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Abstract

Performance of Radiofrequency Circuits Based on 2D Technol-
ogy

As the loT become more prevalent and require a massive number of devices with a small footprint to
be integrated without much notice, the ability to miniaturise the electronic components while maintaining
or improving their performance becomes a challenge. This challenge is associated with short-channel
effects and interconnect’s heating.

In recent years, 2D materials became the focus of many investigations as a possible solution to the
above-mentioned problems. One of the most promising materials is graphene due to its remarkable
properties, such as high carrier mobility compared to silicon. In this regard, many studies focus on the
fabrication of graphene-based transistors but lack the ability to predict the device’s behaviour since there
are no well-defined models.

This dissertation’s main objective is to understand how to perform circuit-level simulations of graphene-
based transistors. In this regard, three models chosen from the literature were implemented in an EDA
tool to understand which would be more reliable for DC and RF applications. Since some of the models
rely on parameters extracted from real devices, an insight into how to perform measurements and extract
the desired parameters is presented.

The models were simulated against real data to understand the importance of simulation for more
complex designs. It was possible to conclude that a semi-empirical model allows for obtaining closer
results and can be used in both the DC and RF domains. The semi-empirical model allowed simulation
and refinement at the circuit level of inverters, ring oscillators and frequency doublers. Moreover, the
devices simulated using graphene transistors show the need for this kind of simulation to understand the
operation points needed for the device’s functioning.

Keywords: Graphene transistors, 2D materials, Radio frequency, Modelling
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Resumo

Circuitos de Radiofrequéncia Baseados em Tecnologia 2D

A medida que as loT se tornam mais prevalentes e requerem um nimero massivo de dispositivos que
ocupem pouco espaco, a habilidade de reduzir os componentes eletrénicos mantendo ou aumentando
a sua performance torna-se um desafio. Este desafio estd associado com efeitos de canal pequeno e o
aquecimento dos interconnects.

Nos ultimos anos os materiais 2D tornaram-se o foco de muitas investigacdes como possivel solucdo
para os problemas mencionados. O material mais promissor ¢ o grafeno devido as suas propriedades
extraordinarias, tais como a sua elevada mobilidade de portadores de carga em relacdo ao silicio. Neste
sentido muitas estudos focam-se na fabricacdo de transistores de grafeno, mas nao tém a capacidade de
prever o comportamento do dispositivo uma vez que nao existem modelos bem definidos.

O principal objetivo desta dissertacao é entender como efetuar simulacoes de circuitos com transis-
tores de grafeno. Neste sentido trés modelos escolhidos da literatura foram implementados numa EDA
para entender qual seria mais fidedigno para aplicacées DC e RF. Como alguns modelos dependem de
parametros extraidos de dispositivos reais, € dada uma breve explicacao em como fazer medicoes e extrair
0s parametros desejados.

Os modelos foram simulados e comparados com dados reais para perceber a importancia da simula-
¢do em circuitos mais complexos. Destas simulacdes foi possivel concluir que um modelo semi-empirico
gera resultados mais proximos dos reais, e que pode ser utilizado no dominio DC e RF. O modelo semi-
empirico permitiu simulacao e refinamento ao nivel do circuito de inversores, ring oscillators e duplicado-
res de frequéncia. Para além disso, das simulacdes com dispositivos usando os transistores de grafeno
€ possivel aferir a necessidade deste tipo de simulacées de modo a perceber os pontos de operacéo
necessarios para o funcionamento destes dispositivos.

Palavras-chave: Transistor de Grafeno, Materiais 2D, Radio frequéncia, Modelo
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Introduction

Technology has always been around, be it the most straightforward wooden wheel or a more complex
system like a modern car. Technology’s and science’s evolution pave the way for society’s evolution. One
of the most relevant breakthroughs in the past years was the transistor’s discovery in 1947. This discovery
allowed for replacing the vacuum tube, also known as the valve, with a device with a smaller footprint and
better efficiency. This discovery led to a massive bump in industrial society’s evolution. Technology fully
integrates people’s lives directly in the devices they use (e.g., smartphones) or indirectly by those who
provide them with a service (e.g., mobile operators’ signal coverage).

This revolution was possible due to the miniaturization of the electronic components that integrate
transistors while maintaining or improving their performance. According to Moore's Law, the number of
transistors in the same chip area doubles every two years. This law has been confirmed for over 50 years,
but it is getting to a point where reducing component size is reaching its physical limitations due to short-
channel effects and interconnect’s heating [1, 2]. Further research on new materials is required to replace
silicon before a new paradigm in nanoelectronics — more than Moore — can be reached.

In recent years, Two dimensional (2D) materials have become the focus of many investigations to
replace silicon to continue downscaling electronic devices [3-6]. Many of these materials show excellent
electronic, photoelectronic, and mechanical properties. Therefore, investigating the implementation of
a technology based on such materials is imperative as the Internet of Things (loT) becomes ever more
prevalent and requires a massive number of devices with a small footprint to be integrated without much
notice. Although these are promising materials, their integration with standard manufacturing processes
and replicability outside the laboratories is yet to be achieved [7]. Furthermore, other problems associated
with interfacing 2D and other materials continues to be challenging since these interfaces usually degrade
their electronic properties, especially carrier mobility, reducing their overall performance [8, 9].

Despite all the challenges associated with 2D materials, these materials are investigated in an extensive
range of applications. Among these applications are electronics, sensing, photonic, optoelectronic, power
and energy [10]. In the electronics field, investigations are done towards low-power and flexible electronics,
and components like transistors, capacitors and inductors are developed for their implementation in the
Radio Frequency (RF) domain [11]. As for the sensing applications, gas sensors [12] and biosensors [13]



CHAPTER 1. INTRODUCTION

are being studied by taking advantage of the large surface-to-volume ratio of 2D materials and the ability
to functionalize the surface to detect the desired molecule. In photonic and optoelectronic applications,
photodetectors are being studied for photo imaging and photovoltaic applications [14]. In power and
energy applications, graphene is being studied as a substitute for the electrodes of batteries [15] and
supercapacitors [16] due to its high surface area and flexible behaviour. As the investigations progress,
the ability to simultate the devices’ behaviour to optimize them and understand their implementation in

more complex systems becomes imperative.

1.1 Work Motivation

This Master’s Dissertation comes from the urgent need to find new ways of developing even smaller de-
vices/systems to increase device performance per area and the ability to integrate these tiny systems
where modern electronics cannot be used (e.g. flexible systems). This project’s work will rely on elec-
tronic components already fabricated using 2D materials. After identifying the main characteristics of
the available electronic sub-systems, a model to simulate each element, which allows for predicting the
performance of a 2D system, will be proposed. The main goal is to build a simulation framework that
enables an understanding of the potential of graphene electronic RF systems to be used as a replace-
ment/complement to the already available systems. This work will rely on the expertise from ongoing

research on 2D Technology.

1.2 Contribution

The main contribution of this master’s dissertation was to choose among the already available models that
describe the behaviour of Graphene Field-Effect Transistor (GFET) the one that was most suitable for both
Direct Current (DC) and RF simulations and implement it in Verilog-A to be used on an Electronic Design
Automation (EDA) tool. In this study, three models were tested using parameters extracted from a real
device to choose the one that best fits the measurements.

Since some models rely on parameter extraction from measured data, a brief explanation of per-
forming such measurements and extracting the parameters is presented. This explanation includes the
de-embedding process for RF performance assessment.

The final contribution is the development of a Python Graphic User Interface (GUI) to extract both DC
and RF parameters based on the model found to be the most reliable during this dissertation.

1.3 Dissertation organization

This dissertation is organized into five chapters.



1.3. DISSERTATION ORGANIZATION

Chapter 1 is a brief introduction to the 2D material technologies alongside the motivation and contri-
butions of this study.

Chapter 2 is a literature review of the state-of-the-art in 2D materials-based RF electronics. The chapter
briefly introduces 2D materials, followed by both passive and active components based on 2D materials,
particularly graphene-based devices.

Chapter 3 presents how to measure and extract parameters from both DC and RF analysis, followed
by the presentation of the three models that try to predict the GFET behaviour. This chapter also presents
a Python GUI that allows for a user-friendly environment for both DC and RF parameters extraction of the
GFET according to the model found to be the most reliable.

Chapter 4 compares three models in different types of simulations. This chapter starts with a quick
tutorial on how to implement the models in EDA tools by using Verilog-A language, followed by the test
of the three models in DC and RF analysis. The best model is then used to simulate an inverter, a ring
oscillator and a frequency doubler.

The final chapter provides a general conclusion of the work developed in this master’s and presents a

perspective of future work.
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2D material-based RF components and devices

2.1 2D Materials

The first 2D material discovered was graphene by Andre Geim and Konstantin Novoselov in 2004, which
led them to win The Novel Prize in Physics in 2010 [17]. The graphene was obtained using tape to exfoliate
graphite until it reached a single atomic layer. The discovery of graphene launched curiosity and investi-
gations into graphene and other 2D materials. These days, the research of 2D materials has progressed
immensely to a point where we can already separate 2D materials into families according to their element’s
chemical composition, unit cell, electronic, optical, or structural properties [18]. The most known families
are X-enes and Transition-metal dichalcogenides (TMDS). X-enes are single-element materials with atoms
organized in a hexagonal lattice, which is the case of graphene, silicene, germanene and others. TMDS
group 2D materials of the form MX5, where M is a transition metal from the 4th, 5th or 6th group, and X
is a chalcogen from group 16th. The most known TMDS are Molybdenum disulfide (MoS5), tungsten disul-
fide, and molybdenum diselenide. Since some 2D materials were discovered recently, their science and
technology are not mature enough to place them as next-generation electronic materials. Therefore, we
limit the discussion to graphene and MoS; since, as of today, they are by far the most studied materials.

Graphene consists of a single graphite layer of carbon atoms arranged in a hexagonal lattice. Graphene
can be grown at a large scale by Chemical Vapour Deposition (CVD) [19, 20] or Liquid Phase Exfoliation
(LPE). One of the problems with graphene fabrication is that it cannot be grown directly on most substrates.
Graphene is usually deposited on a transition metal catalyst foil — often copper or nickel - and then trans-
ferred using a wet or dry transfer process to the desired substrate [21]. Because of the need to transfer
to the final substrate, graphene’s performance is affected by the degradation of its carrier mobility during
this transfer process [22]. Graphene has remarkable properties, such as extremely high carrier mobility
(1 > 2000 cm?V s~ for any CVD mechanically transferred graphene [23] and p =~ 200000 cm?V 15!
for exfoliated suspended graphene [24]) when compared to silicon (1400 cm?V~1s™! for electrons and
450 cm?V~1s7! for holes), good electrical conductivity (= 10* Q~lem™! [24]), high thermal conductivity
(5300 Wm~1K~! [25]), and high Young’s modulus (0.5 — 1.0 TPa [23]). This material is a gapless
semiconductor (0 eV energy gap). Because of this intrinsic property, graphene cannot be used in devices

4



2.2. 2D PASSIVE COMPONENT

where the off state is needed since the material always conducts electricity by holes or electrons since
the valence and conduction band communicate at the Dirac point. These properties make graphene a
possible solution to overcome silicon limitations in certain applications and can be implemented in devices
with a broad range of uses, from high-speed electronics to sensing applications.

MoS, belongs to the TMDS family and consists of a molybdenum layer sandwiched between two
sulphur layers. This material appears in nature as molybdenite and like graphene, can be fabricated using
CVD or exfoliation techniques. Unlike graphene, MoS, properties are not all well-defined, but its carrier
mobility has been shown to have values up to 200 cm?V ~1s™! at room temperature and Young's modulus
of 0.33 TPa [26]. In addition, unlike graphene, MoS, has a direct bandgap with 1.8 eV [20], which
means it can be used in devices that need an off state.

Due to the remarkable properties of these materials, their implementation on capacitors, inductors,
and Field Effect Transistors (FETs) is already reported in numerous papers. In the following sections, the
literature on these components will be explored regarding their physical implementation and the models
that try to predict these components’ behaviour.

2.2 2D Passive Component

Passive components are defined as electronic components that cannot introduce energy into a circuit.
They also cannot have a source of power. This definition of components includes inductors and capacitors
since they cannot amplify the input signal. Both the inductors and capacitors are usually used as signal
filters but can also be used as sensors. In this section, graphene-based inductors and capacitors will be
explored.

2.2.1 Graphene Inductors

On-chip inductors revolutionized RF electronics in the 90s, but not everything is excellent. These inductors
are planar and must have a large area dictated by electromagnetic laws, which means they cannot be
downsized alongside standard transistors while maintaining high inductance density. In some cases, it is
reported that planar inductors occupy up to 50% of an integrated circuit area. Thus, they hinder further
miniaturization and integration. Finding new approaches to making these devices is imperative.

It is well known that the inductance is shape and size-dependent, but in graphene, a third factor can
be explored, known as kinetic inductance. This material property arises from the inertia of charge carriers
moving in alternating electric fields. Like all mass particles, charge carriers preserve their momentum, so
when in an alternating electric field, it takes a finite time to change their speed according to the field, which
manifests as kinetic inductance. It is not very important in conventional metals because their conductance
is associated with higher carrier concentration and macroscopic thickness. The kinetic inductance man-
ifests as an equivalent series inductance, adding to the geometric inductance related to the shape/size.
Therefore, materials with high kinetic inductance must be used to reduce inductor size while maintaining
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high inductance density. Graphene is being exploited as a possible solution to the inductance components
miniaturization issue due to its atomic thickness, and relatively high conductivity, based on high carrier
mobility and low carrier concentration. Consequently, graphene has high kinetic inductance and a small
footprint.

A Multilayer graphene (MLG) inductor is proposed in [27]. The authors’ choice of using MLG is to
ensure a lower quantum contact resistance (resistance associated with the interface between graphene
and metal contact). This approach raises two problems: when compared with metals, graphene has a
much lower conductivity, compared to Single layer graphene (SLG), the MLG exhibits reduced charge carrier
inertia due to interlayer coupling. Bromine intercalation is used to overcome these issues by increasing
the conductivity and reducing interlayer coupling. Using this approach, Quality factor (Q-factor) up to 12
are achievable and 1.5-times higher inductance in a two-turn inductor when compared to copper ones.
The authors also claim that it is possible to achieve better results by improving the intercalation technology

and increasing contact quality.

