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Resumo

Modulador Eletro-Óptico de Fase e Amplitude
Insensı́vel à Polarização Baseado em Grafeno

Braian N. O. Andrade

Dissertação de Mestrado

Inatel - Instituto Nacional de Telecomunicações

Santa Rita do Sapucaı́ - MG - Brasil - 2021

Esta dissertação relata o projeto de um modulador eletro-óptico baseado em grafeno,
capaz de modular em amplitude e fase, com insensibilidade à polarização e estrutura
compacta. O projeto consiste de uma camada única de grafeno depositada sobre um guia
de onda de silı́cio com um espaçador dielétrico fino de dióxido de háfnio. As dimensões
foram ajustadas buscando alcançar a insensibilidade à polarização e maximizar a
interação luz-grafeno, otimizando o desempenho. Os resultados indicam modulação
insensı́vel à polarização em amplitude e fase com consumo de energia inferior a 1 pJ/bit
e largura de banda de 3dB de 11, 57 GHz, capaz de operar de 1250 nm à 1700 nm
abrangendo todos os comprimentos de onda utilizados em comunicações ópticas (1260−
1625 nm). O dispositivo foi projetado considerando materiais e geometrias de fácil
implementação, compatı́veis com os processos atuais de fabricação. Este conceito pode
auxiliar no desenvolvimento de novas tecnologias de telecomunicações como hardwares
fotônicos integrados, interconexões ópticas, microchips ópticos, etc. ajudando a lidar
com a crescente demanda por comunicações e o tráfego de informações.

Palavras-Chave: Grafeno; Insensibilidade à polarização; Modulação em amplitude e
fase; Modulador eletroóptico

xix





Abstract

Graphene-Based Polarization-Insensitive Amplitude and Phase
Electro-Optical Modulator

Braian N. O. Andrade

Masters Dissertation

Inatel - Instituto Nacional de Telecomunicações

Santa Rita do Sapucaı́ - MG - Brazil - 2021

This dissertation reports the design of a graphene-based electro-optical modulator,
capable of modulating in amplitude and phase, with polarization insensitivity, and
compact structure. The design consists of a graphene single layer deposited onto a
silicon waveguide with a thin hafnium dioxide dielectric spacer. The dimensions were
adjusted to achieve polarization insensitivity and maximize light-graphene interaction
while optimizing performance. The results indicate a modulation insensitive to polariza-
tion for amplitude and phase operation with energy consumption less than 1 pJ/bit and a
3dB-bandwidth of 11.57 GHz, capable of operating from 1250 nm to 1700 nm covering
all wavelengths used in optical communications (1260 − 1650 nm). The device was
designed considering easily implementable materials and geometries that are compatible
with current manufacturing processes. This concept can assist in the development of
future telecommunication technologies such as integrated photonic hardware, optical
interconnects, optical microchips, etc. helping to cope with the ever-growing demand
for improved communication and information traffic.

Key words: Amplitude and Phase Modulation; Electro-optical Modulator; Graphene;
Polarization Insensitivity.
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Chapter 1

Introduction

1.1 Contextualization

THE seamless integration of wireless THz links with fiber-optics infrastructure and
microelectronic devices is crucially important for the successful development of

future 6G (sixth-generation mobile communication networks) technology, envisaging
data rates in the order of hundreds of Gb/s per link [1, 2]. This convergence of wireless
THz signals with fiber optics and electronics, mediated by photonics, has stimulated
research in various directions, such as in the THz-to-optical (optical-to-THz) conversion
at the wireless receiver (transmitter) using modulators (photodiodes) [3–6]. Indeed,
plasmonic modulators were recently used for direct THz-to-optical conversion at the
THz receiver [5], avoiding complex all-electronic up/down-conversion mechanisms [7].
On the other hand, at the chip-scale, optical and electronic (optoelectronic) signals must
also be seamlessly integrated to prevent communication performance bottlenecks. In
particular, the main drawbacks of conventional electronic interconnects (for instance,
copper cables), associated with inherent losses, dispersion, and crosstalk, must be
overcome to avoid their increasingly noticeable detrimental effects as the number of
intra- and inter-chip data connections increases exponentially year after year [8, 9].

Optical interconnects, on the contrary, offer intrinsic advantages like, for example,
reduced levels of losses and fabrication costs, motivating intense research activity during
the last decades with the aim to provide a way to integrate photonics with state-of-the-art
nanoelectronics [10]. Particular interest has been given to the design and development of
optical modulators, the workhorse of these interconnects. The key driving force behind
optical modulators stems from the ability to dynamically tune the light properties,
through the control of the material properties, to convert external electrical signals
into high-bit rate light signals [11]. Since different material properties can be used

1
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for optical modulation, optical modulators are commonly classified according to the
physical principle on which they are based, as will be discussed in Chapter 2.

1.2 Historical Background

Optical modulators are at the core of fiber-optic systems, from metropolitan to
long-haul terrestrial and undersea optical communications infrastructures [12]. These
devices evolved, thanks to sustained innovations in integrated electronics, from the first
bulky electro-optical modulator (produced in the sixties to modulate the output of gas
lasers [13]) to highly integrated modern photonic circuits [10]. The first step towards
integration came with the advent of semiconductor laser diodes, which replaced large
gas lasers [14,15]. The latter approach uses the semiconductor driving current to directly
modulate the output power of a semiconductor laser [16], thus being called direct mod-
ulation. The variable electrical current (electrical input data signal) interferes with the
population of electrons and, consequently, with the processes of spontaneous/stimulated
emission of the laser, enabling modulation of the output laser power [17, 18]. The
simplicity and low cost of direct modulation, as well as the integration of the source and
modulator in a single device, made this approach advantageous for several years [19].
In fact, its first implementations reached 90Mb/s through direct modulation and multi-
mode fibers [20]. Despite the advantages of direct modulation, fundamental problems
associated with frequency chirp and wavelength excursion began to become apparent
with technological advances and the need for higher bit rates [12, 21].

The exploitation of the light propagation properties in dielectric materials to develop
external optical modulators, based on waveguide modulators, emerged as an alternative
to overcome the limitations associated with direct optical modulation [22, 23]. Impor-
tantly, these waveguides harness the complementary physics between electronic and
photonic technologies to provide high-performance integrated solutions. In particular,
the linear electro-optic effect, also known as the Pockels-effect, is the concept behind
most of the high-speed modulators of present-day to impress information from elec-
trical signals onto photonic waveguides [24]. This process is carried out through the
change induced by the electrical signal on the real and imaginary part of the refractive
index of the waveguide medium, labeled, respectively, as the electro-refraction and
electro-absorption mechanisms. Due to its high electro-optical coefficient (31 pm/V),
the lithium niobate material has led the commercially available modulators since its
first implementation in the 1980s [12]. However, drawbacks associated with the low
refractive index contrast, yielding weak optical confinement, hamper the further integra-
bility of lithium niobate-based waveguides. These limitations become predominantly
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important when we are trying to increase devices data rates from Gb/s to Tb/s, where
photonic-electronic integration is essential to reduce both the system-level power con-
sumption and the device-level capacitance of connecting the transmitter modulators as
well as the receiver photodetectors [25].

The dominance of silicon (Si) in the microelectronics industry prompted researchers
to investigate silicon photonics during the last decades, to overcome limitations from
lithium niobate approaches, mainly motivated by the possibility of direct integration
with electronics (through CMOS packaging techniques) in a cost-effective manner
[26]. Indeed, nowadays achievements include integrated high-speed silicon optical
transceivers operating at tens of gigabits per second, arranged on a single optical bus, to
address the demand for high-bandwidth optical interconnects [10].

1.3 Current Scenario and Future Perspectives

Currently, the rampant growth in the demand for data traffic puts pressure on long-
distance transport networks. According to Cisco’s Annual Internet Report [1], in 2020

the global data traffic was greater than 1021 bytes (zettabyte), and by 2023 more than
27 billion devices are expected to be connected. Changes in consumer habits, mainly
due to the COVID-19 pandemic, have increased Internet consumption for remote work
and learning, resulting in an increase of up to 100% in the residential network and
10− 20% in mobile traffic [2]. With the development of new mobile communications
technologies such as 5G and 6G, and applications such as the Internet of Things (IoT),
real-time streaming, cloud processing, augmented reality, etc., tend to further increase
the amount of data over the optical networks [27]. In this sense, scientists are forced to
think ahead and predict the behavior of traffic and the impact of these innovations on
the system. For this reason, research on network devices is still very active today.

