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Abstract

New technologies are necessary for the unprecedented expansion of
connectivity and communications in the modern technological society. The
specific needs of wireless communication systems in 5G and beyond, as well
as devices for the future deployment of Internet of Things has caused that the
International Technology Roadmap for Semiconductors, which is the strategic
planning document of the semiconductor industry, considered since 2011,
graphene and related materials (GRMs) as promising candidates for the
future of electronics. Graphene, a one-atom-thick of carbon, is considered a
promising material for high-frequency applications due to its intrinsic
superior carrier mobility and very high saturation velocity. These exceptional
carrier transport properties suggest that GRM based field-effect transistors

can potentially outperform other technologies.

This thesis presents a body of work on the modelling, performance
prediction and simulation of GRM based field-effect transistors and circuits.
The main goal of this work is to provide models and tools to ease the following
issues: (i) gaining technological control of single layer and bilayer graphene
devices and, more generally, devices based on 2D materials, (i1) assessment of
RF performance and microwave stability, (ii1l) benchmarking against other
existing technologies, (iv) providing guidance for device and circuit design, (v)

simulation of circuits formed by GRM based transistors.

In doing so, a key contribution of this thesis is the development of a
small-signal model suited to 2D-material based field-effect transistors (2D-
FETSs) that guarantees charge conservation. It is also provided a parameter

extraction methodology that includes both the contact and access resistances,
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v Abstract

which are of upmost importance when dealing with low dimensional FETSs.
Taking it as a basis, an investigation of the GFET RF performance scalability
is provided, together with an analysis of the device stability. The presented
small-signal model is potentially very useful for fast prototyping, which is of

relevance when dealing with the first stages of any new technology.

To complete the modelling task, an intrinsic physics-based large-signal
compact model of graphene field-effect transistors (GFETs) has been
developed, ready to be used in conventional electronic design automation
tools. That is considered to be a big step towards the design of complex
monolithic millimetre-wave integrated circuits (MMICs). Most of the
demonstrated circuits based on GRMs so far are not integrated circuits (ICs),
so requiring external circuitries for operation. At mm-wave frequencies,
broadband circuits can practically only be realized in IC technology. The
compact model presented in this thesis is the starting point towards the
design of complex MMICs based on graphene. It has been benchmarked
against high-performance and ambipolar electronics’ circuits such as a high-
frequency voltage amplifier, a high-performance frequency doubler, a radio-

frequency subharmonic mixer and a multiplier phase detector.

The final part of the thesis is devoted to the bilayer graphene based
FET. Bilayer graphene is a promising material for RF transistors because its
energy bandgap might result in a better current saturation than the single
layer graphene. Because the great deal of interest in this technology,
especially for flexible applications, gaining control of it requires the
formulation of appropriate models. A numerical large-signal model of bilayer
graphene field-effect transistors has been realized, which allows for (i)
understanding the electronic properties of bilayer graphene, in particular the
tunable bandgap, (i1) evaluating the impact of the bandgap opening in the RF
performance, (ii1) benchmarking against other existing technologies, and (iv)
providing guidance for device design. The model has been verified against
measurement data reported, including DC electrical behaviour and RF

figures of merit.
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Prologue

‘ N rith the transistor invention, occurred in the late 1947, the word “end”
was written on the vacuum tube era which was going to be replaced by
the emerging semiconductor electronics that offered new scenarios, new

possibilities and new challenges.

At that time the semiconductor field was not so known by the scientific
community and the Bell Labs team, headed by W. Shockley and S. Morgan
decided to work on the two simplest semiconductors: silicon and germanium.
That was a right decision because two years later they reached the goal to
realize the first transistor, but no one knew what was the theory that was
mastering such a magic device. A clearly answer came out when S. Shockley
wrote down the theory that the world was looking for and when he
implemented the first germanium n-p-n junction transistor in 1950 [1]. In the
same year Shockley’s theory became a book titled Electrons and Holes in

semiconductor with applications to transistor electronics [2].

On the wave of enthusiasm during ‘60s, most scientists and engineers,
attracted by the potential and the possibility to control those powerful
materials, spent a lot of time in order to understand how semiconductors
work and how humans can influence and manage such materials. Moreover,
the Nobel Prize in physics awarded to W. Shockley, J. Bardeen and W.
Brattain “for their researches on semiconductors and their discovery of the
transistor effect” in 1956 amplified the scientific community interest in the
semiconductors field. In 1952 the first unipolar transistor, whose concept was

previously patented in 1926 by Lilienfeld [3] ,was realized by I. Ross and G.
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Dacey [4] and in 1960 the first MOSFET was developed at Bell Labs by M. M.
Atalla’s group [5]. Once the device was created the semiconductor companies
born during ‘50s were looking for a process in order to start mass-production.
In this regard, Texas Instruments invented in 1957 the mesa transistor that
allowed J. Kilby to build the first integrated circuit. The second step was done
in Fairchild semiconductors when J. Hoerni developed the planar process for
transistors and [6] R. Noyce made an integrated circuit using that technology
in 1959. Shortly later, in a 1963 conference paper, C. T. Sah and Frank
Wanlass from the Fairchild R&D Laboratory showed that logic circuits
combining p-channel and n-channel MOS transistors in a complementary
circuit configuration (CMOS) delivered close to zero power in standby mode.
Thereupon the way of any electronic/semiconductor company was outlined,
thanks to the CMOS concept and the planar process that allowed their

connection [7].

From 1960 up to early 2000s, following Dennard’s scaling rules [8], the
semiconductor industry was able to shrink the MOSFET device following the
exponential pace predicted by Moore [9] in 1965. Interestingly when the 130
nm node was reached, the classical Dennard scaling came to an end and a
new era, termed "More Moore", started. In that new era, the CMOS physical
principle is not changed, but new technological aids are introduced in order to
further downscale the transistor. In a nutshell, the 130 nm node was the last
CMOS generation that allowed better performance just thanks to its smaller
dimensions. Therefore, since the 90 nm generation an important change
happened: the channel lattice was strained to get better performance. This
was a first signal indicating the possibility that new materials could replace
silicon as the active element in the future. Later on, a number of material
related enhancements have been demonstrated and included in the
manufacturing process. Notably the high k metal gate process, added in the

45 nm node, was key in controlling the transistor gate leakage current.