Ly

Carrier /
inertia
induced

Kagnetic field induced

Figure 1. Schematic of a spiral inductor and its simplified equivalent circuit. Ly; and L are the magnetic
and kinetic inductance, respectively. Rs and Cg are the series resistance and the inter-turn capacitance,
respectively [27].

2.2.1.1 Modelling Of Graphene Inductors

The modelling of graphene inductors is not perfectly established, and most works are based on extracting
parameters or simulating typical metallic structures, adding some parameters to better match graphene
characteristics.

In [27], the authors affirm that current simulation tools cannot capture the physics of graphene in
modelling impedance/inductance. To try and predict the inductor behaviour, the authors start by analysing
the performance of the inductors through finite element method (FEM) simulations in ANSYS HFSS and
then modelled bulk coils with electrical conductivities considering grain-boundary and surface-scattering
effects at the micro and nanoscale for metals, and graphene conductivities extracted from DC analysis.

6



2.2. 2D PASSIVE COMPONENT

Although modelling graphene inductors remains a challenge, a simple model of a graphene spiral
inductor can be seen in Figure 2. In this model, it can be corroborated that Ly appears in series with
Ly, the substrate and dielectric need to be considered, and an inter-turn coupling capacitance appears,
resulting from the inductor design. This model predicts that the substrate and the interturn coupling
degrade the inductor’s behaviour at higher frequencies.

F——————= Spiral --—------ |
l [ :
| G'' |
: Ly Ly Rg :
o——— WD —WA\N———
fmf-------ooooooooooC E =5
—_—r —_
1 i Cox Cv.x i 2
|
|
: Rsub Rmb :
I
oO— —0
e Substrate -—------

Figure 2: Simplified circuit model for a two-turn inductor. Lk, Ly and Rg are the kinetic inductance,
magnetic inductance, and series resistance of the graphene inductor, respectively. C; is the inter-turn
coupling capacitance. C,, and Ry, substrate dielectric capacitance and substrate resistance, respectively
[27].

By using Launder’s approach, the kinetic inductance per unit length is given by:

27h 81 nH
e UFM M

- (2.1)

AEFR
ﬂhl)F

energies and Fermi level, W is the width of graphene, e is the electron charge, 7 is the reduced Planck’s

where M is the number of quantum modes (M = ) AEr is the difference between Dirac point
constant, and of is the Fermi velocity. The Figures Of Merit (FOMs) of an inductor is the Q-factor and is

expressed as:

_Imag[Yio] _ Z1/j _ wL
Real[ Y12] R R
where Y;, is an admittance parameter, Z; is the inductor impedance, L and R are the inductance

Qfactor = (2.2)

and resistance of the inductor, and w is the angular frequency.

2.2.2 Graphene capacitors

A capacitor is a passive device that stores electrical energy and adds capacitance to a circuit. The main
usages of this device are to serve as a signal filter, for example, in a ladder design or a temporary battery.
The simplest capacitor consists of two parallel metal plates separated by a dielectric material and the
energy stored depends on the area of the plates, the distance between plates, the permittivity, and the
dielectric function. Capacitors based on 2D materials have been explored, and the most common material
used is graphene. Most of the work is done towards biosensing, but research in the RF branch is emerging.
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Graphene is used in the biosensing scene due to the possibility of functionalizing the graphene’s sur-
face. By immobilizing molecular probes on graphene using a linker, it is possible to change the graphene’s
surface charge density whenever there is a biorecognition event. This change accumulation or depletion
happens due to the charged or polar target molecules’ local gating, which modulates the graphene chan-
nel conductance. The effect is capacitive, where the capacitance is that of the Electrical double layer
(EDL) forming at the graphene-solution interface. Consequently, different target molecule concentrations
induce different amounts of charge in the EDL capacitor, which will be mirrored on the opposite plate of
the capacitor, i.e., the graphene surface.

There are no well-defined characteristics of graphene capacitors on the RF branch, but due to the high
quantum capacitance and tuning possibility, some works claim that graphene is an excellent candidate.
Moreover, the small footprint and low control voltage allow the development of compact systems like
voltage-controlled oscillators, tunable filters and phase shifters.

In [28], a variable capacitor based on graphene was implemented as a glucose sensor. This device
takes advantage of the carrier density change in functionalized graphene when the adsorbed molecules’
concentration changes, leading to the modulation of the channel conductance. As shown in Figure 3,
aside from the capacitance dependence in adsorbed molecules concentration, it also depends on the gate
voltage and ranges from 90 to 140 pF.
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Figure 3: Capacitance-Voltage curves [28].

Another capacitor with tunable control based on graphene was studied for RF applications, and ca-
pacitance was between 3.8 — 2.9 pF, with a gate voltage of 1.25 V and frequencies ranging from 1
to 10 GHz [29]. The best device performance was achieved with 1.25 V gate voltage and 0.4 GHz
frequency, obtaining a Q-factor up to 14.5. The device consists of two symmetrically placed capacitors in
a parallel configuration so that they can be characterised at microwave frequencies. This design also uses
a multi-finger approach to increase the capacitance while reducing graphene’s parasitic resistance. From
Figure 4, it is possible to see that by changing the DC bias, the capacitance also changes, allowing for
low-power Integrated Circuits (ICs). With this design, the maximum Q-factor obtained is 15 at 0.4 GHz,
but the authors say it is possible to increase it with simple design changes.

8
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Figure 4: Schematic of the graphene quantum capacitor (left), capacitance dependence on frequency and
DC bias (centre) and Q-factor dependence on frequency (right) [29].

In [30], the same authors explored the design described above. By changing the fingers’ number
and size, the authors concluded that the Q-factor increases when reducing the finger length and that the
number of fingers does not have much impact on the Q-factor. It was also concluded that changing the
number of fingers makes it possible to scale the capacitors to any capacitance while maintaining similar
Q-factor. The best device achieved has a Q-factor of 12 at 1 GHz, an improvement from the first study,
where at 1 GHz the Q-factor was about 9.

Another tunable graphene capacitor is explored in [31]. This design, Figure 5, is more straightforward
than the previous one discussed and consists of a parallel capacitor where the bottom plate is graphene,
the dielectric is Hexagonal boron nitride (hBN), and the top plate is chromium (Cr) and gold (Au). From
the graph below, it can be proved that the capacitor is tunable and that it has a minimum capacitance of
around 3.5 pF.
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40 05V
\ 03V
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Figure 5: Schematic of graphene tunable capacitor (left) and capacitance dependence on bias voltage and
Ac signal voltage (right) [31].

2.2.2.1 Modelling graphene capacitors

As for graphene inductors, the state-of-the-art in graphene capacitor modelling is not well established, and
due to the differences between designs, the available models may not suit all layouts.

In [30], the authors used the circuit model in Figure 6 to extract the device parameters for the proposed
design. In this model a series resistance (R¢c + Ry + Rgs) is observed, and an oxide capacitance (Cox)
that arises from the material’s intrinsic properties. The graphene layer raises variable resistance (Rg)
and quantum capacitance C,. The quantum capacitance of graphene is reported as follows:

9
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_ ZqszT
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where q is the electron charge, kg is the Boltzmann’s constant, T is the temperature, 7 is the reduced
Plank’s constant, v is the Fermi velocity, ¢; is the electrostatic graphene potential, N is the number of
fingers, and L and W are the length and width of the fingers.

Res Ry Rc Vgate

Rleak

Vgraphene
o

Figure 6: Circuit model used to extract the device parameters. R is the contact resistance. Ry, is the
metal fingers' resistance. Rgs is the graphene resistance in the interspace. R is the graphene resistance.
C, is the graphene quantum capacitance. Coy is the fixed oxide capacitance [30].

For the more straightforward design [31], the authors propose an equivalent circuit composed of
two capacitors in series. One is the geometrical capacitance which depends on the hBN thickness and

dielectric constant and is defined as C,, = ﬁ . The other is the quantum capacitance of the graphene
andis defined as Cy = j—(st, where Q is the charge induced on the graphene and ¢, the graphene potential.

Far from the Dirac point, C, increases while C,, does not change. So, in that region, the quantum
capacitance may be neglected if its value becomes much larger than the geometrical capacitance.

Similar to the inductors, the FOMs of a capacitor is the Q-factor and is expressed as:

Imag[Yi2] jZc 1

= — = = 2.4
Qfactor Real[Yz] R _ wCR 2.4

where Y,; is an admittance parameter, Z is the capacitor’s impedance, C and R are the capacitance
and resistance of the inductor, and w is the angular frequency.

2.3 2D Active Component

Active components are defined as electronic components that can introduce energy into a circuit. They also
may have a source of power. This definition of components includes transistors and diodes. Transistors
are usually used as amplifiers. As for the diodes they are usually used as signal rectifiers since they only
allow current to flow in one direction. This section will explore Graphene Field-Effect Transistors (GFETs)
and 2D-based diodes.

10
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2.3.1 Graphene-based transistors

Transistors are one of the essential components of modern electronics and can be found in almost every
electronic system to amplify or switch electrical signals. There are several types of transistors, the most
relevant for micro and nanoelectronics being the Field Effect Transistor (FET). These devices are based
on channel conductance modulation by applying a voltage to the gate. It means the current that flows
between the drain and source terminals, Extrinsic drain-source current (Ips), can be controlled using a
gate voltage applied to a third contact, which is electrically insulated from the other two. The gate contact
and the FET channel coupling are capacitive and have been discussed to some extent in the previous
section.

The most important part of the transistor is the channel, which forms in the semiconductor material
at the interface with the gate dielectric. Most common chips use transistors with silicon channels and
rely on reducing the channel’s size to improve its overall performance. In simple terms, reducing transis-
tors size allows for more integration in the same chip area, increasing the chip performance and speed.
However, due to short-channel effects and transistor Cu interconnects heating due to increased speed,
their downscaling is becoming a considerable challenge. To overcome this issue and ensure technological
advancement, further research on new materials to replace silicon must be undertaken. As a result of
the effort to find new materials to replace silicon, 2D materials appeared as a possible solution because
of their high saturation velocity and high carrier mobility, being the most promising graphene and MoS,.
These materials can be used in transistors for RF applications, such as oscillators, frequency multipliers,

transceivers, or mixers.

2.3.1.1 Most Common Topologies for Transistors
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Figure 7: Top-gated (left), back-gated (centre) and top/back-gated (right) graphene transistors [32].

The common topologies of GFETs are those found in other technologies, namely top-gated, back-gated,
and top/back-gated GFETs, Figure 7. What gives the name to these topologies is the position of the gate
relative to the channel. Although the difference between these topologies may look simple, changing the
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position of the gate has implications on the fabrication methodology, expected performance, modelling
considerations, and applications.

Top-gated GFETs are reported in the literature with their implementation on RF applications, biosen-
sors, and liquid-gate GFETs. This approach is excellent when having greater control over the channel
modulation while using a lower gate bias by using a thin gate oxide layer is necessary. However, the major
problem with this topology is the need to grow an oxide layer on top of the graphene without damaging its
structure and consequently degrading its carrier mobility. To overcome this issue, researchers are trying
new approaches, such as the physical transfer of a nanowire to function as a gate electrode or the use of
hBN, or the refinement of standard fabrication techniques like Atomic layer deposition (ALD) or thermal
growth.

Back-gated structures expose the channel, allowing the graphene’s surface to interact with light or
molecules. Both interactions produce changes in graphene’s properties and therefore changes in the
transfer characteristic, allowing the evaluation of the element that caused the change. This behaviour
makes back-gated GFETs suitable for biosensors and photodetectors. The major problem with this ap-
proach is often the necessity of high voltage to control the device, which is a drawback for most common
applications.

Top/back-gated structures are used when it is advantageous to split the DC and Alternating current
(AC) parts of the gate voltage and apply them to different contacts. In this way, a constant quiescent
bias can be applied to the back gate - setting the transistor functioning point — while a signal is applied
to the top gate in this case, modulating the transfer characteristics around the GFET quiescent point.
Since GFET technology is still early, researchers use this topology to tune all their devices equally. Another
architecture reported in [33] uses a receded gate geometry. Itis adequate for liquid-gate transistors working
as chemical sensors since, like in the bottom gate case, it leaves the channel accessible for the molecules
in the solution. Moreover, it uses the EDL formed at the solid-liquid interfaces as the gate dielectric,
providing a supercapacitor that allows operation at very low voltage, which is critical when dealing with
biomolecules, cells, and microorganisms.

Table 1: GFETs found in the literature. Adapted from [32].

