieved in our
device. Higher ER values would be achieved by lowering ring losses or increasing the
effective index change.

] 9 T T T

% -=--Simulated ER
» 8 Simulated IL |-
g — Experimental ER
8 7 Experimental IL
56

5

w o

£

o3 4r

2

£ = 3,

g

c

0 2

=

5 P

.E 1+ 4"’

E=] Pl

R

m F—,\'\ Il 1 Il Il Il
158045 15505 1550.55 1550.6 1550.65 15507 1550.75 1550.8
Wavelength [nm]

Figure 2-18: Simulated and experimental RAMZI ER and IL versus wavelength under an
applied voltage of 8V.

The high speed performance of the RAMZI modulator has been characterized by
measuring both its 3dB frequency roll-off and data transmission capability. Figure 2-19
shows the experimental set-up for measuring the high speed optical frequency response.
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Light is coupled from an ECL to the chip via a lensed fiber after polarization control.
The small electrical signal delivered by the RF port 1 of the vectorial network analyzer
(VNA) is coupled a -4V DC bias via a bias-Tee and applied to the lumped electrodes
through high speed GSG probes to the RAMZI modulator. The output modulated signal
is amplified with an EDFA and photo-detected by a photodiode connected to the port 2
of the VNA in order to extract the electro-optical S,; transfer function. Details of model
equipments and pictures of the real set-up are given in section 2.4.
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Figure 2-19: Experimental setup for measuring the high speed optical frequency response of the
RAMZI modulator.

The resulting data is given in Figure 2-20, which shows that the RAMZI modulator has
a 3-dB roll-off frequency as high as 19GHz so the fabricated device displays a
promising figure in terms of frequency of operation.
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Figure 2-20: Electro-optical response of the RAMZI modulator. It is show a 3dB roll-off
frequency of 19GHz.
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It should be noticed that over-coupling the MRR makes the modulator faster when
cavity photon lifetime is the limiting factor of the modulation speed. In our case, the
cavity photon lifetime is around 15ps and the measured 3-dB modulation bandwidth is
19GHz, which are in good agreement with the theoretical results reported in [BEA10].

To characterize the high speed data transmission performance, the RAMZI modulator
was driven in a lumped configuration in the same way than the MRR modulator (set-up
in Figure 2-9). A -4V DC bias was applied to the modulator to ensure reverse bias
operation over the entire voltage swing. Figure 2-21 shows the obtained eye diagrams.
The ER is 6.7dB at a bit rate of 10Gbit/s and 2.6dB at 20Gbit/s. IL at on-state, which
include losses at the input/output couplers and propagation losses outside the MRR, are
around 6dB. Despite the lower ER at 20 Gbits/s, which is attributed to the limited
bandwidth (12GHz) of our driver amplifier, the 3-dB roll-off frequency of 19GHz
shown in Figure 2-20, indicates that our modulator is capable of transmitting data above
20Ghits/s.
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Figure 2-21: Eye diagram of the RAMZI modulator with an ER of 6.7dB at 10Gbit/s and 2.6dB
at 20Ghit/s.

Overall, we have reported a high speed silicon RAMZI modulator fabricated with a
standard CMOS-compatible process. The RAMZI modulator features the potential for
high speed performance and higher robustness against fabrication deviations than its
standalone MRR based intensity modulator counterpart as the MRR does not require
being at the critical coupling operation point to achieve enhanced performance in terms
of ER and IL. In our device, modulation is achieved by carrier depletion in a PIPIN
diode structure over a RF/optical interaction length of only ~200um featuring a 3-dB
electro-optical bandwidth as high as 19GHz and a data transmission rate up to 20Gbit/s.

44



2.3. Slow-wave structures

2.3. Slow-wave structures

This section is devoted to the description of the slow-light phenomenon and the
justification of slow-light structures capability for enhancing electro-optical modulation
based on the plasma dispersion effect in silicon-based modulators due to its unique
feature of increasing the linear interaction between charges carriers and the optical
mode. This ability allows for more compact and less power consuming electro-optic
modulators. So, the main characteristic of such structures is their capability to decrease
the group velocity of the propagating wave strengthening the interaction between the
optical mode and the depleted, injected, or accumulated charge carriers. This can leads
to a significant reduction of the interaction length and hence allows for device shrinking
down to a few hundred microns. The choice of corrugated waveguides for slow light
enhancement among others architectures is justified by the following points:

» Standard CMOS compatible process fabrication.

» Squared geometry as for conventional SOI rib waveguides.

» Impedance mismatch between rib and slow mode can be compensated by
convenient linear tapering of the structure [POV05].

» High dispersion due to the slow mode can be compensated by combining slow
and fast light sections.

» High bandwidth achievable for 40 Gbits/s modulation [GARO08].

» High overlap achievable between charge carriers and the optical mode due to
high mode confinement.

So, the chapter is structured as follows. First of all, a review of state-of-the art of
modulators based on slow-wave structures is provided. Second, the basic theory of the
slow-light effect is briefly introduced as well as the basic design procedure of the slow-
wave waveguide used latter for the experimental modulators. The proposed slow-wave
corrugated waveguide was originally proposed in [BRI11B] for enhancing modulation
and this point is a simple summary of the design procedure followed in such work. The
next point is devoted to the characterization of two silicon-based slow-light Mach-
Zehnder Interferometer (SL-MZI) modulators, one showing a high speed of 40Gbit/s
[BRI12B] and the other a low-drive voltage operation [BRI12A].

Finally a method for measuring the propagation losses, since it is one of the main
drawbacks derived by the use of the slow-light structures, is developed. Such method is
proposed and demonstrated experimentally to be independent of the fiber-waveguide
coupling losses, so that identical coupling conditions for each measurement were not
required. The method is based on the analysis of the transmission spectra of asymmetric
MZIs, which enables the calculation of the propagation losses as well as the power
imbalance of the branching structure of a MZI. The main contribution of the author is
the proposed method for measuring the propagation losses, which was originally
proposed and developed for conventional rib waveguides [GUT12B] and then it was
extended for corrugated waveguides [BRI12A] in collaboration with A. Brimont.
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2.3.1. Introduction: state-of-art

The ability to slow-down the velocity of light has been foreseen as a very useful
mechanism for enhancing performances in numerous applications ranging from telecom
and datacom to sensing via enlarged light-matter interactions [KRA08, BABOS,
BOYO09]. In particular, slow-light achieved by means of nanostructured periodic
waveguides has been demonstrated as an effective mechanism for pushing forward the
limits mentioned in the introduction of this chapter of free-carrier-based electro-optical
phenomena in silicon.

The first silicon electro-optical modulator based on photonic crystals (PhCs) was
demonstrated in 2005 [JIA05] and showed low speed operation (300KHz) under a drive
voltage of 7.5mV and for an active length of 80um. The modulation was achieved via
free holes injected through a PIP diode integrated into a MZI. Two years later, the same
group followed up on these results [GUO7] and reported high-speed operation using a
PhC-based MZI having similar dimensions. The active element is made up of a PIN
diode in one arm of a MZI. The authors reported a modulation bit rate of 1Gbit/s with
ER of ~3dB. Another PhC-based modulator embedded in a capacitor was also
demonstrated [CHEQ9]. The device features a figure of merit of 0.18V.cm, which means
that for a 6V applied voltage, a n-phase shift is achieved over a length of 300pum. This
reduced interaction length is approximately one order of magnitude lower than for
conventional rib waveguide MOS and depletion modulators. The modulator was driven
at 1.6Gbits/s with 3dB ER and with ng~50. In 2011, pre-emphasized 10Gbits/s operation
with 7.2 dB ER in a 200 um-long PhC modulator embedded in PN junction has been
reported [NGU11] in spite of a 3dB roll-off frequency of 3GHz. The device feature
modulation efficiencies of V,L,~0.056V.cm and 0.016V.cm when respectively operated
in both depletion and injection regimes and only in the injection regime at a group index
of ~18. In 2012, the same authors reported the demonstration of 40 Gbit/s modulation in
a sub-100pm MZI with an acceptable drive voltage of 5.3V, [NGU12B]. Meanwhile,
researches of this group, with a high experience in slow-light phenomenon [BRIOQ9,
BRI110], demonstrated the first carrier depletion-based slow- wave modulator as a means
to enhance the modulation efficiency [BRI11A] The device is based on a 500 um long
periodic laterally corrugated waveguide (LCWG) embedded in a self aligned PN
junction [THO10]. It combines the attractive properties of slow-light propagation in a
nanostructured periodic waveguide together with a high speed semiconductor PN diode,
and exhibits error free modulation up to 20 Gbit/s with 6.3dB ER at group index of
ng~11. The longer phase shifter features 10Gbit/s error free operation with 9.5dB ER at
the same group index. These results are supported by modulation rate capabilities
reaching 40 Gbit/s (ER~3dB). Modulation efficiencies are V,L, ~1.27V.cm is obtained
for a group index of 11 and as low as ~0.45V.cm when the group index increases up to
~22, which is respectively 2 and 5 times greater than in a 400nm reference rib
waveguide modulation. The following Table 2-3 summarizes the all these results of the
slow-wave modulators reported.
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. VnLn | Datarate | Drive Voltage/V,, | Dyn.ER
[ 6.9 80

JIA05] PIP injection - 300KHz 7.5mV

[GU07] PIN injection - 1 3 3 80
CHEO09] PCP Accumulation(*)  0.18 1.6 6 3 300
NGU11] PN depletion 0.016 10 4 7.2 200
[NGU12B] PN depletion - 40 5.3 - 90
[BRI11A] PN depletion 0.45 40/20 5 3/6.3 500

Table 2-3: State-of-art of silicon-based slow-wave electro-optic modulators, (*) Lateral
capacitor-embedded PhC. The waveguide comprises a p-type doped silicon PhC slab with a
center slot working as the vertical gate oxide.

As we has commented in the Introduction chapter, in the SOI technology the high
refractive index contrast between silicon (n=3.5) and silica (n=1.45) enables the
realization of integrated waveguides with submicron cross-sections. The extreme light
confinement in SOI optical waveguides paved the way toward the realization of ultra-
dense photonic integrated circuits on a single silicon chip but may result in higher
propagation losses due to the increased interaction of the optical mode with sidewall
roughness [LEEQOO]. This issue is, in fact, the main limitation of slow-wave based
devices as increasing the group index and therefore decreasing the group velocity will
lead to higher losses.

From 1980 to 1990 these were usually high; about 5-20dB/cm [SOR86], based on
ridge waveguides modulators, and have been reduced to less than 1dB/cm [GARO5]
based on buried waveguides modulators after 2000. Because high losses are prohibited
for the majority of applications, smoothing techniques have been successfully
developed to reduce light scattering [LEEO1]. During years, numerous methods have
been developed to estimate this critical parameter. Some of them, such as the two-prism
and three-prism methods [WEB73, WONB80, OKA83], consist in measuring the light
scattered above the waveguide under study. The advantage of these techniques is that no
constant coupling conditions are required. However, the quality of the wafer surface is
crucial, which limits therefore the measurement accuracy. Other methods are based on
measuring the absorbed optical power [TIT93], but in this case, the coupling efficiency
is critical. Moreover, the well-known cut-back method, which is based on a comparison
of the transmission through waveguides of different lengths, has been widely employed
owing to its ease of use. However, it requires identical coupling conditions, which is
difficult to achieve in practice [VLAO4, REE92]. As an alternative, the Fabry—Perot
method and modified versions have been proposed to estimate the propagation losses
independently of the coupling losses. Nevertheless, this method is based on the use of
reflective facets, which are avoided in practical devices where high efficiency coupling
techniques are precisely used to reduce the facet reflections and improve coupling
[REG85, ROE11].
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2.3.2. Theory of slow-wave effect

The slow wave phenomenon has attracted numerous researchers in the last few years
due to the deeper control on light it offers. The following equation, which was derived
in [SOLO02], depicts the required length to achieve a n-phase shift.

(3

This equation shows that for a given perturbation of the refractive index (on) the size of
the device scales linearly with the group velocity of light (vg). The group velocity of
light, defined by vy=c/ng, where ng is the group index, provides an estimation on how
much the group velocity of a wavepacket propagating through a dispersive material is
reduced compared to the speed of light in a vacuum c. Another important parameter is
the overlap factor (¢) which stands for the fraction of the total energy of the mode that is
stored in the region where is being applied. Therefore, for instance, for 8n=10"3, n=3.47
and A=1550nm, size device can be decreased below 100um if group velocities lower
than 0.04c (ng=25) can be achieved and o=1.

2.3.2.1. Basic concepts of slow-light effect

Following, we are going to define some basic concepts which are necessary to know
and understand the slow-light effect:

» Bands diagram: The structures are characterized by periodic bands diagram (or
dispersion relation) which is a 2D or 3D representation of the relationship
between the frequency (normalized units wA/2xc being 'A’ period) and the wave
vector (k normalized units/). Another typical definition of the bands diagram is
a representation of the frequency or energy of the allowed modes in a periodic
structure as a function of wave vector.

» Photonic Band-Gap (FBG): ranges of frequencies or energies for which there is
no propagation mode (the light does not propagate) independently of the
incidence direction, that is, regardless of the wave vector. Higher index contrasts
provide wider band-gaps. Outside the band-gaps, the periodic stack supports
truly-propagative modes with a real propagation constant (k; is real).

> Bloch modes: periodic structures allow the existence of propagating
electromagnetic modes: lossless, Bloch waves shaped and displayable on a band
diagram. So, a Bloch mode is an allowed propagating mode.

» Brillouin Zone: The importance of the Brillouin zone stems from the Bloch
wave description of waves in a periodic medium, in which it is found that the
solutions can be completely characterized by their behaviour in a single
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Brillouin zone. So, due to the periodicity of the structure, the band diagram is
repeated with a period G/=2n/A, therefore, it suffices to represent the wave
vectors in the space -G /2<k<G,/2 (-n/A<k<m/A) and this region is called
Brillouin zone.

2.3.2.2. Basic operation principle of slow-light effect

Once established the theoretical basis, we already are able to explain the basic operation
of the slow light effect. The form in which SOI technology produces slow light “on-
chip” is via the use of in 1, 2 or even 3 dimensional periodic structures, where the
dielectric periodicity is usually achieved via ordered nano-structuring [VLAO5]. Indeed,
slow-wave structures, due to their periodic nature, present the great advantage of
slowing down the propagation of light. So, incorporating these slow-wave structures in
optical modulators can provide advantages in the reduced length of the device as well as
in the power consumption, all this determined by such reduction in the group velocity.
The period, size and shape of the repeated pattern of such periodic nano-structure define
the frequency at which the speed of light theoretically drops inside the waveguide, thus
providing complete liberty for the designer. The nature of slow light, which consists in
the coupling in phase and amplitude between successive back and forth reflections
experienced by the propagating wave at each unit cell, can intuitively be described with
the ray optics theory in mind. Here, we focus on a 1 dimensional (1D) laterally
corrugated periodic structure (LCWG), although the slow wave propagation principle
remains the same for the other types of PhCs. A typical band diagram of a deep-etched
1D LCWG is depicted in Figure 2-22(a). There are two slow light propagation
mechanisms: by omnidirectional reflection or backscattering. Here, we are interested in
the last mechanism which is produced in the band edge (k=0.5*2n/A, A=M\/2).
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Figure 2-22: (a) Band diagram of a 1D laterally corrugated waveguide. The blue solid lines
represent the first three modes of the optical structure of which only those located below the
light line (green dashed) propagate through the optical structure theoretically without losses, (b)
Slow light propagation by backscattering [BRI11B].
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Light propagating at parallel incidence (that is, k,=0.5*2x/A) experiences multiple
reflections at each unit cell due to the periodic grating. The coherent interaction in phase
and amplitude between the forward and backscattered propagating modes forms a
standing wave with zero group velocity. When light propagates at nearly parallel
incidence, i.e. within the vicinity of the Brillouin zone edge, that is within the vicinity of
the Brillouin zone edge, the forward and backward travelling components still interact
but slightly out of phase, giving rise to a slowly forward moving interference pattern: a
slow mode. This may be pictured as a three steps forward and two steps backward
motion as illustrated in Figure 2-22(b). As one moves further away from the Brillouin
zone the forward and backward travelling components are almost completely out of
phase and total internal reflection becomes the dominant propagation mechanisms as in
straight waveguides with regular group velocity.

From such physical insight, one may think that slow light occurs only at the edge of
the Brillouin zone in a reduced bandwidth which is one of the two main drawbacks
associated to the slow-light effect. However, recent works on 2D PhCs with line defect,
that is a 2D PhCs with a single line of missing hole, [FRAN06, KUBO07, SET07] refuted
this hypothesis showing that slow light may also be achieved inside the Brillouin zone
over a wide bandwidth by increasing the coupling between modes of different orders
naturally interacting with each other. These so-called engineered PhCs are of great
interest for electro-optic modulation applications owing to their artificially increased
optical bandwidth.

The possibility of obtaining low group velocity values is one of the most attractive
features of the structures possessing periodicity in the propagation direction. A direct
application of this low group velocity is the possibility to create compact delay lines,
which is a fundamental element to the creation of more complex optical devices.
Besides the increasing delay experienced by the signal when propagates through the
structure, the reduction in the group velocity of the guided mode also causes a high
interaction between the electromagnetic energy of the guided mode and the structure
itself. Such increased field-material interaction will increase the efficiency of any effect
in the structure, either as the positive character as the non-linear effects in the material,
amplification, phase changes, etc., or negative as the structure heating, absorption
material, losses due to sidewall roughness, etc. So, other of the most important negative
effects derived by the use of slow-light structures is the associated propagation losses
due to roughness and positional disorder when the group velocity of the guided mode is
low. Despite the great advance in the last years of the integrated photonic devices
fabrication processes, there is a limitation in the minimum achievable roughness. Such
roughness is mainly responsible for the propagation losses in the photonic structures.
For the case of slow-wave structures, losses will also be influenced by the low group
velocity. In this case there will also be a greater interaction between the guided mode
and fabrication deviations. It is clear that, to reduce propagation losses will be necessary
to perform a high accuracy fabrication process with the aim of decreasing the
imperfections created in the sidewall waveguide. One way to achieve greater precision
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in the manufacturing will be using the simplest possible designs in which the limitations
of the available fabrication process are not as critical.

In summary, both PhCs and LCWGs are subject to optical propagation losses usually
inherent to the fabrication deviations (roughness, disorder...) and specific waveguide
geometry. In the fast light regime, state of the art devices were reported to feature
propagation losses as low as 4.1+0.9dB/cm [FAOO06] and 0.92+0.14dB/cm [GNAOQ8] for
PhCs and 1D deep-etched LCWG, respectively. Still, some doubts about the loss
dependency against group velocity subsist when entering in the slow light regime. Some
authors have suggested that the propagation losses have a proportional relation with
(Livg) in the case of PhCs [KURO05]. However, other studies conclude that this
relationship is not so simple and losses are scaled approximately by a factor (1/vg)2
[HUHO5] near the band edge, that is, for very low group velocity (i.e. below ¢/100).
And even further studies indicate that these losses are proportional to (1/vg)1’2 [FAOO7].
Interestingly, the need for such very low group velocity is not mandatory required for
modulation applications due the trade-off arising between useful optical bandwidth (i.e.
the wavelength/frequency interval where the expected performance of the device is
maintained), loss and low group velocity. Namely, the group velocity dependence upon
frequency usually features a steep slope limiting the useful operating bandwidth. For
lower group velocities, i.e. as we move closer to the band edge, this restriction becomes
more severe, which clearly impairs potential applications.