Nowadays the International Technology Roadmap for Semiconductors

predicts the implementation of high-mobility CMOS channel materials in the
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near term [10]. IBM has recently started the program 7 nm and beyond which
is looking for new materials and circuit architecture designs compatible with
the CMOS process, where GRMs belong to their catalogue. As an historical
note, IBM has played an important role on graphene based high-frequency
electronics development and the world’s first single layer graphene based
integrated receiver front end for wireless communication was demonstrated

by IBM people in the late 2013 [11].

After the Nobel Prize 2010 in Physics awarded to A. Geim and K.
Novoselov “for groundbreaking experiments regarding the two-dimensional
material graphene”, (experiments carried out from 2004 [12], [13]), the
research on graphene electronics has grown drastically and in 2013 the
European Commission announced a 1 billion euro investment in graphene
research and development that will be spread in the next 10 years. This big
project, dubbed “The Graphene Flagship” [14], wants to start the
commercialization of graphene based electronics during the 2020s and it

proposes the graphene roadmap published in [15].

Out of all the fields where GRMs could offer big opportunities, this thesis
focuses in the analogue/radio-frequency (RF) applications. In particular, the
work presented here, deals with the modelling of 2D-materials based field-
effect transistors (2D-FETs), which are seen as potential candidates to

further develop RF applications on both rigid and flexible substrates.

Regarding the organization of this thesis, Chapter 1 gives an
introductory discussion about the RF technology state-of-the-art together
with a short note on different types of models that can be considered for
transistors. Chapter 2 introduces a small-signal model suited to 2D-FETSs,
which has been further applied to investigate the device RF performance and
stability. After a brief note on the electronic properties of both single layer
graphene (SLG) and bilayer graphene (BLG), a drain current, charge and
capacitance models have been developed for SLG- and BLG-based field-effect
transistors (FETs). This exercise has been done in Chapters 3 and 4,

respectively. Importantly, the SLG-based FET model is within the category of
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compact model, meaning that can be used in conventional electronic design
automation software. The proposed models have been benchmarked against
experimental prototype transistors. BLG has a special feature consisting in a
tunable bandgap that might result in a better current saturation than the
single layer counterpart. An analysis of the impact in the RF performance is
also carried out in Chapter 4. Finally, the conclusions and future prospects

have been drawn in Chapter 5.
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Chapter 1

Introduction

T he emergence of graphene to the world of solid-state electronics in 2004
[12] triggered lots of expectations and dreams for a future revolution in

micro-electronics.

The field-effect transistor (FET) is the backbone of the semiconductor
electronics. It represents the basic building block of the systems of modern
information and communication technology and progress in this important
field critically depends on rapid improvements of FET performance. An
efficient option to achieve this goal is the introduction of novel channel
materials into FET technology. In this regard, two-dimensional materials
(2DMs) have drawn considerable attention of scientists and device engineers.
Since a steadily increasing number of groups worldwide works intensively on
2DM based FETs (2D-FETSs), the chipmakers have paid attention to the
progress in the field. That interest is reflected in the International
Technology Roadmap for Semiconductors (ITRS) since 2011, the strategic
planning document of the semiconductor industry, which has considered
graphene and related materials (GRMs) as candidates for future electronics

[10].

Since the emergence of graphene, over a surprisingly short period of
time, entire classes of new 2DMs have been discovered. After the enthusiastic
early days of graphene research it became clear, however, that graphene

would not be able to replace silicon in mainstream electronics at least in the
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near- and mid-term future [16], since it does not possess a bandgap, which is
mandatorily needed for proper operation [17]. Instead, the main hope for
graphene-based electronic devices lies on applications in analogue high-
frequency (HF) devices. For these applications, the situation is completely
different compared to the competition with silicon complementary metal-

oxide-semiconductor (CMOS) technology.

HF transistors only get very fast for short gate and channel length and
with a channel material having high mobility and high saturation velocity.
Keeping this in mind, graphene has the potential to be the perfect channel
material for radio-frequency (RF) transistors: graphene has the highest
carrier mobility and highest saturation velocity of any semiconductor
material so far [18]-[20]. In addition, any 2DM is the incarnation of an ultra-
thin-body material and hence predestined for realizing ultra-short-channel

devices.

Furthermore, from a manufacturing point of view, there seems to be no
stopper for the success of graphene in electronic applications. Graphene is a
planar and therefore well compatible with the planar processing technology
used for semiconductors. In addition, the synthesis of graphene has been
demonstrated on a square-meter scale [21], exceeding the size of silicon Si
and III/V semiconductor wafers. One key advantage of graphene might be the
flexibility in terms of substrate choice, as graphene can be transferred to
nearly any handling substrate ranging from standard Si wafers to PET-foil
for flexible electronics. Nevertheless, the homogeneity and reproducibility of
large-scale graphene growth and, especially, the transfer process, are still
demanding issues, which must be solved in order to meet the semiconductor

industry’s high requests on device yield.

What is more, regarding the applications targeted by GRMs, to meet the
fast-growing demand for telecommunication services, developing high-data-
rate communication links in the range of multi-gigabit per second is
necessary. The high-speed data links can be implemented using either

wireless or fibre optic technologies. Wireless technology, particularly in urban
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areas, has several advantages over fibre optics such as portability, universal
deployment, short installation time and cost effectiveness. However, to
achieve data rates comparable to that of the fibre optics, there is a need to
develop wireless systems with a very large bandwidth (~10 GHz). This may
be achieved by operating at millimetre-wave (mm-wave) frequencies (30-300
GHz) [22]. In this regard, graphene is a promising material for the
development of mm-wave electronics due to its excellent electron transport
properties [23]. There has been a rapid progress in the development of
graphene field effect transistors (GFETSs) in short time. Many GFET based
circuits including frequency multipliers [24]—[27], mixers [27]—[31], amplifiers
[32]-[35] and power detectors [36]—[39] have been presented. Most of the
demonstrated circuits so far are not integrated circuits (ICs), so requiring
external circuitries for operation. ICs allow for HF operation and complex
circuits but at the cost of laborious fabrication process. At mm-wave
frequencies, broadband circuits can practically only be realized in IC
technology. Up to now, there are only few demonstrations of graphene based
ICs performing complex wireless communication functions such as signal
modulation and demodulation (encoding/decoding information into/from a

carrier signal) [11], [40]—[42].