Purpose Graphene Differentiating Performance Ref
Type Approach
Achieve high Selfaligned .
transconductance ) Maximum
. CvD source/drain [34]
< | anddrain-current Im = 250 puS/pm
o . electrodes
] saturation
:‘3 Nanowire as the Maximum
] o Mechanical gate and gm = 1.27 uS/um
= m
RF applications exfoliation self-aligned and intrinsic [3]
source/drain fr =300 GHz
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Improve the

Thin Al,O5 gate

Jnax
drain-current CvD oxide dielectric fr 3 [36]
saturation (~ 4 nm) Ay >30dB
Maximum
i Mechanical Jm = 550 uS/pum
RF applications exfoliation Dual top gate and intrinsic [37]
s fr=14.7 GHz
E‘.h Intrinsic
o - T-shaped gate and fmax = 200 GHz
2 RF applications CvD drain/source and extrinsic [38]
finax = 106 GHz
Liquid gate and Detection of full
PDMS well to hybridization of the
DNA biosensor CvD isolate complementary [39]
source/drain strand down to
electrodes 15 aM
Study of velocity Use the h-BN as a
o Pulsed . Fnax
saturation: design gate oxide. 22 > 5 [40]
CVD _ fr
and performance Dual-gate device
Buried gates to Intrinsic
Achieve high frax CVD reduce gate fr =35 GHz and [41]
resistance fmax =50 GHz
T-gate structure to £ _E):TTZHZ
Achieve high frax CVD reduce the gate r= an. d [42]
resistance Frax = 15 GHz
< —
% Improvement of the IO"/IOff =231
o0 rocess-induced Maxirmum
e P . Development of Jm = 6.85 uS/um
® mobility CvD , L [43]
0 . buried gates Intrinsic
degradation of
raphene fr=2GHzand
grap fmax =13 GHz
High-sensitivity bubEtl)(IaiitrOr:)ﬁlZ;o q The detection limit
label-free DNA CvVD for rg hene depends on the [44]
biosensor grap length of the DNA
transfer
bif)rsa:;hsi?iotlzt;e Back gate contact Exosome detection
. CvD made with silver of at least [45]
label-free sensing aint 0.1 yg/ml
of exosome P -+ HI
2 Preservation of
) Mechanical Gate oxide | graphene moblllty
= GFET exfoliation (Al,03) deposited after gate dielectric ~ [46]
S by ALD deposition
E (8000 cm2V~1s71)
=
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Mechanical Yttrium oxide as Able to work with
S| Frequency doubler - . . 200 kHz input [47]
- exfoliation gate dielectric .
& frequencies
= ity of
5 | hBN used as top Current density o
o . Mechanical 1.2 A/mm
= RF applications . and back gate S [48]
s exfoliation dielectric Extrinsic
= fr =33 GHz

GFETs have some unique characteristics, which are a consequence of graphene Densisty of states
(DOS) and its conduction electrons. The first is that they cannot be turned off. Conventional transistors
have a threshold gate voltage below which no current flows between the drain and source and are turned
off. This property allows conventional transistors to be used in digital systems. On the contrary, GFETs do
not have a minimum gate voltage to turn on. They have a specific voltage where they exhibit the minimum
Ips, which is called the Dirac voltage. The second unique property of GFETs is their ambipolar character.
Whereas, for example, silicon FETs are either n- or p-type, but not both simultaneously, because their
doping is achieved by impurity doping, which acts as donors (n-doping) or acceptors (p-doping), but not
both, GFETs can be seen as p- and n-type transistors in the same device, whereby adjusting the gate
voltage to the left or right of the Dirac voltage switches from p- to n-type. Although this is an obstacle for
digital applications, it is possible to implement them in analogue systems. These analogue systems can be
biosensors, flexible electronics, or RF circuits. The third unique property of GFETs stems from graphene’s
very high carrier mobility, which is essential for developing transistors with high Cut-off frequency (f7) or
biosensors with exceedingly high sensitivity. GFETs with fr = 100 GHz were reported in [49], and many
others and the purpose of their investigation can be seen in Table 1. GFETs found in the literature are not
easy 1o replicate, so further research is still needed to integrate these devices into a system.

Unlike GFETs, MoS, FETs can be turned off like conventional FETs. Therefore, MoS, FETs can be
used in digital systems, which makes them a possible replacement for silicon-based transistors. MoS,
Single layer FETs with fr of 6.7 GHz and Maximum oscillation frequency (fmax) 0of 5.3 GHz were reported
in [50]. Although the design frequencies and the carrier mobility in MoS, are lower than the graphene, the
presence of a bandgap enables more significant voltage gain compared to GFETs. In another publication,
by using a few-layer MoS it was achieved a fr of 42 GHz and f;,4x 0f 50 GHz [51]. Although MoS, FETs
may look great, the low mobility of MoS, can be a limitation for their application in the higher frequency
domain. The lack of models makes it difficult to predict the behaviour of these devices, and the state-of-
the-art of such devices is still too poor compared to GFETs. Further research is needed to understand the

true potential of these devices.
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2.3.1.2 Modelling of 2D materials-based transistors

Simulating a device's performance is a crucial success factor of modern electronics. Because of that,
modelling GFETs plays a vital role in helping researchers achieve GFETs’ best performance and under-
standing if their implementation in more complex devices is reliable, allowing for the substitution of silicon
transistors.

Many papers try to achieve the closest and more reliable GFET model possible. In [52], the authors
take a different approach. Instead of relying only on measured data, they try to predict the transistor
behaviour using analytical expressions and some tabulated values of the materials’ properties. With their
work, the authors implemented a compact equivalent circuit that evaluates the value of Ipg in the three
working regions and verified the model against experimental DC data. The significant difference between
the models presented here is that one relies on measured data to analyse the RF performance, and the
other using only theoretical data, can predict the DC behaviour of the transistor.

Like all transistors, GFETs can be modelled using the small-signal model, which is done in [53]. In this
paper, the authors use a fixed transconductance (gp,) to simulate the Scattering parameters (S-params),
and because of that, the generalization of this model becomes difficult since operating the GFET around
the Dirac point is especially important to some applications like the ring oscillator, and close to this point
gm Changes a lot. Another paper shows a similar approach to the previous one mentioned, but instead
of using a fixed g,,,, they use a set of equations to model the current source, allowing for both DC and
large-signal simulations. Reported in the literature are several models that try to predict the behaviour of
the GFET, and by taking different approaches, they can predict its behaviour in a closed operation zone.
To replace silicon, the GFET model needs to be standardized in all operation zones, allowing researchers
and chip manufacturers to design and predict the device performance accurately.

The FOMs of GFET are the fr and f,,4.. The fr is defined as the frequency at which the magnitude
of the small-signal current gain is unitary (Hy; = 0 dB). This FOM is usually extracted from the Hy;
parameter, which is obtained by the measurement and conversion of the S-params of the device, using
the following expression:

H,y = (2.5)

4 (1= 511)(1+ Sz2) + 512521

Also, to predict the fr, it is generally used the following expression:
fi Im (2.6)

- 2r [(Cgs + ng)(l + (Rd + Rs)gds) + nggm(Rd + Rs) + Cpg]

The fmax is described as the frequency when the Maximum Gain (U/MAG/MSG) becomes unitary
(U/MAG/MSG = 0 dB). This gain is not directly calculated, it must satisfy some conditions [54]. By
using the S-params, the first thing to evaluate is the stability factor for all frequencies using the following

expression:
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14511522 = S12821)% = [S11]% = |S22]?
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Afterwards comes the evaluation of all k's. If all k's are less than one (k < 1 for all frequencies), the

U/MAG/MSG corresponds to the Mason’s Gain (U), and it can be calculated using the following expression:

S1
S T |
U= = Mason’s Gain (2.8)

2k |21| — 2 Real [gﬁ]
12

‘2

Si2

If all k's are not less than one, for each frequency must be evaluated if k is less or greater than one.
If k is less than one (k < 1), the U/MAG/MSG corresponds to the Maximum Stable Gain (MSG) and can
be calculated using the following expression:
Sl . .
MSG = m =  Maximum Stable Gain (2.9)
12
If k is greater than one (k > 1), the U/MAG/MSG corresponds to the Maximum Available Gain (MAG)
and can be calculated using the following expression:

MAG = MSG - (k= Vk? —=1) = Maximum Available Gain (2.10)

Finally, the U/MAG/MSG can be converted to dB by the evaluation of ten times the logarithmic of
each value of U/MAG/MSG (U/MAG/MSG(dB) = 10log;,(U/MAG/MSG)).

Like for fr, there is a general expression used to try to predict f,qx, and it is the following:

fr
— (2.11)
Jmax 2\/gdS (Ry +Ry) + 27 fR;Cya

2.3.2 2D material diodes

A diode is an electronic component that allows current to flow in one direction while it blocks transport
in the reverse direction, thus rectifying the electric signal. The most common semiconductor diode type
is a p-n junction. The p-n junction induces an electric field in a space-charge carrier-depleted volume,
enabling current rectification. There are homo- and hetero-junctions, depending on if both sides of the
junction are made of the same or different materials. 2D materials junctions can be made 2-dimensional
or 1-dimensional. Some authors add a gate to the junction diode to tune the chemical potential on one or
both sides of the junction, thus controlling the barrier height and improving the device’s performance.

2.3.2.1 Most common topologies

P-n junctions based on 2D materials can be made of only one material (2D homostructures), two dif-
ferent materials (2D heterostructures), or different dimensions materials (mixed-dimensional) [55]. 2D
homostructures can be obtained using various methods, which are:
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Thickness-based: p and n regions are formed by regions with different thicknesses.

Electrostatically doped: p and n regions are obtained using local gates.

* Chemical doping: p and n regions obtained by the surface adsorption of molecules, nanoparticles
or quantum dots.

* Elemental doping: 2 flakes with different doping are stacked.

2D heterostructures can be:

* Vertical: stacking two different 2D materials on top of each other.

e Lateral: combining two different 2D materials on the same plane.
Mixed-dimensional can be:

e 2D-0D and 2D-1D: 2D-0D and 2D-1D material junctions.

e 2D and 3D: stacking of 2D and 3D material on top of each other.

2D Homostructures 2D Heterostructures MsrElRs sl
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Figure 8: Topologies of different p-n junctions [55].

A thickness-based diode using MoS, is reported in [56], with a rectification ratio of ~ 10% and a small
ideality factor (a value that compares the diode with the ideal diode) of 1.95. Besides the good electronic
properties, it also has good photoresponsivity of 10 A/W and high photosensitivity of 10°.

Monolayer MoS, Multilayer MoS,

Figure 9: Schematic of the thickness-based diode [56].

In [57], it is reported that two different mixed dimension-based diodes are similar to metal-insulator-
metal (MIM) diodes, but one of the metals is replaced by graphene, creating a metal-insulator-graphene
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interface (MIG). The difference between both approaches is the type of interface between graphene and
the insulator, being a 2D or One dimensional (1D) interface. From the 2D to 1D interface, the capacitance
and series resistance decreases, allowing to fully exploit the high mobility of graphene, which increases
the device fr (predicted to be up to 2.4 THz) and current density (from 7.5 [58] to 7.5 x 10 Acm ™2 [59]).

2D 1D

graphene TiOp
_

substrate

TiO2
graphene Ni
SiO, w

Figure 10: Schematic of the 2D (left) and 1D (right) MIG diodes [57]

2.3.2.2 Modelling of 2D materials based diodes

The modelling of 2D materials diodes has not been well explored, so modelling such devices relies on
parameter extraction. In [60], it is described as a small signal equivalent, Figure 11, that is composed of a
liner capacitance, C;, and nonlinear bias-dependent capacitance, C,, two leakages variable resistances,
R, and R,, and the graphene sheet resistance, Rs. In addition to the intrinsic region, the model also

includes extrinsic parasitics.
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Figure 11: Small-signal equivalent circuit model of diodes [60].

2.4 Graphene Devices

Due to the high conductivity of graphene, GFETs can have large values of fr and fi.x. Therefore, GFETs
are becoming the focus of much research for RF devices like frequency multipliers, mixers, and oscillators.

2.4.1 Graphene frequency multipliers

Due to the V-shaped transfer curve of GFETs, it is possible to obtain a frequency doubler when operating
at the Dirac point. In simple terms, if a signal with DC bias equal to the Dirac point of the transistor is
applied to the gate, Vg, the output current Ipg has double the frequency.
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In [47], a top/back-gated against back-gated frequency doubler is studied, showing a significant im-
provement in the operating frequency from 10 kHz to 200 kHz when the top gate is added to the
back-gated device. For the top/back-gated device, the output power is concentrated at 400 kHz with a
relative power of ~ 75%. Another frequency doubler on a flexible substrate is reported [61], which achieved
a spectral purity higher than 97% and a high conversion gain of —13 dB.

A W-shaped transfer curve is obtained when two GFETs with different Dirac points are combined in
series. When operating at different points of the W-shape, it is possible to get a frequency tripler or
quadrupler. A frequency tripler is reported in [62] with spectral purity higher than 70% at an output
frequency of 600 Hz.

A different approach is implemented in [63] and [64], where the W-shaped transfer curve is achieved
with a single GFET by biasing the back and top gate of top/back-gated transistors. In [63], a frequency
tripler is studied, and a device with spectral purity higher than 90% was achieved at an output frequency
of 3 kHz. In [64] a frequency quadrupler with spectral purity of 50% at 800 kHz was reported.

2.4.2 Graphene mixers

It is reported in [65] that it is possible to implement an RF mixer with operating frequencies up to 10 GHz
while having a high conversion loss of ~ 30 dB at 1 GHz using a single GFET. Another graphene RF mixer
is studied in [66], where frequencies up to 10 GHz and excellent thermal stability were achieved, being its
peak performance around 4.5 GHz with a conversion loss of ~ 27 dB. In another study, [67], the authors
study the effects of reducing channel length on the graphene mixer. With this study, the authors concluded
that the conversion loss increases by decreasing the channel length while the Third-order Intercept Point
(IIP3) increases.

2.4.3 Ring oscillators

Another implementation of graphene transistors is reported in [68]. In this paper, the authors propose the
implementation of GFETs as ring oscillators. A ring oscillator is a circuit built of an odd number of cascaded
logic inverters in a loop. This loop induces instability and therefore induces oscillations at high frequencies.
Each inverter must be identical, and over-unity voltage gain (A = g,/g4s > 1) is required. The FOM
used for this kind of device is the maximum oscillation frequency, fo, since it is smaller than fr. Although
the positive voltage of the drain induces a shift on the Dirac point [69], the complementary GFETs of the
inverters were obtained using a back gate voltage to ensure a proper change of the Dirac point. In this
study, the authors made three types of devices: large (L = 3 pm and W = 20 um), medium (L = 2 um
and W = 10 pym) and small (L = 1 ym and W = 10 um), obtaining 284 MHz < fo < 350 MHz,
504 MHz < fo < 750 MHz and 1 GHz < fp < 1.28 GHz for each device, respectively.

A similar ring oscillator is presented in [70], in which the authors also studied the effects of changing
the transistors’ channel size, access length, and source and drain contact thickness. The best device
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achieved a fo = 4.3 GHz.

2.4.4 LC tank oscillators

Although full graphene-based LC tank oscillators have not been accomplished yet, the implementation of
graphene inductors, capacitors, and transistors alone to study their performance in LC tank oscillators has
been reported.

The capacitor developed in [31] was implemented in an LC tank by adding a 2 mH inductor in series,
achieving a tunable resonant tank from 1.45 to 1.73 MHz and Q-factor ranging from 65 to 25.

In [71], the performance of a graphene LC tank used in an oscillator was assessed through simulation.
This simulation relied on graphene capacitor and inductor values found in the literature, and an oscillation
frequency of 1.5 GHz was achieved with a phase noise of —134 dB/Hz.