2.3.2.3. Corrugated slow-light waveguide design

This point reports on the designing of 1D slow-wave LCWG for electro-optical
modulation enhancement. As already commented in the introduction of this section, the
original LCWG was proposed and designed in the context of [BRI11B] and here we
only show a summary of the design results. Such LCWG considered in this thesis to
demonstrate high speed and low-drive voltage electro-optic modulation is shown in the
Figure 2-23. It is shallow-etched waveguide which consists on an etched silicon epilayer
of height H and a slab (which corresponds to the remaining silicon layer) of height h,
forming an alternation of narrow and wide sections of respective widths W and We,
repeated over a period 4. This periodical repetition of the identical transversal
corrugations gives rise to slow light propagation in form of Bloch modes at the edge of
the Brillouin zone and hence a PBG (range of frequencies where light propagation is not
allowed). Depending on such transversal elements dimensions (W, W;, W), the bands
are flattened or elevated and the band-gap becomes wider or narrower. Obviously, a flat
band is required since the flatter the band, the lower the group velocity. On the other
hand, a very low group velocity can lead to undesirable effects such as high losses as
discussed in the previous point. Concerning the band gap, though this is not of a vital
importance here, the wider the band gap is, the less sensitive the device is to fabrication
variation and the more likely the device is to be single mode. Therefore, a trade-off has
to be found to take advantage of the corrugated waveguides smart properties while the
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undesired effects above mentioned are eliminated or at least reduced. It must be stated
here that, the reason for using a shallow-etched version of the LCWG instead the deep-
etched one (without silicon slab) is because silicon modulators require contacting
regions located on both side of the waveguide to allow contact with the electrodes to
electrically tune the refractive index.

Figure 2-23: Schematic of the shallow-etched LCWG with slab height (h) considered in this
thesis to enhanced modulation [BRI11B].

As previously seen, enabling light to propagate with slow group velocity in the form
of Bloch modes is a matter of inducing multiple reflections inside any periodically
patterned waveguide. Thereby, the wide variety of architectures potentially available
should be only limited by the technological constraints, i.e. the resolution of the
lithography process. In this way, the choice of the waveguide parameters relies mainly
on the critical dimensions (CD), that is, the minimum dimensions that may be resolved
by the lithography process. Since these LCWGs are expected to be fabricated with deep-
UV lithography process, the corrugations dimensions must be selected with CD of about
100nm in order to address the fabrications issues. Then, this CD sets a lower limit on
the minimum dimension of the corrugated slow-wave waveguide.

The design method is then to set the period (4) of the transversal corrugations and
varying W, and W dimensions of these elements with the aim of matching the slow
wave region wavelengths around 1.55um. For such task, the Bragg condition is used.
So, we need to estimate the period at which the Bragg condition is satisfied. This
condition, for the corrugated waveguide under study, is defined by:

ﬂBra
A=m = 2.27)

(Neg w F Netr )

Where A is the Bragg grating period, nesrwe and negrw the effective index of the optical
mode propagating into the wide (W,) and narrow sections (W), m the mode order and
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ABragg 1S the Bragg wavelength which, in our case, must be equal to 1.55um. So, taking
into account this equation the Bragg grating period and therefore the repetition period of
the transversal corrugations in the slow-light waveguides can be obtained.

In the other hand, the corrugated waveguide dimensioning consists on performing a
scanning of both the width (W) and the length (W;) parameters which completely define
the transversal elements size. For such calculations, the band diagram is elaborated for
each combination of these parameters through the BANDSOLVE ™ software package
from RSOFT™ [RSO00]. Both parameters values are chosen, as commented at the
beginning of this point, as a function of the fabrication capabilities, taking into account
the maximum resolution in the lithography process (deep-UV in this case). So,
considering that the period is fixed to be 310nm, then they are to be varied over a
certain range, which boundaries are mainly delimited by the seeming fabrication
constraints the minimum separation (A-W;) between two consecutive transversal
elements should be 100 nm as well as the minimum length W; should not be lower than
100nm. In addition, the distance between the thin and wide waveguide edges should be
as large as possible to minimize proximity effects (which occur when the pattern of an
illuminated structure interfere constructively of destructively with that of neighbouring
elements, modifying therefore its size) while maintaining the waveguide operation
around 1.55pm wavelength. In order to work out the Bragg wavelength Agragg, i.€. the
wavelength at which multiple back and forth reflections start taking place into the
periodic waveguide, a 2D scan was performed over the range W;=[150-200nm] and
W,=[500-800nm]. The Bragg wavelength corresponds to the photonic band edge
operating point, that is, when the group velocity of the propagating wave theoretically
vanishes. The calculation results for the fundamental mode, depicted in the next Figure
2-24, offer a set of parameter combinations (Wi, W,) for which the waveguide exhibits
slow-light behaviour around 1.55um.
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Figure 2-24: Contour plot of the Bragg wavelength @ the photonic band edge versus width (W)
and length (W;) of the transversal corrugations for the fundamental mode of with A=300nm,
W=300nm and h=100nm [BRI11B].
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The interesting result here is that the wavelength-sensitivity of the waveguide to W, or
W; depends on the size of these parameters. As a matter of fact, for large W; values,
(top-middle of Figure 2-24), the device becomes more wavelength-sensitive to W, and
vice-versa, for larger W, (bottom-right of Figure 2-24) the device becomes more
wavelength sensitive to W;. Furthermore, increasing the value of one parameter implies
decreasing the size of the other to maintain the slow wave propagation (at the band
edge) at constant wavelength (along the 1550nm isoline). But the most interesting
feature of such plot is that it gives the entire range of parameters (W;, W,) for which the
edge of the band matches the wavelengths of interest (around 1550nm in our case),
despite that it is impossible in practice for the fabricated waveguide to fit rigorously the
design. This implies that the parameters (W;, W,) should be chosen along or nearly along
the 1550nm isoline. In [BRI11B] one can find the more complete description of the
overall design process.

Finally, taking into account everything mentioned along the point, the final passive
structure, which is shown in the Figure 2-25, consists on a rib single mode waveguide of
W=300nm x H=220nm with a thick slab of h=100nm with corrugated elements of
W,=650nm of width and W;=100nm of length which are repeated periodically every A
=310nm. These parameters are summarized in Table2-4 and are used in the slow-light
silicon-based modulators demonstrated in the following section.

Figure 2-25: Corrugated waveguide design parameters

W (nm) Wi(nm) We(nm) A (nm) Slab height (nm) \
300 100 650 310 100

Table 2-4: Summary of the final shallow-etched LCWGs parameters of the corrugated
waveguide chosen for the slow-wave electro-optic modulator.
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2.3.3. Experimental slow-light (SL-MZI) MZI modulators

In this point, we show highly efficient, compact, high-contrast and low-loss silicon
slow-wave modulators carrier depletion based-MZIs. It must be pointed out here that
the contribution of the author in this work consists on the collaboration in the
experimental characterization together with A. Brimont [BRI11A, BRI11B].

On one hand, a high speed operation with high efficiency and ER at quadrature and
with a relatively low on-chip IL is shown [BRI12B] enhancing previous results reported
in [BR111A]. On the other hand, the use of slow-light is exploited to reduce the driving
voltage [BRI12A]. So, we take advantage of the high modulation efficiency achievable
in slow-light modulators in order to lower the drive voltage down to values that fulfil
current CMOS requirements, again enhancing previous results reported in [BR111A].

Moreover the variation of the IL with a group index is also analyzed and discussed in
other point dedicated entirely to present a method for calculating the propagation losses,
first in MZIs with conventional rib waveguides [GUT12B] and second with corrugated
one [BRI12A]. As a result, relatively compact single-drive phase shifters featuring low
drive voltage, moderate IL, and high-speed performance are demonstrated assuring the
benefits of slow-light as a means to enhance the performance of silicon modulators
based on the plasma dispersion effect.

2.3.3.1. High-speed SL-MZI modulator

Figure 2-26(a) shows the schematic of the slow-wave modulator. Both arms of the MZI
consist of two identical 500 um long slow-wave phase shifters to balance the optical
power and thus maximize the notch depth. An extra 900 pm long rib waveguide section
has been added on one arm of the MZI to allow the operating point of the modulator to
be precisely set.

Modulated
Light

Figure 2-26: Schematic of the high-speed slow-wave modulator.
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Optical phase modulation is achieved by depleting the majority carriers from a
reverse-biased PN junction positioned in the middle of the waveguide and connected to
highly doped p+ and n+ regions. As depicted in Figure 2-27(a), these are situated
respectively at a distance of S,=550nm and S,=500nm from the edge of the narrow
waveguide section and metalized with compound AICu electrodes as shown in Figures
2-27(b) and 2-27(c). Net doping concentrations in the p- and n- type regions reached
respectively 4.10’cm™ and 5.10Ycm3. Highly p+ and n+ doped regions were
implanted, both at a concentration of 1.10%°cm>.

(b)

Ground
Signal

Ground

Buried oxide layer

Figure 2-27: Scanning electron microscope images of (a) the corrugated waveguide, (b) the
contacting AICu pads and (c) the travelling wave coplanar electrodes.

To assess the performance of the slow-light modulator, a careful DC characterization
process was carried out. Figure 2-28(a) shows the optical spectra of both the MZI
modulator and the corresponding 500um long phase shifter. Both spectra were
normalized with a straight waveguide of identical length containing the same number of
bends and tapers. As it can be observed on the right of the Figure 2-28(a), the loss of the
single slow-light phase shifter in the fast light region (ng~4.4) lies around 1.5dB and
gradually increases as we move toward the slow-light region. Because the group index
dependence cannot be directly extracted from the interference fringes of this MZI
because both arms contain identical phase shifters, an asymmetric version was
simultaneously characterized so the group index could be extracted from the FSR
variations across wavelength [BRI11A].

Figure 2-28(b) depicts a close-up portion of the slow-light region (ng~8) of the MZI
modulator under reverse bias voltages varying between 0V, -3V, and —5V. The
maximum transmission of the MZI is situated around —6 dB at 0 V, corresponding to a
net on-chip loss of 6dB, from which 5dB arise from the slow-wave phase shifter
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(coupling loss and propagation loss included) and 1 dB is due to the tapered multimode
interference (MMI) structures (0.5dB/MMI). As can be observed, a DC ER (referred to
as ER in Figure 2-28(b)) of around 7dB may be achieved at the quadrature point,
designated “A” and located at 1547.7nm wavelength. At this point, the maximum
transmission is situated at —9dB, which means that the IL penalty at the “1 level” is
9dB, including the 1dB loss arising from the two MMIs. The latter is extracted from the
difference between the two curves shown in Figure 2-28(a). With an additional loss
penalty of 2dB (point “B”), leading to an overall IL of 11dB, the ER increases up to
~11dB. Additionally, the effective index change as a function of the applied reverse was
determined experimentally and supported by numerical calculations based on Soref and
Bennett’s empirical equations [SOR87].
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Figure 2-28: (a) Respective normalized spectra of the phase shifter (red curve, top) and the MZI
(blue curve, bottom), (b) close-up view of the MZI spectrum for biases of 0, =3, and -5 V
[BRI12B].

Figure 2-29 confirms that both experimental and numerical calculations are in good
agreement, regardless of the small variations that may appear owing to the error in
determining the notch shift across wavelength for varying reverse bias voltage. A clear
enhancement of the modulation efficiencies (V,L.) between the fast (ng~4.4) and slow
(ng~8) light regimes may be observed. It should be noticed that even in the fast light
regime, the slight increase in group index compared to a conventional rib waveguide
(ng~3.8) already provides a small but noticeable enhancement. Overall, for a group
index of ~8, the modulation efficiency is improved by a factor of ~2 compared to a
conventional silicon modulator with identical doping conditions. In the slow-light
regime (ng~8), experimental modulation efficiencies of 0.58V.cm and 0.85V.cm for
reverse biases of 1V and 5V were respectively calculated. By contrast, in the fast light
regime (ng~4.4), modulation efficiencies of 0.95V.cm and 1.62V.cm were extracted for
the same corresponding reverse biases.
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Figure 2-29: Effective index change as a function of reverse bias for group index values of ~4.4
(fast light; red curve) and ~8 (slow light; blue curve). Modulation efficiencies V,L, are pointed
by the arrows [BRI12B].

To evaluate the high-speed performance and the data transmission capability of the
slow-wave modulator, we used the same set-up as in previous section 2.2 for the MRR
modulators (it is shown in Figure 2-9) with the differences that the coupling is vertical
instead horizontal (details in Appendix A) and the electrodes are in a travelling wave
instead lumped configuration, so the modulating signal is applied to the travelling-wave
electrodes, which are required to be terminated externally by a 50Q load coupled to a
DC-block. Details of model equipments and pictures of the real set-up are given in
section 2.4.So, to evaluate the high-speed performance of the slow-wave modulator,
40Gbit5s eye diagram acquisitions at quadrature and 2dB below quadrature were carried
out under a 5V, drive voltage, as respectively depicted in Figures 2-30(a) and 2-30(b).
The measured extinction ratios are 6.6dB and 8.5dB at quadrature and 2dB below
quadrature, respectively.
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Figure 2-30: 40Ghit/s eye diagram (a) at quadrature and (b) 2dB below quadrature [BRI12B].
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One should be aware that the group index at which the modulator is operated is slightly
lower (ng~8) than that used in [BRI11A] (ng~11). Besides the lower optical losses, the
choice of using such a group index value is motivated by the possibility of achieving a
better electro-optical velocity matching and thus a higher modulation bandwidth.
Although additional effects such as the microwave attenuation and impedance mismatch
also contribute to the bandwidth reduction, the velocity mismatch between the electrical
and optical signals plays a major role, especially as the group index increases
[BRI11A]. However, it is important to remark that to sustain the performance in terms
of extinction ratio, the phase shifter length maybe reduced according to the increase in
group index. In this way, the higher velocity mismatch is partly counteracted by the
shorter electro-optical interaction length.

On the other hand, the optical bandwidth of our slow-light modulator, defined as the
wavelength range over which the group index variations remain within 10% of the
target value [BRI10], is around 1.3nm [BRI11A]. This value is far inferior to that of
conventional MZI modulators (~20-30nm). The last challenge that will definitely allow
slow-light to win its spurs is showing a sustained performance over a broad optical
bandwidth using engineered slow-light structures [BRI110]. Interestingly, the relatively
low optical loss value positions our slow-light modulator among the state of the art of
current 40Gbit’s modulators from an IL and footprint point of view.

In conclusion, we have demonstrated high-contrast 40 Gbit/s operation in a compact
and low-loss slow-light modulator. The device features an on-chip IL of only 6dB,
including the 1dB loss of the two MMI structures. The enhanced modulation efficiency
(0.85V.cm) enabled 40 Gbit/s data transmission with 6.6dB ER (respectively, 8.5dB)
achieved at quadrature (respectively, 2dB below quadrature) and with 9dB
(respectively, 11dB) optical loss in a MZI with two identical 500um long phase shifters.
These results provide significant improvements in the field of silicon modulators at
large, showing that slow light brings once more exciting prospects for silicon photonics.

2.3.3.2. Low-drive voltage SL-MZI modulator

As in the previous point, the device under study is again an asymmetric carrier depletion
MZI1 which converts the optical phase modulation in the slow-light waveguide into
amplitude modulation. Unlike the previous one, this time one arm of the MZI consists
of a Imm-long slow-light phase shifter, whereas the other arm contains a rib waveguide
having the same length and doping conditions. The rest of parameters, both corrugated
waveguide dimensions and doping concentrations, are the same than section 2.2.3.1.

Figure 2-31(a) shows the MZI slow-light modulator spectra under varying reverse-
bias voltage. The bias voltage is varied between +0.5 and -2.5 V. The modulation
efficiency increases with the group index, but using higher group indices will also have
a negative impact on the IL, as we will be demonstrate in the next section dedicated to
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the propagation losses measurements. Nevertheless, a fairly low IL of 12dB was
measured for a moderate group index value of ~9.5 at 1546.9nm wavelength, which
corresponds to the quadrature point indicated in Figure 2-31(b).
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Figure 2-31: (a) Close-up view of the slow-light region for bias voltages varying from +0.5 to -
2.5V. The dotted circle is the quadrature point, (b) Experimental (blue solid line) and simulated
(red dashed line) effective index change versus applied voltages at 1546.9nm wavelength
(measured at the quadrature point). Measured modulation efficiencies VL, for each
corresponding applied voltage and taking +0.5 V as a reference are also shown [BRI12A].

Normalized Transmission [dB]
®

Such Figure 2-31 shows the experimental and simulated effective index change and
modulation efficiency for varying reverse-bias voltage at the quadrature point. As can
be observed, the modulation efficiency varies strongly for increasing reverse-bias
voltage due to the nonlinear behaviour of the PN junction. Modulation efficiencies V,L,
as low as 0.42, 0.55, 0.62, 0.7, and 0.8V.cm have been respectively extracted for 0.5, 1,
1.5, 2, and 3V applied voltages at 1546.9nm wavelength. Although for bias voltage
beyond -0.5V both experimental and simulated effective index changes are in good
agreement, a slight discrepancy takes place below -0.5V. We believe this might be due
to the fact that we assume an ideal uniform doping profile in our electrical simulations,
on one hand, and/or that the actual target doping concentrations are slightly lower than
expected [GAR09]. One might also put forward the fact that the slow mode distribution
might be altered from the simulations to experiment, hence interacting in a slightly less
efficient way with charge carriers.

On the other hand, data transmission measurements were realized in the same way by
using the same set-up (Figure 2-9) that in previous section 2.3.3.1. To analyze the high-
speed performance of the slow-light modulator under low drive voltages, eye diagram
acquisitions at quadrature (A=1546.9nm) from 5 to 25Gbit/s were carried out under
drive voltage ranging from 1 to 4V. The results are summarized in Figures 2-32, 2-33
and 2-34.
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Figure 2-34: Eye diagrams at 10 Gbit/s for varying peak -to- peak drlve voltage [BRI12A].
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Interestingly, and as a result of the high modulation efficiencies, the eye diagram in the
range 5-10Gbit/s remains open for very low drive voltages (1, 1.5, and 2V), and the
corresponding ERs lie between 3dB and 4.3dB. DC bias voltages are 0, 0.25, and 0.5V,
respectively. For drive voltages ranging from 3 to 4V (respective DC biases are 1 and
1.5V), the eye diagrams open up, showing that ultrahigh-speed operation at 25 Gbit/s is
achieved, as shown in Figure 2-33. The relatively low ERs are due to the power
unbalance between the two arms of the MZI, which produces a null height of only
10dB. Using an asymmetric MZI featuring two identical corrugated waveguides in each
arm would increase the null height and lower the “0” level. This would notably increase
the dynamic ERs for drive voltage beyond 2V.

In conclusion, the performance of a 1mm-long slow-light modulator has been
analyzed in terms of IL, modulation efficiency, and dynamic operation under low drive
voltages. The high modulation efficiency (0.55V.cm for a 1V swing) provided by the
slow-light phase shifter with the PN junction positioned in the middle of the waveguide
allowed data transmission rates from 5Gbit/s with 1V, up to 25Gbit/s with 3V, with
an IL of ~12 dB. Enhanced performance (higher ER) is expected when driving the
modulator in push—pull while sustaining low drive voltages. In summary, the promising
combination of high modulation efficiency, low drive voltage, relatively low IL,
compactness, and high-speed operation gives all the more reasons for slow-light
modulators to be used in more complex silicon photonic systems.

2.3.4. Method for obtaining propagation losses

In this point, a method for measuring waveguide propagation losses by means of a MZI
structure is presented, being this method the main contribution of the author to this
thesis respect to slow-wave structures point. The method, based on the analysis of the
transmission spectra of asymmetric MZIs, enables the propagation losses of the optical
waveguides to be calculated without the requirement of identical coupling conditions
for each measurement. In addition, the power imbalance of the branching structure in
the MZI can also be obtained. Our theoretical analysis is supported by experimental
measurements [GUT12B]. Moreover, and due to the paramount importance of this
critical parameter in slow-wave elements, the method is extended and proposed to
accurately measure the IL of the slow-light phase shifters presented in the previous
section [BRI12A].

2.3.4.1. Rib waveguides

The passive optical component is an asymmetric MZI consisting of two identical
branching elements and arms having different lengths (with AL of length difference). As
shown in Figure 2-35, light is divided at the input and then recombined at the output
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through the branching elements. The splitter and combiner components may either be
Y-junctions or MMI.