Unfortunately, today’s electronic circuits are approaching physical limits in terms
of speed and data transmission rate [28]. Intrinsic problems such as Ohmic losses,
parasitic capacitances, interference, limited speed, heating, high power consumption,
size, impedance, etc., have become difficult to circumvent [29]. The most promising
proposals to overcome the limitations of electronic circuits are related to optics [30].
Inspired by electronic semiconductor technologies such as high production capacity and
integration into functional and reliable microchips, researchers hope that silicon-based
optical devices will follow a similar path [31]. The production of integrated optical
components is studied since the first optical systems, but gained new impulses with the
development of silicon photonics [32].
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The silicon photonics has been an effervescent research topic for many years [12,32],
mainly after the advances in lithography processes that made it possible to produce
small waveguides with high precision (< 10 nm), and low losses (< 1 dB/cm), which
can be bent with curves of radius less than 10µm, allowing the creation of integrated,
complex, and compact optoelectronic circuits [32]. In addition to being used extensively
in electronics, silicon also serves as a gateway to optics [33,34]. However, it is a material
with a low electro-optical coefficient, making it difficult to change its refractive index,
resulting in optical modulators with typical lengths of 3mm to 11mm [35], too large
in terms of Si-photonics, and impractical for use inside optical-chips [36]. Therefore,
optical modulation has to be done in other ways, an alternative is modulators based on
carrier density effects [12], but these devices can be speed limited due to carrier lifetime,
which is typically 1 − 10 ns [12, 36]. Other approaches exploit the tiny dimensions
of Si waveguides in microring resonant modulators, achieving high modulation speed
(10− 25GHz) [37–39], having some of the best energy consumption per bit ratio [40],
but the operating band is intrinsically narrow (few nanometers around the resonance
wavelength), also the device is highly sensitive to the variation of temperature [41–43].
More complex modulating structures are possible, but sophisticated design and stringent
manufacturing requirements limit their applications.

To compensate for the low electro-optical coefficient of silicon waveguides, re-
searchers have exploited hybrid designs with other dielectric materials. Particular
emphasis has been given to Indium Tin Oxide (ITO), Aluminum-doped Zinc Oxide
(AZO), and Gallium-doped Zinc Oxide (GZO) [44–46], which in addition to being
low-loss transparent conductive films, are compatible with Complementary Metal-
Oxide-Semiconductors (CMOS) and, therefore, easily integrable with silicon [47]. On
the other hand, the new physical properties of recently discovered two-dimensional
(2D) materials have been shown promising to develop the next generation of opto-
electronic devices [48–53]. Among the 2D materials, graphene has drawn special
attention for its exceptional electronic and photonic characteristics [54], such as strong
coupling with light [55], high operating speed [56], high carrier mobility at room
temperature [57], large absorption capacity over a wide spectrum [58, 59], variable
optical conductivity [60], and compatibility with CMOS [61]. These properties make
graphene an optimal material for studies in nanoelectronics [52, 62], photonics [63],
optoelectronics [64, 65], plasmonics [66–68], and metamaterials [51, 69]. When inte-
grated with silicon waveguides, graphene can be used as an active medium for optical
modulators [70], presenting excellent results such as high modulation speed and wide
bandwidth, in addition to the small scale and low loss [70, 71], which is essential
for on-chip optical interconnections. Up to date, several theoretical and experimental
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proposals for graphene-based optical modulators have been demonstrated [57, 72–75].

1.4 Graphene Modulators

The first optical modulator using graphene was presented by Liu et al. in 2011 [70].
The modulator consisted of a single layer of graphene over a rectangular waveguide of
doped silicon. Experimentally achieved a modulation depth of 0.1 dB/µm, capable of
operating with the wavelength from 1350 nm to 1600 nm, and 3dB-bandwidth of 1GHz.
This result is comparable to those of commercially used semiconductor modulators.
Later, the same group experimentally demonstrated a modulator with two layers of
graphene over a rectangular waveguide, reaching a modulation depth of 0.16 dB/µm [71].
For comparison, this modulation depth per unit of length is 320 times greater than a
typical Mach-Zehnder modulator [12, 36], which proves the feasibility of this type of
device. Since then, several proposals for optical modulators based on graphene-silicon
have been presented.

In 2014, M. Mohsin et al. [76] experimentally demonstrated an amplitude modulator
using two layers of graphene, achieving 0.06 dB/µm, and 3dB-bandwidth of 670MHz.
A. Phatak et al. in 2016 [77] numerically presented a graphene-silicon modulator with
a slot-type waveguide, reaching a modulation depth of 0.144 dB/µm; In the same year,
Y.T. Hu et al. [78] proposed and experimentally demonstrated, an optical modulator
using a rectangular silicon waveguide covered with a single layer of graphene, reaching
a modulation depth of 0.15 dB/µm, capable of operating up to 10Gb/s, with a 3dB-
bandwidth of 5.9GHz; Later the same group reached 20Gb/s with a similar device [79].
In 2017, M. Fan et al. [80] presented a multi-layer graphene amplitude modulator,
reaching a modulation depth of 0.16 dB/µm, with a 3dB-bandwidth of 30.6GHz; In
the same year, M. Shah et al. [81] propose an amplitude modulator with two layers of
graphene incorporated with a D-microfiber, with a modulation depth of 0.22 dB/µm,
and a 3dB-bandwidth of 97.26GHz. In 2018, V. Sorianello et al. [82] experimentally
demonstrated an MZM (Mach-Zehnder Modulator) with a graphene layer on each
arm, achieving a modulation depth of 0.12 dB/µm and 3dB-bandwidth of 5GHz; In
the same year, L. Ji et al. [83] proposed a modulator with two graphene layers over a
dual-slot silicon waveguide, reaching a modulation depth of 0.35 dB/µm, capable of
operating from 1200 nm to 1900 nm, with a 3dB-bandwidth of 79.6GHz. In 2019, Z.
Yang et al. [84] presented a polarization-insensitive graphene-based modulator with a
structure of coupling and conversion of guided modes, reaching a modulation depth of
0.06 dB/µm, capable of operating from 1500 nm to 1600 nm, with a 3dB-bandwidth of
14.3GHz on a device that is 270µm long; In the same year, J. Luan et al. [85] propose
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a multilayer graphene-based modulator over a hybrid plasmonic waveguide with two
slots, achieving a modulation depth of 0.52 dB/µm, with a 3dB-bandwidth of 150GHz.
V. Sorianello et al. [74] in 2020, presented two graphene-silicon-based modulators,
with one and two graphene layers, achieving 0.06 dB/µm and 0.12 dB/µm respectively,
the authors claim that, with better optimization of contacts, their devices can reach
a 3dB-bandwidth of 100GHz. More recently, in 2021, Y. Ma et al. [86] presented a
polarization-insensitive modulator based on a slot-type silicon waveguide, and achieved
a modulation depth of 0.37 dB/µm, capable of operating from 1460 nm to 1620 nm,
with a 3dB-bandwidth of 50GHz; And W. Chen et al. [87] presented a polarization-
insensitive modulator using two layers of graphene embedded in a silicon nitride (SiN)
waveguide, reaching a modulation depth of 0.1 dB/µm, capable of operating from
1100 nm to 1645 nm, with a 3dB-bandwidth of 53GHz.

The success of graphene-silicon has resulted in a fertile platform for research and
development; over time, a wide variety of modulators that use graphene as an active
medium, combined with silicon waveguides, have been proposed. The advances and
refinements of different techniques made it possible to increase the modulation depth,
wavelength range, and operating speed. Currently, this research is still very active, and
every year many articles are published proposing the most different designs, using the
combination of several other materials, and exploring different physical effects.

1.5 Research Opportunity

The vast majority of the proposals for graphene-based optical modulators presented
so far are polarization-sensitive. Polarization-sensitive devices require special mecha-
nisms to control the propagation of light, which limits their applicability [36]. As an
example, linearly polarized systems need a polarization controller between the transmit-
ter and the modulator [88, 89], increasing the complexity and costs. Furthermore, for
systems with circular or elliptical polarization, it becomes necessary to decompose the
light into two orthogonal components before modulation, as it was made in Yang et al.
2019 [84], resulting in an increased level of losses [90]. These drawbacks motivate the
search for polarization-insensitive devices for optical communication systems.

Currently, a small portion of the modulators presented is insensitive to polarization,
for example Refs. [90–92]. Unfortunately, most proposals often have sophisticated
geometries that require challenging manufacturing and implementation processes. We
can exemplify the U-shaped waveguide presented by X. Hu in 2014 [93] or the partially
tilted waveguide presented by S. Ye et al. in 2017 [94], which are highly sensitive to
fabrication errors or do not have current manufacturing methods. Furthermore, the
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fabrication processes of structures such as those presented by M. Shah et al. in 2017 [95],
X. Zou et al. [88], and Y. Xu et al. in 2019 [96] are complex and have too many steps.
Devices such as those of R. Hao et al. 2013 [97] and X. Peng et al. 2015 [98], with
multiple layers of graphene, exhibit a high modulation capacity (1.6 dB/µm), however,
issues related to the isolation of layers and the metallization of electrical contacts still
exist, hampering their implementation [61, 99]. Since silicon cannot grow directly on
graphene [61], graphene-embedded designs, such as those presented by Z. Lu and W.
Zhao in 2012 [62], and W. Chen et al. in 2021 [87], have yet to find a simple way to
manufacture [91, 97]. Furthermore, most of the devices proposed to date can modulate
only in phase or only in amplitude, limiting the applicability.