2.5 Discussion

From the information gathered in this chapter, it can be concluded that state-of-the-art on 2D material-based
device modelling for circuit-level simulation is too poor. Most of the research in this field is done towards
fabrication due to the yearly stage of the investigations. State-of-the-art in graphene-based capacitors and
inductors fabrication and modelling for RF applications is not as explored as for GFETs. So, since the
GFET shows more interest but lacks a well-defined set of equations to define the device's behaviour, GFET
models must be pushed forward to assist investigations in this field. Following this line of thought, the
following chapters will present a comparison study between three models proposed in the literature, both
in DC and RF domains, to understand which one is most reliable for circuit-level simulation.
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3

Device modelling

Performance assessment of standard transistors plays an important role when designing a device, which
is also true regarding graphene transistors. Therefore, the ability to simulate and predict the device's
performance is essential, be it to reduce the trials when it comes to the design or to ensure the whole
process goes right.

There are three types of models: Analytical Model (AM), Semi-Empirical Model (SEM) and Empirical
Model (EM). AM provides an understanding of the device behaviour based on a set of equations. The
SEM rely on parameters extracted from fabricated devices but are less complicated and can be easily
implemented in standard EDA tools. Finally, the EM are similar to the SEM but can only simulate the
device behaviour in a single operating point.

As discussed in 2.3.1.1, there are three topologies of GFETs: top-gated, back-gated and top/back-
gated. The overall operation of the three topologies is the same, whereby applying a static differential
potential between the drain and source terminals, there is a current that flows between those terminals,
which can be modulated by a second voltage between the gate and source terminals. When introducing
a second gate, usually a back gate, it is possible to shift the Dirac point, tuning the device to the desired
end. This behaviour is what many proposed models try to achieve, but only the following three will be
discussed due to their compatibility with EDA tools as well as close results with real devices.

In the following section, it is essential to distinguish the intrinsic from the extrinsic nodes, so the
intrinsic nodes are referred to with a lowercase subscript (e.g. Intrinsic gate-source voltage (V) and
extrinsic nodes with an uppercase subscript (e.g. Extrinsic gate-source voltage (Vis)).

3.1 Parameters extraction

To better understand what is happening in the device, GFETs are characterised in two domains, the DC
and RF domains. It is possible to extract the Ips — Vigs curve, gn, and graphene mobility from the DC
domain. From the RF domain, it is possible to complement the DC measurements by allowing extraction
of all the capacitances between interfaces, contact resistance and inductance and determine the FOMs of
the transistor directly from the measurement.
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3.1.1 DC analysis

The most standard system to measure the DC behaviour of a GFET, without a back gate, is composed
of three probes, two sources with current and voltage readout (not necessary, but to ease the measuring
process), and a microscope. The first step is to use the microscope to choose and place the probes on
each terminal. After that is done and all the probes are connected to the sources (not to forget to merge
the ground signals), a fixed Vp is applied to the drain, and by sweeping V; register the Ips values. Finally,
a plot of Ips — V55 with the registered data can be done. The exact process is done if another device must
be measured. This process can be eased by using an automatic probe station, simply by calibrating the
system to the position of the devices and then defining the range of voltages and the devices to measure,
and the probe station takes care of all the work.

After measuring the Ips — Vigs profile, it is possible to obtain the gy, profile, Figure 12, by applying a
numerical derivative to the data in the following way:
_ Ipsli+1] = Ips[i]
~ Vosli+1] = Vosli

Im [i] (3.1)
where i is the nth measure.

Sm A

Hole

A\ 4

Vs

Electron

Vo
Figure 12: Transconductance profile.
To obtain the mobility of graphene the field-effect mobility equation for a FET is used :
Llgm|

4= W,V
where L and W are the channel length and width, C, the gate capacitance per area. This method is

(3.2)

generally used because of its simplicity, but it underestimates the mobility value as it does not consider
contact resistance. If a more realistic measure is needed, it is recommended to do Hall measurements
[72]. In 3.3.1 a method to extract the mobility will be presented by fitting the measurements with analytical
equations.

3.1.2 RF analysis

Different from the DC measurements a more complex setup is needed for RF measurements. The GFET
can be seen as a two-port system, which means a signal must be fed to the gate and another to the drain.
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These signals are composed of a DC component, used to set a device operating point and an RF signal. A
bias tee is used to merge the DC and RF signals. In simple terms, a bias tee is a device with two inputs and
one output. One of the inputs is a RF signal (removes any DC component from it), and the other is a DC
signal (removes any AC component from it). The output is the RF signal with the desired DC component,

Figure 13.
a b2 DC RF+DC
[ S— — o —_— —_—
| GFET | T
b, ja-z‘ RF1

Figure 13: Two-port system GFET (left) and equivalent bias tee circuit (right).

The RF signal is sent by a Vector Analysis Network (VNA), and the same device reads the reflected and
transmitted signals. The VNA is usually set up for a range of frequencies, and the device is responsible for
sending the RF input signals as well as measuring the transmitted and reflected signals at each frequency,
building the S-params matrix as follows:

[h] _ [511 512] ) [01] (3.3)
by So1 Sz a

where a is the input signal, b is the output signal, Si; is the input port voltage reflection coefficient,
S12 is the reverse voltage gain, S, is the forward voltage gain, and Sa5 is the output port voltage reflection
coefficient.

From the S-params, it is possible to obtain more valuable parameters like the Hybrid parameters
(H-params), from which it is possible to determine the fr of the transistor and Admitance parameters
(Y-params) and Impedance parameters (Z-params) that allow extracting values for the device's capacities,
inductances and resistances to be used to model it.

Admittance is the inverse of impedance (Y = Z!). From the S-params the Y-params are obtained
as follows:

_ (1=811)(1+ S32) + 512521 _ —2512
Yii = Yo Yio= Yo
(1+ S11)(1+ Sz2) — 51252 (1+S11)(1+ S22) — 51252 (3.4)
B —251 _ (148111 = S22) + S125a
Yo = Yo Y= Yo
(14 S11)(1+ Sz2) — S12521 (14 S11)(1+ S22) — S12521

where Yy = ZO‘1 is the port admittance and Zj is the port impedance. Usually, the port impedances
are the same and have a value of 50 Q. The Z-params are obtained by inverting the above expressions of
the Y-params. From the perspective of Y-params and Z-params, the two-port network equivalent circuits are
represented in Figure 14. These circuits are essential because if the equivalent circuit of the measuring
device is known, its component values can be extracted by comparing the parameters circuit with the
device circuit.
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-Y12 le- ZlZ ZZZ- ZlZ

Y22+ Y12

Y+ Yi

Figure 14: Two-port system equivalent circuit from the Y-parameters (left) and Z-parameters (right).

Every time a set of measurements is performed in the RF domain, the setup must be calibrated to
remove the cables’ and probes’ added parasitic effects. This task is accomplished by measuring a standard
impedance substrate and then subtracting it from the raw measurements of the device. Another factor that
affects the device’s performance is the parasitic elements like parasitic capacitances, represented in blue,
and parasitic impedances, represented in green in Figure 15. The method to remove the effect of parasitic
elements from the measured S-params is called Open-Short De-embedding. This method requires two
extra structures to be fabricated alongside the device, the Short and Open structures. In the transistor
case, the Short structure consists of shortening the channel, and the Open structure does not have a

channel.

) i —
DUT ’
= M — =
1 L
1§ T
{

3 T T

—

]
44”74

Figure 15: De-embedding equivalent circuits. The device under test (left) is the complete device, the short
(centre) has the channel shorted to all contacts, and the open (right) has the channel open.

By looking at the Open equivalent circuit from Figure 15 and the Y-params equivalent circuit from
Figure 14, and knowing that the admittance of a capacitor is Yo = jwC, the following equations can be
extracted:

_ Imag [~Yo,,] _— Imag [Yo,, + Yo, | Imag [Yo,, + Yo, |

w GS w DS w

(3.9)

Pcp

where Y are the Y-params of the Open structure obtained by direct convertion of the same structure’s
measured S-params using the Equation 3.4.

Extracting the parasitic impedances from the Short circuit is not as direct as the previous method.
By subtracting the Yo from the Ys, Y-params of the Short structure, and then converting to Z-params
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3.2. ANALYTICAL MODEL

(YOS =Ys— Yo = Zps = ﬁ) only the green impedances remain, and by comparing to the Z-params
equivalent circuit of Figure 14 and knowing that the impedance of a resistor in series with an inductor is
Zrr = R+ jwL, the following equations can be extracted:

RG = Real [ZSOH - Zsolz] RD = Real [Zsozz - Zsolz] RS = Real [Zsolz] (36)

L= Imag [ZSOH — Zsolz] In= Imag [Zsozz — Zsolz] L= Imag [Zsolz] (3 7)
G — W D — w S = w .

The final step is to remove both the parasitic capacitances and impedances from the Device Under
Test (DUT). So, to perform the de-embedding process, the first step is to remove the parasitic capacitances
using the Y-params of the Open structure and then remove the parasitic impedances using the Z-params
obtained to extract parasitic impedances, Yos. So, the final expression for the Y-params of the intrinsic

device is:
1
Yintrinsic = 1 1 (38)

Ypur-Yo = Ys—Yo

The values of the intrinsic components can be obtained by comparing the Y-params equivalent circuit

to the device’s intrinsic equivalent circuit.

3.2 Analytical Model

In [52] an AM was proposed that captures the three operating regions of the GFET while allowing the
model to be compatible with EDA tools. This model only captures the intrinsic part of the device, so the
downside of this model is that it is only suitable for DC or low-frequency analysis. Since the other models
described in this document do not consider a back gate, the back gate described in the above-mentioned
paper is ignored.

As shown in Figure 16, the proposed model assumes an equal access resistance from the contacts
to the channel, Rs, a capacitance between the gate and the channel, Cy, a current source, Iy, and a
variable quantum capacitance, C,.

Vg
Vs I Vg

Gate

= Cg Gate Oxide

Silicon Oxide Substrate

Silicon Wafer

Figure 16: Top-gated graphene transistor layout (left) and proposed equivalent circuit model (right).
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The quantum capacitance measures the energy required to pump carriers into the channel and has
the same V-shape as the GFET characteristic DC response. In this model, it is described as the sum of
minimum quantum capacitance that occurs at the Dirac point, Cy,..,, plus a variable quantum capacitance,
Cgowr (Cqg = Cgpuin + Cq.r)- Both quantities can be evaluated using the following equations:

min

_ @’V

C, . = 3.9
qmin \/EhUF ( )
2¢°ksT [ ( (qq)))] 22 qlos|
C, (00) = L8 1012 (14 cosh [ LL) )| LWN ~ 22 3.10
qvar ((p ) T (hUF)Z kBT q T (hUF)Z ( )

where q is the electron charge, ny is the minimum carrier density, 7 is the reduced Plank’s constant,
vy is the fermi velocity and ¢; is the surface potential. The reduced form of the Equation 3.10 is only valid

when the energy of moving charges in the channel is much larger than the thermal energy, gos >> kgT.

The surface potential is given by:

_ Cg(Vgs - V;))
Cg + Cqmin + %quar ((PS)

¢s (311)

By solving a system of equations with Equation 3.10 and Equation 3.11 rises two solutions for the

surface potential, a positive Equation 3.12 and a negative Equation 3.13.

+ 5CQUur 5qu)ar 2
Ps =~ 5(pg Cg + Cqmin /2 5(Ps Cg(VgS - VO) + (Cg + Cqmin) (312)
- _ Caua C,+C, 25Cq““' Co(Vys = Vi) + (Cy + Cy . )2 (3.13)
= +Cp  —a[-2——— - + + . .
Ps 505 g Gmin 505 g\ Vgs 0 g Gmin
where 53"7”‘” = qZ% (hq ¥ For a particular point of operation, the solution for the surface potential
S Uf

is either a positive or negative solution. It must have the assumed sign, and it is a real number.

Similar to standard FETs, GFETs have a triode region and a unipolar saturation region, but instead of
a cut-off region, they have an ambipolar saturation region. In the triode and unipolar saturation regions,
the conduction is done only by holes or electrons, whereas in the ambipolar saturation region, conduction
is done by both holes and electrons. For both hole and electron conduction, these regions are limited by
Intrinsic drain-source voltage (V) voltages that will later be defined using numerical equations.
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Figure 17: GFET characteristic curves: Ijs vs Vys (left) and Iy vs Vi (right).

This model derives I equations using the drift-diffusion model for hole and electron separately since

the type of carrier is the majority depending on the gate bias. The solutions are as follows:

Table 2: Analytical model equations from [52].

Hole (V,, < V;) Electron (Vy > V;)
1 Vi ) Vi
= Ve = Vag +2Y (% = Vo) Ve = Vas = 2Y (=% = Vo)
R R
Triode 4K; 2 4R; 2
Vds Vds
—\/(VC ~Vas +2Y (=% - Voo))® = 4VeVy) | —\/( Ve Vas +2Y(=7 = Voo))” +4VeVys) |
Limit 1 (1+7Y)2 [2Voo Y (1 +Y)+ m [2Vo,Y(1 +Y)+
(Vdssatl) 2 2
(1= Y)(Ve = VE = 2VVo (Y + 1)) (¥ = 1)(Ve = V2 + 2V, VoY +1)]
Unipolar 1 1
——— [Ve+ (1 +Y) Vot Ve + (1 + V)V
Satura- Rs(l + Y)Z Rs(l + Y)z
tion
c_21+ cVoou c+21+ cVou
(Igs...) 14 V.V, V2 Y)V.V,
dssar
Limit 2 . .
(Vdssatz) Vidsgar, — E|VUU - Vdsmll Vidseurs + §|VOU — Vdssa1|
Ambipolar
2 2
Satura- w 2 Vas w ) ds
tion Idssa[ - iHthodesgatz (V SSIZ[Z - 1) Idssat + illeCtodessutz V SsatZ - 1
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CyCp
Cg + Cq

Vc = Lvsat/,u Y = BwvsatctopRs Vov = Vgs - Vo Ctop = Usat = ,UEC

where W and L are the width and length of the channel, vy, is the saturation velocity, p, is the carrier
mobility, E. is the critical electric field, f8 is a fitting parameter that can go from 1 to 1.4 and Cy,, is the
effective gate capacitance.

3.3 Semi-empirical Model

A large signal model is proposed in [73], which allows for DC and RF analysis while being compatible
with EDA tools. This model shows excellent results with measured devices since, unlike other models,
it captures the difference in contact depending on the carrier type in the channel due to charge transfer
between graphene and metal contacts. This difference in the contact resistance reflects an asymmetry in
the transfer curve of the GFET.