Figure 2-35: Schematic view of the MZI structure. Splitter and combiner portions are
represented by a generic box.

Ideally, the branching elements should split and recombine the input power equally
in both arms. However, this is not always true due to fabrication process deviations and
may therefore have a significant impact on the component performance, depending on
the application [CHAOQ1]. Therefore, in our analysis, we initially consider the most
general case of having branching elements with different performance at the input and
output of the MZI structure. At the branching element acting as a power splitter, that is,
located at the MZI input, the amount of power coupled to the shorter arm is denoted aj,
while the amount of power coupled to the longer arm is denoted bj,. In a similar way,
we can denote aoy: and by the power coupling coefficients that govern the output
branching element, which acts as a power combiner.

Starting from of the transfer function of a MZI and assuming the same propagation
losses for both arms, we can obtain the maximum electrical field at the MZI output as:

B = Ei| VA /a8 ™ + by, (et ] (2.28)
where E; is the input electric field including coupling losses, a(Np/cm) is the

propagation losses in the MZI arms, L(cm) is the length of the shorter MZI arm and
AL(cm) is the length difference between the MZI arms.
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To obtain the expression for the minimum electric field, there will be an uncertainty
because we do not know a priori if the output power from the longer arm is lower or
higher than that from the shorter arm as it will depend on the branching elements,
propagation losses and length difference between the MZI arms. Therefore, for the sake
of simplicity, we can define the minimum electric field at the MZI output as:

Erin = B [ 2, /a6 = b, o6t ] (2.29)

It should be pointed out that this value may be either positive or negative. Combining
Equations (2.28) and (2.29), we can obtain the following linear equation:

E dB =AL cm .« dB/cm +R dB (2.30)
where
E _+E .
E dB =20lo —mex___min 2.31
glo[Emax_Eminj ( )

20log,, (%J, Enin >0
in out

20 Ioglo (M]' Emin < O

and R(dB) is denoted as the branching ratio. As can be noticed in Equation (2.32), the
exact expression of the branching ratio will depend on the sign of the minimum electric
field obtained from Equation (2.29). However, in both cases, the branching ratio value
derived from Equation (2.30) will indicate the degree of asymmetry of the branching
elements. For perfectly symmetric branching elements, R(dB)=0 while as the
asymmetry in the branching elements increases R(dB) will give rise to values greater or
lower than zero. Hence, considering a set of MZIs with different optical length
differences (4L), we can represent the single parameter E(dB) as a function of AL for
each MZI. Then, in a similar way than for the cut-back method, we linearly interpolate
through these points to finally estimate the propagation losses a(dB/cm) of the MZI as
the slope of the interpolated line. In addition, the intersection with the Y-axis (AL=0) of
the interpolated line will give the branching ratio.

R dB = (2.32)

The estimation of the propagation losses and the branching ratio will be independent
of the coupling loss, which is demonstrated by the fact that E; is not present in Equations
(2.30)-(2.32). Furthermore, it should be pointed out that if the branching ratio is known,
for instance from previous measurements, then only one MZI structure will be required
to estimate the propagation losses, which will be easily derived just by looking at the
maxima and minima of the interference transmission spectrum and applying Equation
(2.30).
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Figure 2-36: SEM picture of fabricated structures: (a) MZI, (b) Y-junction detail.

The samples were fabricated in the Nanophotonics Technology Center facilities on a
220nm thick SOI wafer. The optical waveguides were patterned by electron-beam
lithography (EBL) on 100nm PMMA resist, deeply etched by Reactive lon Etching
(RIE) and covered with a roughly 2um thick silicon dioxide layer. Figure 2-36(a) shows
a SEM picture of one of the MZI and the inset (Figure 2-36(b)) depicts a zoomed-in
view of the input power splitter.

To perform the experiment we fabricated three MZIs having optical length differences
of AL=1, 2, 3mm. The optical characterization was carried out using a tunable laser as a
coherent light source, which was coupled to a fiber PC. The performance of the device
has been measured using vertical coupling through grating couplers over a bandwidth
span of 20nm from A=1540nm to 1560nm. The measured transmission spectra are
shown in Figure 2-37.
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Figure 2-37: Detail of the measured transmission spectra of the MZI’s with (a) AL=1mm, (b)
AL=2mm, (¢) AL=3mm. The spectral range is reduced for clarity.
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As already mentioned, when the splitting and combining ratio is 50%, the MZI is
balanced. In this case, we can obtain a complete destructive interference when the
phases in both arms are opposite that leads ideally to an infinite extinction ratio.
However, the imbalance of the splitter and combiner as well as the excess loss of one
arm with respect to the other gives rise to a reduction of the extinction ratio, as occurs in
Figure 2-37. The excess loss in one arm is directly responsible for the ER variation as
the length difference between the MZIs changes. On the other hand, we attribute the ER
variation with wavelength to the effect of stitching. It is well known that stitching
originates due to offsets in the pattern at different writing fields. In our case, a writing
field of 150um x150um has been used in the EBL process. Consequently, MZIs with
longer lengths are more likely to suffer offsets in the pattern (stitching errors) and
exhibit therefore more ER variability as it can be clearly seen in such Figure 2-37.

Applying the method described, we obtained that the propagation losses, shown in
Figure 2-38(b), are on average 8dB/cm with a standard deviation of 3.5dB/cm for the
measured wavelength range. It can be noticed here that such relatively high losses can
be attributed to stitching and sidewall roughness. Roughness loss reduction can be
achieved with techniques such as oxidation smoothing of the sidewalls [LEEO1, SPA05]
and stitching may be minimized via substrate-tilt correction procedure [GNAOQ7A,
GNAO7B]. On the other hand, Figure 2-38(a) depicts the branching ratio as a function
of the wavelength. It can be seen that the branching elements are not perfectly
symmetric, which results in an average branching ratio of 0.83dB with a standard
deviation of 0.82dB. The standard deviation is high due to the undesired ER variation
with wavelength. Therefore, assuming identical branching elements at the input and
output of the MZI structures (a=aj,=aou: and b=bi,=bo), as well as power conservation
(a+b=1), it is possible to extract a and b coefficients from Equation (2.32) with
acceptable accuracy and hence completely characterize the branching element
performance.
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Figure 2-38: (a) Branching ratio and (b) propagation losses versus wavelength obtained from
method.
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The uncertainty given by the two possible solutions can be resolved by comparing
the experimental ERs of the MZI transmission spectra with the theoretical ER values,
both shown in Table 2-5 and calculated from Equations (2.28) and (2.29). These values
take into account the propagation loss and branching ratio that were extracted from the
proposed method. It can be seen that the ER values from solution a~0.52 are in very
good agreement with the average ER values derived from the transmission spectra of
MZIs thus demonstrating the robustness of the proposed method and indicating that
more power is coupled into the shorter arm of the MZI.

experimental ER a~0.52 a~0.48
20.4dB 21.3dB 44.4 dB
17.3dB 17.6 dB 25.7dB
14.6 dB 15.1dB 20.2dB

Table 2-5: Average theoretical ERs and experimental ERs derived and from the transmission
spectra.

In contrast to the cut-back technique, conventionally used for straight silicon
waveguide [VLAO4], the proposed method involves all the components of the MZI,
including waveguides and branching elements (power splitter/combiner). Moreover, the
alignment at the chip-input and output is not a critical issue because what matters is the
relative position between the maxima and minima of the same spectrum and not the
relative positions of the spectra as cut-back requires. In other words, our method is
independent of the coupling losses. Finally, as already mentioned, if the branching ratio
is known, then only one MZI structure will be required to estimate the propagation
losses. On the other hand, if the propagation loss is known and the splitting ratio at the
branching element could be tuned [FENO8], the optimum splitting ratio value, denoted
bopt, Can be straightforwardly from Equations (2.28) and (2.29):

1

T oAl (2.33)

14

so that then more optical power would be forced to propagate through the longer arm of
the MZI thus maximizing the extinction ratio.

Overall, the proposed method introduces interesting improvements over the cut-back
method as it allows for reliably calculating the propagation losses as well as the
branching asymmetry of MZI structures. The method, based on analyzing the
interference fringes of the MZI spectra, avoids the requirement of constant fiber-to-chip
coupling conditions, which is difficult to achieve in practice. Moreover, the proposed
technique may also be of great interest to systematically estimate the performance of
MZIl-based structures, such as filters, switches or modulators, in which the power
imbalance introduced by the branching elements as well as the propagation losses, are

67



Chapter 2: Digital applications

of paramount importance. Finally, this method may be applied to more complex
structures as MZI featuring slow wave structures as it will be described in the following
point.

2.3.4.2.Corrugated waveguides

The previous method is proposed and extended to accurately measure the IL of the
slow-light phase shifter [BRI12A]. In order to estimate the IL versus group index with a
single measure, the method exploits again the MZI structure consisting of a slow-light
waveguide in one of its arms, as illustrated in Figure 2-39(a). It should be noticed that
the calculation of the group index variations has been proposed with similar procedures
[GOMO7, NOTO1]; however, to the best of our knowledge, a method for also estimating
the IL from the MZI spectrum has not yet been reported. Figure 2-39(b) shows the
optical transmission spectrum of the MZI structure. The FSR changes across the
spectrum as a result of the group index dependence upon wavelength, which increases
as we approach the band edge of the slow-light mode.
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Figure 2-39: (a) Schematic of the MZI structure used in the proposed method to estimate the IL
in the slow-light phase shifter, (b) normalized optical transmission spectrum of the MZI
structure [BRI12A].

Therefore, the FSR variations across wavelength can be used to extract the group index

from
12
FSR 4 ~ (2.34)
nAL+ n, +n, 4 L

ref —

where 1 is the central wavelength of the FSR; nsy, Ny, and n are the respective group
indices in the slow-light, 300nm wide reference rib, and 400nm wide rib waveguides; L
is the length of the slow-light and reference rib waveguides, which is the same; and AL
stands for the length difference between the MZI arms considering only the 400nm wide
rib waveguide. In our case, L=1mm, AL=0.9mm, n.~3.5, and n~3.7. The selection of
the sign in the right-hand side of Equation (2.34) depends upon the considered
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wavelength range and is related to the fact that the FSR exhibits different behaviours as
we move from the fast-light region toward the PBG, as can be observed in Figure 2-
39(b). In the fast-light regime (far enough from the PBG), the separation between the
interference fringes remains approximately constant, which is consistent with a nearly
unvarying group index value, and the negative sign must be used in the Equation (2.34).
However, as we enter the slow-light regime, that is, as we move closer to PBG, the FSR
increases up to a maximum value, which means that the phase difference between the
MZI arms is minimized. According to (2.34), the FSR is infinite when the denominator
is zero, which means that there is no phase difference between the MZI arms. It can be
straightforwardly obtained that this occurs for a group index of 6.8. From this point
forward, the positive sign must be used in the Equation (2.34) because higher group
indices imply that the effective optical path length of the shorter arm becomes larger
than that of the longer arm, thus causing the FSR to decrease.

The influence of loss variations versus group index in the slow-light waveguide is
also clearly observed in Figure 2-39(b). Initially, the losses in the reference arm are
higher than in the fast-light region (i.e., the region where the group index is
approximately constant) of the slow-light waveguide, hence reducing the contrast ratio
of the MZI interference fringes. As the group index increases, the losses in the slow-
light waveguide increase accordingly, reducing further the power imbalance between
arms. This, in turn, contributes to improve the contrast ratio. The maximum contrast
ratio is achieved when the total losses in each of the MZI arms are similar, which takes
place for wavelengths around 1552nm. At wavelengths lower than 1552nm, the power
imbalance increases back again, reducing therefore the contrast ratio, though this time
caused by higher losses in the slow-light waveguide. Therefore, the IL in the slow-light
phase shifter can be estimated from the variation of the contrast ratio with wavelength.
The proposed method for estimating the IL starts from the evaluation of the maximum
and minimum electrical field at the MZI output, which can be written as

max

Enx 4 =B, mec, A e 4m e (2.35)

En 4 =E, mc, 2 ™" —m

min

—Qlyes L+aAL (236)

L+ALe

where E, is an amplitude factor that includes the fiber-to-the-chip coupling losses, m.
and my ., is the power branching coefficient of the splitter and combiner (it is assumed
that both are identical), c, accounts for the input and output coupling losses between the
slow-light and rib waveguides; and asw, aref, and a are the respective propagation losses
in nepers per unit length in the slow-light, reference rib, and rib waveguides. It is
assumed that the propagation losses in the rib waveguides are approximately constant
with wavelength. The following relation is obtained by combining (2.35) and (2.36)

Emax j’ +Emin Z’
Emax A _Emin A

E A =20Ioglo( joteJGC A+ oay—a, 4 L (2.37)
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where Cte is a constant value, which depends only on the possible splitter/combiner
branching asymmetry and the a4L losses. Thereby, we can obtain an estimation of both
coupling and propagation losses within the slow-light waveguide at a given wavelength
just by considering the maxima and minima or, in other words, the contrast ratio of the
MZI interference fringes, which makes the proposed method independent on the
external alignment and the fiber-to-the-chip coupling losses.

The IL, which include both coupling and propagation losses, can be derived as
follows
{E—E A, region1l
IL A =C, 1 +a,, 4 Lra L+ _ _ (2.38)
E+E 4 ,region?2
where az, and E are, respectively, the propagation losses and mean value of E(2) in the
fast-light region, where the group index is approximately constant and where the
coupling losses are assumed to be negligible. The two different expressions for regions
1 and 2 depicted in Figure 2.39(b) assume that, in region 1, the output power from the
longer arm is lower than that from the shorter arm, and vice versa in region 2, where the
sign must be changed in the Equation (2.36) as also occurs in (2.34). The propagation
losses, asy, can be estimated from Equation (2.37) giving rise to a value around
3dB/mm.
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Figure 2-40: (a) Group index and (b) IL variation versus wavelength. (c) Slow-light phase
shifter IL versus group index. [BRI12A]

Figure 2.40 shows (a) the group index and (b) IL dependence on wavelength, which are
derived from Equations (2.34) and (2.38), respectively. Both results can be combined in
order to obtain the IL versus group index of the slow-light phase shifter structure, as
depicted in Figure 2-40(c). It can be seen that the IL increase for increasing group
index, yielding to a trade-off between high modulation efficiency and low IL, which
relies on the group index operating point [BRI11A].

The increase in loss is partly attributed to the higher free-carrier-based absorption
arising from the enhanced light-matter interaction. In fact, the IL in the fast-light region
are similar to those reported in other works with similar doping concentrations [KIM11,
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DIN12]. Nevertheless, IL as low as ~2dB for a group index of ~28 have been reported
in an MZI modulator with 200um long slow-light phase shifters based on a 2D-PhC
structure although considering lower implantation doses [NGU12A]. Overall, strategies
to reduce the IL should be focused on optimizing the overlap between the active region
and the slow-light mode propagating through the periodic optical waveguide. As a
matter of fact, a doping compensation method in which the doping profile is optimized
to reduce absorption losses without degrading the modulation efficiency and speed has
been recently proposed and demonstrated for conventional silicon modulators [TU11].
Such a method could also be applied for the proposed slow-light modulator. Finally,
improving the coupling technique to the slow-light mode would also be especially
desirable as the group index increases.

In conclusion, a simple method has been proposed for experimentally estimating the
IL versus group index of a slow-light photonic waveguiding structure. Only a single
measure is required, and the loss estimation is independent of the alignment and fiber-
to-the-chip coupling losses.

2.4. Active RF characterization set-ups

During the chapter, a brief overview of the set-ups used for experimental measurements
has been provided. However, it is important to describe in more detail the experimental
setup as well as the function of each component used for characterizing the fabricated
electro-optic modulators acting in each case on different way. Two main types of active
characterization set-ups have been presented and used along the chapter.

2.4.1. Data transmission measurements

The high speed performance of all silicon-based modulators (both slow-light and MRR-
based modulators) presented in the chapter has been characterized by measuring their
data transmission capability. For such task it is necessary to visualize and measure the
eye diagram of the received signal. The main component used in this case is the digital
communication analyzer (DCA) which is a powerful and versatile instrument for
characterizing high-speed digital communications waveforms. We are going to explain
in detail the set-up used.

Light emitted by an ECL laser is injected into the modulator via grating couplers if
vertical coupling (slow-wave modulators) or lensed fiber and inverted tapers if
horizontal coupling (MRR-based modulators). The transmitted power is optimized
through the use of a polarization controller (PolaRITE™ General Photonics). The
description of both coupling techniques as well as the passive characterizations set-ups
are given in Appendix A.
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Data transmission measurements are realized by driving the modulator with a NRZ
PRBS of length 2*-1 delivered by a BPG (SHF BPG 44E) connected to an external
clock (R&S SMR RF signal generator). The electrical signal is generally amplified
through a high speed RF amplifier (Picosecond Pulse lab model 5865) to achieve a
decent voltage swing (Vpp) and combined to a DC bias supplied by a DC Power Source
(Agilent E3647A) using a bias-Tee (SHF BT-110) . For consistency with S,; electro-
optical measurements, the modulating signal is applied through a high speed GSG input
probes to the electrodes (travelling wave in slow-wave modulators and lumped
electrodes in the MRR-based modulators) which are terminated externally by a 50 Q
resistance coupled to a DC block (SHF DCB-110) by using a GSG output probes to
avoid reflexions (in the case of travelling wave configuration).

The output modulated signal is amplified with an EDFA (Amonics AEDFA-18-B-
FA), filtered by a tunable OF (Tecos bandpass-OF) to isolate the selected resonance of
the modulator optical transmission spectrum and photo-detected by a DCA (Agilent
Infiniilum DCA-J 86100C). In the DCA we display the eye diagram and measure the
dynamic ER. The next Figure 2-41 depicts again the schematic of the set-up but this
time showing a real picture of each component used.
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Figure 2-41: Schematic of the characterization setup and pictures of each component used in
along the chapter to measure the data transmission capability of the silicon-based
modulators.

For completeness, pictures of the entire real set-up used in the Nanophotonics
Technology Center facilities are shown in Figure 2-42.
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Figure 2-42: Pictures of the characterization setup for the eye diagram acquisition.

2.4.2. Small signal measurements

On the other hand, the set-up used for small signal characterization has been shown in
section 2.2.3.2 for the RAMZI modulator. Small signal measurements consist basically
on the determination of the electrical and electro-optical frequency response of a given
electrical or electro-optical device via the calculation of the scattering parameters.
Therefore, such characterization is necessary to estimate the S,; electro-optical
parameters to obtain the 3-dB roll-off bandwidth of the RAMZI modulator and the main
component for such purpose is the vector network analyzer (VNA).

So, Figure 2-43 shows the experimental set-up (and real pictures of each component)
for measuring the high speed optical frequency response. Light is coupled from an ECL
to the chip via a lensed fiber (details in appendix A) after polarization control
(PolaRITE™ General Photonics). The small electrical signal delivered by the port 1 of a
RF vectorial network analyzer (Agilent PNA-X N5247A) is coupled a DC bias voltage
supplied by a DC Power Source (Agilent E3647A) using a bias-Tee (SHF BT-110) and
applied to the lumped electrodes through high speed GSG probes to the RAMZI
modulator. The output modulated signal is amplified with an EDFA (Amonics AEDFA-
18-B-FA) and photo-detected by a high speed photodiode (u2t 50GHz XPDV2120R)
connected to the port 2 of the RF VNA in order to extract the electro-optical Sy; transfer
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function. The signal generator is swept from 100MHz to 50GHz and the photo-receiver
output is normalized by the input drive voltage for all frequencies
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Figure 2-43: Schematic of the characterization setup and pictures of each component used in
section 2.3.3.2 to measure 3dB frequency roll-off of the silicon-based RAMZI modulator.
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Analog applications

3.1. Introduction: Microwave Photonics

As an emerging technology, many definitions of microwave photonics (MWP) have
been described in the past few years: “MWP is a discipline which brings together the
world of radio-frequency engineering and optoelectronics” [MAR12], “MWP is the
study of photonic devices operating at microwave frequencies and their applications to
microwave and optical systems” [CAPQO7], “MWP is an area that studies the interaction
between microwave and optical waves” [YAO12], “Microwave photonics is a rapidly-
growing interdisciplinary field linking microwave and optical technologies” [BER10].
The body of work referred to as analog photonics, microwave photonics, RF photonics,
and analog optics is generally focused on the optical encoding of electronic signals and
the transmission or manipulation of such signals in the optical domain.