So, the growing interest in GRM based monolithic millimetre-wave
integrated circuits (MMICs) results in a demand of GFET modelling in
particular and 2D-FET modelling in general, which is needed to fill the gap
between both device and circuit levels. In turn, such models should be
embedded in standard electronic design automation (EDA) tools allowing for
IC design. Those circuit-compatible models could serve to different purposes
depending on the Technology Readiness Level (TRL). For low TRL, device
models are useful not only for interpreting electrical measurements, but also
for designing prototype devices/circuits, and even for device/circuit
performance benchmarking against other technologies. If a technology
eventually became more mature (higher TRL), a device model would be
extremely useful to make the circuit design-fabrication cycle more efficient

and more complex MMIC designs would be possible.
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The current 2DM-based technology is still in its infancy and faces
enormous challenges such as the quality of GRMs manufacturing (involving
growth and transfer to a suitable substrate), the appropriate integration of
2D-FETs into MMIC design, reproducibility and reliability. Device modelling
1s an important part of the value chain and is progressing in parallel at a fast
pace. The current PhD thesis is focused on the physics-based modelling of 2D-
FETs, making especial emphasis on graphene. In order to put graphene
technology in context, the next section 1.1 presents a brief overview of the
main figures of merit (FoMs) exhibited by outstanding RF FET technologies
that have been proposed so far, including the highest FoMs gotten by state-of-
the-art GFETs. After that, a survey of general device models is provided in
section 1.2, which set the ground for the 2D-FET adapted models presented in
chapters 2-4. The chapter ends up with the section 1.3, which presents the

thesis outline.

1.1 Radio-frequency FETs: state-of-the-art

When operated as an amplifier, a FET does not necessarily need to be
switched off. Instead, in most RF amplifier configurations the FET 1is
permanently operated in the on-state and the signal applied to its input
appear amplified at the output. The extent to which the input signal is
amplified is called gain. Thus the current gain is defined as the RF output
current of the transistor divided by the RF input current. Gain is a frequency
dependent FoM and decreases with increasing frequency. Two important
FoMs of RF transistors are the characteristic frequencies fr: and fmax. The cut-
off frequency frx is the frequency at which the current gain of the transistor
drops to unity and the maximum frequency of oscillation fnax 1s the frequency
at which the power gain becomes unity. It should be noted that for most RF
applications, power gain and fmex are even more important than current gain
and frx. As a rule of thumb, the operating frequency should be lower than 20%

of the used transistors’ fmax to guarantee sufficient power gain. Figure 1.1 and

Modelling of field-effect transistors based on 2D materials targeting high-frequency applications



1.1 Radio-frequency FETs: state-of-the-art 5

Figure 1.2 plot the RF performance of state-of-the-art 2D-FETs (frx and frax,
respectively), which have been benchmarked against other more mature RF
technologies. The data presented in those figures have been obtained upon

application of a de-embedding procedure.

Regarding frr, a graphene based FET of a 67-nm gate length operating at
427 GHz is the highest reported [43]. This number is not that far from the
record fr. exhibited by other competing FETs, namely 688 GHz for a 40-nm
GaAs mHEMT [44]. By contrast, 2DM semiconducting FET's, such as MoS: or
phosphorene based, are still far from reaching 100 GHz. From Figure 1.1, a
scaling trend of 1/L is observed for all transistor types above 200 nm. Down to
about 100 nm gate length, epitaxial or exfoliated graphene based FETs are
almost competing with InP HEMTs and GaAs mHEMTSs, so it is plausible
that by gaining further control of GFET technology, via reduction of the
contact resistance and/or output conductance, operation in the THz range

could be reached.

In contrast to their impressing fr. performance, GFETs behave rather
poor in terms of the fnax, as shown in Figure 1.2. The highest fnax value
reported so far is 200 GHz, corresponding to a GFET of 60-nm channel length
[45], which is far from the several hundreds of GHz demonstrated by III-V
competitors. For instance, a record fmax surpassing 1 THz has been
demonstrated by an InP HEMT device of 35-nm channel length [46].
Regarding MoS2 and phosphorene based FETSs, neither frx nor fmex have
demonstrated yet a competitive value, which can be due to a number of
reasons. Among them the lack of high mobility transport due to the material
and interface quality with the substrate could be an important bottleneck, so

higher technological control is still required to get competitive FoMs.
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Figure 1.1 Cut-off frequency of 2D-FET's versus gate length. Also shown is the frx performance
of the best carbon nanotube FET and that of three classes of conventional RF FETs: InP
HEMTSs and GaAs mHEMTSs (metamorphic HEMT); GaAs pHEMTSs; Si-MOSFETSs; and other
2D-FETs. (image taken from [47])
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Figure 1.2 Maximum oscillation frequency of 2D-FETs versus gate length. Also shown is the
fmax performance of three classes of competing RF FETs: InP HEMTs and GaAs mHEMTSs
(metamorphic HEMT); GaAs pHEMTs; Si-MOSFETS; and other 2D-FETs. (image taken from
[47])
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1.2 Types of device models

A review of the different types of device models is provided in this section for
the sake of presenting the main features of each model and, most

importantly, the purpose of each one [48]-[50]:
o  Empirical model vs. Physical model

A purely empirical model relies on just curve fitting. It can use any equation
that adequately fits data. Thus, the parameters in such models are the
coefficients and exponents used in the curve-fitting expressions, and have no
physical significance. Such models can therefore be developed fast, can be
formulated in a global form covering any technology, and can be quickly
updated. However, a different set of empirical parameters would be needed
for each situation, namely, each DC bias, each transistor geometry or even
each temperature, since these models have no way to incorporate these
effects. Moreover, for example, a drain current curve-fitting expression
cannot reliably predict value for biases outside the range in which the model

was optimized. No model presented in this thesis belongs to this group.

On the other hand, a physical model is based on device physics which
parameters have a physical significance, i.e., the flat-band voltage, the carrier
mobility, the oxide thickness, etc. Such models take a long time to develop
because of the large amount of physical effects involved in each device.
Nevertheless, it is possible to relate the outcome provided by the model to the
physical details of the transistor which is very important in IC design
because the parameters in such models have a physical significance. Within
limits, it would be possible to predict the outcome if the fabrication process
parameters were changed. This latter feature is of particular significance in
statistical analysis in order to predict ranges of expected performance and
yield for given specifications and systematic and random errors of the

fabrication process.
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e  Small-signal model vs. Large-signal model

The devices usually operate under time-varying terminal voltages. Depending
on the magnitude of the time-varying signals, the dynamic operation can be
classified as large-signal operation and small-signal operation. If the time-
varying signal is small enough so that the resulting small current and charge
variations can be expressed in terms of them using linear relations. This way
a non-linear device can be treated as a linear circuit with conductance,

inductance and capacitance elements forming a lumped network.