Therefore, there exists an opportunity for research and development of new designs
that are compatible with standard electronics and current manufacturing processes,
while simultaneously exhibiting polarization-insensitive optical modulation (in-phase
and in amplitude), large operating bandwidth, high speed, low consumption, and a
compact structure with low losses.

1.6 Objectives of this work

1.6.1 General Objective

In this work, we are aimed to contribute to the scientific literature with a new
design of a polarization-insensitive optical modulator. In particular, we will exploit
the unique features of graphene, combined with the optical properties of conventional
silicon waveguides, to design a CMOS-compatible optical modulator, insensitive to
polarization, with a compact and simple structure that can be easily produced and
integrated into photonic circuits, capable of performing amplitude and phase modulation
in the same device.

1.6.2 Specific Objectives

• Our main goal is to develop a polarization-insensitive optical modulator.

• Optimize the layout for the highest possible modulation performance.

• Explore amplitude and phase modulation mechanisms.

• Search for the simplest, most compact, and fabrication-friendly structure possible.
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1.7 Publications from this work

Below we show the contributions to the literature during the realization of this
research work.

➊ B. N. O. Andrade, W. O. F. Carvalho, F. Beltrán-Mejia, and J. R. Mejı́a-Salazar.
Polarization-Insensitive Optical Modulator Based on Single-Layer Graphene
Sheets. IEEE Transact. Nanotech, vol. 20, pp. 883-888, 2021.

➋ W. O. F. Carvalho, B. N. O. Andrade, J. R. Mejı́a-Salazar. Polarization-
insensitive optical modulators based on single ENZ-graphene layers. Proc.

SPIE 11802, Nanoengineering: Fabrication, Properties, Optics, Thin Films, and

Devices XVIII 2021.

1.8 Organization of this dissertation

This dissertation is organized as follows. In Chapter 2, we briefly review the
theoretical basis of the main physical effects involved in optical modulation, approach
the most common types of modulators, and present some properties of silicon and
graphene. In addition, we describe the mathematical model of graphene conductivity
used in this work. In Chapter 3, we present the proposed layout and the elements
considered in our project. We describe the process of numeric simulation and the
definition of the ideal geometric parameters for polarization-insensitive modulation
with maximum performance. In addition, we discuss the fabrication methods of the main
components of the modulator. In Chapter 4, we analyze the performance of the proposed
modulator for modulation in amplitude and phase, determining the modulation depth and
the refractive index variation as a function of wavelength and Fermi energy. Also, we
calculated the losses, operating frequency, power consumption, and operating bandwidth
for both modulation mechanisms (amplitude and phase), considering different modulator
lengths. Then we discuss the results, comparing them with other recent projects in the
literature. Finally, in Chapter 5, we present the conclusions of this work and the project
for future research.



Chapter 2

Review of Theoretical Basis

Modulation consists of the process of altering some physical parameter (amplitude,
phase, polarization) of the signal to be transmitted so that it represents a certain logical
level (bit) of information [12]. Optical modulating devices can be divided in several
ways, such as direct or external modulation, materials, geometries, applications, and/or
physical effects involved [36]. This section will review some of these basic concepts.

2.1 Optical Modulation Mecanisms

There are several types of electro-optical effects used for light modulation; the main
effects used in optical modulators are:

• Pockels-effect: The Pockels-effect occurs when an electric field is applied to a ma-
terial and causes changes in the index of refraction [12]. It is commonly exploited
in Lithium Niobate (LiNbO3) phase modulators, and III-V semiconductors, but is
practically negligible in silicon [32]. This effect is sensitive to light polarization
and electric field direction [100, 101].

• Kerr-effect: The Kerr-effect also results in changes in the material’s refractive
index, but it depends on the square of the applied electric field [12, 32]. It has
a lower intensity than the Pockels-effect and is also used in phase modulators
[100, 101].

• Electro-absorption: The electro-absorption effect is explored in amplitude modu-
lators [12,36]. The applied electric field alters the gap between the conduction and
valence bands of a semiconductor, modulating the light absorption capacity [102].
There are two physical effects related to electro-absorption: the Franz-Keldysh
effect, which occurs in silicon and III-V semiconductors compounds [18, 103];
and the Stark-effect, which occurs in quantum well structures [36, 100–102, 104].

9
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This effect can be wavelength dependent and affected by temperature, depending
on the structure and materials involved [12].

• Carrier density: Carrier density effects are particularly interesting on silicon,
where the electro-optical effects are very weak [18, 32]. By modulating the carrier
density it is possible to change the refractive index and the absorption capacity,
modulating the optical signal in phase and amplitude [12]. The physical effects
involved can be band-filling, band-gap shrinkage, and free-carrier absorption
(plasma effect) [100].

• Interference: Interference occurs when two or more electromagnetic waves over-
lap [12]. In an optical communication system, considering monochromatic signals
of the same frequency, the interferometric structure can cause constructive or
destructive interference, depending on the phase difference between the optical
waves [101]. The phase difference can be provoked by the optical path or by a
change in the refractive index of the waveguide [32, 105]. Interference is conven-
tionally explored in Mach-Zehnder modulators or structures such as microrings
resonators and Fabry-Perot resonant optical cavities [101].

Optical modulators can also use other effects such as magneto-optics, thermo-optics,
acousto-optics, etc. [18, 36], but these effects are outside the scope of this dissertation.
A more complete description of the presented electro-optical effects and other effects
can be found in A.Yariv 2007 [100], S.Chuang 2009 [18], and T.Kawanishi 2022 [103].

2.2 Main Types of Modulators

2.2.1 Direct Laser Modulator

Direct modulation of a laser source is the simplest optical modulation concept
[21], combining the functions of the light source and light modulation in a single
device [15, 16]. It is based on the direct variation of the laser bias current (electrical
input data signal), which interferes with the electrons of the spontaneous/stimulated
emission process of the laser, modulating the amplitude of the output signal [12, 17].
This technique produces the simplest and most compact modulating device. The main
disadvantage is the inherent and device-specific chirp [18, 21].

The chirp is a variation in the laser’s wavelength, leading to distortions and spectral
broadening of the signal [15, 36]. This phenomenon occurs due to changes in the
refractive index and a series of coupled oscillations (known as relaxation oscillations),
caused by variations in the drive current (input signal) of the laser diode [13, 14].
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Chirp, along with chromatic dispersion, can cause intersymbolic interference and cross-
talk [36, 106, 107], dramatically reducing system performance [108]. It is possible to
circumvent these problems through electronic equalization techniques, error correction,
and careful engineering of the device, but this increases the complexity, consumption,
and costs of the system. Due to the chirp (and limited operating frequency), direct
modulation was replaced by external modulation [24], which is done by a device
separate from the optical source.

2.2.2 Amplitude modulator

Amplitude modulators use electro-absorption or carrier density effects to modulate
optical output signal power [36]. Having a simplified design it can be made from a
single waveguide with electrodes that generate the modulating electric field. Amplitude
modulators in general have the advantage of being small, highly integrable in optical
chips, and can be directly connected to fiber or used in conjunction with Mach-Zehnder
interferometers. The main parameters are the modulation depth (or extinction ratio)
usually given in dB/µm, insertion losses, operating bandwidth, and 3dB-bandwidth.
These values can vary greatly depending on the type of modulator, geometry, and
materials used [12].

2.2.3 Phase Modulator

Advanced optical modulation formats often require optical phase modulation [12].
Phase modulation can be performed by manipulating an applied electric field, which
modifies the refractive index of the waveguide and changes the propagation velocity
of the guided carrier [32]. The effects used can be Pockels-effect, Kerr-effect, carrier
density, or even a combination of more than one of these effects. The change in
the refractive index depends on the materials, geometry, and direction of the electric
field [36]. The most used materials are LiNbO3, gallium arsenide (GaAs), and indium
phosphide (InP) [12].

Phase modulators can be used directly, but since common photodetectors are not
optical phase-sensitive, demodulation would require coherent optical receivers in con-
junction with other expensive and complicated devices and circuits [103]. This is why
phase modulators are often used in the arms of the Mach-Zehnder modulator, which
converts the phase-modulated signal into an amplitude-modulated signal through an
interference structure [36].
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2.2.4 Mach-Zehnder Interferometer

The modulation performed through the interferometer Mach-Zehnder deserves a
highlight because, in addition to being the first external modulator implemented in
long-distance communication systems, it is also the most widespread type of modulator
in optical networks [12].