Analyzing the previous definitions one can easily to get an idea of the basic concept
of a MWP link, shown in Figure 3-1(a), which consists of: analog electrical signals at
microwave frequencies are transported over a photonic link composed by optical fiber.
In its simplest form, an MWP link consists of an electrical-to-optical (E/O) conversion
of the RF signal by a modulation device and an optical-to-electrical (O/E) reconversion
of the optical signal by a photodetector once it has been transported. Further, when
processing signal (as time delay, phase shift, filtering or frequency conversion) in the
optical domain between the two conversions is added, we are referring to a MWP
system, which is shown in Figure 3-1(b).

Considerable numbers of applications are involved in the research activity in the

MWP field, as satellite and radio-astronomy communications, sensor networks, cable
television system, medical imaging, antenna remoting in radar systems, and the leading
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from the consumer point of view, broadband wireless access networks, for example,
attaining in-home fiber networks supporting wireless communications at data rates of
multiple Gbit/s. The increasing demand in speed, bandwidth, and dynamic range as well
as small and lightweight devices are some of the reasons for that MWP has attracted
great interest. So, MWP enables the realization in microwave systems that are becoming
complex or even not possible in RF domain, exploiting the unique capabilities of
photonics in terms of size, power, cost, high data-transfer capacity and immunity to
electromagnetic interference.

(a)
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RFin 7 device Photodetector —>RF0ut
(b)
Modulation
RFin | device Photodetector —>R|:out
(c)

Photodetector

RF

out

Modulation Gptical
RF_) device | signal
in processing

Figure 3-1: Schematic of the fundamental concept of (a) an MWP link, (b) a MWP system and
(c) an IMWP chip.

Despite the potential of MWP, there are several factors that still distance the MWP
solutions to replace traditional microwave solutions. The dynamic range and the
reliability are still insufficient and the cost and power consumption are still too high. On
one hand, the use of discrete components as lasers, modulators and detectors, leads to
the system to be bulky, expensive and high power consumer. On the other hand, the
interconnections with fiber pigtails reduce the robustness of the system. The most
efficient solution so far to overcome these mentioned drawback factors, is the RF and
photonics integration [MAR12], that is, the use of photonic integrated circuits (PICs) to
address MWP functionalities, which makes arise a new technology so-called Integrated
Microwave Photonics (IMWP). With the incorporation of MWP components in
photonic circuits, and therefore the use of the IMWP technology, one can achieve a
reduction in: footprint, inter-element coupling losses, packaging cost as well as power
dissipation. This concept, shown in Figure 3-1(c), is very much in line with the recent
trend, already commented in the introduction of this thesis, of large scale PIC
technology for the future photonic network-on-chip (NoC) in scaled chip
multiprocessors systems [COL11, SMI12, LEE10] in digital approach, but it must be
taken into account that, due to the stringent requirements in the management of analog
signals, PIC technology for integrated MWP should show higher performance than the
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one expected from the digital applications. For this reason less attention has been paid
to analog applications, and so far, MWP has addressed lower-volume market, and
therefore lower volume PIC productions [MAR12].

In general terms, we can summarize the main functionalities covered by microwaves
photonics as follow:

e Photonic generation of microwave signals, obtaining large frequency tunability
and reaching very high frequencies up to the THz region.

e Photonic control and processing of microwave signals, in which two of the key
functionalities required for the future photonic processors are frequency up and
down conversions and microwave photonic filtering.

e Photonic distribution or transmission of microwave signals replacing the coaxial
cables links which means improvements in size, weight, flexibility and
attenuation. In this area, radio-over-fiber (RoF) systems which consist on
transport and distribution of wireless signals over optical fiber, has special
mention. High fidelity of signals is required in these applications, which is
translated in high linear E/O conversions.

e Photonic analog-to-digital conversion, overcoming the conventional analog-to-
digital conversers limits in speed and resolution which become more severe at
higher frequencies.

One of the available platforms frequently used to demonstrate IMWP features is the
silicon-on-insulator (SOI) technology which allows much MWP functionalities to be
addressed in a single chip. SOI integration based devices is therefore a hot topic in the
area of IMWP as its state of art is mature and compatible with CMOS technology,
which provides it the capability to monolithically integrate optical and microelectronic
components. Moreover it provides immunity to electromagnetic interference, besides
that the miniaturization of the devices due to its high index contrast between Si and
SiO, which allows large-scale integration [JALO6].

Among the numerous building blocks required to enable a fully functional PIC chip
along with high speed electronics, electro-optic modulators are essential. These are just
the devices employed in MWP links for converting the RF signals into the optical
format, that is, they are the responsible of E/O conversions and therefore of paramount
importance for achieving high performance links. As it has already been explained in
the first chapter of the thesis, the leading approach for developing electro-optical
modulators in silicon photonics is currently via the plasma dispersion effect which
consists of varying the free-carrier concentration in a doped silicon waveguide [REE10,
SOR8T7]. Significant milestones in modulation devices have been achieved during recent
years through the plasma dispersion effect in silicon although mostly for digital
applications [BRI12A, THO12, BRI12B, AKI12B, ZIE12] as it has been reviewed in
chapter 2. But, until recently, less attention has been paid to analog applications due to
the fact that IMWP is a much younger emerging discipline which is experiencing its
impulse in the last years.
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This chapter presents different researches carried out in the analog scope for
application in the field of IMWP, all of them using CMOS-compatible electro-optic SOI
modulators which validate the potential of silicon CMOS photonics as a promising
approach for enabling large scale photonic integration driving the development of
integrated microwave photonics applications.

One of the impediments for MWP link to reach higher performance and replace the
traditional microwave solutions is the distortion added by the E/O and O/E conversions
and moreover, if the electro-optic conversion is carried out by a nonlinear-material
modulator as silicon-based. Besides, from the perspective of system performance,
silicon modulators cannot yet provide the stringent requirements of MWP in the
management of analog signals; hence most of the advantages in silicon photonics for
MWP have been focused on exploiting the optical nonlinearities [MAR12] but also on
enhancing the linearity of the silicon devices. For these reasons, an analytical model to
obtain distortion closed expressions of the most widely used modulator structure that is
the Mach-Zehnder Interferometer (MZ1), is theoretically developed and experimentally
validated in the section 3.2. Further, the model allows the designer to set a proper
choice of modulator parameters to linearize the device or to enhance the nonlinearities
giving a potential tool to predict the nonlinear modulator performance and the
parameters needed for a full study of a microwave photonic link [GUT13B].

The following sections 3.3 and 3.4 review two of the above mentioned MWP
applications in which we have used a silicon-based electro-optic modulator, explaining
more deeply in each case the basic principles and showing our experimental
measurements. First, the section 3.3 is devoted to describe and demonstrate
experimentally a method for photonic-mixing of microwave signals exploiting the
nonlinearities produced by a silicon-based slow-light MZI modulator enhanced via
slow-light propagation, which is used to successfully demonstrate an up-conversion
process [GUT12C]. Finally, in section 3.4, a photonic-based integrated filter for the
processing of RF signals is implemented by a silicon-based simple MZI modulator
[GUT13A]. In both sections, a review of the basic theory and, additionally, the state-of-
the-art of SOI devices used in the corresponding application are provided and the
experimental results obtained showing the potential of using CMOS silicon-based
modulators for IMWP technology. Finally, in section 3.5 the set-ups used for the RF
characterization are explained in detail describing the equipment models and showing
pictures of the real set-ups in the Nanophotonics Technology Center facilities.
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3.2. Analytical model for silicon-based MZIs nonlinear
distortion

In this section, an analytical model for calculating the distortion for RF signals added by
silicon-based electro-optic MZI modulators is developed by considering the nonlinearity
on the effective index change curve with the operation point and the device structure
simultaneously. Distortion expressions are obtained and theoretical results are presented
showing that optimal modulator parameters can be found to linearize it. Moreover, the
harmonic distortion of a silicon-based asymmetric MZI is RF characterized and used to
corroborate the theoretical results. Based on the present model, the nonlinear distortion
in terms of bias voltage or operating wavelength is calculated and validated by
comparing with the experimental data, showing a good agreement between
measurements and theory. Analog photonic link quality parameter like carrier-to-
distortion is one of the parameters that can be found with that model. Finally, the
modulation depth is measured to assure that no over-modulation is produced. Here and
for the development of our model, we assume that the analog photonic link (APL)
nonlinearity is dominated only by the modulation device (by the E/O conversion). Thus,
we assume that other devices in the APL, such us the photo-detector (the O/E
conversion), are linear. These components also contribute to APL nonlinearities but
generally their contributions are much smaller compared to that of the modulation
devices [MARO09] and, hence, most of the time can be neglected. It can be pointed now
that, the aim of this section is to demonstrate the potential and wide capability design
that provides you having closed equations for the calculation of the distortion and
demonstrate the accuracy of the model with experimental results [GUT13B].

3.2.1. Introduction: state-of-art

As mentioned in the introduction of this chapter, the heart of any MWP system is the
MWP link which basically consists of a modulation device for E/O conversion
connected by an optical fiber to a photodetector that does the O/E conversion. These
conversions in the MWP link add nonlinear optical distortions to the output RF signal
which must be reduced or exploited depending on the application to carry out in the
system. On one hand, high linearity is required for photonic RF signal transmission, so
the nonlinear distortions due to these E/O-O/E conversions are a limiting factor for this
purpose. In this case, the distortion terms closest to the frequency of the transmitted
signal have to be reduced or ideally eliminated. Two important performance metrics for
measuring the linearity of an analog optical link is the spurious-free dynamic range
(SFDR) and carrier-to-distortion ratio (CDR). The former is defined as the signal-to-
noise ratio of a carrier when the largest spur signal is at the noise floor level.

A lot of methods to improve the commercial LiNbO3; modulators linearity have been
published. The general idea in these linearization schemes is to introduce certain pre-
distortion to compensate for the existing ones with the cost of increased system
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complexity. Improved linearity has been demonstrated by predistorting the optical
signal using complex MZMs. Among them are the dual-polarization technique
[JOH88], parallel MZI scheme [KARO7, BRID95] and cascade MZI scheme [SAB95,
BET96, KARO08]. These schemes show difficulties of implementation and strict
requirements placed on the precise control of lengths and voltages on multiple
electrodes, so complex modulators are unstable and difficult to control at arbitrary
operating points. Alternatively, the linearization can be performed in electronic domain
by predistorting the EOM driving voltage [JAL98, WILL99], but that method requires
high speed nonlinear electronic devices. Other approach on which has been paid little
attention to reduce the modulator nonlinearities is the post-compensation. In [ZHA12] a
post-compensation method without any pre-distortion is proposed and experimentally
demonstrated to compensate in optical domain for the nonlinearity of an MZM in RoF
systems.

In silicon, a thorough study of the nonlinearities of a Mach-Zehnder Modulator
(MZM) and a modulator linearization scheme was reported in [KHI11], showing a
silicon-based modulator with superior linearity with respect to a conventional MZI
modulator. In that work, the modulator linearity is analyzed theoretically, using models
and numerical simulations. However, the expressions presented are limited to a
symmetric push-pull configuration which automatically cancels some distortion terms
of the phase response. Moreover, other silicon-based modulators have been used for
RoF transmission allowing very high linear features such operating points with 50dB
[VAC10] or 57dB [SON10] of carrier-to-distortion ratio for MZM and microring-based
modulators respectively, showing significant advantages for emerging RoF applications.
In the former, the SFDR value was not reported and in the second one a 96dB.Hz*?
value of SFDR was demonstrated. Additionally, in [AYAL12] the nonlinearities of
another silicon ring modulator were characterized and they found a SFDR of 84
dB.Hz*®, and recently, in [STR13] it was demonstrated that the linearity of a silicon
MZM can be improved by differentially driving it in a push-pull configuration allowing
a high SFDR of 97 dB.Hz*®. The measurements of all these published works are
verified by simulation results showing the same trend but no closed analytical
expressions of the nonlinearities are presented. These results are summarized in the next
Table 3-1.

omric | ey
structure [dB.HZY4 | [dB.HZ? [dBm/Hz] | [dB]
Microring 64.5 84 -169 -
MZ| : . - 50

[SON10] Microring 80 96 -165 57
[STR13] MZI 82 97 -165 -

Table 3-1: Reported results in photonic transmission of RF signals in the scope of MWP field,
(*) In the next section 3.3.1 it will be explained the difference between harmonic distortion
(HD) and intermodulation distortion (IMD).
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In contrast with the plain analog signal transport, some nonlinear applications such as
mixing or frequency conversion have been demonstrated in the IMWP field [GUT12C].
In these cases, the nonlinear operation of the modulator is exploited, taking advantage
of the distortion produced by the nonlinearities. In the section 3.3 we will center in this
kind of application. The purpose of naming them at this point is to highlight the fact that
the study of the distortion properties of silicon electro-optic modulators is an important
question for all silicon IMWP applications.

3.2.2. Electro-optic MZI modulator linearity

The most common way to characterize the modulator linearity is to perform a tone
modulation which can be classified into two categories: single-tone or multi-tone
modulation. Obviously, they differ in the number of carrier frequencies included in the
modulating signal and they produce different types of distortion. Harmonic distortion
can be defined as a single-tone (only a single frequency carrier is used as modulating
signal) distortion product caused by device nonlinearity.
fa
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Figure 3-2: (a) Single-tone and (b) two-tone output spectrum diagram of a nonlinear device
showing the frequency and the names of the generated distortion products.

When a nonlinear device is stimulated by a signal at frequency f;, spurious output
signals can be generated at the harmonic frequencies 2f;, 3fy, 4fy, i.e. at Nf;. The order
of the distortion product is given by the N frequency multiplier. On the other hand,
intermodulation distortion is a multi-tone distortion product that results when two or
more signals are present at the input of a nonlinear device. The 2"-order
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intermodulation products of two signals at f; and f, (two-tone modulation) would occur
at f;+f,, f,—f;, 2f; and 2f, and 3"-order at 2f1+f,, 2f,-f,, fi+2f, and f1-2f,, that is, at
Nf,+f, or fi=Nf, with N=1 for the 2"_order terms and N=2 for the 3™ ones. In Figure 3-
2 a representation of a single-tone (a) and two-tone (b) test output spectrum diagrams of
a nonlinear device are illustrated. The two-tone test is the most widely implemented to
fully characterize the nonlinear distortion. As it can be observed in Figure 3-2(b), if the
modulator is used in broadband application, the second harmonic distortion is the most
dominant distortion that needs to be studied. Many of the analog microwave
applications however, have bandwidths less than an octave, in which the second order
distortion is not a problem and third-order intermodulation distortion has to be taken
into account.

It is well known from theory and many published works [COX04, MAROQ9] that linear
material-based modulators such LiNbOg3, in which the distortion is produced only by the
nonlinear modulator transfer function, which is periodic and usually have the same
performance with the bias point. This periodic function is a nonlinear cosine-squared
and at quadrature bias point (QB), all even order distortion terms ideally vanish (in
practice they are minimized), while fundamental signal and odd order terms maximize;
by contrast, at maximum (MATB) or minimum transmission bias point (MITB), the odd
order distortion terms are suppressed (again ideally) and the even ones are maximized.
Figure 3-3 shows a spectrum diagram example for a single-tone test in the three key
points of the modulator transfer function for a linear-material modulator.
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Figure 3-3: Output spectrum diagram example for a single-tone test modulation in a linear-
phase modulator for the three key points of the transfer function: MATB, QB and MITB.

Although the work of in this thesis is focused in integrated SOI modulators, the
distortion of a commercial LiNbO3 electro-optic modulator has been characterized, with
the aim of corroborating the distortion behavior explained above. The device used was
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40Gbit/s modulator from Corning OTI Inc. and the setup used for the measurements is
shown in Figure 3-4.
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Figure 3-4: Schematic of the setup used to carry out the distortion characterization of a
commercial LiNbO; modulator.

The laser used in this measurement was an external cavity laser (ECL) with a
wavelength of 1550 nm and an optical output power of 8dBm. The laser is pigtailed
with a standard single mode fiber and the polarization is optimized via the use of a
polarization controller (PC). The MZM bias voltage was controlled with a voltage
supply and the RF signal was supplied to the modulator using a RF signal generator.
The modulated optical power from the modulator was then detected using a
photodetector. The detector output was connected to a bias-Tee and the DC output is
connected to a multimeter, while the RF output was connected to an RF spectrum
analyzer (detail of all components and measurement devices in section 3.5).
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Figure 3-5: Theoretical [MARO09] and experimental average photocurrent as a function of the
bias voltage of a commercial LiNbO; MZI modulator.

10

DC MZM characterization was done by means of varying the modulator bias voltage.
The average detected photocurrent was measured for every bias voltage using a
multimeter obtaining the typical modulator V/I curve as shown in Figure 3.5. In such
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Figure are also shown the three key bias operation points: MATB, QB and MITB.
Moreover, the measurements results were compared with the simulation results from
analytical expressions developed in [MARO09]. From the average photocurrent
measurements, we found that the value of the half-wave voltage V, was 4.5V.

On the other hand, the distortion characterization was performed by means of a
single-tone test in which the RF signal frequency was set to be 2 GHz and with a RF
power of 10dBm. For each modulator bias voltage, the fundamental signal, the second-
order harmonic distortion, HD2 (at 2fgr¢) and the third-order harmonic distortion, HD3
(at 3frp) powers were measured (and shown in Figure 3-6) using the RF spectrum
analyzer at the frequencies of fre=2 GHz, 2fre=4 GHz and 3frr=6 GHz, respectively.
Again the measurements were validated by the analytical expressions presented in
[MARO09] and a perfect matching between theory and practice were obtained.
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Figure 3-6: Theoretical and experimental fundamental and 2™ and 3™ harmonic distortion
powers as a function of the bias voltage of a commercial LiNbO; MZI modulator.

We can easily identify in the above figure by comparing with the previous I/V curve
shown in Figure 3.5, the QB point (around 2.25V and 6.75V) as the bias voltage that
gives minimum HD2 power and the MITB (around 4.6V) and MATB (around 9.3V)
points as bias voltages for which the fundamental and the HD3 powers are minimized,
corroborating the distortion feature explained at the beginning of this section for the
linear-material electro-optic modulators.

In contrast with linear material-based modulators such LiNbOj, for a nonlinear
material such silicon, the distortion depends on additional factors besides the DC bias
voltage as we will see later. Moreover, the index change caused by the plasma
dispersion effect, which it has been mentioned several times along this thesis to be the
most adopted electro-optic effect in silicon, is a nonlinear effect, as it can be observed in
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the Soref equations [SOR87]. This nonlinear dependency of the index change with the
applied voltage also produces intermodulation and harmonic distortion terms. So, this is
the main motivation for the development of a model with analytical expressions which
can help the designer to predict the distortion performance in a silicon-based MZI
modulator.