However, if no restrictions on the magnitude of the time-variations are
imposed then the device has to be studied under a large-signal dynamic
operation, and therefore the evolution of the charges and terminal currents

cannot longer be approximate as a linear relation.

A brief mention is worth noticing to a device model which is in between
these two categories. A look-up table model is typically in the form of tables
containing values of the drain current and small-signal parameters for a
large number of combinations of bias voltages. In this way, a large-signal
model is built from many small-signal approaches. The values stored can

come from measurements, or from physics-based simulations.
e Numerical model vs. Compact model

A rigorous way of describing the operation of a 2D-FET is to write the
fundamental equations of the 2DM plus all the physical effects affecting a
specific technology. These will result in coupled non-linear partial differential
equations, one for each of thousands of finite planar elements in the device.
That is, in summary, what is usually done to build up a numerical model [48],
which usually converges to the solution after a number of iterations.
Although such models are invaluable for device analysis and design, the
solution can take a long time even for a single transistor. Such an approach is
out of the question for general circuit simulation. Much more efficient models
are thus needed, which describe the electrical behaviour in an analytical

form. In doing so, a compact model represents a device model sufficiently
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simple to be incorporated in circuit simulators and sufficiently accurate to

make the model outcome useful to circuit designers [50].

1.3 Thesis outline

The thesis starts with Chapter 2 presenting a small-signal model for 2D-
FETs, which is appropriate for circuit simulation. The small-signal
parameters can be extracted either from a parameter extraction methodology
proposed using the device characterization or from an existing numerical
large-signal model of the specific device. Taking advantage of such a small-
signal model, the analysis of both stability and RF performance of 2D-FETSs is
deeply investigated. Then, in Chapter 3 a large-signal model of GFETs is
presented in both numerical and compact forms. The compact model allows
for circuit simulation so using it, a benchmarking of state-of-the-art GFET
based circuits has been realized. In Chapter 4, a numerical large-signal model
of bilayer graphene based FETs has been presented in order to evaluate the
impact of bandgap opening to get better RF performance. All models
presented in this thesis are physics-based. Finally, in Chapter 5, the main

conclusions have been outlined and future outlook has been given too.
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Chapter 2

Small-signal model for
2D-material based FETs

esearch into 2D-FETs is propelling the state-of-the-art of digital and
R high-frequency electronics both on rigid and flexible substrates [15],
[61]-[53]. Ongoing efforts are focused on the demonstration of 2D-FETSs
outperforming the power consumption of MOSFETSs in digital applications
and 2D-FETs working at terahertz frequencies exhibiting power gain. In
parallel, there is a great deal of interest in developing digital and RF
optimized transistors on flexible substrates. A number of advances in those
directions have been made in a short time and even a number of simple

circuits have been demonstrated [54], [55].

2D-FETs are now operating within the mm-wave range showing intrinsic
cut-off frequencies ranging from tenths to hundreds of gigahertz, and
maximum oscillation frequencies up to tenths of gigahertz [45], [56]—[58].
Consequently, there is a demand for accurate device models for optimizing
the device operation; benchmarking of device performances against other

existing technologies; and bridging the gap between device and circuit levels.

To fulfil this demand, a small-signal model of a 2D-FET is proposed in
this chapter. Importantly, the parameters of the model could be either
directly extracted from the characterization of the device under test (DUT) by
means of the S-parameters or fed from a numerical physics-based large-

signal model of the 2D-FET. In the former case, a different set of small-signal

Modelling of field-effect transistors based on 2D materials targeting high-frequency applications



12 2 Small-signal model for 2D-material based FETs

parameters extracted from a characterization of the DUT would be needed for
each DC bias or even each temperature. However, in the latter case, the
small-signal parameters could be obtained for different biases and
temperatures straight from numerical simulations provided that a numerical
physics-based large-signal model was available for a particular technology.
That issue will be treated in Chapters 3 and 4, where numerical large-signal
models for graphene-based FETs are developed. A small-signal model, like
the one is being proposed here, where the parameters are extracted from S-
parameters measurements, is very useful for fast prototyping, which is of
upmost importance when dealing with the first stages of new technologies

(low TRL).

On the other hand, a compact physics-based large-signal model is more
suitable for mature technologies. However, it takes a long time to be
developed because of the large amount of physical effects involved in each
device and the complexity of including them in a compact way. For example,
in the context of 2D-FETSs, the quality of the 2D-material is crucial, which
means including, i.e., the effect of the impurities and defects of the channel
into the physical model in a compact way to reproduce the electrical
behaviour of 2D-FETs and to make reliable circuit designs based on such

devices.

When considering analogue and RF electronic applications, FET
terminals are polarized with a DC bias over which an AC signal is
superimposed. The amplitude of the AC signal is usually small enough so the
I-V characteristic can be linearized around the DC bias [48]. This way a non-
linear device can be treated as a lumped network, which constitutes the basis
of a small-signal equivalent circuit. In this chapter, a specific model that
works for 2D-FETs (see Figure 2.1) is formulated, which encompasses either
graphene-based FETs or 2D-semiconductor based FETs. Specifically, the
focus i1s on modelling the device part between source and drain, containing
the two-dimensional (2D) layer, the gate oxide and the metal contacts. This

part is called the intrinsic part and is the part mainly responsible for
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transistor action. The rest of the device and surroundings will constitute the
extrinsic part and is responsible for parasitic effects, which can limit overall
performance. Such an extrinsic network could be included in a next step as a

subcircuit connected to the intrinsic part.

This chapter first provides the description of a small-signal equivalent
circuit which guarantees charge conservation in section 2.1. It then continues
with the analysis of the RF performance of 2D-FETs. In doing so, explicit
expressions for the RF FoM calculation based on the charge-conserving small-
signal model are provided in section 2.2, comparing its outcome against other
calculations reported in the literature. In section 0, a methodology to extract
the small-signal parameters from S-parameter measurements is proposed.
Importantly, the approach allows extracting the series combination of the
source/drain contact and access resistances which is of upmost importance
when dealing with low dimensional FETs. This methodology has been applied
to an exemplary RF GFET. Section 2.4 is devoted to the investigation of
scalability of GFET RF performance. This was done in parallel with device
stability analysis, which requires of the previous introduction of tools used by
microwave engineers. The chapter ends with section 2.5 providing the main

conclusions.