An interferometer Mach-Zehnder modulator (MZM) splits the incoming light into
two arms (or branches) in a Y-junction. It then applies electro-optical effects on one or
both branches, changing the propagation speed of the guided mode and causing a phase
mismatch between the two arms of the modulator. In the third step, both modulator arms
are merged, and the recombined signal forms a constructive or destructive interference
pattern [101].

MZM can be made from inorganic crystals, polymers, and semiconductors, although
the standard material is Lithium Niobate (LiNbO3), with well-developed manufacturing
technology [12]. Modern LiNbO3 MZM modulators have a modulation depth superior
to 20 dB, with an insertion loss below 5 dB, being able to cover 1525− 1625 nm, with a
3dB-bandwidth of 30GHz, and 10− 15 cm long structure [109–111].

This type of modulator is widely used as it offers great modulation depth and is
chirp-free [36]. On the other hand, it has a critical intrinsic limitation related to its
dimensions [12]. The typical footprint of a Mach-Zehnder modulator varies from
millimeters to centimeters, making its use in integrated optical chips impracticable
[24, 103]. Therefore, alternatives to MZM are sought for the next generation of optical
modulators.

2.2.5 Resonant Modulators

Resonant modulators using Fabry-Perot optical cavities, or ring-shaped resonator
structures, are especially attractive for silicon photonics because they have small struc-
tures (few millimeters), easy integration, low consumption (< 1 pJ), and good modula-
tion depth (> 1 dB/mm) [37–39]. The structures of this type of modulator are usually
very sensitive, small variations in the drive voltage are enough to generate disturbances
in the coupling, attenuation, or propagation constant, shifting the resonance and modu-
lating the output signal [18, 32, 40]. Unfortunately, these devices have limited operating
bandwidth (few nanometers around the resonance wavelength) and are also highly
sensitive to temperature variation [41–43], which hinders their application in many
practical scenarios [36, 100].
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2.3 Materials Properties

The materials, with which the modulators are made, determine its characteristics,
manufacturing processes, and electro-optical effects [18]. It is important to note that
not all effects occur on every type of material, although most materials support multiple
possibilities [12]. For example, linear and quadratic electro-optic effects occur in
dielectrics and semiconductors, on the other hand, electro-absorption and carrier density
occur only in semiconductors [32,100]. The ideal material for optical modulators should
be transparent at the operating wavelength, have high levels of electro-optical effect, be
thermally stable, low loss, low dispersion, and facilitate fabrication methods [12].

As semiconductors accept electro-optical, electro-absorption, and carrier density
effects, let’s review some properties of this type of material. Semiconductors also
facilitate integration with standard electronic components (CMOS), as well as lasers
and fiber optics [32]. There are two classes of semiconductors that are relevant for
modulators: silicon and III-V semiconductor compounds [12].

2.3.1 III-V Semiconductor Compounds

The III-V semiconductors are composed of elements from group III and group V
in the periodic table such as Gallium Arsenide (GaAs) and Indium Phosphide (InP),
which are among the most used materials in electro-optic components such as leds, laser
diodes, semiconductor optical amplifiers, photodetectors, electro-absorption modulators,
and electro-optical switches. These components already have very well-developed
optoelectronic manufacturing technology [32].

2.3.2 Silicon

Silicon (Si) is a semiconductor abundant on the planet, it has become the basis of
a large microelectronics industry. It is also the most widely used material in optical
communications, being the main component of optical fiber. Because it is present in
both the electrical and optical domains, silicon is especially attractive for the integration
between photonics and electronics. This integration has been the focus of research
and development for some time, forming an exclusive area called silicon photonics
[32]. Researchers are looking for optical components such as lasers, modulators, and
detectors, made from silicon using manufacturing processes that are already used in
microelectronics [31]. This would reduce the production cost of electro-optical devices
and facilitate integration. Silicon photonics is also expected to advance toward the
creation of cost-effective, compact, and efficient Photonic Integrated Circuits (PICs)
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capable of outperforming microelectronic circuits [12, 24, 32, 112].

Among the several proposals considered for silicon photonics, the silicon-on-insulator
(SOI) made from silicon and silica (SiO2), is the most used platform for the production
of waveguides in optoelectronic components [31]. The high contrast between the refrac-
tive indices (n = 3.5 for Si and n = 1.45 for SiO2) allows strong confinement of light
in waveguides with nanometric dimensions, allowing the creation of dense photonic
circuits, reducing costs, and improving device efficiency and performance [32].

However, silicon is limited in terms of electro-optical effects and, except for easy
integration with electronics, it would not be a good choice as a modulating material [12].
The linear electro-optic effect (Pockels-effect) is practically null, the Kerr-effect and
the Franz-Keldysh effect are also very weak [32]. Low electro-optical effects make it
difficult to change the refractive index, and the large band-gap of silicon hinders the
absorption, resulting in large and impractical optical modulators for use in PICs [18,36].

To overcome this problem, current research has shown that a promising path is
the hybrid devices of silicon with other materials [46, 47]. This solution combines
the advantages of silicon, such as the easy production of waveguides and the high
integration with electronics, together with the strong electro-optical effects of different
materials [45]. Several materials are easily integrated with silicon waveguides, among
the various proposals, two-dimensional materials (2D), such as graphene, have stood out,
demonstrating great potential as an active medium for optical modulators [52, 68, 113].

2.3.3 Graphene

Graphene is a two-dimensional (2D) allotrope of carbon, with its atoms arranged
in a single plane forming a hexagonal lattice, similar to a honeycomb [114]. With
the thickness of a single atom, it is one of the thinnest materials ever synthesized [54,
115]. Due to its exceptional physical properties such as flexibility [116], transparency,
chemical stability, and lightness [117], in addition to its high thermal conductivity
[118, 119], graphene has been extensively studied since its discovery in 2004 [48, 56].
Moreover, graphene is one of the best electrical conductors that exist [49,58], making it
ideal for applications merging electrical and optical properties in a single device.

In fact, the unique electro-optical properties of graphene, such as strong coupling
with light [55, 63], high absorption [58], and tunable optical conductivity [60], have
been exploited for emission [120], transmission [121], modulation [38, 70, 71], and
detection of optical signals [122, 123]. A single layer of graphene can absorb 2.3% of
incident light over a wide spectrum [58, 124] (approximately 50 times the absorption of
conventional bulk materials [59, 69]), ranging from far-infrared to ultraviolet, which
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covers the bands used in optical communications (1260 − 1675 nm) [30, 125]. The
electro-optical effect of graphene is some orders of magnitude greater than that of
silicon [126, 127], and the thermal conductivity is 100 times greater than Gallium
Arsenide (GaAs) [128], widely used in optical components [119]. The high carrier
mobility, and the relaxation rate in picoseconds (time taken to the return to natural state
after application of an electromagnetic pulse), allow devices to operate at hundreds of
GHz without chirp [54,129]. In addition, its compatibility with conventional electronics
makes it a prominent candidate for high-frequency applications [130–132], integrated
optical chips [133–135], and the construction of smaller and more efficient devices
[76, 136–138].

2.3.3.1 Conductivity Model for Graphene

When integrated with optical waveguides, graphene can strongly interact with the
propagation modes [70, 71, 91]. Significantly, this interaction can be modulated by
adjusting an externally applied voltage [139]. The principle behind such modulation
stems from the electro-optical properties of graphene. Since graphene is a 2D material,
i.e., it is an intrinsically anisotropic [140–145], so we have two different models for the
permittivity, one for the in-plane and other for the out-of-plane axis. For the in-plane
permittivity we use,

ε|| = 1 +
iσ||

ωε0dg
, (2.1)

in agreement with Refs. [83, 146, 147]. σ|| indicates the conductivity of graphene, ω
the angular frequency, ε0 the vacuum permittivity, and dg = 0.7 nm corresponds to the
thickness of the graphene layer [80,148]. In contrast to ε||, which takes into account the
properties of electrons in the graphene plane, the out-of-plane permittivity ε⊥ = 2.5 is
considered non-dispersive [94, 142, 149]. These informations can be put together in the
permittivity tensor [83, 150, 151],

εx,z =

ε|| 0 0

0 ε⊥ 0

0 0 ε||

 , (2.2)

where the anisotropic feature of graphene is clearly seen.

The graphene’s conductivity (σ||), in the equation (2.1), has a complex value and is
formed by the contributions of the intra-band (σintra) and inter-band (σinter) conductivities
[99, 140, 152], given by:

σ||(ω,Ef) = σ′
g + iσ′′

g = σintra + σinter, (2.3)
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which can be modeled with the Kubo formulation [62, 153–155]:

σ||(ω,E,Γ) =
ie2(ω − i2Γ)

πℏ2
.