3.2.3. Analytical model development

The starting point of the model is the effective index change with the applied DC
voltage. In a silicon-based modulator under plasma dispersion effect, in this case carrier
depletion effect, one can derive such effective index change from the depletion width of
the PN en junction. For an asymmetrically doped junction, meaning that the n-doping
concentration is higher than the p-doping, the depletion width can be represented as:

2e Vy+V,,

D~ eN, (3.2)

Where Wp is the depletion width, ¢ is the permittivity of silicon, e is the electron charge,
Na is the acceptor concentration, Vy is the built-in voltage (contact potential) and Vap is
the applied voltage. On the other hand, the effective index modulation (dn) due to the
bias voltage change (dVapp) can be described by the following Equation (3.2) [VAC10,
CHU95]:

dn  § c? 2
- 2 .
dVv,, ecA
gA
CJ:\N_ (3.3)
D

Where n is the effective refractive index of the waveguide, ¢ is a empirical constant that
accounts for both confinement effect (overlap between the optical mode and the spatial
distribution of free carrier density change in the waveguide phase shifter) and the
coefficient of charge density induced refractive index change, C; is the junction
capacitance and A is the area of the capacitor. From (3.1) to (3.3) we find by integration
that the effective index change with the applied voltage can be approximated by a
logarithmic curve as shown in Equation (3.4). As we have already mentioned, this
dependency has a nonlinear form for a silicon-based modulator.

Vamo
Ang =KkIn 1+V— (3.4)

b
where k=0Na/2 (dimensionless) and V,, (in volts) are constants. In our case, we will use
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these parameters to fit the curve with the DC performance experimental results of the
effective index variation. This effective index change induces a phase shift that
accomplishes the Equation (3.5) already described in Chapter 1.

27
AD = 7 Angg Ly (3.5)

where 1 is the wavelength, Anes is the effective index change and Lacr is the phase
shifter length.

Furthermore, in case of having a length difference between two arms of the MZI also
induces an additional phase shift proportional to this length difference. Thereupon, we
can regard that the total induced phase shift is due to two factors: the device structure,
related with modulator transfer function, which has been called A®gj;s and allows
driving the modulator to the appropriate operation bias point; and the silicon in the
active area, which has been named as A®s;, and it is described in Equation (3.7). So, the
final phase shift expression can be written as:

AD, . = AD +AD,, (3.6)
where:
27
ADg = 7 AN Lacy (3.7)
The detected optical power at the output of a MZI modulator is:
AD
P,y = P, cos’ (—ZTOT ) (3.8)

where Pj, is the input optical power to the modulator. If we substitute the total phase
shift described by (3.6) in (3.8) and expand the cosine, using the next trigonometric
relations:

cos’ X =% 1+cos 2x (3.9)

COS X+Yy =CO0S X COS y —sin x sin vy (3.10)

we can state the output power as:

o F)m(1+cos AD, J:P' [1+cos ADg +AD,,, J:

2 " 2
(3.11)

11 1. :
P, (E+§cos ADg cos AD,, —Esm ADg sin ADg,. j
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3.2. Analytical model for silicon-based MZIs nonlinear distortion

Also, the phase shift due to the silicon including the Equation (3.4) of the effective
index change into the Equation (3.7) results:

Y
AD; = 27” LacrAng =oIn (1+ ﬂJ (3.12)

b
where we have defined the design parameter ¢ (in radians) as shown in the Equation

(3.13):

2
0= 772- Lacrk (3.13)

On the other hand, in a two-tone test, the input RF signal takes the form:
Vig =Vie COS ot +Vp COS ot (3.14)

where Vrge1 and Vge; are the RF signals amplitudes and w;=2xzf; and w,=2xf, are the
angular modulating frequencies of the two input tones. Thus, the total applied voltage to
the electro-optic modulator is the sum of one DC term and one RF term, as:

Va =Voe +Vi¢ =Vpe +Vge COS @t +Vpe COS ot (3.15)

If we make a compilation of the above equations and we substitute each equation into
each other, we realize that the final expression for the silicon phase shift results:

A — ol 1 Voo Vi, €O 04t +Vie, COS ot J
Si T

Vi

RF,

V V
=oln|1+-2¢+ Thcos ot +

CoS m,t J:
b Vb b

RF RF,

=oln| Xy + cos ot +

CoS m,t J:
b b

(3.16)

I Vv V
=oln XDC(1+ "_cos ot +—2—cos m,t H

bXDC b“*DC

=oln| X G X, COs @t D X, COS @tj

where:

V
Xoe =142 (3.17)
DC Vb
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Vv
Xpp =—1 (3.18)
i Vb X DC
Vv
X = —2 (3.19)
e Vb X DC

For simplicity, the model has been developed under the assumption that the two tone
input signals are of equal amplitude and the small signal approximation Vge<<Vj, so:

V
X1 _ X2 X = RR VRF — VRF <<1 (3.20)

VbXDC \/b (1+\/DC] Vb +VDC

b

Now, we can apply the relation In(a.b)=In(a)+In(b), so:
AD  =cln X +o|n[1+x Cos at +Cos w,t J (3.21)

Finally, we can write the silicon phase shift as described in the Equation (3.22):

ADG =0 Yoo +In 1+Y (3.22)

where Y and Ypc are given by Equation (3.23) and (3.4) respectively:

Y =X cos ot +cos w,t (3.23)

Yoc =In Xpe = In(l"'\%] (3.24)

b

Now, the silicon phase shift can be expanded into the natural logarithm Taylor series as
follows:

In 1+Y => -1 wY _y_Lyeylys ) (3.25)
—~ n 2 3

The silicon phase shift resulted of this Taylor series will consist of a DC component
which does not depend on w, and a set of harmonics and intermodulation distortion
terms as it is shown in the Equation (3.26):
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3.2. Analytical model for silicon-based MZIs nonlinear distortion

—£X2+(X +§X3jcos ot
2 4

_ 1 2 1 3
AD, =0 _ZX cos 2mt +EX cos 3yt (3.26)

1 1
~=X?cos w tw, t +=X%cos 2w, tw, t
4

Including this expression of the silicon phase shift into the Equation (3.11) of the output
optical power we can perform another Taylor expansion of the cosine and sine which
are as follow:

; S -1 ’ 2n+1 X X
SIn X = ——X =X—-——+—... 27
nzz(; 2n+1! 31 5l (3.27)
0 n 2 4
- X X
COS X = X" =1
nz:(; 2n | 21 41 (3.28)

The result is again a set of harmonic and intermodulation products. The amplitudes of
all these components will be sums of linear combinations of X, Ypc and o. The desired
expressions that describe the modulator amplitudes nonlinearities are finally obtained
and described by the Equations (3.29)-(3.31) in which the sub-index ‘c’ is referring to
cosine and ‘S’ to sine:

Peuno. @ Bias P gias  Lrunps X (3.29)

1 1.
:Ecos AD Funpe X —Esm AD

:%cos AD,,, [(D,MDZCXZJ—%sin ADy, [y X?]  (3.30)

Pz @ T o,

1 1.
Puvps 20, T o, ZECOS ADyg, I:(I)IMD3CXs:|_ESIn ADyg, I:(DlesXa] (3.31)

As we can observe, the fundamental, 2"-order and 3"™-order amplitudes are the terms
with linear, quadratic and cubic dependence on the modulating signal Vgg, respectively.
Finally, the cosine phase expressions are:

D e = _YDC o’ (3-32)
1 1
Dyipac (EYDC _Ej o’ (3.33)
1 3
D ypae = (_ZYDC +§jo'2 (3.34)
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And the sine phase expressions:

Drps = O'_(%YDCZ]Oj (3.35)
1 1 1
Dypas = (_Eja+(ZYDC2 _EYDC )0'3 (3.36)
1 1 3 1
Dypzs = (ZJG_(gYDCZ _gYDC +§j03 (3.37)

The IMD amplitudes differ from the HD amplitudes even though they are basically
generated by the same mechanism. It has been found that the IMD2 amplitude is twice
that of the HD2 amplitude while the IMD3 amplitude is three-times the HD3 amplitude.
However, the powers of these components rather than the amplitudes are usually
measured. If we regard the amplitude to be either a current or a voltage, then the power
considered here is an electrical or an RF power. Thus we can easily identify that the
powers of the distortion terms are proportional to the square of their amplitudes. So, we
can deduce that the power of the HD2 terms expressed in decibels are approximately 6
dB lower compared to the IMD2 powers, and the HD3 powers are approximately 9.5 dB
lower relative to the IMD3 powers. Therefore, we can affirm that:

Pio2 ® R, —6dB (3.38)
R s ® Pups —9.5dB (3.39)

In the above equations, higher order terms than 3 have been simplified (in the original,
there are terms up to order 7). The deviation suffered by this simplification can be
neglected. As proof, the next Figure 3-7 represents the 2" and 3™ harmonic and
intermodulation products of a 1mm-long silicon-based MZI, in which the dotted line
corresponds to the distortion obtained with the original equations without simplification
and the solid line to the same obtained from the simplified ones. As it can be observed,
the highest deviation of only 0.05nm is produced in the fundamental term which is an
acceptable value. Moreover, in that figure one can confirm the relation between
harmonic and intermodulation products (Equations 3.38 and 3.39).

As we can observe in the Equations (3.32)-(3.37), all amplitudes are function of o, so
one can set to zero and cancel the desired nonlinearity with an optimum design
parameter for this purpose. Therefore, the model provides a wide range of possibilities
of linearization including all design parameters of the modulator. Also, since the model
starts from the effective index change versus DC bias voltage, any difference in
dimensions or diode doping profile respect to the design values due to fabrication
variations will change the curve and will be taken into account.
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Figure 3-7: Distortion as a function of the wavelength in a Imm-long silicon-based MZI with
180um of length difference between their arms, for a Vpc=1V. Dotted line corresponds to the
distortion obtained with the original equations and the solid line to the same obtained

from the simplified ones.

As it can be observed from the dependency of distortion amplitudes on the parameter
o in the obtained analytical expressions, the phase shifter length is a parameter which
strongly affects the distortion. So, there will be an optimum phase shifter length which
allows linearizing the modulator cancelling the 3™-order intermodulation product

(dominant for less than one octave systems).
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Figure 3-8: Third-order intermodulation product power as a function of the phase shifter length

in a ADgj,i—=n/2 modulator with a wavelength laser of 1550nm.
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For example, starting from a nonlinear effective index change curve as a function of DC
bias voltage with k=0.52.10" and V,=8V in the Equation (3.4), in a quadrature bias
modulator (modulator is designed such that the bias phase shift between the two arms at
Vbc=0 and Vgre=0 is ©/2), one can linearize the modulator cancelling the 3" order
nonlinearity knowing the optimum phase shifter length. Figure 3-8 shows the lengths of
the phase shifter which yield the most linear performance for several DC voltages. It
can be observed, for example, that for a DC voltage of 1V the modulator phase shifter
length must be 825.5um.

Furthermore, as it can be deduced from the Equations (3.29)-(3.31), the nonlinearity
of a silicon modulator also depends on the bias phase. Figure 3-9 shows this
dependency for a Imm MZI phase shifter length. This figure represents a contour of the
2"order (Figure 3-9(a)) and 3"-order (Figure 3-9(b)) intermodulation distortions, Py
and Pvps respectively, as a function of the DC voltage and bias phase. For example, for
1V of DC we can eliminate the 3 order term if the bias phase is 0.47x. In such case,
the 2" order intermodulation product would have a value of -26.54dBm. In the same
way, for 4V a bias phase shift of 0.157 would result in the 3" order intermodulation
term cancellation.
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Figure 3-9: Contour of 3" order (a) and 2™ (b) intermodulation products power as a function of
bias phase and DC bias voltage for a MZI with a phase shifter length of 1mm and A=1550nm.

In order to corroborate our analytical model, we have performed a simulation in
which the signal at the modulator output (time domain waveform) is converted to the
frequency domain by performing a Fourier Fast Transfer. Then, one can select the
desired frequency components and obtain its amplitude. This simulation allowed us to
check the correct model performance since both simulation and analytic model show
similar results. This can be observed in Figure 3-10 where only some level error can be
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3.2. Analytical model for silicon-based MZIs nonlinear distortion

appreciated between simulation and our analytical model, but curves follow the same
trend. In any case, the analytical expressions always overestimate the simulation results.

IMD3

Distortion Power [dBm]
&
o

—Analytic Model
-0~ e Simulation

120 ; 4 6 8 10
DC Voltage [V]

Figure 3-10: Fundamental and intermodulation products power as a function of DC voltage in a
fixed wavelength of 1550nm for a Imm MZI under the condition ADgj,s=m/2.

For a fixed quadrature modulator with an active length of 1mm and a fixed 1550nm
wavelength, we can obtain from Figure 3-9 that approximately 1.7V is the optimum DC
voltage for cancelling the 3™ order intermodulation term. Moreover we can observe in
such figure another point of view of the model application: for a DC voltage around
8.9V the fundamental term vanishes and the 2™ order intermodulation product is
maximized. This point could be useful for a frequency up-conversion process. The input
signal can be set in the fundamental frequency and the signal information can be
received in the 2" order term ensuring a good level of power in such signal.

It should be noticed that the free carrier concentration variation due to the plasma
dispersion effect alters the imaginary part of the refractive index thus introducing
absorption losses in the material. Such absorption losses usually depend on the applied
voltage in a nonlinear form, which also needs to be taken into account in the nonlinear
distortion analysis.

First, the effect of constant optical losses in the arms of the MZI on the nonlinear
distortion has been analyzed by means of simulations. It has been obtained that having
an unbalanced power distribution at the arms of the MZI only affects to the absolute
value of the RF output power but the transmission response remains unaltered so,
quality parameters as CDR or SFDR are not affected.
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On the other hand, the dependency of absorption losses with voltage can also be
approximated by a logarithmic form. Simulation results show that in this case the
transmission response of the intermodulation products is red-shifted with respect to the
response obtained with the developed model, i.e. the case of having no loss. Therefore,
the variation of absorption losses (Ao=0max-0imin) With voltage will reduce the accuracy
of the model. However, the effect introduced by losses can be compensated in a real
case by adjusting the bias (Dyjss) for the target Vpc.

3.05 . - - T T .

= 2.9

Aa,,,,,=0.45dB

max

Absorption Losses

2 3 4 5 6 7 8 9 10
i DC Voltage [V]

i

Figure 3-11: Absorption losses variation with the DC voltage. The fitted curve is obtained from
a logarithmic nonlinear approximation. It is shown both the maximum variation of absorption
losses between OV and 10V and the absorption losses variation with the voltage for 2V, of RF
modulation voltage.

In the specific case of a Imm silicon MZI modulator which will be used to validate the
analytical model, the measured voltage-dependent absorption losses are very low so the
effect is almost negligible. It has been obtained that the maximum variation is
A0=0.45dB between 0 and 10V, that is, for AV=10V. So, if the RF modulation voltage
Is around 2V, the variation of absorption losses with voltage will be of the order of
0.11dB, as shown in Figure 3-11.

Figure 3-12 shows the simulated RF output power of the IMD3 intermodulation product
as a function of the bias phase and DC voltage. It can be seen that the effect of losses
are almost negligible for the case of Aa=0.45dB but discrepancies are more noticeable
as losses increases. However, if, for example, the IMD3 is minimized for Vpc=2V and a
Dpias=0.57. The effect of losses could be compensated just by slightly increasing ®y;ss 10
0.657 for a worst-case scenario of Aa=2dB. Therefore, the developed model remains as
a powerful tool for analyzing nonlinear distortion in silicon MZI modulators.
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Figure 3-12: Simulated RF output power of the IMD3 intermodulation product as a function of
the bias phase and DC voltage for different values of absorption losses variation. The absorption
losses compensation through ®y;,s parameter in a specific case for modulation linearization it is
also shown.

3.2.4. Experimental validation of the model

The silicon-based modulator used to experimentally validate the analytical model
consists of an asymmetric MZI (as shown in Figure 3-13) and the optical phase
modulation is achieved by depleting the majority carriers from a reverse biased PN
junction located in the middle of the waveguide (Figure 3-14(a)) and embedded in the
shorter arm of the MZI. The length of the shorter arm (Lact) of the MZI1 is Imm and the
length difference between both arms (AL) is 180um with MMI coupler splitter and
combiner in the input and output respectively. The silicon waveguides of dimensions of
220nm x 460nm have been partially dry etched to leave a 100nm thick slab. Doping
concentrations in the p- and n-type regions of the diode are 4.10'" cm®and 5.10'" cm™®
respectively. The travelling wave electrodes are formed by depositing a compound
AICu layer on top of the highly doped p+ and n+ regions with concentrations of 1.10%°
cm™ in order to obtain low resistive contacts. These are placed 450nm and 500nm for
p+ and n+ respectively away from the rib edges to minimize the overlap between the
optical mode and therefore reduce optical losses. As can be observed from Figure 3-13,
the incoming coherent light is coupled vertically to the chip via grating couplers (detail
of the vertical coupling in Appendix A). A traveling-wave ground-signal-ground
(GSG) coplanar design has been used to enable further high-speed radio-frequency
measurements (Figure 3-14(b) and (c)).
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Modulated

Figure 3-13: Schematic of the fabricated silicon-based electro-optic MZI modulator. The MZI is
asymmetric with a length difference of 180um and the phase shifter in the shorter arm is 1mm
of length. MMI are used for divide the input light and combine the output modulated signal.

1

P+

V.

Figure 3-14: (a) Schematic of the PN junction located at the middle of the active waveguide
phase shifter, (b) Optical microscope image of the fabricated modulator with a clear view of the
traveling-wave ground-signal-ground (GSG) coplanar, electrodes, (c) Detail of the GSG
electrode.

As it was already mentioned, the model starts from the effective index change
measurement, so, first of all, static and DC performance measurements have been
carried out. The spectrum of the silicon-based MZI exhibits a free-spectral range (FSR)
of 2.42nm and a 10dB drop in transmission at the resonant wavelength around 1552nm.
Figure 3-15 shows the MZI normalized transmission spectrum for varying DC voltages
from OV to 10V.
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Figure 3-15: Normalized DC transmission spectrum of the MZI modulator for different applied
DC voltages.

As the modulator is asymmetric we have had to take into account this asymmetry in the
bias phase as follows:

AD, = AD (3.40)

Bias Offset ~ Asym.
with:

27
ACI)Asym. = 7 ngAL (3.41)

where ng is the group index and AL is the length difference between both MZI arms.
Moreover, the minus sign is because the active area is located in the shorter arm and
thus the resonance shifts to lower wavelengths with the DC voltage. Finally, we have
added an offset term (@) Which is required to fit the theoretical spectrum with the
experimental one (in DC measurements). So, for a fixed arm difference, the bias point
of the modulator can be tuned either through acting on the DC voltage or on the
operation wavelength and vice-versa. Taking into account these Equations (3.40) and
(3.41) and including them into the fundamental and intermodulation distortion described
in Equations (3.29)-(3.31), one can obtain the optimum length difference and DC
voltage for cancelling the desired intermodulation distortion. From the measured FSR,
the group index has been calculated to be 3.9. Moreover, we obtain an offset phase of
0.36m to match the theoretical and experimental DC measurements and this @t Value
will be used in the Equation (3.40) to the model experimental validation for our
fabricated modulator. On the other hand, the voltage-induced wavelength shift (44) in
the MZI modulator output spectrum and the index group can be used to extract the
effective index variations (4nes), through the next equation (3.42):
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ANy =—Ny —— (3.42)

Figure 3-16 depicts the calculated and fitted effective index variation as a function of
applied DC voltage. The fitted curve has been obtained from the nonlinear
approximation described in the equation (3.4).
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Figure 3-16: Effective index change with the voltage. The measured data are obtained from the
measured voltage-induced wavelength shift through equation (3.42). The fitted curve is obtained
from nonlinear approximation described in the equation (3.4).

To validate the analytical model with experimental measurements we have performed
a single-tone test and analyzed the harmonic distortion. The experimental set-up used
for the RF analysis of the silicon-based electro-optic MZI modulator is shown in Figure
3-17. The input light emitted by an External Cavity Laser (ECL) is coupled from
standard single mode fibers to the chip via grating couplers (details in Appendix A).
The polarization is optimized via the use of a polarization controller. One signal
generator operating at frr is coupled to a DC voltage using a bias-Tee and applied
through high speed GSG probes to one port of the silicon MZI modulator while the
other port is terminated with a 50 load. The output modulated signal is amplified with
an erbium-doped fiber amplifier (EDFA), filtered by a tunable optical filter (OF) and
split with a 50/50 optical splitter with the aim of photo-detecting and measuring the
optical output by an optical power meter simultaneously. Finally, an electrical hybrid is
used to separate the photo-detected signal to a vectorial signal analyzer for measuring
the electrical received signal in terms of frequency and to a digital communication
analyzer for measuring the temporal signals. The equipment models and images of the
set-up are given in section 3.5.
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Figure 3-17: Schematic of the experimental set-up for the single-tone test carried out to
experimental validation of the model.