GATE
SOURCE DRAIN
J
\f\
Insulator

Figure 2.1 Cross section of a three-terminal 2D-material based field-effect transistor. A 2D-
material sheet plays the role of the active channel with channel length of L. The modulation of
the carrier population in the channel is achieved via a top-gate stack consisting of a dielectric
and corresponding metal gate.
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2.1 Charge-conserving small-signal equivalent circuit

The dynamic operation of a device operating under time-varying terminal
voltage excitations is influenced by the capacitive effects, rendering indeed
essential for eventual circuit design to derive reliable models encompassing
such capacitive effects. Several intrinsic capacitance models for field-effect
transistors have been developed along the years. Basically, they can be
categorized into two groups: (1) Meyer [59] and Meyer-like capacitance models
and (i1) charge-based capacitance models. The advantages and shortcomings
of the two groups of models have been widely discussed and both of them
have been implemented in circuit simulators [49], [60].
a) Cga
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Figure 2.2 a) Meyer-like intrinsic small-signal model for a three-terminal FET. b) Small-
signal model that guarantees charge conservation. The equivalent circuit of the intrinsic device
is framed in blue. The small-signal elements are: gn transconductance, g¢s output conductance
and Cgs, Cgd, Csa and Cqg intrinsic capacitances. The physical meaning of the elements is
explained in section 3.4 for a GFET. Ry is the gate resistance and R4, Rs account for the series
combination of the contact and access resistances of the drain and source respectively.

So far, the small-signal equivalent circuits proposed for 2D-FETs are
directly imported from Meyer-like capacitance models [52], [567], [58], [61]—
[63], which are widely used because of its simplicity and fast computation.
This kind of models can be represented with the equivalent circuit shown in

Figure 2.2a. They assume that the intrinsic capacitances of a FET are
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reciprocal, thus, they cannot ensure charge conservation which is of upmost
importance not only for accurate device modelling and circuit simulation but
even more for proper parameter extraction [64]-[66]. Instead, the charge-
conserving small-signal model shown in Figure 2.2b is proposed [48], which is
suitable for HF analysis. However, it should be underlined that both Meyer
and charge-based modelling approaches assume the so called quasi-static-
operation approximation, where the fluctuation of the varying terminal
voltages is assumed to be slow, so the stored charge could follow the voltages
variations. Such an approximation is found to be valid when the transition
time for the voltage to change is less than the transit time of the carriers
from source to drain. This approximation works well in many FETSs circuits,
but it sometime fails, especially with long channel devices operating at high
switching speeds, when the load capacitance is very small, and for digital

circuits [49], [60].

Based on the above-mentioned assumption, let us begin with the
derivation of the Y-parameters of the intrinsic part of the small-signal model,
which is depicted inside a blue frame in Figure 2.2b. Such equivalent circuit
has been considered as a two-port network connected in a common source

configuration, as shown in Figure 2.3.

The intrinsic Y-parameters (Y;) can be written as:

Y =i(Cy +Cgs)a)

8

y1z,i] Yiz; = 100 @.1)

Vo1 = 8n _iCdga)
y22,i = gds + i(ng + Csd)a)

Yori Yoo

V(o)=|

where @ = 2nf and f is the frequency of the AC signal and ports 1 and 2 refer

to the gate-source and drain-source ports, respectively.

Consequently, the Z-parameters of the equivalent circuit can be
expressed as:

1 R +R R
Z(o)= [YL (@) + R} where R :[ g; ’ . -I-SR J (2.2)
d s

S
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Figure 2.3 2D-FET conceptualized as a two-port network, characterized by its Y matrix,
connected to source and load admittances.

2.2 RF performance of 2D-FETSs

Whenever investigating a new technology for electronic applications, it is of
primary importance to get the figures of merit (FoMs) and compare them
against the requirements of the ITRS [10]. Considering the target of HF
electronics, the cut-off frequency (f7:) and the maximum oscillation frequency
(fmax) are the most widely used FoMs. The fr. is defined as the frequency for
which the magnitude of the small-signal current gain (hz;) of the transistor is

reduced to unity [67]:

hy, (@) = —& —>| (271 )| =

(2.3)

where the Y-parameters entering in (2.3) come from the impedance matrix

calculated in (2.2):

Y D -1
Y(w)= =Z(w (2.4)
(@)= 2 ]=2(0)

On the other hand, the fna is defined as the highest possible frequency
for which the magnitude of the power gain (U, Mason’s invariant) of the

transistor is reduced to unity [67].

_ |y12 _y21| 3
)= el Ry Refou R ) =1 @9
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Significant discrepancies between the model proposed here and other
models regarding the evaluation of the RF FoMs of 2D-FETs have been
found. The reasons for that are the following: (1) the reported expressions
have been obtained after assuming a small-signal equivalent circuit based on
the Meyer-like capacitance approach, similar as the one depicted in Figure
2.2a; and (1) approximations usually made for conventional technologies
might not be appropriate for 2D-FETs. For instance, for conventional FETs
working in the saturation region, then, the drain edge of the device is
depleted of mobile charge carriers, so Cgqs can be neglected respect to Cgs. So,
in order to keep the accuracy in evaluating the FoMs to the highest level, new
explicit expressions with no approximations have been obtained to compute
the RF FoMs based on the equivalent circuit presented in Figure 2.2b. In
doing so, the definitions of both frr and fmax given by (2.3) and (2.5) have been
applied to obtain (2.7) and (2.9), respectively. Explicit expressions for the
intrinsic RF FoMs have also been provided in (2.6) and (2.8), respectively,

considering zero contact and access resistances.
2.2.1 Assessment of the RF performance of a GFET

In order to assess the new expressions (2.7) and (2.9) to estimate the RF
FoMs, the small-signal parameters of a prototype GFET described in Table
2.1 have been obtained by numerical calculations based on the large-signal
model presented in section 3.4. The gate bias dependence of the
transconductance and output conductance is depicted in Figure 2.4a-b and
Figure 2.5a-b, for a drain bias Vps = 0.5 V and Vps = 3 V, respectively, the
latter representative of the GFET biased in the negative differential
resistance (NDR) region (gas < 0). The gate bias dependence is expressed as
the quantity Ves — Vbirac, where Vbirae 1s a peculiar feature of graphene and it
1s related to the gate bias which the graphene channel presents the minimum
conductivity (Ves = Vbirac). The electronic properties of graphene and their
impact into the static and dynamic response of GFETs are presented in
Chapter 3. The intrinsic capacitances for Vps = 0.5 V are shown in Figure

2.4c. Predictions of the fr and frnax have been got using different expressions
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found in the literature, specifically the ones provided in [17], [567], [62], [67],
[68]. Results are presented in Figure 2.4d-e and Figure 2.5¢-d. Notice that the

RF FoMs are quite sensitive to Vgs close to the Vas = Vpirac bias region.