This model can be divided into two parts, the intrinsic and extrinsic parts. In DC and low frequency,
the extrinsic part can be ignored, but at larger frequencies, the extrinsic part becomes relevant and must
be accounted for RF simulation to best match real results. Being a SEM, it relies on extracted parameters
from fabricated devices, allowing for better approximation between measured and simulated results. This
model is composed of a current source, I, gate resistance and inductance, Rg and L, drain resistance
and inductance, Rp and Lp, source resistance and inductance, Rs and Lg, drain-to-source capacitance,
Cus, the gate-to-drain capacitance, Cyq, the gate to source capacitance, Cys and parasitic gate-source,

gate-drain and drain-source capacitances, Cp.; ,Cp;,, and Cp,.
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Figure 18: Large-signal model equivalent circuit (left) and majority carrier type in the graphene channel in
different voltage bias (right).

The authors took advantage of the symmetric structure of the device to model Iy using Vys and
Intrinsic gate-drain voltage (V) as variables since, depending on the combination of these voltages, the
type of majority carrier in the channel changes. As can be seen in Figure 18, there are four situations. If
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both voltages are greater than zero, the transport in the channel is done by electrons. If both voltages are
lower than zero, the transport is done by holes. The other two situations are a mix of carriers, where the
holes are closer to positive voltage and electrons closer to the negative potential.

A quantum capacitance was used in the previous model, but it can be ignored most of the time due
to its greater values than the geometrical gate capacitance. Since it appears in series with the geometrical
capacitance, the smallest capacitance dominates. This approximation only becomes a problem when
ultrathin gate dielectric is used (dielectric thickness lower than 10 nm [74]). Having this in mind, the
authors decided to ignore quantum capacitance allowing for a simpler model. Like the previous model,
the drift-diffusion model was used to get an expression for the four situations discussed above, obtaining

the following expressions:

u.,V_o w -
Iys, = V=000 —f (Vgs, Vea) (3.14)
mly 4 (elVos—Vae \™
+ Logar
u.V_oQ, w - upV_oQ, W _
Lis, = < —f (Vgs, 0) + Q —f (0, Vya) (3.15)
m Uelvgs_ng| m L m uh|Vgs_ng| m L
1+ ( Losar ) 1+ ( Lisgs )
upV_oQ, w - u.V_oQ, w _
las, = 7 (Vs 0) + T (0.Va) (316
m 1 uhlvgs_vgdl m m 1 uelVgS—ng| m
+ Losq; + Losar
u,V_o w .- -
Iys, = L | el | —f (Vs Vga) (3.17)
m up|Vgs—Vya m
\/ T+ ( Lo )
1+x%+
foy) =xV1i+x2—yy1+y%+1In Ty (3.18)
Vi+y?+y
Osat = UFﬁ (3.19)
C(VS+Vd)
e+ (052)
5 5 _ _ ng + Cgs 3
Vgs = gs/V_O ng = V;;d/V_O V_0o=0Q,/C C=—F7"r— Qo = qny

WL

where . and py are electron and hole mobility, n, is the residual carrier density due to disorder and
thermal excitation, C is the gate capacitance per area, W and L are the channel width and length, g
is the electron charge, f which relates to the phonon wavelength of the dominant scattering phonon
(B = 4x10 cm™! for graphene on SiO, [37]), and m is a fitting parameter. Merging the above equations
in a single equation is easily done using a combination of step functions where the variables are Vs and
Vg4, but continuity is required, so it is helpful to use the © (x) function. In this regard, the single I;; and
O (x) equations are:
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Lis = I15,© (Vgs) © (Vga) +1a5,© (Vgs) © (=Vga) + (3.20)
+145,0 (=Vgs) © (Vga) + 115, © (=Vs) © (~Vga)

0 (x) = w (3.21)

where V; is a fitting parameter. To include the unintentional charging in the channel at low Vg, the V,
variable is introduced (Vgs = Vys — V,, and Vg = Vg — V4). This V; corresponds to the Dirac voltage at
low V.

As it was referred to, there is a difference in contact resistance depending on the carrier type present
in the channel, and to model this, the authors added a carrier-dependent series resistance to the contact
resistance. Another approximation is that both source and drain contact resistance are equal since it
scales with channel width rather than the contact area [75]. Finally, the contact resistances have the
following equation:

1 +tanh (Vox) 1 + tanh (Vay)

Rs = Rp = Ry + Rext (Vgs, ng) Rext (x, y) = Rexto 2 9

where R, is the resistance when Vys < 0 and Vyg < 0, Rexy, is the resistance added to account for
the difference in the resistance due to different majority carriers, and V; is a fitting parameter.

3.3.1 Parameters extraction

The extrinsic parameters can be extracted as described in 3.1.2, excluding Rs and Rp, since their purpose
is to capture the difference in contact resistance depending on the carrier type. In this regard, both
parameters are extracted from the DC measurements of the Ips — V55 curves at low drain voltages. This
is a requirement since, at low drain voltage, Equation 3.14 and Equation 3.17 and the intrinsic and extrinsic
drain-source resistance can be reduced to:

Table 3: Device resistance analysis.

Holes Electron
Intrinsic: 1 \/ 2 1 2
L1+ (Vss/V_o) L1+ (Vos/V_o)
Rds = Vds/Ids h Ge
Extrinsic: a a
2R, + ——=t—— 2R, 4+ 2R,y ——2——
Rps = 125 = Ry + Rp + Ry, C T Vi esvo? T N k(Vas Vo)

_ L
ae’h - W/Je,hQO

By fitting the Rps profile with the above equations, it is possible to extract the values of Rs, Rp, Vo
and ap.. When biased at the Dirac point, the intrinsic capacities can be extracted by measuring the
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3.4. EMPIRICAL MODEL

device S-params. This operation point is mandatory since, at this point, the device is not operating as an
active device, and a resistance can substitute the I, current source. In this way, after de-embedding the
measurements as described in 3.1.2, the following parameters can be extracted:

Imag [—Yi2] Imag [ Y11 + Yi2] Imag [Ya2 + Yi2]
Coa = Tw Cys = ;1 12 Cys = jf 12 (3.22)

Finally, the remaining parameters are simply calculated as follows:

Cgs + ng L
c=9""9 . =CV = 3.23
WL Q _0 Ue Wae’th ( )

3.4 Empirical Model

Similar to the previous model, the model presented in [53] uses a similar large signal model, but three
resistances are added to the model, the gate-to-drain resistance, Ryq4, the gate-to-source resistance, Rys
and drain-to-source resistance, Ry;. Different from the previous models, I;s is modelled using a fixed g,
from measurements (Ids = gm X Vgs). This means that the model can only be used to simulate a narrow
range of operations. In the referred paper, it was intended to simulate the S-params and then extract the
FOMs of the GFET.
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Figure 19: Large-signal model equivalent circuit.

Because this is an EM, all parameters can be extracted from the measurement of the S-params and
DC analysis. As it was referred in 3.1.1, obtaining the g, profile from the DC measurements is possible.
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The other parameters can be obtained from the intrinsic Y-params using the following expressions:

D =1+wCy,RY, (3.24)
| Y, Real [Y12] |2
Cpa = - mag [Y12] 1+ eal [Y1,] (3.25)
w Imag [ Y12]
Real [Y12] 1
= . 3.26
7 Imag[Yiz] wCqa (3.26)
w2C? R
Real [Yy;] — —22* 1
Rys = : (3.27)
Imag [Y11] — (wCyq) /D wCyq
| Y. C
Cop = MaB1Y22] _ Cod (3.28)
w D
22 WCyq w?C2 Ryq
1 wC> Ryd Imag [Y11] — —2 Real [Yy;] - —2& =
Cyo = — - | Real [¥y] - — 222 sliul- 75 Realllul- =5 (3.29)
w D w2C? ng I chd
Real [Yi1] — + mag [Yi1] - —

3.5 Parameter extraction tool

This section presents a GUI based on the SEM since as it will be shown in the next chapter it was the best
model. This GUI can be used to acquire the model parameters from measured data. These parameters can
be used to do simulations using the Verilog-A model or just to use them to compare with other fabricated
devices.

This GUI was developed in Python using the PySimpleGUI, and to process the RF data it was used the
scikit-rf library. This chapter is not code-descriptive but representative of the application’s features.

The main window displays the equivalent circuit of the model and has two buttons to choose the mode,
DC or RF, and an About button with some information about the model and the GUI.

Extraction Mode: DC | RF

Cp

Intrinsic

Vg V4
Ced I Ro lp |V
V.| Ls Ro ' i
H A C‘ Ids—l—cds
| Vs
Cgs J:C]

Rs

-l

Figure 20: GUI main window.
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3.5. PARAMETER EXTRACTION TOOL

A second window appears when the DC button is pressed. The DC data file must be loaded in this
window using the Browse button. After selecting the file, a plot of the Ins — Vs and g, — Vs is displayed.
To do the parameters extraction, the user must guess the parameters he does not know and then press
the Update button. When pressed, a second plot of the Rps — V55 profile appears, and the user must fit
the green line into the blue dots. This is done by changing the parameters and then pressing the Update
button again. Once the fitting is as close as it can get, the user can save the plot by pressing the Save plot
button and save all the data in a .txt file by pressing the Save data button. Three other buttons allow for
switching the gate capacitance per area approach. The three available methods use the geometric gate

€€ Cyd

capacitance (Cg = ta—x), or the Cys and Cyq capacitances (Cg = %), or introducing the value of

the gate capacitance per area.
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Figure 21: GUI after selecting the DC file (top) and GUI after pressing the Update button (bottom).

A second window appears when the RF button is pressed. In this new window, the de-embedding
method discussed in 3.1.2 is implemented. The DUT, Short and Open files must be added by pressing each
individual Browse button, and immediately a plot of both intrinsic and extrinsic S-params, Hz; parameter
and U/MSG/MAG appears. This plot implements a simple method to get both intrinsic and extrinsic
fr and fuac. This is done by checking if the first value of the gain is positive and the last negative.
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If that condition is satisfied, the FOMs are assumed to be at the smallest value of the modulus of the
gain, which is the closest point to 0 dB. Since some measurements may have noise, the user must be
critical of the extracted FOMs. In this window, by pressing the lowest buttons, different plots show the
parameters extracted using the described method to de-embed. In this mode, it is also possible to save
the data by pressing the Save data button and save the presented plot by pressing the Save plot button.
The large Intrinsic button can be pressed to switch to a DUT-only analysis, where there is no need for the
de-embedding files, and only the DUT FOMs are evaluated.
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Figure 22: RF mode after adding files (top) and DUT mode (bottom).

This GUI allows quick and easy parameter extraction and evaluation of the fr and f;,4x in both intrin-
sic and extrinsic domains. Furthermore, the GUI was evaluated against simulated data allowing for the
extraction of the parameters used in the simulations in both DC and RF modes.
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Device and circuit simulation

In this chapter, the three models will be evaluated in five different circuit simulations. The first is DC
analysis, where both Vs and Extrinsic drain-source voltage (Vps) sweeps will be performed. The second
is the RF analysis, where S-params will be simulated, and then the FOMs extracted. The third is the first
device and corresponds to an inverter. The fourth is a ring oscillator and the last is a frequency doubler.

In all the simulations presented in this chapter, the following parameters from [53] are used. Since
not all parameters are available in the paper, their values were chosen to best fit the data presented.

Table 4: Parameters used on simulation. First tree lines from [53] and the remaining chosen to the best
fitting.

W(pum) L(pum) tox (nm) — up(em*V71sY)  u (em?VisTh Cgs(fF)

80 0.2 5 915 650 98.3
Cqa(fF)  Cas(fF)  Rys(Q) Rya(Q) Ras(Q) Rs(Q)
40.4 2.1 35 304 14.6 9.5
Rp(Q)  Rs(Q)  Ls(pH) Lp(pH) Ls(pH) Vo(V)

9.3 10.2 82.8 27.3 21.3 0.25
|9m|(mS) ~ Ro(RQ)  Rexto(Q) Voo m Vi
21 RptRs 1 0.3 1
v, Cpgs Cpop Crps E. B
3 20 4 18 4.5e5 1

4.1 Models Implementation

The chosen method to implement the models begins by gathering model equations. After that, a Verilog-A
file using the collected information is written and then saved to the EDA library directory. The last step is
to create a component symbol on the EDA.
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Gather model Write Model in | Add Verilog-A file to EDA _ Create component
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Figure 23: Diagram of model implementation in EDA.

The Verilog-A language is a programming language used for analogue circuit modelling that is based on
electrical node analysis. This language was chosen since many EDA tools support it. Like all programming

languages, Verilog-A also has some rules. The most important are:

¢ The name of the device in the Verilog-A file must be the same as in the EDA;

e The inputs/outputs of the device in the Verilog-A file must match the ones in the EDA;

All variables must be initialized;

¢ The sum of all currents going in or out of a node must be zero;

All math and logical operations must be inside the analogue environment;

In the Verilog-A file, the device’s model can be divided into four major parts: pinout and node con-
figuration, parameters declaration, model equations and electrical node values update. For better under-
standing, a simple RLC parallel circuit in parallel with a current source is used, Figure 24. The first part
defines the device name and pin names that will later be used to link with the EDA. After that, follows the
parameters, which are just variables that can be changed inside the EDA. The third part uses the model
equation to evaluate the device values. The last one consists of doing node analysis using the known
expressions for the current or voltage of a resistance, inductor and capacitor and adding the modelled

current source. The same code structure was used to implement all models.

i (t, 12) Modelling
module ! % . 2 -
) Pino aal loff; // Current variable Model
Device ) inout analog loff = V(t1, t2) * gm;
R Pin and node
] Seveiv@ | configuration // Node values pdte
t —~— t T .
1 c 2 It1, 12) <+ V(t1, 12) / R Node
I e I— I(t1, t2) <+ idt(V(t1, t2)) / L;
al R = le3; // Resistance Parameter I{t1, t2) <+ C * ddt(V(t1, t2)); update
@ al C = 1e-6; // Capacity ) I(t1, t2) <+ loff:
T al L= 1e6; // Inducatance declaration dq ’
° real gm = 1le-6; // Modelling parameter ‘

endmodule

Figure 24: RLC parallel in parallel with a current source circuit, I,¢, (left) and Verilog-A code of the circuit
(right).
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4.2 Device simulation

4.2.1 DC analysis

The DC analysis was performed by sweeping the Vg from —2 V to 2 V for three different Vpg, to study
the effect of the Vpgs on the transistor characteristic curve. Since the EM uses a fixed value for g,,, it
can only simulate the DC behaviour of the transistor in a single operating point. Therefore, the current
source (Izs) from the SEM is used to simulate the DC behaviour of the EM to understand the differences
between the EM and SEM. As shown in Figure 25, there is a massive difference between the AM and the
remaining. This is due to the model capturing the ideal behaviour of the GFET, which is very different from
the empirical behaviour of the device. It can also be seen that the AM does not work for big Vps. This
happens due to the lack of continuity between the model regions when changing from the hole to electron
conduction. Despite that, the model can easily be used outside the EDA to get a comparable value for
the Ips away from the Dirac voltage for low Vpg applications. By comparing the SEM against the EM, it
can be seen that the difference in the conduction by holes and electrons is due to the dependence of the
contact resistance with the type of carrier in the channel. It can also be seen that by increasing the value

of the Vps the Vpirqc also increases.
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Figure 25: Ips vs Vs and gy, vs Vs for Vpg = 10 mV (left), 0.1 V (centre) and 1 V' (left) for the three
models.