[
1

(ω − i2Γ)2

∫ ∞

0

E

(
∂f(E)

∂E
− ∂f(−E)

∂E

)
dE

−
∫ ∞

0

f(−E)− f(E)

(ω − i2Γ)2 − 4(E/ℏ)2
dE

]
,

(2.4)

where, ω, Γ, E, and f(E) are the angular frequency, dispersion rate, energy, and the
Fermi Dirac distribution function, respectively. The first and second parts of equation
(2.4) corresponds, respectively, to the contribution of the intra-band (σintra) and inter-
band (σinter) conductivities [152].

The dispersion rate (Γ) can be defined by:

Γ =
1

2τ
(2.5)

where τ is the electron relaxation time, which dependent on the quality of graphene [78],
for a pristine graphene layer can be estimated by [62, 152]:

τ = µ
Ef

eV 2
f
, (2.6)

being µ = 104cm2V−1 the graphene’s carrier mobility, Ef the Fermi’s energy, and
Vf = 106 m/s the Fermi’s velocity [150, 156].

The Fermi Dirac distribution function is calculated as [112]:

f(E) =

(
1 + exp

[
E − Ef

kBT

])−1

, (2.7)

where kB, is the Boltzmann constant and T is the room temperature.

Substituting the equations (2.5) and (2.7) in equation (2.4) and calculating the
integrals, σintra and σinter can be written as [155]:

σintra =
ie2kBT

πℏ2(ω + iτ−1)

{
Ef

kBT
+ 2ln

[
exp

(
−Ef

kBT

)
+ 1

]}
, (2.8)

σinter =
ie2

4πℏ
ln
(
2|Ef | − (ω + iτ−1)ℏ
2|Ef |+ (ω + iτ−1)ℏ

)
. (2.9)

The optical conductivities of graphene (σintra and σinter) can be manipulated by
doping with impurities or, more dynamically, by applying an external electrical potential
(V ) [48, 70]. The electrical voltage modifies the carrier density and changes the Fermi’s
energy (also called chemical potential), controlling the graphene optical intra/inter-band
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Figure 2.1: The Fermi’s energy as a function of the applied voltage (V ), according to the
Eq. (2.10)

transitions [60, 157]. The Fermi’s energy (Ef ) can be estimated by [70]:

Ef = ℏVf

√
π|η|, (2.10)

where, ℏ is the reduced Plank’s constant, and η the carrier density (doping level) of
graphene is estimated by [155]:

η =
ε0εr(V0 − V )

ed
, (2.11)

being, εr the relative permittivity, V0 the natural offset voltage of graphene, V the
applied voltage, e the charge of electron, and d the thickness of the dielectric layer
below the graphene. The relationship between Fermi’s energy (Eq. 2.10) and applied
voltage V is shown in Figure 2.1.

Figure 2.2 shows the behavior of the real and imaginary parts of ε|| as a function
of ±Ef for the wavelength of λ = 1550 nm. The real part of the permittivity (black
line) is related to the change in the effective refractive index and is exploited in electro-
refractive modulators (phase modulator), while the imaginary part (red line) is related
to the absorption capacity of graphene and is explored in electro-absorption modulators
(amplitude modulator) [158].

The energy of Fermi dictates the optical behavior of graphene [159]. For example, for
Ef between ± hν/2, where h is the Planck’s constant and ν is the photon’s frequency,
the electrons in the valence band absorb the photon’s energy and are excited to an
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Figure 2.2: Real and imaginary parts of graphene’s in-plane permittivity (ε||) as a func-
tion of Ef , according to the Equation (2.1). The inserts show the photon absorption when
−hν/2 < Ef < hν/2 and propagation when −hν/2 > Ef > hν/2.

empty state in the conduction band, this is called inter-band transition [54]. That is, for
λ = 1550 nm and −0.4 < Ef < 0.4 eV, graphene absorbs the energy of the photons
(behaves like an absorber), as shown in the inserts in Fig. 2.2. For Ef < −0.4 eV there
is an accumulation of positive charges and there are no electrons available for the inter-
band transition, so the absorption of the photons no longer occurs. Analogously, for
Ef > 0.4 eV the accumulation of electrons occupies all states, not allowing inter-band
transitions. In both last two situations, the absorption (imaginary part) is practically
zero, graphene is then considered transparent to light [54]. This mechanism is called
Pauli’s blocking, and we exploit this property to switch between ON/OFF states in
amplitude modulation.



Chapter 3

Design and Simulations

As we have seen, the feasibility of a graphene-based optical modulator has already
been proven [70, 71], and the research on these devices continues to be very active
and fruitful [72, 74, 160]. However, most modulators presented in the literature can
modulate only one of the fundamental guided modes (TE or TM). In other words, they
are devices sensitive to polarization. That is, for their correct functioning, polarization
control mechanisms are necessary, which increase the losses, complexity, and cost of
the systems [36], in addition to limiting applications and hindering integration with
photonic circuits [88, 161]. Modern systems require polarization-insensitive devices. In
this sense, new proposals for polarization-insensitive modulators have emerged, such as
Refs. [84, 86, 88, 91, 150, 162, 163], demonstrating the feasibility of research and deve-
lopment to expand the applications of this device. The proposals presented have several
approaches, however, most have complex designs that require several manufacturing
steps and, in addition, can modulate only in amplitude or only in phase. A versatile
solution that is capable of doing both types of modulation is very attractive for multiple
applications. Thus, we seek to circumvent the limitations of the previous proposals and
develop a device insensitive to polarization, with a compact and simple structure, easily
manufacturable and integrable with photonic circuits, capable of performing amplitude
and phase modulation.

Among the various projects and possibilities analyzed, such as embedded graphene
[87], graphene on fiber [81], slot waveguide [86], etc. we chose the silicon-on-insulator
(SOI) structure. The SOI structure, based on silicon and silica (SiO2), is well know
and widely used in nanometric components, having a mature manufacturing process,
capable of producing waveguides with high precision (< 10 nm) [15, 31]. For the type
of modulator that we are looking for, this is the most suitable platform, due to the
simplicity and high confinement capacity of the guided modes [112, 126, 159].

19
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Figure 3.1: Left figure is a schematic of the graphene-insulator-silicon electro-optical modulator.
The right figure shows a cross-section view of the proposed device.

3.1 Structure

Our design consists of a rectangular Si waveguide in a thin silicon film on a silica
(SiO2) substrate, with a single layer of graphene covering the entire structure, as
schematized in Figure 3.1, the left is an isometric view and the right is the cross-section
of the proposed modulator. To apply the electrical bias signal, that is, the signal that
shifts the Fermi level and dynamically modifies the behavior of graphene, we use two
gold (Au) contacts, one being connected to graphene and the other to the silicon film.
To avoid unwanted interactions with optical modes, contacts are placed at 600 nm on
each side of the waveguide. Between graphene and silicon, we used a thin dielectric
spacer made of hafnium dioxide (HfO2). The HfO2 is widely used in electro-optical
devices as an insulator in capacitive structures due to its high dielectric constant (4-6
times the dielectric constant of silica) [164], and has a practically constant refractive
index (n = 1.87) throughout the analyzed wavelength range (1200− 1700 nm) [165],
which can be implemented with high precision through Chemical Vapor Deposition
(CVD) [164]. Notably, this structure does not generate alignment issues, as is often the
case with graphene-embedded devices.

3.1.1 Waveguide

Waveguides made of silicon can be easily obtained using standard lithography
processes [166–168]. Lithography is a well-known technique, widely used since the
1980s for the large-scale production of integrated circuits and microchips [166]. With
well-developed technology, lithography makes it possible to create patterns of sizes
ranging from centimeters to a few nanometers (< 10 nm) [167]. The process starts with
a mask with the layout of the device to be created, which is deposited on a photoreactive
material, after the application of a beam of ultraviolet light (with wavelengths of
13.5 − 436 nm), the material is dissolved in a developer solvent, leaving the latent
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pattern in a type of chemical stencil with the mask image. This stencil then serves as a
template for the deposition or engraving processes, which add or remove materials [168].
In industry, the mask covers a large area, allowing the fabrication of a large number of
structures simultaneously; a single lithographic machine is capable of producing 100
trillion resources per hour with very high fidelity [24, 168]. The most commonly used
techniques are photolithography, soft lithography, and nanoprint lithography [167].

3.1.2 Graphene Layer

As was discussed earlier, graphene is an anisotropic material [140, 141]. That is,
the fundamental mode of propagation – TE or TM – which is parallel (in-plane) to the
graphene layer is highly influenced by the optical properties of the material, while the
mode perpendicular (out-of-plane) to the layers suffers a negligible influence. This
induces polarization sensitivity in many devices [142–145]. To consider a device
insensitive to polarization, it must be able to cause the same changes in both guided
modes [57]. Thus, we need a specially designed structure that compensates for the
anisotropic behavior of graphene, or that makes it interact equally with TE and TM
[88, 90, 91]. In our design, graphene is deposited on the sides of the waveguide, in
parallel and strongly influencing both the TE and TM modes. With ideal proportions,
polarization insensitivity can be achieved for amplitude and phase modulations.