Table 2.1 Input parameters describing a prototype GFET. The numerical large-signal model
used as well as the physical meaning of the parameters is explained in section 3.4
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A 0.08 eV Etop 9

Rs, Rq 20 Q Re 5Q

0.6 —~ 40~
a) )
g
_~ 0.3 § 304
=
: :
fg 0.0 5 204
2 &}
o r
0.3 — £ 104
8, £
— E
11 i s A ) PN . 0
-4 -2 0 2 4 -4 -2 0 2 4 - K
N
VGS'VDs.m A0 VGS-VDirac ) %
_— e This work ~ 904 — This work
E Ref. [17] ? 1 e) ;r{:;bg;iijlk
o R [57] — SR —
&) —Ref. [62] £ 759 e
g ——Ret [67 g ] gy
>y 167] 2 60 = Ref. [67]
g e Ref. [68] H 60+ Ref. [68]
g Meyer a ] Meyer
g ._g 45
2 2 50
8] g 30—_
?‘é & 15
; g 10
5 g ]
(] = 0 T T T T T 1
4 é\i 4 -2 0 2 4
VGS_VDEra(' (V) VGS-VDirac (V)

Figure 2.4 Gate bias dependence of the small-signal parameters and RF FoMs of the GFET
described in Table 2.1 for a drain bias Vps = 0.5 V. The closed circles represent the absolute
value of the frequency, where the calculated values are real negative or imaginary. a) Intrinsic
(gm) and extrinsic (gme) transconductance; b) intrinsic (gas) and extrinsic (gdse) output
conductance; c¢) intrinsic capacitances (Cgq, Cgs, Cag, Csq); d) cut-off frequency (frx); and e)
maximum oscillation frequency (fnax). The frx calculation of [17], [57], [68] in d) is the same.
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Figure 2.5 Gate bias dependence of the small-signal parameters and RF FoMs of the GFET
described in Table 2.1 for a drain bias Vps = 3 V. The closed circles represent the absolute
value of the frequency, where the calculated values are real negative or imaginary. a) Intrinsic
(gm) and extrinsic (gme) transconductance; b) intrinsic (gds) and extrinsic (gdse) output
conductance. Notice that there is a region of negative differential resistance in the range of Vs
= [1.05 — 2.7] V; ¢) cut-off frequency (frx); and d) maximum oscillation frequency (fmax). The frx
calculation of [17], [567], [68] in c) is the same.

Both fr. and fmex expressions from [17], [57], [68] can largely
underestimate or overestimate the values depending on the gate voltage
overdrive. However, results from [67] are far and give gate bias regions where
the fr. and fmax expression results in imaginary or real negative values.
Regarding fmae evaluation the case where a GFET is operated in its NDR
region has been assessed, which is a feature of interest in many applications
[68]-[73]. As suggested in Figure 2.5e, there is no expression found in the
literature which gives a positive real estimation within this gate bias range.
The expressions proposed here are exceptions, delivering results that are
physically correct. Moreover, the RF FoMs assuming a Meyer-like model as
the one depicted in Figure 2.2a have been calculated, by enforcing Cas = Cga

and Cs¢ = 0 in equations (2.7) and (2.9). This has been done for the sake of
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highlighting the differences with the charge-conserving model. Results have
been plotted in Figure 2.4d-e and Figure 2.5¢c-d (yellow lines). Especially in
Figure 2.5¢ one can realize on the importance of assuming a charge-
conserving model and consistently estimating the RF FoMs in accordance to

it.

2.3 Parameter extraction methodology

To release a successful RF circuit based on 2D-FETSs, the device should be
fabricated, characterized, and modelled before moving to the design,
realization and characterization of the circuit. Hence, 2D-FET small-signal
modelling plays a fundamental role because of its utility in enabling a quick
and reliable optimization of RF circuit design. It allows for minimizing
expensive and time-consuming cycles of design and realization of the RF
circuit that hopefully should be characterized only once at the end, to verify

its real performance with respect to the predicted behaviour.

In doing the above-mentioned, the small-signal elements which
constitute the equivalent circuit that models a transistor must be extracted.
Commonly they are obtained from S-parameters measurements, which can be
straight forwardly measured with a vector network analyser (VNA). However,
the extraction of such small-signal elements from S-parameter is an ill-
conditioned problem [74] because there are usually more small-signal
elements than equations. Figure 2.6 shows a typical topology of the complete
small-signal equivalent circuit for a microwave transistor. To solve the ill-
conditioned problem the equivalent circuit elements are usually divided into
two main groups: the intrinsic elements (i.e., corresponding to the ones
depicted in Figure 2.2), which are bias dependent, and the extrinsic or
parasitic elements, which are assumed to be bias independent. The latter
elements, typically 8 elements according to Figure 2.6 represent the
contributions arising from the interconnections between the real device and
the outside world, namely, Rgext, Raext, Rsext, Lgext, Ldext, Lsext, Cpa and Cpg. The

Intrinsic part can be modelled by any of the small-signal equivalent circuits
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shown in Figure 2.2. In the case of Figure 2.2b, the complete small-signal
equivalent circuit will be composed of 17 elements. The solution of this
problem is based on decomposing it into two subproblems and then solving
them subsequently. In doing so, first, the extrinsic elements should be
extracted so the intrinsic elements can be gotten. Thus, to get the extrinsic
elements and consequently subtract their unwanted contribution a de-

embedding procedure must be carried out.

Lyt G ef | Raen D,ext
— AN -
G,ext RBies: | Small-signal equivalent D,e Ljex
A u circuit of the DUT
u j de =
= Cpe S
Rs_.e.‘d
Ls_.e.zz
S,ext

L

Figure 2.6 Typical topology of the complete small-signal equivalent circuit for a microwave
FET. It is composed by an intrinsic and an extrinsic part. The intrinsic part could be either of
the networks depicted in Figure 2.2 depending on the capacitance model assumed.