By using the SEM and adjusting the value of the R.;, parameter, the model very closely predicts the
measured data from the paper, Figure 26. One thing to consider is that since the model has a smother
Ips curve, the g, profile shows greater values when compared to the measurements.
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Figure 26: Ips vs Vs and g, vs Vs plots normalised over channel width (80um) simulated using the
semi-empirical data (left) and measurements from [53] (right).

Another critical DC analysis is the Ips — Vpg characteristic. As expected, the SEM and EM are similar,
and the AM differs from them. In these plots, the operation regions proposed in the AM can be seen, but
when operated at the Dirac point (Vgs = —0.25 V') the model does not behave well for negative Vps. So,
one more time, the SEM shows the best simulation.
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Figure 27: Ipg vs Vps for Vgs = —1 V (left), Vs = —0.25 V (centre) and Vs = 1 V (right).

4.2.2 RF analysis

The RF analysis allows for the extraction of the model parameters and the evaluation of the fr and f;ax.
This analysis also allows for de-embedding the intrinsic device when measuring data, but since this is a
simulation, the de-embedding can be performed in two ways. It may be easy to think that removing the
extrinsic elements directly from the simulated device would be preferred (changing the mode variable of
the device to 1). However, both the gate-source and drain-source voltage would need to be adjusted to get
the device in the same operation state, which would require re-simulating the Ips — Vigs and g, — Vs
profiles and then extracting the relevant voltages. Another way to do it is by simulating the Open and Short
structures and performing the de-embedding technique. The last one is the approach used in this analysis,
Appendix A. This allows for the evaluation of both extrinsic and intrinsic frequencies. In the case of the
AM, it cannot predict the RF behaviour of the device since its implementation, in reality, is only a current
source, it has no other components in the circuit design. As far as the SEM and EM, both can predict RF
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behaviour. The only difference is that in the case of the EM, the g, must be introduced manually as a
fixed value. If the RF power is increased, the fixed g, will not allow for a reliable simulation. But for this

analysis, a low-power RF signal (0 dBm) is used for the S-params simulation.
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Figure 28: S-parameters simulated for both Empirical and Semi-Empirical model (2 top graphs) and fr
and fmax determination for both models for the DUT (bottom left) and intrinsic device (bottom right).

The first simulation is performed at the largest g,,. This point is relevant since fr and fia Show
greater values at this operation point. In the case of the EM, the g,, is maximum at Vgs = —0.1 V and
has a value of 21 mS. As for the SEM, the maximum g, has a value of 26 mS at Vs = 0.085 V,
Figure 25. Since the maximum g,, occurs at slightly different Vs, different Vi5s is used to simulate the
S-params in each model, to achieve the maximum performance. This approach allows for the extraction
of both maximum fr and f,,,x and verifies the influence of g,, in these FOMs. The same Vps = 1 V
is applied to match the paper’s data. The de-embedding process was implemented by simulating Open
and Short circuits, as in Figure 15, to obtain the intrinsic FOMs of the simulated device. The simulations
for both models are grouped in Figure 28. As can be seen, the bigger g,, allows for an overall best
performance, be it the smaller attenuations on the S-params or the greater fr and f;,4. for both DUT and
intrinsic devices. For the DUT device of the EM, the FOMs simulated have similar values to the ones in
the paper (fr = 5.6 GHz and f,,.x = 10.1 GHz), but when looking at the intrinsic ones, the values are
much larger than the real ones (fr = 6.8 GHz and fiax = 15.8 GHz).
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This happens because, in simulation, everything is perfect. The simulated Open and Short circuits
allow for the complete removal of the extrinsic elements. As for the actual measurements, since the
structures are an approximation to a model, some elements may not be removed when de-embedding,
leading to smaller values of the FOMs when compared to the simulation.

The other simulation was to verify the superposition of S1, and S, at the Dirac point. The superposition
of these parameters happens when the device becomes a passive device, which occurs when g,,, becomes
zero. With the EM does not make sense to do this simulation since it is easy to assume that when g,, = 0,
the current source does not produce any current, so the circuit becomes passive. But it is rather interesting
to do it on the SEM since the current source is not defined as g, X Vis. So, for this simulation, the Vpg
was also 1 V, and V55 was set to the Dirac point, with a value of 0.310 V, Figure 25. As was expected,
at the Dirac point, S15 and S, are at superposition, and the device can be assumed as passive in this
operation point. This simulation also confirms the assumption that using an RF analysis makes it possible
to find the Dirac voltage.
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Figure 29: S-Parameters simulated with the Semi-Empirical model at the Dirac point.

4.2.3 Discussion

In the DC analysis, it was possible to see that the AM does not work for large Vpg values and does not
show a realistic behaviour of the device. Therefore, it is not appropriate for the type of simulation desired
for this study. Since the EM can only simulate a single operation point, it is unsuitable for DC analysis.
Although the EM using the equations of the SEM had similar behaviour with real data, it cannot capture
the difference in hole and electron contact resistance. The SEM fitted the best since it was close to the
plot from the paper and even captured the different contact resistance.

In the RF analysis, only the SEM and EM were used. This analysis shows that the EM is much closer
to the real FOMs than the SEM. This happens due to the maximum g,, difference. In the SEM, since the
device transfer curve is simulated, the g, is not the same as the actual device, showing slightly higher
values, resulting in higher FOMs. One thing affecting the FOMs is that the parasitic capacitances are

unknown, so the ones assumed may not be in close range with the real ones. Another conclusion is
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that when it comes to simulation, it is entirely possible to remove the full effect of extrinsic components
when de-embedding, which yields much higher intrinsic frequencies. As for real de-embedding, the model
assumes a set of known elements arranged in a specific configuration that may not entirely reproduce the
complete actual device. It was also possible to see that at the Dirac point, the device has no gain and
therefore becomes a passive device, which in terms of S-params, means that S;5 = S;.

From this device analysis, the model selected for circuit simulation is the SEM one. This choice comes
from the excellent agreement with both DC and RF simulations from this model, whereas the other two
cannot predict in both desired domains.

4.3 Circuit simulation

In this section, three circuits were simulated to verify if the SEM allows testing the GFET in different
implementations. The first circuit is a digital inverter. This circuit is relevant since it is a fundamental
building block of digital electronics and can be found in ring oscillators, multiplexers, and decoders. The
second circuit is a ring oscillator. A ring oscillator outputs a signal with a defined frequency. This signal can
be used as a clock signal of digital circuits. The last circuit is a frequency doubler. As the name implies, a
frequency doubler outputs a signal with double the input signal frequency. This can also be used in digital
electronics to increase the clock frequency.

4.3.1 Inverter

An inverter based on GFETs is achieved by adding two GFETs in series, Figure 30. This is the same
configuration as CMOS inverters, where the top transistor behaves as p-type and the bottom as n-type.
The principle of this kind of inverter is that when one transistor is at maximum conduction, the other must
be turned off, but in the case of GFETs it must be close to the Dirac point. Due to the slightly different Vpg,
a slight difference in the Vp;4. of the GFETs occurs, making it possible to implement an inverter using
matching GFETs. This configuration leads to the W shape transfer curve. An inverter can be implemented
when operating the device with V;,, between the lowest points in the W shape curve.

Figure 30: Inverter diagram.
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In Figure 31, the W-shape transfer curve, the voltage output and the output to a square wave are
presented with a Vpp of 1 V and Vsg of 0 V' (reference voltages). As can be seen, the W-shape transfer
curve is not well defined, and the output voltage is not centred and does not get close to the reference
voltages. It can also be seen in the square wave simulation that although the output signal is inverted, the
signal is too small when compared to the V7.
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Figure 31: Inverter output current (left) and voltage (centre) for V7, between 0 and 1 V, and inverter
response to a square wave (right) for L = 0.2um.

The principle of this kind of inverter is that when one transistor is at maximum conduction, the other
must be turned off, but GFETs do not turn off. One way to achieve a close behaviour is to have a low
Dirac current. Since the output voltage has low amplitude, the usage of this device in cascading devices,
e.g. Ring Oscillator, is not possible. To allow further simulation, the Ipg at Dirac voltage is reduced by
increasing the channel length from 0.2 pmto 1 pm. As shown in Figure 32, the W-shape transfer curve is
better defined and the current is lower as it was intended. This well-defined W-shape produces an output
voltage much closer to the reference voltages but remains not centred. When feeding a square wave to the
device, the output is inverted and has a more comparable amplitude to the initial signal. Since the output
voltages are closer to the reference voltages, implementing this device in cascading circuits is possible.

/ 1,01 1,00
35
08 Vio —
0,751
vOut
30 1 =
g s 06 =
£ = $oso
=~ 25 041 =
0,25
02
2,04
00 0,00

0,00

0,25

0,50
Vie V)

0,75

0,25

0,50
Vin V)

0,75

1,00

4 6
Time (us)

Figure 32: Inverter output current (left) and voltage (centre) for Vi, between 0 and 1 V, and inverter
response to a square wave (right) for L = 1 um.

This can be slightly improved by centring the middle point of the W-shape by unmatching the transistor
V,. This was done by replacing V, with V,, + 0.38 in the upper GFET. This allows an almost symmetrical
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curve centred at 0.5 V. This also decreases the difference between the reference and output voltage. This
V., parameter is the Dirac voltage at low Vps. From this analysis can be concluded that the ability to shift
the Dirac voltage may be a requirement to get a well-behaved inverter. In a real device it can be changed
by using a two-gate configuration, where one of the gates is responsible for the shift of the Dirac voltage.
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Figure 33: Inverter output current (left) and voltage (centre) for Vi, between 0 and 1 V, and inverter
response to a square wave (right) for L = 1 pm. and different V.

4.3.2 Ring Oscillator

The ring oscillator has an odd number of cascaded logic inverters in the loop. For example, in the following
simulations, a cascade made of 3 inverters is used, with a fourth inverter used to decouple the oscillator
from the measurements, Figure 34.

VOut

|
VSS
Figure 34: Ring oscillator diagram.

As for the inverter simulations, Vpp is setto 1 V and Vig is set to ground. In this kind of simulation,
an initial voltage on the loop may need to be defined to make the device unstable. The inverters used were
the ones simulated in the previous section. As briefly discussed in the last section, the inverter using the
paper parameters cannot output a sufficient signal to feed the next stage since its output voltages are very
different from the reference voltages.

As for the other two inverters, it is possible to implement the proposed ring oscillator, Figure 35. This
configuration achieved a frequency of 1.14 GHz for the matching V,, and 1.97 GHz for the unmatching
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V, inverters. These two simulations conclude that the better the W-shape is centred to the Vpp and Vg,
the higher the frequency of the ring oscillator. The frequencies were extracted by finding the frequency of

the maximum value of the spectrum of Vp,;.
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Figure 35: Ring oscillator output and frequency spectrum with L = 1 um, for equal Vj, (blue) and different
V, (magenta).

4.3.3 Frequency doubler
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Figure 36: Simulated frequency doubler characteristic at four different input frequencies: 100 MHz (top
left), 1 GHz (top right), 5 GHz (bottom left) and 10 GHz (bottom right).

A frequency doubler is a device that can produce an output with double the input frequency. In the case
of the GFET as a frequency doubler, the input is at the gate, and the output is at the drain terminal. By
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looking at the transfer curve of the GFET, it becomes clear that when an AC signal centred on the Dirac
voltage is applied to the gate, the output Ipg will have double the input signal frequency. It was only used
the SEM since the AM would not be affected by the input frequency, which means it would be possible to
use any input frequency that the output would be doubled.

Thus, the simulation for SEM was done using a sine wave Vg centred on 0.31 V with an amplitude
of 100 mV and Vpg = 1 V, for three different frequencies, 100 MHZ, 1 GHz, 5 GHz and 10 GHz.
These frequencies were chosen to test the device far and close to the FOMs. As shown in Figure 36, the
difference between the conduction of holes and electrons is present in the output of the device by the
different peaks, the smallest representative of the conduction of electrons and the other the conduction of
holes. Thus, it can be concluded that a key element of this device is having a hole and electron conduction
almost symmetrical, as well as precisely centring the input wave on the Dirac voltage. Another aspect that
can be observed is the input frequency’s influence on the device's response. Since the GFET is frequency
limited, as the output frequencies approach the FOMs, the output starts to be delayed to a point that does
not represent the behaviour of a frequency doubler.

4.3.4 Discussion

In the inverter simulation, it was seen that the current at the Dirac point plays a vital role in this type of
device. If the current is not low enough, they may invert the signal but with voltages much smaller than
reference voltages, leading to the inability to use this device in more complex designs. It was also possible
to conclude that unmatched Dirac voltage between the GFETs allows to centre the output voltage.

In the ring oscillator simulation, it was possible to prove that the small output signal from the inverter
cannot feed the next stage and that the better the inverter output, the higher the ring oscillator frequency.