As mentioned previously, due to the asymmetric MZI structure and the material in the
active area, the bias point of the modulator can be tuned either through acting on the DC
voltage or on the operation wavelength in contrast with conventional LiNbOj3
modulators in which the bias point is driven only with a DC voltage. So, for a given
wavelength, linear or nonlinear optimum operation can be achieved by adjusting the DC
voltage and vice-versa. Thereby, representations of the distortion as a function of DC
voltage and wavelength can help the designer to obtain the optimum combination
wavelength-DC voltage point.

Figure 3-18 shows a contour of fundamental (Prunpaw.) in (@), 2™ harmonic (Pypy) in
(b) and 3™ harmonic (Pups) in (c), obtained from analytical expressions for our
fabricated device. So, from the above Figure 3-18 we can obtain that for 1V of Vpc the
HD2 is minimized at around 1551.25nm and HD3 at 1551.75nm. To validate these
results, we first tested the model by measuring the harmonic distortion utilizing a fixed
DC voltage of 1V (Figure 3-19) and tuning the operating wavelength. As it can be
observed in such figure, the measurements show the same trends and are in very good
agreement with the analytic model corroborating the results obtained from Figure 3-18.
Moreover, it must be highlighted that the experimental curves are affected by the band-
pass of the optical filter shape. With this graphic one can realize that fundamental and
3"-order harmonic distortion, have not the same performance with the bias parameter
(in this case, the operation wavelength) as it occurred in linear-material modulators and
it was corroborated with Figure 3-6 for a LINbO3; modulator.
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Figure 3-18: Contour of the fundamental (a), the 2" (b) and the 3" order (c) harmonic products
powers as a function of DC voltage and wavelength for our fabricated MZI.
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Figure 3-19: Measured values and obtained curves from the analytical expressions of the
fundamental and harmonic distortion performance as a function of the wavelength for a DC bias

voltage of 1V. The RF input power of the single-tone is 10dBm (2V,).

The level of distortion using the carrier-to-distortion parameter can also be evaluated.
Defining it as the ratio between the harmonic distortion product power and the received

power fundamental tone:
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CDR, = Py (3.43)
FUNDAM.
P

CDR, = —*2— (3.44)
FUNDAM.

Figure 3-20 shows the experimental CDR (a), theoretical CDR; (b) and CDR3 (c) as a
function of the wavelength for 1V of DC voltage. From that figure we can see that
according to the analytical expressions, for 1V maximum CDR, around 20dB for CDR;
and around 1dB for CDR3, appears at 1552.4nm as expected from Figure 3-19 in which
the fundamental is minimized. In contrast, minimum CDR, around -56dB for CDR; and
-83.5dB for CDR3 (obviously, the slight error displacement in HD3 appears again) are
obtained at 1551.25nm where HD2 is reduced and at 1551.55nm where HD3 is reduced,
respectively. So, we can affirm that the analytically estimated CDR is found to be in
good agreement with the experimental one.
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Figure 3-20: Carrier-to-distortion ratio (a) from the experimental measurements and (b) CDR2
and (c) CDR3 from the analytical model. The RF input power of the single-tone is 10dBm
(2Vip).

Another type of measurement consists of the electrical response of the harmonic
distortion as a function of the RF input power and fixing the operating wavelength and
DC voltage. These results are shown in Figure 3-21 for 1V of DC bias at A=1552.1nm
(@) which is the wavelength where the measured fundamental signal is maximum and
A=1552.4nm (b) where it is minimum, both for a RF input power of 10dBm. As it can
be observed, the fitted curves obtained from the analytical model fit with the
experimental data. For example, in 1552.4nm for an input RF power of 10dBm, the
fundamental tone remains under HD2 more than 20dB and at around the same level
power of HD3 as expected from Figures 3-19 and 3-20.
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Figure 3-21: Fundamental, HD2 and HD3 powers as a function of the modulating RF input
power for (a) A=1552.1nm and (b) A=1552.4nm. Curves are obtained from the analytical model
and Vpc=1V.

Finally, the modulation depth was measured. It is well known that over-modulating a
modulation device, which occurs when the RF modulating signal swing is too high,
produces high distortion levels which strongly affect the signal output creating
undesired harmonics. So, the modulation depth as a function of the RF input power was
obtained through the output temporal signals to corroborate that the measured
harmonics in our fabricated device were only due to the modulator nonlinear feature and
not due to over-modulation. This can be observed in Figure 3-22(b) for A=1552.1nm.
No modulation depth higher than the unit is obtained in the whole range of RF input
powers measured. Figure 22(a) inset shows an example of the measured temporal
signal. In particular it corresponds to the case of 12dBm of RF input power which
results in a modulation depth of around 50%.
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Figure 3-22: (a) Measured temporal signal for the case of 12dBm of RF input power and (b)
modulation depth as a function of the RF input power for the case of A=1552.1nm and Vpc=1V.
It is observed that no over-modulation is produced.
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3.3. Frequency mixing application

We have developed analytical expressions for the harmonic and intermodulation
nonlinear distortions of a silicon-based electro-optic MZI modulator due to the
nonlinear feature of the silicon and the modulator transfer function. Distortion equations
are estimated analytically and found to be in good agreement with numerical
simulations. Some of the model applications have been shown as obtaining the optimal
phase shifter length or length difference between the MZI arms for cancelling the 3"-
order intermodulation distortion, allowing a linearized modulator. Finally, the harmonic
distortion calculated by the analytical model has been validated by experimental results
including the carrier-to-distortion parameter showing excellent matching between the
model results and experimental data. Given the growing advantages of silicon photonics
and therefore of silicon modulators for emerging IMWP applications, this model gives a
potential tool to predict the nonlinear modulator performance and the parameters needed
for a full study of an analog photonic link.

3.3. Frequency mixing application

As we have already commented in the introduction of this chapter, compared to
conventional electronic links operating over coaxial cable, photonic links operating over
optical fiber can provide significant advantages in the areas of bandwidth, propagation
loss and immunity against electromagnetic interferences. Among the large panel of
functions needed in these systems, mixing appears to be an interesting candidate for an
optical implementation to overcome the microwave mixers and conventional electrical
frequency conversion schemes limitations above mentioned. So, on-chip microwave
frequency conversion appears as another emerging and potential application which
contributes to the advance of the availability of PIC technologies in the IMWP field. In
this approach, RF frequency mixing for signal up-conversion or down-conversion is
performed in a photonic integrated circuit. In this thesis, we report a contribution to this
emerging application describing and experimentally demonstrating a frequency up-
conversion process by using by using a single silicon electro-optical MZI modulator
enhanced via slow-light propagation as photonic mixer [GUT12C].

3.3.1. Introduction: state-of-art

In contrast with the plain analog signal transport, frequency mixing is a nonlinear
application. As we will explain in more detail later, when the mixing process is carried
out at the modulation side (instead at the detection side), a non-linear device has to be
inserted in the optical transmission link to generate a mixing signal at the output of the
link. Generally, two different configurations for mixing have been applied in the
literature by using linear commercial LiNbOs; modulators: two cascaded linear
modulations (or one of them operating in nonlinear regime) or two modulations of a
single device working in a nonlinear regime. So, in this application, the nonlinear
operation of the modulator is exploited, taking advantage of the nonlinearities to
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Chapter 3: Analog applications

frequency convert an RF signal with a conversion losses as low as possible. The
objective this time is to maximize the farthest distortion terms.

Many works have been published about frequency mixing techniques using
commercial LiINbO3; modulators, but silicon photonics mixers had not been reported so
far. In [GOP93] and [KARO08] microwave optical mixing in different configurations of
MZIl modulators (single MZI and a cascade interferometric modulator pair) was
investigated. The authors demonstrated that the modulators could be employed for
down-converting anywhere over a 15GHz [GOP93] and 18GHz [KARO08] frequency
span, but both with large conversion losses (CL). The up-converting RF frequency
feature of a single MZI was simulated and tested at 28GHz in [MARTOQ] this time with
lower CL. We can now consider, for example, applications of microwave photonic
mixing to RoF mobile communications and WLANSs, where the desired mixing
frequency at the output of the system can be in the 60GHz range. In this field, much
study has been done on optical transmission of UWB signals. For a UWB signal at high
frequency, one first attempt at up-conversion was made at around 40GHz with cascaded
modulators but with again large CL [NGUO7]. Later, generation of a 60GHz UWB
signal over fiber by up-conversion using cascaded EOMS was demonstrated by the
same authors in [NGUQ9] with a suitable error vector magnitude value of 12.6%.
Recently, a down-conversion frequency process with a new RoF architecture by using a
combination of two optical phase modulators (OPM) and optical filtering has been
demonstrated high frequency-conversion features [PAG11]. A thoroughly overview of
optical techniques used for frequency conversion or mixing can be found in [CAB10],
which gives the advantages and drawbacks of all techniques presented as well as the
research results. The next Table 3-2 summarizes the CL results obtained in these works
(it must be remembered that all of them are based on LiNbO3; commercial modulators).

L L)
Single MZI 15.5GHz-40Mhz
P
[eoieee] Cascaded MZIs 15.5GHz-40Mhz 66

2GHz-500MHz 15

Cascaded MZIs 1 86 1z-500MHz 20
Dual-series MZIs 2GHz-300MHz 26
13GHz-500MHz 34

Single MZI 1GHz-28GHz 6.26
Cascaded MZIs 4GHz-36GHz 56

[NGU09] Cascaded MZI 3.4GHz-56.5GHz 30
[PAG11] Cascaded OPM 20GHz-400MHz 13.8

Table 3-2: Reported results of the conversion losses in microwave photonic frequency
conversions by using commercial EOMs.

Regarding to frequency mixing based on integrated devices, in [JIN12] the authors
proposed a RF-photonic link on chip PIC (based on a AlGalnAs Multi-Quantum-Well
structure) which can operate in a linear mode (as an MWP link) or a nonlinear mode (as
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3.3. Frequency mixing application

MWP mixer) and a frequency down-conversion from 1.05GHz to 50MHz with low
conversion losses of 10dB was reported. In silicon, two down-converting links were
demonstrated based on a compact and fully tunable silicon optical filter [YU13, TU10]
but no silicon photonic mixer as device was used.

3.3.2. Basic principle of RF/photonic mixers

First of all, let us to review de basic principle of RF mixers. These are 3-port active or
passive devices and are designed ideally to yield both, a sum and difference frequency
at a single output port when two different input frequencies are inserted into the other
two ports. To produce these new frequencies (the sum and the difference frequency) a
nonlinear device is required. The nomenclature for the 3 mixer ports are the Local
Oscillator (LO) port, the Radio Frequency (RF) port, and the Intermediate Frequency
(IF) port. The LO port is typically driven with either a sinusoidal continuous wave
(CW) signal or a square wave signal. The choice to apply a CW or square wave signal
depends on the application and the mixer. The LO port is usually used as an input port.
The other 2 ports of the mixer, the RF and IF, can be interchanged as either the second
input or the output.

In a mixing process if we want to produce an output frequency that is lower than the
second input signal frequency, then the process is called down-conversion and the RF is
the input and the IF is the output. On the other hand, if we want to produce an output
signal that is at higher frequency than the second input signal, it is referred to as up-
conversion and the IF is the input and RF is the output. Figure 3-23 illustrates a
frequency domain representation of down-conversion (a) and up-conversion (b)
processes. As Figure 3-23 depicts, IF/RF signals tend to be information bearing signals
(as denoted by the broadened spectra surrounding the RF and IF center frequencies).
During the frequency conversion, the information carried by the RF (IF) signal is
frequency translated to the IF (RF) output.
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Figure 3-23: Definitions of frequency down-conversion (a) and frequency up-conversion (b)
mixing processes.
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To produce a new frequency (or news frequencies) a nonlinear device is required and
in principle any nonlinear device can be used to make a mixer circuit. These
nonlinearities will be responsible for the generation of many additional frequencies
other than the pure sum and difference frequencies. So that, electro-optic modulator can
be a simple but efficient method of generating mixing products and converting
frequency in a microwave photonic link by taking advantage of their nonlinear transfer
function (and the nonlinearity produced by the material in the case of silicon-based
modulator) which brings several harmonic and intermodulation products as it has been
studied in the previous section 3.2.

As explained in the basic operation of a frequency conversion scheme, usually the
desired output frequency is the sum or difference of the input frequencies. Now, when a
linear-phase modulator as LiNbO3 is used for photonic mixing applications, taking
advantage of the fact that the distortion has the same behavior with the operating bias
point, one can choose another output frequency than the sum or the difference (which
they would be the second-order intermodulation frequency produced by the modulator)
depending on the operating point. That is, at QB point the even terms are normally
minimized; maximizing the odd ones, therefore, these odd terms could be used to up-
convert or down-convert the desired frequency. By contrast, when the modulator is
biased at MITB or MATB points, the odd terms are minimized and the even ones are
maximized, therefore in this case, the desired frequency could be converting to one of
these even terms. As demonstrated with the analytical model developed in previous
section, this do not happens when the material in the phase shifter is nonlinear (as it
happens with the silicon phase shifters). That is why we will study the frequency
conversion behavior in terms of conversion loss in both MITB and QB.

3.3.3. Experimental slow-wave photonic mixer

In this thesis, we experimentally demonstrated a silicon-based photonic mixer for up-
frequency conversion. The silicon-based MZI modulator enhanced via slow-light
propagation presented in Chapter 2 (and shown again in Figure 3-24) is used to generate
the mixing signal. We remember from Chapter 2 that the slow light propagation in the
modulator is achieved through the use of a 1D periodic structure consisting of a laterally
corrugated waveguide, the optical phase modulation is achieved by depleting the
majority carriers from a reverse biased PN junction located in the middle of the
waveguide and connected to highly doped p+ and n+ regions and finally, the optical
phase modulation in the slow-wave waveguide is converted into amplitude modulation
via the use of an asymmetric MZI structure. As demonstrated in [BRI11A] and section
2.2 for digital measurements, the slow-light effect enhanced the modulation efficiency,
allowing modulation data rates up to 40 Gh/s over an interaction length of only 500um
at a group index of ~11.
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3.3. Frequency mixing application

Modulated

Figure 3-24: Schematic of the slow-wave MZI modulator used for mixing. The MZI is
asymmetric with a length difference of 180um and the phase shifter in the shorter arm is 1mm
of length. MMI are used for divide the input light and combine the output modulated signal.

Mixing is achieved by exploiting the modulator nonlinearity which depends basically
on the operating bias point of the MZI transfer function but also on the intrinsic
nonlinear response to the material in the active region. However, in our case, slow-light
propagation also plays a prominent role in the mixing performance. As we know from
Chapter 2, slow-light relies on decreasing the group velocity of the light. This decrease
in the group velocity favours light-matter interaction offering additional control
possibilities over light as well as enhancing nonlinearities [BLAO9]. So, we take
advantage of this nonlinearities enhancement due to the slow-light effect to achieve a
frequency mixing process as we will see below.
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Figure 3-25: Measured transmission spectrum of the slow-wave silicon-based modulator. The
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Chapter 3: Analog applications

Due to the asymmetric MZI structure used for the experiment, the bias point can be
tuned either through acting on the DC voltage or on the operation wavelength in the
same way that in the asymmetric MZI used in previous section 3.2. In this case, the
experimental measurements were carried out by tuning the wavelength to drive the
modulator to the appropriate bias operating point and utilizing a fixed 2V DC voltage.
Thus, if we observe the measured modulator transmission spectrum, illustrated in the
Figure 3-25, we can distinguish the operating wavelength in the slow light region for
QB and MITB, close to the photonic band-gap due to the of slow-light effect, where the
measured group index is around 11, from the operating wavelength in the fast-light
region also for quadrature and minimum transmission, away from the band-gap, and
where the measured group index is around 4.5.

To study and measure the frequency up-conversion, the IF and OL frequencies are
set to 1GHz and 9.25GHz respectively. The experimental setup used is shown in Figure
3-26. The input light emitted by an ECL is coupled from standard single mode fibers to
the chip via grating couplers (vertical coupling explained in Appendix A). The
polarization is optimized via the use of a PC. Two signal generators operating at
fir=1GHz and fo =9.25GHz are power combined and the two tone input is coupled to a
DC bias of 2V using a bias-Tee and applied through high speed GSG probes to one port
of the slow-light MZI modulator while the other port is terminated with a 50Q load. The
output modulated signal is amplified with an EDFA, filtered by a tunable OF and photo-
detected by a high speed photodiode. Finally, a vectorial signal analyzer is used to
measure the received signal. Electrical amplification is performed with a low noise
amplifier featuring 26dB RF gain and 6dB noise figure (details in section 3.5).

CW ECL Laser DCBlock,, 500 ||I Photodiode
PC OF RF
000 DUT % N |> Vectorial
(modulator) |> Ve Signal
A f EDFA 7 Amp | Analyzer
RF probes
1 GHz IF signal
generator
||__ Power
| combiner
Bias-Tee | 9.25GHz OL
signal generator

DC power
supply

Figure 3-26: Schematic of the experimental set-up used for measuring the frequency up-
conversion mixing process.
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To evaluate the mixing process performance of our silicon modulator, we defined the
CL as the ratio between the photo-detected electrical power at fr and the photo-detected
electrical power of the considered intermodulation term at fre=Nf+fo. (N=1 for IMD2
and N=2 for IMD3) as in [MARTOO].

_ fie _ Ple
CL= = (3.45)

frr Nfie +for

According to this definition, when a given intermodulation product power is maximized
with the bias point, the conversion losses of the product should be minimized. Initially,
we investigated the nonlinear performance and CL at QB. Conversely to LINbO;
modulators, we obtained large CL (around 58dB for +15dBm IF input power) for the
IMD3 (2fg+fo.=11.25GHz). Furthermore, lower CL were measured (34dB for +15dBm
IF input power) for the IMD2 (fie+fo =10.25GHz), as shown in Figure 3-27. Based on
these results, the modulator was biased at MITB, where usually the IMD2 products are
maximized and dominate over the third-order and the fundamental terms. In this case,
CL for IMDZ2, also shown in Figure 3-27, were reduced by more than half (around 12dB
for +15dBm IF input power) and therefore a significant improvement results in
conversion losses (~20dB) between biasing the modulator at QB or MITB.
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Figure 3-27: Conversion losses at QB and MITB bias points for both slow and fast-light regions
at IMD2 intermodulation frequency. OL input power was set to be +20dBm.

On the other hand, lower conversion losses were also obtained in the slow light region
(SLR) when compared to the fast light region (FLR), ~2-4dB more at MITB and ~1dB
at QB, as depicted in Figure 3-28. As a result, the IMD2 frequency (10.25GHz) and
MITB operation point was chosen to up-convert a vector modulated signal.
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Figure 3-28: Conversion losses at QB and MITB bias points for both slow and fast-light regions
at IMD2 intermodulation frequency. OL input power was set to be +20dBm.

Moreover, the SFDR, defined as the range of output powers over which no
intermodulation signal is above the noise level implying that no disturbance of the
desired signal is produced, was also measured. For our mixing functionality, we
consider that the signal to which we will later up-convert a modulated signal is the
fie+foL product (IMD2). Therefore, if one qualitatively observes the output frequency
spectrum diagram of a mixer (Figure 3-29), it is realized that the critical combination
product in that case is 2fj+fo. (IMD3) since it is the closest and therefore the most
difficult to filter.
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Figure 3-29: Output frequency spectrum diagram of a mixer in which the OL frequency is very
higher than IF frequency.