Currently, there are several methods to obtain graphene, which can be adopted
taking into account costs, complexity, technical resources, production capacity, and
sample quality [50, 127, 159]. In general, the most suitable method of obtaining
graphene is defined by the application, which also determines the size, quality and
purity required [139]. For our case, where pristine monolayer graphene is required, the
technique most recommended is the CVD [127], which is commonly used to produce
graphene for several other nanodevices [127, 139, 164]. This technique is one of the
most promising for the mass production of graphene and can synthesize samples with
very high quality over an area of several cm2 [54]. The method uses a hermetic oven
with low pressure at 1000ºC where a gaseous mixture composed mainly of methane
(CH4) is introduced, a reaction with catalysts occurs and the chemical bonds are broken
releasing H2 and depositing the carbon atoms on the metallic plate (made of copper or
nickel). When the graphene layer is formed, the film is cooled to room temperature and
then transferred to a polyurethane substrate to be deposited at the definitive location, so
the substrate is removed by dissolving in acetone [139].
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Figure 3.2: Absorption of TE (αTE) and TM (αTM) modes as function of waveguide’s height

3.2 Study and Optimizations

Several numerical simulations were performed to define the optimal dimensions of
the modulator. The studies were done using the Finite Element Method (FEM) through
the commercial software COMSOL Multiphysics®. We apply Perfectly Matched Layers
(PMLs) at the boundaries of the entire structure to avoid unwanted numerical reflections,
customize the mesh to optimize the computational effort, and increase the precision
of the studies. Numerical results were processed using MatLab software. The values
used for the isotropic refractive indices of the materials were nHfO2 = 1.8777 [165],
nSi = 3.477 [98], and nSiO2 = 1.444 [169].

In our modulator, the waveguide directly influences the confinement of the modes
and defines the positioning of the graphene layers. With the modulator in the OFF state
(Ef = 0.3 eV) and λ = 1550 nm, we start by analyzing the effects that the waveguide
height (h) causes on absorption. To do this, we performed a sweep of h between 200 nm
and 400 nm, as shown in Figure 3.2. We can note that the absorption of the TM mode
(αTM) is more sensitive to variations in h than the absorption of the TE mode (αTE).
The optimal waveguide height was set at h = 262 nm, as it has the best approximation
of αTE and αTM that helps with polarization insensitivity, as well as results in high
absorption for both polarizations, maximizing performance.

Then we study the behavior of the absorption of the modes as a function of the
width of the waveguide (w). As shown in Figure 3.3, the absorptions of the modes
cross at w = 245 nm and w = 386 nm. That is, at these points, both modes have
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Figure 3.3: Absorption of TE (αTE) and TM (αTM) modes as function of waveguide’s width. The
insets show the distribution of the electromagnetic fields of the guided modes.

the same absorption value, which is essential for polarization-insensitivity. We chose
w = 386 nm as ideal due to the better confinement of the modes, as demonstrated in the
electromagnetic field profiles in the insets of Figure 3.3.

With the waveguide dimensions defined, we started to study the influence of slab
thickness (tslab) on the guided modes. As we see in Figure 3.4 the absorption of
both modes remains close for 12 nm< tslab < 32 nm. It is also possible to notice an

Figure 3.4: Absorption of TE (αTE) and TM (αTM) modes as function of Slab thickness
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almost linear drop in the attenuations of the modes as the slab thickness increases; this
happens because the confined modes begin to move away from the graphene layers,
and their energy spreads across the slab. On the other hand, a very thin slab can cause
a change in the effective refractive index, generating a divergence of the modes for
phase modulation. For this reason, we set tslab = 30 nm, keeping the commitment to
polarization insensitivity and, at the same time, allowing modulation in amplitude and
in phase.

The last parameter to be defined was the thickness of the HfO2 dielectric spacer. The
thickness of the dielectric spacer (d) is an important parameter, as it directly influences
the device capacitance and, consequently, other parameters such as energy consumption
and 3dB-bandwidth (which will be presented in Chapter 4). Figure 3.5 shows the
absorption of guided modes as a function of the thickness of the spacer. We can see that
the absorptions of the modes intersect around 7 nm. However, a thinner dielectric spacer
would result in lower capacitance and better device performance; on the other hand, it
can also compromise the insensibility. Thus, we chose d = 5 nm as the ideal thickness,
since this value does not compromise polarization insensitivity and, at the same time,
optimizes the modulator performance in terms of consumption and bandwidth.

Through Figures 3.3, 3.4, and 3.5, it can be seen that, with other proportions, it is
possible to obtain higher levels of absorption, for example w = 282 nm, tslab = 5 nm,
or d = 2 nm. However, the discrepancy between the guided modes rises, increasing the
polarization sensitivity. When defining the modulator design, we prioritized polarization
insensitivity. In summary, the ideal dimensions for this polarization-insensitive phase

Figure 3.5: Absorption of TE (αTE) and TM (αTM) modes as function Spacer thickness.



Chapter 3 3.2. Study and Optimizations 25

and amplitude modulator are h = 262 nm, w = 386 nm, tslab = 30 nm, and d = 5 nm,
as they minimize polarization sensitivity. Other results and analyses of modulator
performance are presented in Chapter 4.





Chapter 4

Results and Modulation Performance

In this chapter, we present how changes in graphene properties (adjusted by an
externally applied electric field) affect the behavior of guided modes, and we analyze
the performance for amplitude and phase modulation.

4.1 Functioning as Amplitude Modulator

Amplitude modulation is one of the most commonly used types of modulation in
optical systems [69,170,171]. It consists of changing the signal power level, employing
electro-absorption or carrier density effects (as previously discussed in Chapter 2)
[78,99]. In our device, the amplitude modulation is done by manipulating the absorption
capacity of graphene.

Using the optimized geometry, we note that the absorption behavior (as a function
of Ef ) is almost the same for both guided modes, as shown in Figure 4.1. According
to these results, graphene has a high and nearly constant absorption for Ef < 0.39 eV,
where it drops to close to zero for Ef ⩾ 0.4 eV. The difference in absorption for
both polarizations (|αTE,TM| ≈ 1 × 10−3 dB/µm) is negligibly small, fulfilling the
requirements of a polarization-insensitive amplitude modulator [44, 82].

One of the main parameters for amplitude modulation is the Modulation Depth
(MD), defined as the difference between the maximum and minimum absorption of
the modes [8, 150]. We define the switching points as 0.3 eV as the state of maximum
absorption (OFF state), and 0.5 eV for the state of minimum absorption (ON state),
these values were chosen because they are close enough to not compromise energy
consumption and, at the same time, can meet all analyzed wavelengths. In the OFF
state, the absorptions of TE and TM modes are |αOFF

TE | ≈ 0.1741 dB/µm and |αOFF
TM | ≈

0.1735 dB/µm, respectively. In the ON state, the absorptions of the modes are only

27
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Figure 4.1: Absorption as a function of Ef for TE (αTE) and TM (αTM) modes for λ = 1550 nm.

|αON
TE | ≈ 0.0003 dB/µm and |αON

TM| ≈ 0.002 dB/µm, as the silicon waveguide has
low attenuation, these minimal values were considered as the main loss factor [70].
Therefore, the modulation depth is greater than 0.172 dB/µm for both guided modes.
Typically, the 3 dB level is taken as a reference to the minimum acceptable modulation
depth [90]. In this way, the minimum length of our design is calculated as L =

3 dB
0.172 dB.µm−1 ≈ 17.4 µm.

4.2 Functioning as Phase Modulator

Phase modulation is performed by the active manipulation of the effective refractive
index (neff) of the guided modes [82, 134, 172, 173]. As shown in Figure 4.2, it is
possible to change the neff by adjusting Ef [41, 97]. We can see that both indexes
exhibit almost the same behavior. The largest variation occurs for 0.4 ⩽ Ef ⩾ 1 eV,
being ∆nTE

eff = 0.0185, and ∆nTM
eff = 0.0187, the variations for TE and TM modes,

respectively. These values are an order of magnitude higher than the ones for LiNbO3

(∆neff = 0.0016) [174], conventionally used in Mach-Zehnder modulators, which
allows us to produce a more compact and energy-efficient device [88, 150]. The
difference between the variation of the modes is only 2× 10−4, which also fulfills the
requirements for polarization-insensitive phase modulation [44, 82].

The phase-change of the modulator is evaluated by [83, 172]:

∆ϕ =
2π

λ
L∆neff. (4.1)
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Figure 4.2: Effective refractive index of TE (nTE
eff ) and TM (nTM

eff ) modes as a function of Ef for
λ = 1550 nm.