The frequency doubler was implemented by operating the device around the Dirac voltage. It was
possible to see that as the frequency of the input signal increases, the device cannot double the frequency,
showing that the model is frequency dependent and may allow estimating the maximum input frequency
in the case of a frequency doubler. It was also possible to conclude that the difference in the conduction
by holes and electrons affects the performance of the frequency doubler. Another important conclusion
is that to double the frequency of the input signal, the GFET must be operated at the Dirac voltage, which
means that the input signal must have a DC component equal to the Dirac voltage.
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Conclusion

In this dissertation, methods to extract parameters from both DC and RF measurements were studied,
and a GUI based on the SEM was developed to help further implementation of this model.

Simulating GFET-based circuits is crucial to understanding which devices can be done and how they
will behave. In this regard, this study was conducted by doing some simulations using three different GFET
models to conclude which one would best behave in various configurations. The SEM was the only model
that could be used in all the presented simulations. It was also possible to compare the model against DC
and RF-measured data showing very close results. The simulations were carried out beyond the measured
data from the paper, and an inverter, ring oscillator and frequency doubler were implemented. These last
simulations conclude that it is essential to have a simulation tool to predict different devices based on
GFET since some configurations need specific characteristics to function correctly.

The gathered information in this writing makes it possible to conclude that the research on 2D materials
has a long way to go. Although graphene is the most researched 2D material and shows excellent electronic
properties to outperform silicon devices in specific applications, the state-of-the-art in devices’ fabrication
and modelling predictions have yet to be well established. Moreover, the devices' performance reported
in the literature shows excellent potential to improve or substitute RF circuit designs. Still, more research
on this matter needs to be conducted to assess the true potential of such devices.

5.1 Future work

Since some applications may require a back-gate to shift the Dirac point, adding a back-gate dependency
to the SEM would be essential, allowing further investigation on GFETs based circuits. Another critical
factor so that the model can become more general is the implementation of a noise dependency allowing
for more realistic simulations. With both additions, the model would become complete and able to predict
more closely real measurements and allow more complex simulations to be performed.

Another important approach to be carried out is to use the model to investigate and propose circuits
based on the GFETs different from those already present in the literature.

46



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

Bibliography

T. N. Theis and H. S. P. Wong. “The End of Moore's Law: A New Beginning for Information Tech-
nology”. In: Computing in Science and Engineering 19 (2 Mar. 2017), pp. 41-50. issn: 15219615.
doi: 10.1109/MCSE.2017.29 (cit. on p. 1).

M. Schmidt et al. “Mobility extraction in SOl MOSFETs with sub 1 nm body thickness”. In: Solid-
State Electronics 53 (12 Dec. 2009), pp. 1246-1251. issn: 00381101. doi: 10.1016/j.sse .2
009.09.017 (cit. on p. 1).

S. Das et al. “Transistors based on two-dimensional materials for future integrated circuits”. In:
Nature Electronics 4 (11 2021), pp. 786-799. issn: 2520-1131. doi: 10.1038/541928-021-0
0670-1 (cit. on p. 1).

M. C. Lemme et al. “Nanoelectromechanical Sensors Based on Suspended 2D Materials”. In:
Research 2020 (July 2020), pp. 1-25. issn: 26395274 doi: 10.34133/2020/8748602 (cit. on

p. 1).
M. Romagnoli et al. “Graphene-based integrated photonics for next-generation datacom and tele-

com”. In: Nature Reviews Materials 3 (10 Oct. 2018), pp. 392-414. issn: 20588437. doi: 10.10
38/s41578-018-0040-9 (cit. on p. 1).

C. Liu et al. “Two-dimensional materials for next-generation computing technologies”. In: Nature
Nanotechnology 15 (7 July 2020), pp. 545-557. issn: 17483395. doi: 10.1038/s41565-020-
0724-3 (cit. on p. 1).

G. Lupina et al. “Residual metallic contamination of transferred chemical vapor deposited graphene”.
In: ACS Nano 9 (5 May 2015), pp. 4776-4785. issn: 1936086X. doi: 10.1021/acsnano.5b01
261 (cit. on p. 1).

Y. Y. lllarionov et al. “Insulators for 2D nanoelectronics: the gap to bridge”. In: Nature Communi-
cations 11 (1 Dec. 2020). issn: 20411723. doi: 10.1038/s41467-020-16640-8 (cit. on
p. 1).

47


https://doi.org/10.1109/MCSE.2017.29
https://doi.org/10.1016/j.sse.2009.09.017
https://doi.org/10.1016/j.sse.2009.09.017
https://doi.org/10.1038/s41928-021-00670-1
https://doi.org/10.1038/s41928-021-00670-1
https://doi.org/10.34133/2020/8748602
https://doi.org/10.1038/s41578-018-0040-9
https://doi.org/10.1038/s41578-018-0040-9
https://doi.org/10.1038/s41565-020-0724-3
https://doi.org/10.1038/s41565-020-0724-3
https://doi.org/10.1021/acsnano.5b01261
https://doi.org/10.1021/acsnano.5b01261
https://doi.org/10.1038/s41467-020-16640-8

BIBLIOGRAPHY

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

V. Passi et al. “Ultralow Specific Contact Resistivity in Metal-Graphene Junctions via Contact En-
gineering”. In: Advanced Materials Interfaces 6 (1 Jan. 2019). issn: 21967350. doi: 10 . 1002
/admi.201801285 (cit. on p. 1).

N. R. Glavin et al. “Emerging Applications of Elemental 2D Materials”. In: Advanced Materials 32.7
(2020), p. 1904302. doi: https://doi.org/10.1002/adma.201904302 (cit. on p. 1).

|. Colmiais et al. “Towards RF graphene devices: A review”. In: FlatChem 35 (2022), p. 100409.
issn: 2452-2627. doi: https://doi.org/10.1016/j.flatc.2022.100409 (cit. on p. 1).

R. Ghosh, M. Aslam, and H. Kalita. “Graphene derivatives for chemiresistive gas sensors: A review”.
In: Materials Today Communications 30 (2022), p. 103182. issn: 2352-4928. doi: https://doi.
org/10.1016/j .mtcomm.2022.103182 (cit. on p. 1).

A. Purwidyantri et al. “Programmable graphene-based microfluidic sensor for DNA detection”. In:
Sensors and Actuators B: Chemical 367 (2022), p. 132044. issn: 0925-4005. doi: https://
doi.org/10.1016/j.snb.2022.132044 (cit. on p. 1).

M. Long et al. “Progress, Challenges, and Opportunities for 2D Material Based Photodetectors”. In:
Advanced Functional Materials 29.19 (2019), p. 1803807. doi: https://doi.org/10.1002
/adfm.201803807 (cit. on p. 2).

L. Shiand T. Zhao. “Recent advances in inorganic 2D materials and their applications in lithium and
sodium batteries”. In: J. Mater. Chem. A5 (8 2017), pp. 3735-3758. doi: 10.1039/C6TA09831B
(cit. on p. 2).

Y. Shao et al. “Design and Mechanisms of Asymmetric Supercapacitors”. In: Chemical Reviews
118.18 (2018). PMID: 30204424, pp. 9233-9280. doi: 10.1021/acs . chemrev . 8600252
(cit. on p. 2).

K. S. Novoselov et al. “Electric Field Effect in Atomically Thin Carbon Films”. In: Science 306.5696
(2004), pp. 666-669. doi: 10.1126/science. 1102896 (cit. on p. 4).

M. Dragoman and D. Dragoman. “2D Nanoelectronics”. In: SpringerLink (2017). doi: 10.1007~-
978-3-319-48437-2 (cit. on p. 4).
Y. Lee et al. “Wafer-scale synthesis and transfer of graphene films”. In: Nano Letters 10 (2 Feb.

2010), pp. 490-493. issn: 15306984. doi: 10.1021/n1903272n (cit. on p. 4).

S. Bae et al. “Roll-to-roll production of 30-inch graphene films for transparent electrodes”. In: Nature
Nanotechnology 5 (8 Aug. 2010), pp. 574-578. issn: 17483387. doi: 10.1038/nnano.2010.1
32 (cit. on pp. 4, 5).

S. Ullah et al. “Graphene transfer methods: A review”. In: Nano Research 14 (11 Nov. 2021),
pp. 3756-3772. issn: 19980000. doi: 10.1007/s12274-021-3345-8 (cit. on p. 4).

F. Qing et al. “Towards large-scale graphene transfer”. In: Nanoscale 12 (20 May 2020), pp. 10890-
10911. issn: 20403372. doi: 10.1039/d0nr01198c (cit. on p. 4).

48


https://doi.org/10.1002/admi.201801285
https://doi.org/10.1002/admi.201801285
https://doi.org/https://doi.org/10.1002/adma.201904302
https://doi.org/https://doi.org/10.1016/j.flatc.2022.100409
https://doi.org/https://doi.org/10.1016/j.mtcomm.2022.103182
https://doi.org/https://doi.org/10.1016/j.mtcomm.2022.103182
https://doi.org/https://doi.org/10.1016/j.snb.2022.132044
https://doi.org/https://doi.org/10.1016/j.snb.2022.132044
https://doi.org/https://doi.org/10.1002/adfm.201803807
https://doi.org/https://doi.org/10.1002/adfm.201803807
https://doi.org/10.1039/C6TA09831B
https://doi.org/10.1021/acs.chemrev.8b00252
https://doi.org/10.1126/science.1102896
https://doi.org/10.1007-978-3-319-48437-2
https://doi.org/10.1007-978-3-319-48437-2
https://doi.org/10.1021/nl903272n
https://doi.org/10.1038/nnano.2010.132
https://doi.org/10.1038/nnano.2010.132
https://doi.org/10.1007/s12274-021-3345-8
https://doi.org/10.1039/d0nr01198c

BIBLIOGRAPHY

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

C. Soldano, A. Mahmood, and E. Dujardin. “Production, properties and potential of graphene”. In:
Carbon 48 (8 July 2010), pp. 2127-2150. issn: 00086223. doi: 10.1016/j.carbon.2010.0
1.058 (cit. on p. 4).

M. J. Allen, V. C. Tung, and R. B. Kaner. “Honeycomb carbon: A review of graphene”. In: Chemical
Reviews 110 (1 Jan. 2010), pp. 132-145. issn: 00092665. doi: 10.1021/cr900070d (cit. on

p. 4).
A. A. Balandin et al. “Superior thermal conductivity of single-layer graphene”. In: Nano Letters 8 (3
Mar. 2008), pp. 902-907. issn: 15306984. doi: 10.1021/n10731872 (cit. on p. 4).

X. Li and H. Zhu. “Two-dimensional MoS2: Properties, preparation, and applications”. In: Journal
of Materiomics 1 (1 Mar. 2015), pp. 33-44. issn: 23528486. doi: 10.1016/j . jmat.2015.03
.003 (cit. on p. 5).

J. Kang et al. “On-chip intercalated-graphene inductors for next-generation radio frequency electron-
ics”. In: Nature Electronics 1 (1 Jan. 2018), pp. 46-51. issn: 25201131. doi: 10.1038/s41928
-017-0010-z (cit. on pp. 6, 7).

Y. Zhang et al. “Capacitive Sensing of Glucose in Electrolytes Using Graphene Quantum Capacitance
Varactors”. In: ACS Applied Materials and Interfaces 9 (44 Nov. 2017), pp. 38863-38869. issn:
19448252. doi: 10.1021/acsami.7b14864 (cit. on p. 8).

C. F. Moldovan et al. “Graphene quantum capacitors for high-Q tunable LC-tanks for RF ICs”. In:
2016 46th European Solid-State Device Research Conference (ESSDERC). 2016, pp. 345-348. doi:
10.1109/ESSDERC. 2016 .7599657 (cit. on pp. 8, 9).

C. F. Moldovan et al. “Graphene Quantum Capacitors for High Frequency Tunable Analog Appli-
cations”. In: Nano Letters 16 (8 Aug. 2016), pp. 4746-4753. issn: 15306992. doi: 10 . 1021
/acs.nanolett.5b05235 (cit. on pp. 9, 10).

D. Zhang et al. “A Tunable Resonant Circuit Based on Graphene Quantum Capacitor”. In: Advanced
Electronic Materials 7 (4 Apr. 2021). issn: 2199160X. doi: 10.1002/aelm.202001009 (cit. on
pp. 9, 10, 20).

B. Jmai, V. Silva, and P. M. Mendes. “2D electronics based on graphene field effect transistors:
Tutorial for modelling and simulation”. In: Micromachines 12 (8 Aug. 2021). issn: 2072666X. doi:
10.3390/mi12080979 (cit. on pp. 11, 12).

N. C. Vieira et al. “Graphene field-effect transistor array with integrated electrolytic gates scaled to
200 mm”. In: Journal of Physics Condensed Matter 28 (8 2016). issn: 1361648X. doi: 10.1088
/0953-8984/28/8/085302 (cit. on p. 12).

J. Bai et al. “Top-gated chemical vapor deposition grown graphene transistors with current satura-
tion”. In: Nano Letters 11 (6 June 2011), pp. 2555-2559. issn: 15306984. doi: 10.1021/n120
1331x (cit. on p. 12).

49


https://doi.org/10.1016/j.carbon.2010.01.058
https://doi.org/10.1016/j.carbon.2010.01.058
https://doi.org/10.1021/cr900070d
https://doi.org/10.1021/nl0731872
https://doi.org/10.1016/j.jmat.2015.03.003
https://doi.org/10.1016/j.jmat.2015.03.003
https://doi.org/10.1038/s41928-017-0010-z
https://doi.org/10.1038/s41928-017-0010-z
https://doi.org/10.1021/acsami.7b14864
https://doi.org/10.1109/ESSDERC.2016.7599657
https://doi.org/10.1021/acs.nanolett.5b05235
https://doi.org/10.1021/acs.nanolett.5b05235
https://doi.org/10.1002/aelm.202001009
https://doi.org/10.3390/mi12080979
https://doi.org/10.1088/0953-8984/28/8/085302
https://doi.org/10.1088/0953-8984/28/8/085302
https://doi.org/10.1021/nl201331x
https://doi.org/10.1021/nl201331x

BIBLIOGRAPHY

[35] L. Liao et al. “High-speed graphene transistors with a self-aligned nanowire gate”. In: Nature 467
(7313 Sept. 2010), pp. 305-308. issn: 00280836. doi: 10.1038/nature09405 (cit. on p. 12).