As illustrated in Figure 3-30, our SFDR is the output power difference between the
intersection of the IMD3 power signal at 11.25GHz with the noise floor and the IMD2
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power signal at 10.25GHz. SFDR values of 62.8dB.Hz?" and 60.2dB.Hz?" for the slow
and fast light regimes have been measured respectively.
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Figure 3-30: IMD2 and IMD3 powers as a function of the IF input power at MITB. SFDR for
both (a) slow and (b) fast light region are represented. Noise floor level has been measured at -
141dBm/Hz. OL input power was set to be +20dBm.

These results confirm again the enhanced performance brought by the slow-light regime
of the modulator. In both cases, a third order intercept point around ~25dBm has been
measured. For completeness, we note that intermodulation terms grow as the square and
the cube of the input power for IMD2 and IMD3, respectively. It must be stated here
that, obviously, lower SFDR values have obtained with respect the reported values in
Table 3-2 with commercial LiNbO3, due to the high system noise floor obtained, but by
contrast excellent conversion losses are obtained, so, there is a good trade-off between
them, besides the advantages of our silicon-based photonic mixer in terms of CMOS
compatibility and fully integration capability.

Apart from the SFDR, another performance figure typical to characterize MWP links
is the error vector magnitude (EVM) which is measured at the receiver and gives a good
indication of the signal quality. The EVM parameter is used in most wireless system
standards such as IEEE802.11g/b, UMTS, WIMAX, etc. to calculate the performance of
a transmitter/modulator or receiver/demodulator implementing the respective standard.
Following the optical transmission, the lower EVM, the lower deterioration the signal
will have suffered. An error vector is a vector in the I-Q plane between the ideal
transmitted constellation point and the point received by the receiver. In other words, it
is the difference between actual received symbols and ideal transmitted symbols as
shown in Figure 3-31. The average power of the error vector, normalized to signal
power, is the EVM.
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Figure 3-31: Definition the error vector magnitude in the I/Q plane.

Some examples of EVM requirements can be found. ZigBee (IEEE 802.15.4) tolerate
an EVM of up to -9dB (35%) [INSO7]. The IEEE 802.16e-2005 standard prescribes that
a Mobile WIMAX transmitter must have a minimum EVM of -15dB (17.7%) for a
QPSKY2 modulation and -20.5dB (9.4%) for 16_QAM%Y. [IEEEO05] Finally, EVM
threshold to ensure communication between Ultra Wideband (UWB) devices is -14.4
dB (19%) as [ECMAS368]. As example, the silicon-based MZM examined in [VAC10]
allows converting 802.11 QAM modulated OFDM signals to optical domain achieving
an EVM of -30dB (3%) a data rate of 54Mb/s.
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Figure 3-32: Image obtained from the signal analyzer of the received constellation at 10.25GHz
in the slow-light region for 17dBm of IF input power. It is highlighted the average value of the

EVM parameter and the frequency.
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For the EVM measurements and for the test scenario presented here, we choose an
I/Q modulated signal at the IF frequency of fir==1GHz under a digital modulation
scheme of QPSK with 20Mbps up-converted to a frequency of fig+fo . =10.25GHz with
the electro-optic modulator biased at MITB point. The experimental setup is the same to
that depicted in Figure 3-26 with the IF signal generator and vectorial signal analyzer
properly programmed for such measurements. Figure 3-32 depicts an image of the
received constellation at 10.25GHz obtained from the vector signal analyzer.

Finally, Figure 3-33 shows the measured EVM (in dB in the left axis and in % in the
right axis) in both slow and fast light regions. It is clear from the figure that enhanced
performance in terms of EVM is obtained in the slow light regime over the entire range
of IF input powers. Outstanding results have been obtained with a very low optimum
EVM of 8.5% and 12% for both slow and fast light regimes, respectively, allowing a
very clean constellation. This suggests that the received signal is of excellent quality.
Furthermore, the curve meets the expected behavior and decreases for low IF input
power (due to the electrical noise) since an optimum point is utilized. It should be
noticed that from this optimum IF input power point (17dBm), the curve increase due to
the IF power source saturation.
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Figure 3-33: EVM as a function of IF Input Power for both fast and slow light propagation.

Inset shows received constellation in the slow light region case at the optimum point of IF input
power (+17dBm).

We have shown in this section a very efficient method of generating mixing products
in a silicon modulator exploiting the nonlinearity produced by both the MZI transfer
function and the plasma dispersion effect in silicon. Furthermore, the conversion
efficiency has been enhanced via slow-light propagation in the active region of the
modulator appearing the slow-light effect as a potential technology for building
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microwave devices. Optimum performance has been achieved at MITB with low
conversion losses around 7dB and large SFDR of 62.8dB.Hz?®. As a matter of
evaluation, a 20Mbps QPSK signals at 1GHz frequency has been successfully up-
converted to 10.25GHz without the need for high-frequency complex RF components.
A minimum EVM of about 8% has been achieved, meeting well enough the EVM
requirements for an acceptable quality of the received constellation. Overall, this simple
photonic silicon slow-light based mixer scheme can implement a promising
functionality for future broadband microwave-millimeter-wave communication
applications in the IWMP scope.

3.4. Microwave photonic filtering application

In addition to frequency mixing application, another important functionality within the
photonic control and processing of microwave signals field is the microwave photonic
filtering. In this thesis, a photonic microwave filter implemented by a SOI electro-optic
modulator is demonstrated. The modulator is based on a single silicon-based
asymmetric MZIl and the wavelength-dependent modulator response due to the
asymmetry in combination with the m-phase inversion effect are exploited to achieve
positive and negative taps and so a fully reconfigurable device [GUT13A]. Two filter
responses with two and three taps are experimentally demonstrated showing a good
agreement with theory for frequencies up to 10 GHz and thus going one step further
towards a fully integration of the complete filter device in the CMOS-compatible silicon
photonics platform.

3.4.1. Introduction: state-of-art

An MWP signal processor is a photonic subsystem designed with the aim of carrying
equivalent tasks to those of an ordinary microwave filter within an RF system or link. In
addition, with the development of the increasingly complex analog photonic link (APL)
[UR11], more advanced functionalities are required to be explored such as high
selectivity and tunable filtering. So, significant efforts have been focused on the
implementation of flexible filters free from bandwidth constraints which generally are
required to be reconfigurable filters with narrow bandwidth and wide FSR. Although
the electronic-based designs report high performance they usually cannot offer
wideband responses with high reconfigurability. Moreover, the possibility of integrating
MWP filters in a single chip is highly attractive since it will open the way to structures
with reduced footprint, lower power consumption, higher stability, reliability and cost
reduction due to the possibility of mass production. Thereby, the silicon-based MWP
signal processors are believed to be a promising solution to these challenges in the
complex APL. In this way, silicon photonics is currently one of the most preferred
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technology platforms for implementing low-cost and compact solutions for
reconfigurable optical filtering.

All-optical signal processing in SOI lattice filters can support the fully reconfigurable
optical transfer function by cascading many identical unit cells in different ways. A unit
cell is a basic building block used to construct higher-order filters. Thereby, the
versatility and operability of the filter depends on the functionality of the unit cell that
can be configured to have any first order optical transfer function with any filter taps
configuration. In the last five years, several integrated SOI-based microwave photonics
filters have been reported [RASO7, FEN10, DON10, ALI11, IBR11, YU13] carrying
out the task of filtering in the optical domain.

Another approach for developing microwave photonic filters [VID05, VIDOG6,
CAPO03], similar to that developed in this thesis and more stable solution than the above
mentioned, consists on performing the filtering in the RF domain, after photo-detection.
In this approach a MWP filtering scheme based on a single photonic device is
performed and the tuning control mechanism is based on the fine adjustment of the
different emission wavelengths to implement complex-value taps of the filter. In
[LLO11], the periodic spectrum of an integrated SOl MRR is employed to demonstrate
a tunable complex-value multi-tap microwave photonic filter, but apart from the
modulator device. The photonic microwave filter proposed in this thesis is based on a
single asymmetric SOl MZM. The asymmetry, which is achieved by introducing a
length difference between the MZM armes, is used to obtain positive and negative taps at
the 1550nm wavelength band (C-band) thanks to the associated strong wavelength
dependence of the modulator response in combination with the © phase inversion after
photo-detection. Bipolar filter taps allow the implementation of a wide range of filter
responses without the limitations of pure positive designs while keeping the inherent
stability of incoherent operation. This same technical approach was also followed in
[CAPO03] but two commercial LiNbO3 were required. Further, unlike previous proposals
using a single LiNbO3; modulator [VIDO06], the proposed technique of exploiting the
asymmetry of a silicon-based MZI avoids the need of combined 1300 nm and 1550 nm
optical sources. Therefore the new approach simplifies the filter architecture, and allows
its use with EDFAs as well as integrated dispersive delay lines (such as [SAN12])
which can lead to the development of fully integrated photonic microwave filters.

3.4.2. Basic principle of microwave photonic filters

A microwave photonic filter is a photonic structure whose objective is to replace a
standard RF microwave filter (which is basically a device that selects or removes the
wanted or unwanted components or features from a signal) taking advantages inherent
to photonics such as low loss, high bandwidth, and immunity to electromagnetic
interference and providing features which are very difficult to achieve with traditional
technologies, such fast tunability and reconfigurability [CAPO6].
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Figure 3-34: General concept diagram of (a) traditional RF filter and (b) microwave photonic
filter.

In the traditional approach of RF microwave filter an RF signal originating at an RF
source or coming from antenna is fed into an RF circuit that performs the signal
processing task. In contrast, in the photonic approach the RF signal, again originating at
an RF source or coming from antenna, that now modulates an optical carrier is directly
processed in the optical domain by a photonic filter based on fiber and photonic devices
and circuits. In both cases, the output RF signal once processed is ready to be sent to a
receiver or to be reradiated. Figure 3-34 shows the comparison between the general
concepts of these two approaches: traditional RF approach (Figure 3-34(a)) and
photonic approach (Figure 3-34(b)) both in the case that the RF signal is detected from
an antenna.

Referring to the microwave photonic filter, the RF to optical conversion is achieved
by modulating (directly or externally as in the Figure 3-34(b)) either a single CW source
or a CW source array. Then, the composite signal composed by the RF signal and the
optical carrier(s) is fed to a photonic circuit that samples the signal in the time domain,
weights the samples and combines them using optical delay lines and other photonic
elements like couplers, fiber Bragg gratings, amplifiers, etc. At the output, the resulting
signal is optically RF converted by means of a single optical receiver (photodetector) or
an array of receivers producing the output RF signal. The dotted line represents an
equivalent black-box of the aimed performance of the filter. It is expected to relate the
input and output RF signals by means of an impulse response h(t) in the time domain or
by a frequency response H(w) in the frequency domain. The most powerful approach
for the implementation of the microwave photonic filter is that based on discrete-time
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signal processing where a number of weighted and delayed samples of the RF signal are
produced in the optical domain and combined upon detection. According to the number
of samples N, the filter can be classified as either a finite impulse response (FIR) filter
which combines at their output a finite set of delayed and weighted taps of the input
signal or an infinite impulse response (1IR) filter which is based on recirculating cavities
to provide an infinite number of delayed and weighted replicas of the input signal. In
this thesis, we will demonstrate a silicon-based FIR filter so we will center in this kind
of filters.

Provided that the nonlinearity in the system is small and negligible, the entire system
can be considered as linear and time-invariant, in which the output y(t) can be written
as:

y(t)=> ax(t-nT) (3.46)
n=0

where x(t) is the RF input signal, T is the time delay difference between two adjacent
taps and a, is the coefficient or weight of the n-th tap (if all taps have the same absolute
value the filter is uniform). Applying the Fourier transform, the FIR filter transfer
function is then obtained,

N-1 .
H(w)=) ae" (3.47)
n=0

where w=2zfre. The equation (3.47) shows that the filter spectrum is periodic with a
period given by fre=1/T and known as free spectral range (FSR). The selectivity of any
of the pass-bands or resonances is given by the -3dB bandwidth and the filter rejection
is obtained through the relation between the main to secondary sidelobe ratio (MSSR).
Figure 3-35 shows an example of a microwave photonic filter spectrum with the most
important parameters.
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Figure 3-35: Typical response of a uniform 5-tap ([1 -1 1 -1 1]) photonic microwave filter
showing the most important parameters.
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Moreover, it can be pointed that the MWP filter flexibility, which is achieved by acting
over the different parameters in equation (3.47), is evaluated in terms of tunability,
reconfigurability and selectivity. The first one refers to the possibility to dynamically
change the position of filter resonances (the central filter frequency). To provide
tunability it is necessary to alter the value of the sampling period T and therefore the
FSR. The reconfigurability refers to the possibility to dynamically change the values of
coefficients a, which results in a reduction of the sidelobes and therefore in a filter
shape change (changing the MSSR). Finally, the filter selectivity is dictated by the
number of samples (N=2 provides a notch filter and N>2 a band-pass filter) which can
be increased by cascading the filter unit cell. The effect of the relevant parameters on
the filter response is illustrated in the next Figure 3-36.
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Figure 3-36: Examples of filter flexibility changing sample parameters to obtain tunability (T),
selectivity (N) and reconfigurability (|a,|)

Broadly, the usual implementation of microwave photonic FIR filters can follow two
approaches. The first one is based on a single optical source in combination with
multiple delay-lines implemented, for example, by a set of optical fibers or waveguides.
This simple scheme does not allow tuning as this would require changing the T value

118



3.4. Microwave photonic filtering application

and the weight of the n-th tap (a,) is changed by inserting loss or gain devices in the
fiber. The other one, followed in this thesis, is based on the combination of a dispersive
delay line and different optical carriers where the T value is changed by tuning the
wavelength separation among the carriers, thereby allowing tunability and a, is readily
adjusted by changing the optical power emitted by the optical sources. The last, is
considered a wavelength-division-multiplexing architecture.

Moreover, filters can operate under incoherent regime, where a, coefficients in
Equation (3.47) correspond to optical intensities and are thus positive or under coherent
regime where the taps in the same equation can be complex-valued in general. Most of
the proposed photonic microwave filter architectures work under incoherent regime
since incoherent optical processing is insensitive to environmental conditions and,
therefore, very robust and stable against vibrations or changes in temperature and
polarization. However, based on signal processing theory, an all positive coefficient
microwave filter can only operate as a low-pass filter. Besides that, filters with positive
coefficients always have a resonance placed at the baseband. To overcome these
limitations, considerable efforts have taken to design and implement photonic
microwave filters with negative or complex coefficients, to achieve band-pass filtering
functionality in the incoherent regime. A straightforward solution to generate negative
coefficients is to use a MZM considering the wavelength dependence nature of their
transfer function and a proper bias point choice which makes the modulator operate at
complementary slopes of the transfer function. This is the solution followed in this
thesis to implement a silicon-based microwave photonic FIR filter with negative
coefficients and it will be explained in more detail in the next section.

3.4.3. Experimental microwave photonic filter

The silicon-based MZI modulator is that we already used for the distortion analytical
model validation in section 3.2 and it is shown again in Figure 3-37(a). Static
performance measurements have been firstly carried out to characterize the modulator.
Figure 3-37(b) shows the effect of varying DC voltages from 0V to 10V on the
normalized transmission spectrum of the modulator. It is shown that a large static
extinction ration close to 30 dB is achieved at wavelengths around 1551.5 nm. The
voltage-induced wavelength shift, AA, is used to calculate the effective index variation
from the Equation (3.42) with La=1mm as the modulation length. We obtained that the
effective index variation changes from 0 to 3.10™ when the voltage increases from 0V
to 10V. The V,L, product, commonly used to evaluate the efficiency of the modulator,
has also been calculated from such effective index variations obtained from the voltage-
induced wavelength. A nearly constant VL, value around 2.25 V.cm has been obtained.
The insertion loss of the modulator is around 12dB which includes the MMI losses.
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Figure 3-37: (a) Schematic of the silicon-based 1mm MZI electro-optic modulator for
implementing the proposed photonic RF filter. The length difference between both arms is
180um. Inset shows an optical microscope image of the traveling-wave ground-signal-ground
(GSG) coplanar electrodes, (b) Normalized transmission spectrum variation with the DC
voltage.

Figure 3-38 shows the block diagram of the proposed dispersion-based photonic
microwave filter. This filter architecture already mentioned in the previous point is
well-known for optical processing of RF signals. The principle of operation is based on
modulating a multi-wavelength optical source with the input microwave signal (RFi,).
The modulated signal is then propagated through a dispersive medium and photo-
detected to obtain the filtered microwave signal (RF..). Hence, each optical source
implements a filter sample that is selectively delayed by employing the dispersive
medium. The amplitude of each sample can be changed by using different techniques
but the simplest way is controlling the output power of the optical sources as it has been
already commented in the theory section. In such a way, a FIR filter can be
implemented with transfer function expressed by Equation (3.47).
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Figure 3-38: Block diagram of the dispersion-based photonic microwave filter.

The main advantage of this filter architecture is a very stable response due to
operation in the incoherent regime. Furthermore, the filter transfer function can be
reconfigured by dynamically changing the relative power of the optical wavelengths and
it can be tuned by controlling the dispersive medium [VIDO03]. However, positive and
negative filter coefficients are needed to allow a full versatility in the transfer function
thus enabling flat-pass bands or high out-of-band suppression [CAOO03, VIDO06]. The
equivalent of positive and negative coefficients can be obtained by using opposite
slopes of the modulation transmission response. The principle of the technique used is
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3.4. Microwave photonic filtering application

based on the m-phase inversion which happens in the Mach-Zehnder modulators. The
relative sign experienced by the microwave signal depends on the slope of the
modulator transmission spectrum. If two optical carriers modulated by a microwave
signal are placed at wavelengths that correspond with opposite slopes in the modulator
response, as depicted in Figure 3-39, the microwave signals after photo-detection will
show the same average power but a m-phase shift. In this way, positive and negative
coefficients for a FIR filter can be obtained while keeping the stability inherent to
incoherent operation if the input microwave signal is modulated over both slopes.
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Figure 3-39: Concept of the m phase inversion suffered by a microwave modulating signal over
the optical transfer function of a MZM as a function of the wavelength for a fixed DC voltage.

This technique has been employed with only one single LiNbO3; Mach-Zehnder
modulator by exploiting the V, dependence with wavelength [VID06]. However, this
dependence was very weak and optical sources with a very large separation (1300 and
1550 nm) were required. That makes the filter implementation complex, introduces high
loss at 1300 nm (more than 20 dB) since the modulator is not optimized for operation at
both 1550 and 1300 nm, prevents the use of EDFAs and limits further integration with
other subsystems such as on-a-chip dispersive delay lines [SAN12].

In this work, we propose this approach for achieving positive and negative
coefficients but this time based on exploiting the asymmetry of a silicon-based MZM.
The asymmetry of the modulator is achieved by introducing a length difference of only
180 pum between the MZM arms. Such asymmetry introduces a strong dependence with
wavelength in the modulator response. If, for instance, two optical carriers modulated
by a microwave signal are placed at wavelengths that correspond with opposite slopes
in the modulator response, the microwave signals after photo-detection will show a 7-
phase shift. So, by properly choosing the wavelength of the optical carriers, it is
possible to control the sign of the corresponding filter coefficient. For our experiment,
we choose a 4V of DC voltage and over the transmission spectrum for this voltage we
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choose the wavelengths such that correspond with opposite slopes in the 4V modulator
response. For the two-tap experiment we used two optical lasers emitting at
M=1550.75nm and A,=1552.30nm while for the three-tap one we used an array of lasers
emitting at A3=1547.51nm, 2,=1549.13nm and A3=1550.75 nm (Figure 3-40). The
L=10km fiber coil provides a dispersion of D=17ps/km.nm which, for a wavelength
separation between the two optical carriers of 1.55nm for the two-tap case, corresponds
to a time delay between adjacent samples of T=263.5ps (T=D.L.A)) or in other words a
free spectral range of FSR=1/T=3.8GHz.
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Figure 3-40: Normalized modulator transmission spectrum for a fixed 4V applied DC voltage

showing the chosen wavelengths for (a) two-tap experiment and (b) three-tap experiment.