To produce a π-phase change (∆ϕ = π), with λ = 1550 nm, this modulator must be
at least L = 41.7 µm long, as shown in Figure 4.3 (red lines). For longer modulators,
the ∆neff needed for a π-phase shift is smaller, and consequently, the required Fermi
energies are also smaller. This last result can be seen from Figure 4.3, where the phase
change is shown as a function of Ef for different modulator lengths (considering that the

Figure 4.3: Phase-shift (∆ϕ = π) as a function of Ef for different modulator’s lengths.
L = 41.7µm (red lines), L = 50µm (blue lines) and L = 62µm (orange lines). Ef = 0.4 eV
corresponds to the zero-phase change value.
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phase change at Ef = 0.4 eV is zero). As can be seen, a 50 µm (blue lines) modulator
can make a π-phase shift with Ef < 0.7 eV, while a 62 µm (orange lines) needs Ef

only up to 0.5 eV.

An important parameter in optical modulators is the signal loss, which in the pro-
posed design is mainly due to the losses caused by the graphene layer [70, 91]. As
observed from results in Figures 4.1 and 4.2, our concept can be used to achieve maxi-
mum changes in the effective refractive index with minimum signal losses. In fact, for
the region of maximum variation of the effective index (0.4 < Ef < 1 eV), the attenua-
tion caused by graphene is quite low and practically constant. In particular, the signal
loss for this phase modulator is considered the same as for the amplitude modulator in
the ON state, which remains below 2× 10−3 dB/µm [70]. Since the operating voltages
are different, it is possible to perform amplitude/phase modulations on the same device
and can be easily implementable through standard CMOS technology.

When operating as an amplitude modulator, the electrical voltage applied to the
modulator also changes (in a lesser extent) the effective refractive index, causing an
unwanted delay in light propagation. This delay is interpreted as a change in the signal
phase. In practical terms, this phase shift can often be negligible, since it is quite low
(∆ϕ ≤ 0.03π) and photodetectors only detect the amplitude of the signal. In case of
very sensitive applications involving MZM, it can be easily compensated by designing
the optical path, but if the device is applied in cascaded with other modulators in large
photonic circuits with higher levels of modulation, may be needed to take into account
this effect [103].

4.3 Operating Bandwidth Range

The operating bandwidth refers to the range of wavelengths over which a modulator
can maintain its performance. The modern optical communication systems, based on
Wavelength Division Multiplexing (WDM), require versatile optical modulations for
multiple wavelengths [107, 136, 175], which remarks the importance to analyze the
range of operating bandwidth of our device.

For the modulator in the OFF state, we studied the behavior of MD as a function
of λ for different modulator lengths, as shown in Figure 4.4. In order to preserve the
polarization-insensitive characteristic, the discrepancy between the TE and TM modes
must be less than 1 dB (colored dotted lines) [150]. As we can see, for a minimum length
of 17.4 µm (red lines), the device is capable of operating above 3 dB of modulation
for a wavelength from 1540 to 1670 nm. In the case of longer structures, the operating
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Figure 4.4: Modulation depth (MD) for TE and TM modes as a function of wavelength for
different modulator’s lengths: L = 17.4µm (red lines) , L = 22µm (blue lines) and L =
28.2µm (orange lines). The |MDTE, TM| must be above 3 dB, and |MDTE −MDTM| < 1 dB.

range is wider, that is, with a length of 22 µm (blue lines) the device works from 1390

to 1740 nm, and with a length of 28.2 µm (orange lines) works from 1240 to 1730 nm.
Therefore, with a few micrometers, our device, acting as a polarization-insensitive
amplitude modulator, can cover the entire optical communications window [108, 176],
beyond the O and U-bands, with the potential to meet upcoming technologies [57, 177].

For phase modulation, the ∆neff changes depend on the wavelength [74, 178, 179].
According to Figure 4.5a, the value of ∆neff decreases for smaller λ, requiring com-
pensation in the modulator length, according to Eq. (4.1). The variations for both
modes remain close until λ = 1650 nm when the discrepancy exceeds 1× 10−3 and the
device becomes polarization sensitive [88]. So, this device can modulate in phase with
polarization-insensitivity for 1200 < λ < 1650 nm. Figure 4.5b shows the behavior of
neff for λ = 1250, 1550, and 1650 nm.
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(a) ∆neff as a function of λ (b) neff as a function of Ef for different λ

Figure 4.5: (a) Variation of effective refractive index (∆neff) for TE and TM modes as a
function of λ (nm). (b) Effective refractive index (neff) of both modes as a function of Ef for
λ = 1250, 1550, and 1650 nm

4.4 Energy Consumption

Another important parameter to consider is the energy consumption, which is relevant
not only for on-chip hardware [135, 180] but also for more energy-efficient and more
environmentally friendly systems [181]. To estimate the consumption of the modulator,
we use the energy per bit (Ebit) parameter [67, 90], calculated as:

Ebit =
1

4
C(∆V )2, (4.2)

where ∆V is the voltage required by the modulator (according to Eq. 2.10), C =

ε0εrAgra/d is the total capacitance of the device, obtained by a simple model of a
parallel plate capacitor [83, 90, 178], being d the thickness of the dielectric layer below
the graphene, and Agra = wg × L the total area of graphene, where wg = 2.11 µm
is the effective width and L the length of modulator. The 1/4 factor comes from the
Non-Return-to-Zero (NRZ) signaling scheme where, for a random bit sequence, the
occurrence of ON/OFF states has the same possibility, and a complete cycle occurs on
average once every four bits [182].

In amplitude modulation, the voltage required to switch between ON/OFF states
is constant (∆V = 3.72V), but the capacitance C increases with the length of the
modulator. For a device’s length of L = 17.4µm, L = 22µm, and L = 28.2µm, the
energy per bit is Ebit = 0.79 pJ/bit, Ebit = 1 pJ/bit and Ebit = 1.28 pJ/bit, respectively.
Therefore, there is a trade-off between the wavelength operating range, which is greater
for longer modulators (Figure 4.4), and the device’s energy consumption.

On the other hand, for phase modulation, the energy expended for a π-phase shift
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varies according to the length of the modulator. As shown in Figure 4.3, the energy
required for the phase change is lower for longer modulators, resulting in reduced
energy consumption. For a modulator with a length of L = 41.7 µm, the consumption
of energy per bit is Ebit = 51.88 pJ/bit. For L = 50 µm, and L = 62 µm, the energy
per bit drops to Ebit = 9.71 pJ/bit and Ebit = 0.9 pJ/bit, respectively. Although the
increase in the area of the device also increases C, the reduction in Ef is much faster,
thus allowing us to decrease the energy consumption of the phase modulator at the cost
of increasing its footprint.

Table 4.1: Comparison of the device working as an amplitude and phase modulator with
different lengths.

Modulation L (µm) Capacitance (pF) ∆V (V) Ebit (pJ/bit) Loss (dB)
17.48 0.23 0.79 35×10−3

Amplitude 22 0.29 3.72 1 44×10−3

28.2 0.37 1.28 56.4×10−3

41.7 0.54 19.56 51.88 83.4×10−3

Phase 50 0.65 7.68 9.71 100×10−3

62 0.81 2.1 0.9 124×10−3

Therefore, in addition to being able to optimize the modulator’s cross-section, we
can also optimize the energy consumption by tuning the length of the modulator. In
Table 4.1, we summarize the results for the device working as an amplitude and phase
modulator with different lengths.

4.5 3dB-Bandwidth

Due to the ultrahigh carrier mobility of graphene, the modulation bandwidth is
mainly limited by the parasitic effects of the device (RC delay) [60, 61, 70]. To estimate
the 3 dB-bandwidth, it is considered the drop in the modulator response of 3-dB in
relation to the peak value, typically uses the f3 dB, the same parameter used to determine
the cutoff frequency of a low pass filter, calculated as [67]

f3 dB =
1

2πRC
, (4.3)

where R represents the total resistance of the device, obtained by [63, 172, 183]

R =
2

L
(Rswg +Rc), (4.4)

with Rs = 200 Ω for the graphene sheet resistance [183], wg = 2.110 µm the effective
width of graphene, and Rc = 100 Ω · µm the electrode contact resistance [172, 183].
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We reach f3 dB = 11.57 GHz for both types of modulation. Future developments in
graphene deposition and the electrical contacts can improve f3dB through reduction of
Rs and Rc [184, 185].

4.6 Discussion of Results

From the results, we can compare the performance of our device with other modula-
tors presented in the literature. In Table 4.2 we show the results of some polarization-
insensitive modulators. Our structure is the unique that uses only a single layer of
graphene and is one of the few capable of modulating the amplitude and phase. We
can see that our proposal is among the smallest, due to the good modulation depth and
the high ∆neff achieved. The operating bandwidth of 130 nm for amplitude modulation
and 450 nm for phase modulation is a notable result, even more considering that we
are committed to a more compact structure, these results can be even better for longer
structures, as commented on in Section 4.3. The consumption per bit for the amplitude
modulation is remarkably low, although the consumption for the phase modulation is a
little higher, it is possible to reduce the Ebit by adjusting the modulator length, being
able to get below 1 pJ/bit, as commented in Section 4.4. The f3dB (or 3dB-bandwidth)
achieved is reasonable, considering that we used strict parameters for the calculation
and, according to V. Sorianello et al. [74], the technological development of graphene
contacts and deposition methods can improve this value, making it possible for devices
like this to operate above 100GHz.
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Table 4.2: Comparison of results with the literature.