The most common procedure applied to 2D-FETs so far [57], [75]-[79]
consists of applying “open” and “short” structures to identical layouts, (see
Figure 2.7), one excluding the 2D-channel, so to remove the effect of the
probing pads, metal interconnections, including the parasitic capacitances
and inductances. Since during the de-embedding process the effect of the 2D-
channel cannot be removed, the parasitic resistance extracted by this method
(Rdext and Rsex) do not include neither the metal contact resistance nor the
access resistance [61]. The contact resistance with a 2D-material is currently
an important bottleneck, together with the lack of perfect current saturation,
hampering the realization of power gain at terahertz frequencies [80]—[82].
On the other hand, in many embodiments of the 2D-material based transistor
an ungated area exists between the drain/source metal and the channel
under the gate resulting in additional access resistance, which should be

considered.
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b) Open structure ¢) Short structure

Figure 2.7 Illustration of two dummy test structures for a) an on-wafer DUT: b) open
structure, and c) short structure (image taken from [74]).

With the aim of solving this issue affecting 2D-FETs, the effect of the
series combination of the drain/source contact and access resistances has
been included in the equivalent circuit network, so they can be extracted
together with the rest of intrinsic parameters from microwave
characterization, i.e. from S-parameter measurements. Considering that the
equivalent circuit after the de-embedding procedure is the one depicted in
Figure 2.2b, the following parameter extraction methodology, suitable to 2D-
FETSs, is appropriate:

a) Apply “open” and “short” structures to identical DUT’s layouts, but
excluding the 2D-channel, in order to remove the effect of extrinsic
elements [57], [75]-[79].

b) Extract the series combination of the metal contact and access
resistances using equation (2.10), where both drain and source
resistances have been assumed to be the same, namely: Rs = Rq = R..
Other possibility to estimate these extrinsic resistances is relying on the
transfer length method (TLM), which would imply the fabrication and
characterization of devices with different channel lengths [83].

¢) Direct application of the equations (2.10) - (2.17) to obtain the
transconductance (gn), output conductance (gas), gate resistance (Rg) and
the intrinsic capacitances (Cgs, Cgd, Cag, Csq). These expressions have been

derived with no approximations.

As a matter of convenience, equations (2.10) - (2.17) have been expressed
in terms of the Z-parameters instead of S-parameters that had been

announced. The equivalence between both kind of parameters is well known
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and can be found in [84]. It is important to highlight that the above-
mentioned extraction approach allows getting the small-signal parameters at
any arbitrary bias. This is in contrast to the extraction method reported in
[61] that requires biasing a GFET at the minimum conductivity to extract the
intrinsic capacitances. So, this procedure is fine when the model is operated
close to the Dirac voltage, but discrepancies could arise far from this bias
point according to the bias dependence of such intrinsic capacitances observed

in Figure 2.4c.
2.3.1 Extracting the small-signal equivalent circuit of a GFET

To assess the proposed parameter extraction method, it has been applied to a
state-of-the-art GFET, which has been characterized in both DC and RF. The
GFET (width W = 12 pm, length L = 100 nm) fabrication process has been
described in [85]. Following the extraction method described in section 0, the
small-signal parameters have been obtained and summarized in Table 2.2.
Notice that, due to the non-reciprocity, Cis and Cga are different. Besides,
measured and modelled S-parameters at Vgse = 0.2 V and Vpse = 1 V plotted
together in Figure 2.8 are in good agreement. The high-frequency
performance of the GFET was characterized using a VNA (Agilent, E8361A)
under ambient conditions in the frequency range of 0.25 — 45 GHz. A common
calibration procedure of line-reflect-reflect-match was performed before
measurements. The de-embedding procedure was implemented to subtract
the unwanted contribution of extrinsic elements, as described in [78], [79].
However, the effect of the series combination of the drain/source contact and
access resistances could not be de-embedded. The extracted value of these
series resistance R. = Rs = Rq = 215 Q is in good agreement with the average
contact resistance reported by using the TLM technique (around 2200 Q um)
for the devices fabricated in [85]. Notice the importance of considering the
extraction of these non-negligible resistances after the de-embedding

procedure when modelling 2D-FETs.
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Table 2.2 Extracted small-signal parameters of the charge-conserving model for the GFET
under test at Vgse=0.2 Vand Vps.=1V

Element Value Element Value
Cgs 6.5 fF 8m 1.55 mS
ng 9.5 fF 8ds -6.5 mS
Cag 10.5 fF R, 0.5Q
Csa -3.5fF Rq =R 215 Q

On the other hand, the extrinsic transconductance (gm.) and the extrinsic

output conductance (gase) can be calculated as following [86]:

o 0l &0

"V, 1+g,R +g,(R +R,) 2.18)
ol |

gds,e = 2= gds

Vys, 1+g.R +g, (R +R))

In [85], a gmeof ~-100 uS/um and a gdse of ~ 370 uS/um were reported at
Vese = 0.2 V and Vpse = 1 V. They were extracted from the DC transfer
characteristics (TCs, Ips vs. Vase curve) and from the output characteristics
(OCs, Ips vs. Vps. curve), respectively. These values are in good agreement
with the ones calculated by equation (2.18), using the parameters in Table
2.2, which have been obtained following the parameter extraction

methodology explained in the former section 2.3.

Finally, Figure 2.9 shows the experimental current gain (|hA2:|) and
Mason’s invariant (U), both obtained from the S-parameter measurements
depicted in Figure 2.8, compared to the simulated ones obtained from the
small-signal model. Both frx and fmnax coming from different approaches have
been calculated using the extracted parameters listed in Table 2.2. They have
been summarized in Table 2.3, showing a large dispersion of values, being the
values from (2.7) and (2.9) the more accurate prediction. Notice that because
the intrinsic output conductance is negative many reported formulas give

non-physical real negative or imaginary values.
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Figure 2.8 S-parameter measurements (circles) and simulations (lines) for the GFET under
test assuming a bias Vgse.=0.2 Vand Vpse=1V.
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Figure 2.9 Radio-frequency performance of the GFET under test characterized in Figure 2.8
(Vgse = 0.2 V and Vpse = 1 V) with parameters listed in Table 2.2. Measured (symbols) and
simulated (solid line) small-signal current gain (|A2:]) and Mason’s invariant (U) plotted

versus frequency.
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Table 2.3 Estimation of the RF FoMs of the GFET under test
(imaginary values are written in italic style)

fo [GHZ] fmax [GHZ]

This work  11.92 8.59
Ref. [17] -11.02 -16.04
Ref. [57] -11.02 4.65
Ref. [62] 13.69 6.75
Ref. [67] -11.89 315.65
Ref. [68] -11.02 -25.45

2.4  Stability of a power amplifier

Signal amplification is one of the most basic and prevalent functions in
modern RF and microwave systems. Starting some years ago, there has been
a great deal of interest in 2DM based transistors because of their potential to
exhibit power gain in the THz range. Interestingly, 2DMs could also offer
mechanical flexibility, so integration on flexible substrates is expected in
combination with good RF performances [15]. In the following, a basic power
amplifier configuration based on the small-signal model presented in section
2.1 is analysed. A study of the scalability of RF performance of GFETs and a

thorough discussion about the device stability will be given.