[36] E. Guerriero et al. “High-Gain Graphene Transistors with a Thin AlOx Top-Gate Oxide”. In: Scientific
Reports 7 (1 Dec. 2017). issn: 20452322. doi: 10 . 1038 /s41598-017-02541 -2 (cit. on
p. 13).

[37] |. Meric et al. “Current saturation in zero-bandgap, top-gated graphene field-effect transistors”. In:
Nature Nanotechnology 3 (11 2008), pp. 654-659. issn: 17483395. doi: 10.1038/nnano . 200
8.268 (cit. on pp. 13, 29).

[38] C. Yu et al. “Graphene Amplifier MMIC on SiC Substrate”. In: IEEE Electron Device Letters 37 (5
May 2016), pp. 684-687. issn: 07413106. doi: 10.1109/LED.2016.2544938 (cit. on p. 13).

[39] E. Danielson et al. “Graphene based field-effect transistor biosensors functionalized using gas-
phase synthesized gold nanoparticles”. In: Sensors and Actuators, B: Chemical 320 (March 2020),
p. 128432. issn: 09254005. doi: 10.1016/j.snb.2020.128432 (cit. on p. 13).

[40] Q. Wilmart et al. “High-frequency limits of graphene field-effect transistors with velocity saturation”.
In: Applied Sciences (Switzerland) 10 (2 Jan. 2020). issn: 20763417. doi: 10.3390/app100204
46 (cit. on p. 13).

[41] S. J. Han et al. “Multifinger embedded T-shaped gate graphene RF transistors with high ratio”.
In: IEEE Electron Device Letters 34 (10 2013), pp. 1340-1342. issn: 07413106. doi: 10 . 1109
/LED.2013.2276038 (cit. on p. 13).

[42] H. Lyu et al. “Deep-submicron Graphene Field-Effect Transistors with State-of-Art fmax”. In: Scien-
tific Reports 6 (Oct. 2016). issn: 20452322. doi: 10.1038/srep35717 (cit. on p. 13).

[43] K. V.Voronin et al. “Substrate effects in graphene field-effect transistor photodetectors”. In: Journal
of Physics: Conference Series 1461.1 (Mar. 2020), p. 012188. doi: 10.1088/1742-6596/146
1/1/012188 (cit. on p. 13).

[44] J. Ping et al. “Scalable Production of High-Sensitivity, Label-Free DNA Biosensors Based on Back-
Gated Graphene Field Effect Transistors”. In: ACS Nano 10 (9 2016), pp. 8700-8704. issn: 1936086X.
doi: 10.1021/acsnano.6b04110 (cit. on p. 13).

[45] D. K. H. Tsang et al. “Chemically Functionalised Graphene FET Biosensor for the Label-free Sensing
of Exosomes”. In: Scientific Reports 9 (1 2019), pp. 2-11. issn: 20452322. doi: 10.1038/s415
98-019-50412-9 (cit. on p. 13).

[46] S. Kim et al. “Realization of a high mobility dual-gated graphene field-effect transistor with Al203
dielectric”. In: Applied Physics Letters 94 (6 2009). issn: 00036951. doi: 10.1063/1.3077021
(cit. on p. 13).

50


https://doi.org/10.1038/nature09405
https://doi.org/10.1038/s41598-017-02541-2
https://doi.org/10.1038/nnano.2008.268
https://doi.org/10.1038/nnano.2008.268
https://doi.org/10.1109/LED.2016.2544938
https://doi.org/10.1016/j.snb.2020.128432
https://doi.org/10.3390/app10020446
https://doi.org/10.3390/app10020446
https://doi.org/10.1109/LED.2013.2276038
https://doi.org/10.1109/LED.2013.2276038
https://doi.org/10.1038/srep35717
https://doi.org/10.1088/1742-6596/1461/1/012188
https://doi.org/10.1088/1742-6596/1461/1/012188
https://doi.org/10.1021/acsnano.6b04110
https://doi.org/10.1038/s41598-019-50412-9
https://doi.org/10.1038/s41598-019-50412-9
https://doi.org/10.1063/1.3077021

BIBLIOGRAPHY

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Z. Wang et al. “A high-performance top-gate graphene field-effect transistor based frequency dou-
bler”. In: Applied Physics Letters 96 (17 2010), pp. 8-11. issn: 00036951. doi: 10.1063/1.34
13959 (cit. on pp. 14, 19).

H. Wang et al. “BN/Graphene/BN transistors for RF applications”. In: IEEE Electron Device Letters
32 (9 Sept. 2011), pp. 1209-1211. issn: 07413106. doi: 10.1109/LED.2011.2160611 (cit. on
p. 14).

Y. M. Lin et al. “100-GHz transistors from wafer-scale epitaxial graphene”. In: Science 327 (5966
Feb. 2010), p. 662. issn: 00368075. doi: 10.1126/science. 1184289 (cit. on p. 14).

A. Sanne et al. “Radio Frequency Transistors and Circuits Based on CVD MoS2". In: Nano Letters
15 (8 Aug. 2015), pp. 5039-5045. issn: 15306992. doi: 10.1021/acs.nanolett.5b01080
(cit. on p. 14).

R. Cheng et al. “Few-layer molybdenum disulfide transistors and circuits for high-speed flexible
electronics”. In: Nature Communications 5 (2014). issn: 20411723. doi: 10.1038/ncomms6143
(cit. on p. 14).

I.J. Umoh, T. J. Kazmierski, and B. M. Al-Hashimi. “A dual-gate graphene FET model for circuit sim-
ulation - SPICE implementation”. In: IEEE Transactions on Nanotechnology 12 (3 2013), pp. 427-
435, issn: 1536125X. doi: 10.1109/TNANO.2013.2253490 (cit. on pp. 15, 25, 27).

C. H. Yeh et al. “Gigahertz Field-Effect Transistors with CMOS-Compatible Transfer-Free Graphene”.
In: ACS Applied Materials and Interfaces 11 (6 Feb. 2019), pp. 6336-6343. issn: 19448252, doi:
10.1021/acsami.8b16957 (cit. on pp. 15, 31, 35, 38).

J. Prasad. High Frequency Characterization of Transistors. July 2016. url: http://site.ieee.
org/scv-eds/files/2016/07/J-Prasad_SPara_Talk5.pdf (visited on 2022) (cit. on
p. 15).

R. Frisenda et al. “Atomically thin p-n junctions based on two-dimensional materials”. In: Chemical
Society Reviews 47 (9 2018), pp. 3339-3358. issn: 14604744, doi: 10 . 1039/ c7¢cs00880e
(cit. on pp. 16, 17).

M. Sun et al. “Lateral multilayer/monolayer MoS2 heterojunction for high performance photodetec-
tor applications”. In: Scientific Reports 7 (1 2017), pp. 1-7. issn: 20452322. doi: 10.1038/s41
598-017-04925-w (cit. on p. 17).

Z. Wang et al. “Graphene in 2D/3D Heterostructure Diodes for High Performance Electronics and
Optoelectronics”. In: Advanced Electronic Materials 7 (7 2021). issn: 2199160X. doi: 10. 1002
/aelm.202001210 (cit. on pp. 17, 18).

M. Shaygan et al. “High performance metal-insulator-graphene diodes for radio frequency power
detection application”. In: Nanoscale 9 (33 2017), pp. 11944-11950. issn: 20403372. doi: 10.1
039/c¢7nr02793a (cit. on p. 18).

51


https://doi.org/10.1063/1.3413959
https://doi.org/10.1063/1.3413959
https://doi.org/10.1109/LED.2011.2160611
https://doi.org/10.1126/science.1184289
https://doi.org/10.1021/acs.nanolett.5b01080
https://doi.org/10.1038/ncomms6143
https://doi.org/10.1109/TNANO.2013.2253490
https://doi.org/10.1021/acsami.8b16957
http://site.ieee.org/scv-eds/files/2016/07/J-Prasad_SPara_Talk5.pdf
http://site.ieee.org/scv-eds/files/2016/07/J-Prasad_SPara_Talk5.pdf
https://doi.org/10.1039/c7cs00880e
https://doi.org/10.1038/s41598-017-04925-w
https://doi.org/10.1038/s41598-017-04925-w
https://doi.org/10.1002/aelm.202001210
https://doi.org/10.1002/aelm.202001210
https://doi.org/10.1039/c7nr02793a
https://doi.org/10.1039/c7nr02793a

BIBLIOGRAPHY

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

Z. Wang et al. “Flexible One-Dimensional Metal-Insulator-Graphene Diode”. In: ACS Applied Elec-
tronic Materials 1 (6 2019), pp. 945-950. issn: 26376113. doi: 10.1021/acsaelm.9b00122
(cit. on p. 18).

M. Saeed et al. “Metal-insulator-graphene diode mixer based on CVD Graphene-on-Glass”. In: I[EEE
Electron Device Letters 39 (7 2018), pp. 1104-1107. issn: 07413106. doi: 10.1109/LED. 2018
.2838451 (cit. on p. 18).

Y. Liang et al. “High mobility flexible graphene field-effect transistors and ambipolar radio-frequency
circuits”. In: Nanoscale 7 (25 July 2015), pp. 10954-10962. issn: 20403372. doi: 10.1039/c5
nr02292d (cit. on p. 19).

H. Y. Chen and J. Appenzeller. “Graphene-based frequency tripler”. In: Nano Letters 12 (4 Apr.
2012), pp. 2067-2070. issn: 15306984. doi: 10.1021/n1300230k (cit. on p. 19).

C. Chengetal. “A Pure Frequency Tripler Based on CVD Graphene”. In: IEEE Electron Device Letters
37.6 (2016), pp. 785-788. doi: 10.1109/LED.2016.2550600 (cit. on p. 19).

C. Chenget al. “A graphene based frequency quadrupler”. In: Scientific Reports 7 (Apr. 2017). issn:
20452322. doi: 10.1038/srep46605 (cit. on p. 19).

L. Liao and X. Duan. “Graphene for radio frequency electronics”. In: Materials Today 15.7 (2012),
pp. 328-338. issn: 1369-7021. doi: https://doi.org/10.1016/S1369-7021(12)7013
8-4 (cit. on p. 19).

Y.-M. Lin et al. “Wafer-Scale Graphene Integrated Circuit”. In: Science 332 (6035 2011), pp. 1294~
1297. doi: 10.1126/science. 1204428 (cit. on p. 19).

Q. Gao et al. “Short-Channel Graphene Mixer with High Linearity”. In: IEEE Electron Device Letters
38 (8 Aug. 2017), pp. 1168-1171. issn: 07413106. doi: 10.1109/LED.2017.2718732 (cit. on
p. 19).

E. Guerriero et al. “Gigahertz integrated graphene ring oscillators”. In: ACS Nano 7 (6 June 2013),
pp. 5588-5594. issn: 19360851. doi: 10.1021/nn401933v (cit. on p. 19).

S. L. Li et al. “Low operating bias and matched input-output characteristics in graphene logic in-
verters”. In: Nano Letters 10 (7 July 2010), pp. 2357-2362. issn: 15306984. doi: 10.1021/n11
00031x (cit. on p. 19).

M. Bianchi et al. “Scaling of graphene integrated circuits”. In: Nanoscale 7 (17 May 2015), pp. 8076-
8083. issn: 20403372. doi: 10.1039/c5nr01126d (cit. on p. 19).

I. Colmiais et al. “Graphene LC oscillator for biosensing applications”. In: 2021 XXXVI Conference
on Design of Circuits and Integrated Systems (DCIS). 2021, pp. 1-5. doi: 10.1109/DCIS53048
.2021.9666173 (cit. on p. 20).

52


https://doi.org/10.1021/acsaelm.9b00122
https://doi.org/10.1109/LED.2018.2838451
https://doi.org/10.1109/LED.2018.2838451
https://doi.org/10.1039/c5nr02292d
https://doi.org/10.1039/c5nr02292d
https://doi.org/10.1021/nl300230k
https://doi.org/10.1109/LED.2016.2550600
https://doi.org/10.1038/srep46605
https://doi.org/https://doi.org/10.1016/S1369-7021(12)70138-4
https://doi.org/https://doi.org/10.1016/S1369-7021(12)70138-4
https://doi.org/10.1126/science.1204428
https://doi.org/10.1109/LED.2017.2718732
https://doi.org/10.1021/nn401933v
https://doi.org/10.1021/nl100031x
https://doi.org/10.1021/nl100031x
https://doi.org/10.1039/c5nr01126d
https://doi.org/10.1109/DCIS53048.2021.9666173
https://doi.org/10.1109/DCIS53048.2021.9666173

BIBLIOGRAPHY

[72]

[73]

[74]

[73]

H. Zhong et al. “Comparison of mobility extraction methods based on field-effect measurements
for graphene”. In: AIP Advances 5 (5 2015). issn: 21583226. doi: 10.1063/1.4921400 (cit. on
p. 22).

0. Habibpour, J. Vukusic, and J. Stake. “A large-signal graphene FET model”. In: IEEE Transactions
on Electron Devices 59 (4 2012), pp. 968-975. issn: 00189383. doi: 10.1109/TED.2012.21
82675 (cit. on p. 28).

J. Xia et al. “Measurement of the quantum capacitance of graphene”. In: Nature Nanotechnology
4 (8 2009), pp. 505-509. issn: 17483395. doi: 10.1038/nnano.2009.177 (cit. on p. 29).

K. Nagashio et al. “Metal/graphene contact as a performance Killer of ultra-high mobility graphene
- Analysis of intrinsic mobility and contact resistance”. In: Technical Digest - International Electron
Devices Meeting, IEDM (2009), pp. 565-568. issn: 01631918. doi: 10.1109/IEDM.2009.542
4297 (cit. on p. 30).

53


https://doi.org/10.1063/1.4921400
https://doi.org/10.1109/TED.2012.2182675
https://doi.org/10.1109/TED.2012.2182675
https://doi.org/10.1038/nnano.2009.177
https://doi.org/10.1109/IEDM.2009.5424297
https://doi.org/10.1109/IEDM.2009.5424297
https://github.com/joaomlourenco/novathesis
http://www.di.fct.unl.pt
https://docentes.fct.unl.pt/joao-lourenco
https://github.com/joaomlourenco/novathesis/raw/master/template.pdf

A

Open and Short structures simulation

The S-params of the Open and Short structures were simulated using discrete components on the EDA

with the values from Table 4.
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Figure 37: S-parameters simulated for both Open (left) and Short structures (right).
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