Year Scheme L (µm) MD (dB/µm) ∆Neff Bandwidth (nm) Ebit (pJ/bit) f3 dB(GHz)
17.48 0.172 1540-1670 0.79

This Work 2021
Amplitude and phase modulator

with a single graphene layer
covering a Si rib waveguide

41.7 0.0185 1200-1650 19.56
11.57

[87] 2021
Amplitude and phase modulator

with two graphene’s layers
embedded in SiN waveguide

200 0.1 0.0233 1100-1645 0.687 53

[86] 2021
Amplitude modulator with

two graphene’s layers
in a T-slot waveguide

10 0.371 1460-1620 2.07 50.7

[88] 2019
Phase modulator with
two graphene’s layers

embedded in a Si waveguide
60 0.013 1300-1800 135.6

[96] 2019
Amplitude modulator with
multi-layers of graphene

embedded in a Si waveguide
20 1.11 1367-1668 7.8 6.1

[84] 2019
Coupling structure and

guided mode conversion for
amplitude modulation

270 0.063 1500-1600 14.3

10.35 0.29 2.98
[90] 2018

Amplitude and phase modulator
with two graphene’s layers
covering a Si rib waveguide

164.9 0.0047
1530-1565

4.6
30.2

[163] 2017
Amplitude modulator with

two graphene’s layers
embedded in a Si waveguide

12 1.57 1500-1590 0.001 62.74
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Conclusions and Future Research

Summarizing, we propose a polarization-insensitive graphene-based optical modu-
lator, capable of modulating in amplitude or in phase using the same nanostructure. Our
device is composed of a single graphene layer over a SOI structure, with a rib-type
silicon waveguide upon a silicon slab and a silica substrate. We used a dielectric spacer
made of HfO2 between the graphene and silicon, and two gold contacts spaced from the
waveguide, as schematized in Fig. 5.1.

Figure 5.1: Modulator cross-section schematic

Our design was optimized for polarization insensitivity and performance. The
dimensions are summarized in Table 5.1, which also presents the refractive index of
the materials and some graphene parameters that were used for the studies. More
information can be found in Chapters 2 and 3.
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Table 5.1: Summary of Modulator Design Parameters

Structure Refractive index Graphene

Waveguide
h = 262 nm
w = 386 nm HfO2 neff = 1.877 Thickness dg = 0.7 nm

Slab tslab = 30 nm Silicon neff = 3.477 Carrier mobility µ = 104cm2V−1

Spacer d = 5 nm Silica neff = 1.444 Fermi Velocity Vf = 106 m/s

The Table 5.2 summarizes some results found in Chapter 4 for amplitude and phase
modulation with different modulator lengths operating with λ = 1550 nm.

Table 5.2: Summary of Results

Modulation Length (µm) Absorption (dB) Phase ϕ(π) Operating Band Ebit(pJ/bit)
17.48 3 0.03π 1540-1670 0.79

Amplitude 22 3.8 0.03π 1390-1740 1
28.2 4.88 0.04π 1240-1730 1.28
41.7 0.083 51.88

Phase 50 0.1 π 1200-1650 9.71
62 0.124 0.9

Other results include:

• Modulation depth of 0.172 dB/µm.

• Change of refractive index of ∆neff = 0.0185.

• 3dB-Bandwidth = 11.57GHz.

• Difference between the TE and TM modes of 1 × 10−3 dB/µm for amplitude
modulation and 2× 10−4 for phase modulation.

From these results, we conclude that (through a very simple geometrical design)
we show a new concept for electro-optical polarization-insensitive modulator using a
single graphene layer, capable of modulating in amplitude and in phase. Our proposal
is compact, simple to manufacture, compatible with standard electronics, and with
no alignment issues. The nanostructure was optimized using numerical simulations
prioritizing the polarization insensitivity for both types of modulation (amplitude and
phase). In particular, we studied the attenuation and the effective refractive index as
a function of Ef , λ, and different modulator lengths. For amplitude modulation, we
achieve a modulation depth greater than 0.17 dBµm, with energy consumption below
0.79 pJ/bit and operating bandwidth from 1200 to 1730 nm, capable of covering the
entire optical communication window (while maintaining polarization insensitivity)
beyond the O and U-bands (1260−1675 nm), with the potential to meet future technolo-
gies. For the phase modulation, we achieved a high change in the effective refractive
index (∆neff > 0.0185), allowing a more compact and energy-efficient device. With a



Chapter 5 5.1. Future Research 39

length of a few micrometers, the energy consumption of the fase modulator is below
0.9 pJ/bit, being able to cover from 1200 − 1650 nm. The calculated insertion loss is
just 2× 10−3,dBµm. The 3dB-bandwidth is 11.57GHz, for both types of modulation.
Notably, the operating voltages for both modulation mechanisms are different, so it
is possible to perform amplitude/phase modulations on the same device through ad-
justments in the power supply drive. In addition, we numerically demonstrate that
performance and power consumption can be optimized depending on the application.
Since the simulations were performed with experimentally implementable geometries
and materials, we expect that the proposed project will arouse significant interest for
future applications of optical and photonic circuits.

5.1 Future Research

The electro-optical modulator presented in this work is committed to polarization
insensitivity, miniaturization, and the facility of fabrication for integration into photonic
circuits. Few proposals in the literature address polarization insensitivity, which leads
to the necessity for polarization controller devices, increasing insertion and coupling
losses, in addition to complexity and costs. The most current proposals have taken this
into account, proving the feasibility of solving this problem. In addition, we were able
to address another point that still needs further development, the ability to modulate
amplitude and phase in the same structure. This feature gives our device versatility and
the ability to meet different applications.

From the studies of the electro-optical modulator presented in this work, it was
possible to see more clearly other needs and technological trends. Most of the optical
modulators based on two-dimensional materials presented, in addition to the limita-
tions already mentioned, also cling to simple binary modulation schemes, and few
explore the possibility of more complex modulations. To meet the growing data traffic
demand and future technologies, it is interesting to be able to execute higher-order
modulation schemes, as is already explored in conventional semiconductor-based modu-
lators [186–190]. Modulation schemes such as M-PSK (Multilevel Phase Shift Keying),
M-PAM (Multilevel Pulse Amplitude Modulation), and M-QAM (Multilevel Quadra-
ture Amplitude Modulation), are currently obtained through cascaded Mach-Zehnder
modulators [12, 191–195]. The higher the modulation order, the more intricate and
complex the photonic circuits and drive circuits are, which leads to problems of signal
loss, coupling losses, chirp, dispersion, in addition to the limitations of electronic
circuits.

As the graphene-based modulator has already proven itself to be a worthy substitute
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Figure 5.2: Schematic of a multilevel optical modulator based on graphene. Above the isometric
view, below the cross-section of the device.

for MZM, graphene-based devices for higher modulation levels seem attractive and are
beginning to appear in the literature as Ref. [188, 189]. In this sense, we are developing
a new graphene-based modulator, capable of performing more complex modulations
schemes such as M-PAM, M-PSK, M-QAM, in a single polarization-insensitive struc-
ture. Figure 5.2, shows the schematic of the modulator under development, above an
isometric view, and below the cross-section of the device. The modulator is composed
of an undoped Si waveguide in a rectangular shape, three layers of graphene, and a
dielectric spacer. The three layers of graphene are placed around the waveguide, the
inner layer surrounds the entire guide, and two other layers cover two sides of the
guide each, they are separated to form two capacitive structures. The modulator works
by combining the ON/OFF states of the graphene layers, achieving different levels of
modulation.

The results obtained so far are very promising. Figure 5.3 shows the different
amplitude levels of TE and TM modes achieved through different combinations of
graphene layers. A similar effect occurs for phase modulation. Figure 5.4 shows
different levels of change in the effective refractive index for different combinations
of graphene layers. Figure 5.5 shows the absorption behavior of guided modes along
the waveguide for some layer combinations. Notably, our device can operate between
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Figure 5.3: Absorption levels as a function of the ON/OFF combination of layers.

1200− 1750 nm, with losses below 2× 10−4 dB/µm, and length of only 16.7µm. Other
points are still under development, including what the fabrication process of such a
structure would look like.
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Figure 5.4: Effective refractive index as a function of the ON/OFF combination of layers.

Figure 5.5: Behavior of propagation of TE and TM modes along the modulator as a function of
the ON/OFF combination of layers.
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