The experimental setup used for the experiment is shown in Figure 3-41.
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Figure 3-41: Experimental setup used to characterize the photonic RF filter performance.
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A set of optical CW carriers are modulated by the silicon modulator. The RF signal
from a vector network analyzer is combined with the DC voltage using a bias-Tee and
applied to the modulator through a broadband GSG probe. The output of the electrode is
terminated by a DC-block and a 50Q load using another GSG probe. After modulation,
the signals are amplified with an EDFA, filtered by a tunable OF and launched to a
dispersive medium (a reel of 10 km of single-mode fiber). Chromatic dispersion in the
fiber will introduce a time delay between the optical carriers. Then the optical signal at
the output of the fiber coil is photo-detected and the delayed electrical signal is injected
into the vector network analyzer. If a sweep of the frequency of the modulating
electrical signal is carried out, the photonic microwave filter response is measured
through the Sy;.

Figure 3-42 shows the normalized filter response between 0-15 GHz for a 4V applied
DC voltage when two optical carriers (A1=1550.75nm and A,=1552.30nm) enter the
modulator with the same output power at the input of the photodiode. These
wavelengths are placed at opposite slopes of the modulator response as it is shown in
the Figure 3-40(a), resulting in filter coefficients [al a2]=[-1 1]. A very good agreement
between theory, described by Equation (3.47), and measurements can be seen in such
figure, demonstrating that two coefficients of opposite sign have been obtained.

el LT —

Relative amplitude [dB]
)
(=]

-30} H ]

-35 : |

“% 5 ' 10 15
Frequency [GHz]

Figure 3-42: Experimental two-tap filter response with amplitude distribution [1 -1]. The solid
line represents the experimental results and the dotted the theoretical estimation.

Figure 3-43 depicts the filter response when three optical carriers (A;=1547.51nm,
A2=1549.13nm and A3=1550.75nm) are fed to the modulator with 4V applied DC
voltage. The filter response agrees again very well with the theoretical response
corresponding to the amplitude distribution [al a2 a3]=[-1 1 -1] (Figure 3-40(b)) for
frequencies up to 10 GHz.
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Figure 3-43: Experimental three-tap filter response with amplitude distribution [1 -1 1]. The
solid line represents the experimental results and the dotted the theoretical estimation.

By changing the number of taps (that is, increasing the number of optical carriers) we
have demonstrated the selectivity of the filter. Also, since the output powers (amplitude
of each tap) of the lasers can be adjusted independently at high speed, the shape of the
filter transfer function can be changed therefore showing the reconfigurability allowed
by the filter. Further, in this case tunability by changing the T delay between optical
carriers through the change of de wavelength difference between optical carriers is not
possible due that they must be properly set in the wavelengths which correspond to QB
bias (3dB respect to the maximum) of the MZI response. However, an alternative way
to achieve filter discrete tuning consists on changing the length of the fiber path
thorough a switched dispersion matrix (SDM) as in [VIDO03]. Therefore, since the filter
tuning performance depends on the length of the fiber paths, it is also possible to choose
the fiber lengths allowing discrete tuning over the whole filter spectral response margin.
Furthermore, this additional component (SDM) could be integrated together with the
proposed silicon modulator for building a CMOS-compatible PIC.

In conclusion, a novel photonic microwave filter implementation based on an
asymmetric silicon-based MZI modulator has been demonstrated. A method for
achieving positive and negative filter coefficients at the 1550nm wavelength based on
exploiting the asymmetry of the MZI structure has been proposed. Furthermore, the
obtained results show the capability of the silicon photonics platform not only to open
up the path to full integration of photonic microwave filters in a chip scale but also to
enable the implementation of advanced functionalities.
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3.5. Active RF characterization set-ups

During the chapter, a brief overview of the set-ups used for experimental measurements
has been provided. However, it is important to describe in more detail the experimental
setup as well as the function of each component used for characterizing the fabricated
electro-optic modulators acting in each case on different way. Two main types of active
characterization set-ups have been presented and used along the chapter.

3.5.1. Distortion products measurements

In this point, the set-up used for the distortion products (both harmonic and
intermodulation) measurements is reviewed in detail. For such task it is necessary to
visualize and measure the frequency spectrum of the signals. For that, the main
component used is the vectorial signal analyzer (VSA) which allows us to display
features of the spectrum of the signal showing all distortion products and their power
levels (for the SFDR, CDR and CL measurements), the constellation diagram of
received signals and error vector magnitude measurements. This is the main set-up used
in section 3.2 for the MZI distortion analytical model validation and the analog
applications of frequency mixing by using a slow-wave MZI in section 3.3, although
slight differences are shown between them. We are going to explain in detail the set-up
used for the analytical distortion model validation since it is the most complex of both.

Light emitted by a CW laser is injected into the modulator via grating couplers
(vertical coupling). The transmitted power is optimized through the use of a polarization
controller (PolaRITE™ General Photonics). The description of coupling techniques as
well as the passive characterizations set-ups is given in Appendix A.

A single tone test was performed so, a RF signal operating at fre is delivered by a RF
signal generator (R&S SMR-50 with pulse modulation capability). If two-tone is
required, as in section 3.3, two RF signals operating at fi and fo, delivered by two RF
signal generators are power combined by an electrical hybrid (Aeroflex Weinschel
1575). The single (or two) tone input is coupled a DC bias voltage supplied by a DC
Power Source (Agilent E3647A) via a bias-Tee (SHF BT-110) and applied through high
speed ground-signal-ground (GSG) input probes to the travelling wave electrodes
terminated externally by a 50 Q load coupled to a DC block (SHF DCB-110) through
high speed GSG output probes to avoid reflexions (in section 3.3 neither GSG output
probes nor DC block are used since the electrode configuration is lumped electrode).

The output modulated signal is amplified with an erbium-doped fiber amplifier
(Amonics AEDFA-18-B-FA), filtered by a tunable optical filter (Tecos bandpass-OF) to
isolate the selected resonance of the modulator optical transmission spectrum and split
with a 50/50 optical splitter with the aim of photo-detecting by a photodiode (50GHz
u2t XPDV2120R) and measuring the optical output by an optical power meter
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(Thorlabs PM320E) simultaneously. Electrical amplification is performed (as needed)
with a low noise (6dB) amplifier featuring 30dB RF gain (SHF 810). Finally, an
electrical hybrid (Aeroflex Weinschel 1575) is used to separate the photo-detected
signal to a VSA (R&S FSQ40 VSA) for measuring the electrical received signal in
terms of frequency and to a digital communication analyzer (Agilent Infiniium DCA-J
86100C) for measuring the temporal signals with the aim of obtaining the modulation
depth.

With the vector signal analyzer we display the spectrum of the electrical received
signal and we can measure the fundamental and distortion products levels which allow
us to obtain the SFDR, the CDR and the CL (in the case of the mixing application).
Further, for the EVM measurements we must obtain the received constellations of an
I/Q modulated signal. In such case, we properly programme the RF signal generator and
vector signal analyzer.

The next Figure 3-44 depicts again the schematic of the set-up but this time showing a
real picture of each component used.
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Figure 3-44: Schematic of the characterization setup and pictures of each component used in
section 3.2 for distortion analytical model validation to evaluate the distortion products. The
setup used in section 3.3 for the frequency mixing applications respectively is part of this one.
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For completeness, pictures of the entire real set-up used in the Nanophotonics
Technology Center facilities are shown in Figure 3-45.
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Figure 3-45: Pictures of the characterization setup used in section 3.2-3.3 for the distortion
products measurements (and modulation depth in section 3.2 through temporal signals using the
DCA).

3.5.2. Filter response measurements

On the other hand, the set-up used for small signal characterization has been used in
section 3.4. Such characterization was necessary to demonstrate the filtering application
(by using a silicon-based MZI). Small signal measurements consist basically on the
determination of the electrical and electro-optical frequency response of a given
electrical or electro-optical device via the calculation of the scattering parameters. In
our case, we were interested on measure the Sy parameter to visualize the filter
response. For such purpose, the main component used is the vector network analyzer.

The experimental setup used for the experiment is shown in Figure 3-46 (and real
pictures of each component). A set of optical CW carriers emitted by a set of CW lasers
are combined by an optical star coupler, amplified by an EDFA (Keopsys BT2-C-18-
BO-FA) and injected into the modulator via grating couplers (the description of vertical
coupling is given in Appendix A). The transmitted power emitted by each CW laser is
optimized through the use of a polarization controller (PolaRITE™ General Photonics).
The small electrical signal delivered by the port 1 of the RF vector network analyzer
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(Agilent PNA-X N5247A) is coupled to a DC voltage supplied by a DC Power Source
(Agilent E3647A) using a bias-Tee (SHF BT-110) and applied to the modulator through
a high speed GSG probes. The output of the electrode is terminated by a DC-block
(SHF DCB-110) and a 50Q load using another GSG probes. The output modulated
signal is amplified again by with an EDFA (Yenista/ NetTest/ Photonetics 93/3615/EOG/01
module), filtered by a tunable optical filter (Tecos bandpass-OF) to isolate the selected
resonance of the modulator optical transmission spectrum and launched to a dispersive
medium (a reel of 10 km of single-mode fiber). Then the optical signal at the output of
the fiber coil is photo-detected by a high speed photodiode (u2t 50GHz XPDV2120R)
and the delayed electrical signal is injected into the port 2 of the vector network
analyzer. If a sweep of the frequency of the modulating electrical signal is carried out,
the photonic microwave filter response is measured through the Sy;.
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Figure 3-46: Schematic of the characterization setup and equipment pictures used in section 3.4
for obtaining the filter response thought the S,; parameter measurement.

For completeness, pictures of the entire real set-up used in the Nanophotonics
Technology Center facilities are shown in Figure 3-47.
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Figure 3-47: Pictures of the characterization setup used in section 3.4 for the filter response
measurements (through the S,, parameter).
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Chapter 4

Conclusions and future outlook

This thesis provides a contribution in the field of silicon photonics through
demonstrating high-speed modulation in silicon devices to achieve more complex
building blocks and thus going one step further towards a fully integration of
modulators devices in the CMOS-compatible silicon photonics platform for digital and
analog applications.

The objective of the chapter centered in digital applications was to develop silicon
modulation structures in order to enhance the performance of conventional MZI
modulators and to demonstrate that the incorporation of optical phase modulators into
slow-wave and resonant structures can offer advantages in both reduced device footprint
and power consumption meanwhile high speed operation is maintained. This will offer
the prospect of compact optoelectronic devices integrated with CMOS circuits on the
same silicon substrate. This objective has been successfully accomplished based on the
obtained results, which can be summarized as:

» We have reported high speed silicon MRR-based modulators fabricated with a
standard CMOS-compatible process. On one hand, we have presented a 40um
radius MRR modulator in which the modulation is achieved by carrier
depletion effect in a PIPIN diode structure. On the other, a high speed silicon
RAMZI (MRR+MZI) modulator has been reported. This RAMZI modulator
features the potential for high speed performance and higher robustness
against fabrication deviations than its standalone MRR based intensity
modulator counterpart as the MRR does not require being at the critical
coupling operation point. In our devices, modulation is achieved by carrier
depletion in a PIPIN diode structure over RF/optical micrometer-scale
interaction lengths featuring data transmissions up to 20Gbit/s.
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» The performance of slow-light modulators has been analyzed in terms of
insertion loss, modulation efficiency, and dynamic operation. The high
modulation efficiency provided by the slow-light phase shifters with PN
junctions allowed data transmission rates up to 40Gbit/s. Moreover, the
promising combination of high modulation efficiency, low drive voltage,
relatively low insertion loss, compactness, and high-speed operation gives all
the more reasons for slow-light modulators to be used in more complex silicon
photonic systems.

» Finally a method for measuring the propagation and insertion losses, since it is
one of the main drawbacks derived by the use of the slow-light structures, is
developed. Such method is proposed and demonstrated experimentally to be
independent of the fiber-to-chip coupling losses. The method is based on the
analysis of the transmission spectra of asymmetric MZIs, which enables the
calculation of the propagation losses as well as the power imbalance of the
branching structure of a MZI. First of all, the method is developed for
conventional rib waveguides MZIs and then it is extended to slow-light
photonic waveguiding structures.

As future work in the digital approach, it is proposed the CMOS integration of drivers
and DC circuitry and the assembling and packaging of the silicon modulators. Respect
to slow-light modulators the optimization of the travelling wave electrodes for the
modulator operation in the slow-light regime and investigate alternative designs to
increase the optical bandwidth with use of engineered slow-light structures are some of
the future directions proposed. On the other hand, for the RAMZI modulator, a possible
enhancement can be adding an additional ring placed in the other arm of the MZI. This
structure will be useful to overcome the difference of attenuation between both arms of
the MZI and so maximize the extinction ratio.

The chapter devoted to analog applications presents different researches carried out
in the analog scope for application in the field of IMWP, all of them using CMOS-
compatible electro-optic silicon-based MZI modulators which validate the potential of
silicon CMOS photonics and SOI technology as a promising approach for enabling
large scale photonic integration driving the development of integrated microwave
photonics applications. The work achieved in this scope can be summarized as follows:

» We have developed analytical expressions for the harmonic and
intermodulation nonlinear distortions of a MZI modulator due to the nonlinear
feature of the silicon and the modulator transfer function. Distortion equations
are estimated analytically and found to be in good agreement with numerical
simulations. Another excellent feature of the presented model is the possibility
to linearize the modulator at the time of designing it. Given the growing
advantages of silicon photonics and therefore of silicon modulators for
emerging IMWP applications, this model gives a potential tool to predict the
nonlinear modulator performance and the parameters needed for a full study of
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an analog photonic link.

» We have shown also in this chapter a very efficient method of generating
mixing products in a silicon modulator exploiting its nonlinearity.
Furthermore, the conversion efficiency has been enhanced via slow-light
propagation in the active region of the modulator appearing the slow-light
effect as a potential technology for building microwave devices.

» Finally, a novel photonic microwave fully reconfigurable filter
implementation based on an asymmetric silicon-based MZI modulator has
been demonstrated. The obtained results show the capability of the silicon
photonics platform not only to open up the path to full integration of photonic
microwave filters in a chip scale but also to enable the implementation of
advanced functionalities.

As possible direction for further research in this scope it can be suggested that it would
be interesting to demonstrate the performance enhancement techniques presented here at
a higher frequency range, i.e. at microwave or millimeter-wave frequency range, since
nowadays the trend in microwave photonics systems are moving toward high
frequencies.

Overall, we believe that the results presented in this work may have both scientific
and commercial importance as proof of concept. It explores silicon photonic modulation
devices through extensive empirical validation and characterization, as part of the
requited photonic building blocks for use in analog and digital communication systems.
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Appendix A

Horizontal & vertical coupling and
passive characterization

Conventional single-mode SOI nanophotonic waveguides are about 220 nm thick and
500 nm wide. However, standard single-mode fibers (SMF) are very large size
compared to nanophotonic SOI waveguides. Typical core diameter size of a standard
SMF is about 8um. Thus, coupling light from an optical fiber to a nanophotonic
waveguide becomes a difficult task. The high difference in the dimensions between the
fiber and the waveguide causes a high mismatch between their optical modes. Due to
this mismatch, a coupling structure is needed to adapt a wide fiber to a narrow silicon
waveguide improving the coupling loss. To solve the fiber-chip coupling problem, two
main strategies have appeared in literature, depending on the physical direction in which
the fiber is coupled to the chip: vertical and horizontal coupling techniques.

A.1. Horizontal coupling

Horizontal coupling, also known in literature as end-fire or butt-coupling, involves
coupling light onto the end of the waveguide. Due to the great difference between
dimension of waveguide and fiber, this form implies very high coupling losses. A
solution for an efficient butt-coupling relies on the use of tapers, which consist on a
waveguide whose dimensions change along the propagation direction from chip to fiber,
creating a transition from a small to a large mode. It is so able to convert the small size
optical mode of the nanophotonic waveguide into a larger size optical mode, and vice-
versa. The most widely used taper structure is an inverted taper planar structure, which,
due to its planar geometry (constant height), can be fabricated using conventional
CMOS compatible techniques. Moreover, this technique is highly dependent upon the
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facet quality and the use of lensed fibers may improves the coupling efficiency. A
schematic of configuration is shown in Figure A-1.1:

Input single mode

lensed fiber
/ Input wide
\ waveguide

Inverted taper
Photonic DUT

Input
facet

Output narrow
waveguide

Input narrow
waveguide
Inverted taper

Output wide  Output
waveguide facet

Output single mode
lensed fiber

Figure A-1.1: Standard fiber-to-chip horizontal coupling technique by using lensed fibers and
inverted taper.

In the Figure A-1.2, a schematic of the basic set-up with horizontal coupling for passive
characterization (optical measurements) is shown.

Power
meter

pc 1 fiber lens : i Lens

.@ .......... O iy

lens

Figure A-1.2: Schematic of the passive characterization set-up with horizontal coupling. Picture
of each component is also shown.
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As excitation source, a broadband laser (SANTEC TSL-210F) is used. After the
laser, a polarization controller (PC) is placed. Because the photonic devices under test
(DUT) are polarization-sensitive, we must control the polarization of the light incident
upon it in order to check its correct performance. After the polarizer, the light is injected
into the chip with the selected polarization, through a lensed fiber. With the output
polarizer lens, the polarization to be measured can be selected, being in a horizontal
position for measuring the TE polarization and in a vertical position for the TM one.
Next we place a lens that splits the received light to a power meter (Q2140 ANDO) and
to an infrared camera, which were connected to a computer by a GPIB bus, in order to
visualize the light spot and measure the received power at the same time. The 3-axes
translation stages are connected to a piezoelectric controller so a finer adjustment in
alignment process between the fiber, the sample and the objective lens may be done.
Moreover, a microscope allows you to align more easily and check that the chip and the
fiber not touch and therefore no damage is produced in the sample

The next pictures in the Figure A-1.3 are (a) the entire set-up, (b) the holders where the
sample is positioned and the 3-axes translation stages and (c) a detail of the fiber-chip-
objective configuration.

Figure A-1.3: Pictures of the horizontal coupling set-up used in the Nanophotonics Technology
Center laboratories during the thesis development.
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A.2. Vertical coupling

In vertical coupling techniques, light is injected onto the surface of the waveguide at a
specific angle. We call them vertical coupling techniques because the optical fiber is
vertically placed over the waveguide. The most important vertical coupling technique is
the grating coupler. A grating coupler is basically a one dimensional (1D) diffractive
structure that can be designed for coupling light onto the waveguide surface by means
of one of its orders of diffraction. A schematic of configuration is shown in Figure A-
2.1

Input single mode
/ lensed fiber

Inverted taper
Photonic DUT

Output
waveguide

Input grating
coupler

Input

waveguide

Inverted taper

Output grating
coupler
Output single mode

lensed fiber

Figure A-2.1: Standard fiber-to-chip vertical coupling technique by using grating couplers.

As excitation source, an external cavity laser (ECL Photonetics) is used. After the laser,
in the same way that horizontal coupling, the input polarization state is firstly set by
adjusting an external polarization controller (PC). After the polarizer, the light is
injected into the chip with the selected polarization, through vertical coupling with a
single mode fiber tilted under an angle of 13 degrees relative to the surface normal of
the grating. Next we place an optical power meter (THORLABS PM320E) to
monitoring the received power, which were connected to a computer by a GPIB bus, in
order to measure it. The next Figure A-2.2 shows again the basic set-up with vertical
coupling for passive characterization (optical measurements) and, for completeness,
Figure A-2.3 shows pictures of the entire setup are also shown
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Figure A-2.2: Schematic of the passive characterization set-up with vertical coupling. Picture of
each component is also shown.

Figure A-2.3: Pictures of the vertical coupling set-up used in the Nanophotonics Technology
Center laboratories during the thesis development.
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