A general two-port amplifier circuit in terms of the admittance
parameters is shown in Figure 2.3. The 2D-FET, represented as a two-port
network, is assumed to be connected to the source and load admittances Ys
and Yz, respectively. At the input port, a small-signal AC voltage source vs, of
associated admittance Ys, transfers power to the network. A load admittance
YL is connected at the output to get the transferred power. A small-signal
model in form of an admittance matrix Y describes the behaviour of the two-

port network.

Taking advantage of the charge-conserving small-signal model presented

in section 2.1, microwave techniques can be applied to any design based on a
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2D-FET using the Y-parameter matrix described in equation (2.4) or any
other kind of parameter matrix by transforming it into, i.e., Z-, S-, h- or
ABCD-parameters [84]. In doing so, common amplifier design targets such as
getting the maximum gain, or a specified gain combined with low noise
figure, could be directly applied. Such designs must be carried out together
with a study of the stability issue, which deals with the necessary conditions

for a transistor to be stable when acting as a power amplifier.

First of all, the concept of stability of a general two-port amplifier circuit
in terms of the Y-parameters is recalled. The stability guarantees that no
adventitious oscillations can appear at the network for any passive source
and load admittances connected to the input and output ports, respectively,
by requiring that the reflection coefficient seen looking by the DUT’s input
and output ports be smaller than one, so to avoid that the injected signal be
back reflected towards the source and load with gain greater than one. The
unconditional stability of the network can be assessed by means of the K-A
test, which is based on the evaluation of the two following factors [84], [87],

[88]:

K(a)) _ ZRe[yll]Re[yQQ] _Re[y12y21]
|Y15Ys1]

(Yo _yu)(Yo _y22)_y12y21

(Yo +y11)(Y0 +y22)_y12y21

(2.19)

A(a))z

where Yo = 1/ Zy is the characteristic admittance and Zy is the characteristic
impedance (usually taken as 50 Q). Note that the stability condition of an
amplifier circuit is usually frequency dependent since the input and output
impedances as well as the Y-parameters describing the device generally
depend on frequency. Both conditions K > 1 and |A]| < 1 are necessary and
sufficient to ensure device stability. In this context, any passive load and
input admittance provide a stable behaviour of the network. Selecting an
optimum set of Ys and Yz, an optimized power gain can be obtained, referred
as the maximum available gain (MAG). However, if -1 < K < 1, the network is

said to be conditionally stable, that is, it becomes stable only for certain
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combinations of Ysand Yz. Among those combinations that provide stability,
the maximum attainable power gain is known as the maximum stable gain

(MSG). Then, the maximum gain can be calculated as following:

MAG=P2((K-VK*-1)  K=uja<1
y
Gr™ (o) = ” (2.20)
MSG = |22 -1<K<1
Yiz

where Gr refers to the power gain which represents the ratio of the power
delivered to the load to the power available from the source. Again, the fnax 1s
defined as highest possible frequency for which the magnitude of the Gr is

reduced to unity and its value can be calculated according to (2.9).
2.4.1 Scaling of RF GFETs: stability as a limiting factor

The small-signal model presented in section 2.1 is used to investigate the
scalability of the RF performance of a GFET via channel length reduction and
considering device stability at the same time. Stability is anticipated to play a
vital role, especially in short-channel transistors. For such a purpose, the self-
consistent model presented in [73] has been used for investigating short-
channel transistors. It solves the drift-diffusion transport equation coupled
with the 2D Poisson’s equation. Notice that dealing with the 2D electrostatics
of a device allows for coping with short-channel effects (SCEs), which
significantly reduce the expected frx and fmar [73]. The main difference
between that model and the numerical large-signal model of GFETSs
presented in section 3.4 is the use of the one-dimensional (1D) Poisson’s
equation in the latter, which is appropriate only for long-channel transistors

not suffering from SCEs.

Then, the prototype GFET described in Table 2.4 has been simulated to
obtain the parameters of the small-signal equivalent circuit drawn in Figure
2.2b. State-of-the-art values of the source/drain resistances Rs'W = RqW =
200 Qum have been considered [83]. Regarding the gate resistance, it has

been calculated considering a metal gate contacted on both sides of the device
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[48]. Thus, the gate resistance can be approximated to be inversely
proportional to channel length provided that the channel width is large
enough. In this context, a realistic value of Rg;'L = 4.4 Q-um could be
considered by assuming a prototype 60 nm thick wolfram gate. The increase
of Rg; with scaling compromises the ultimate fme of GFETs so gate resistance

minimization is key in RF applications [89].

The GFET RF performance is, in general, dependent on the bias point
[62], [73]. Biases of Vps = 0.6 V and Vgs — Vbirae = 2 V have been chosen in
order to avoid the region where frnax and frx are more sensitive to Vas (see

Figure 2.4d-e and Figure 2.5¢-d).

The impact on the power gain of the channel length downscaling is
shown in Figure 2.10. The slope of the MSG is of 10 dB/dec and reducing the
channel length results in both an increase of the power gain and thus a larger
fmax, 1.e., reducing the channel length by a factor of 2 means an increase of the

power gain of 5.4 dB while fnax grows from 6.5 to 16 GHz.
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Figure 2.10 MSG (dashed lines) and MAG (solid lines) of the device described in Table 2.4 for
three different channel lengths (Vas — Vpirae =2 V and Vps = 0.6 V).
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Table 2.4 Input parameters describing a prototype GFET. The physical meaning of the
parameters is explained in section 3.4

Input Input

Value Value
parameter parameter
T 300 K L 10nm — 1.8 pym
u 1700 cm2/Vs W 14 um
Vo 2.5V L; 26 nm
A 0.11 eV Etop 9
RsW, Ra-W 200 Q um Rg'L 4.4 Qum
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Figure 2.11 Scaling of a) frx and b) fimax for two drain voltages (assuming an overdrive gate
bias Vs — Vpirac = 2 V). Closed and open symbols indicate stability and instability, respectively.
The dashed line corresponds to the physical limit of fr, that is ve/(2mL), where vr represents
the Fermi velocity [90] (the electronic properties of graphene are presented in subsection 3.4.1).
This frequency limit comes out from the minimum possible transient time in a graphene
channel L/vr. Experimental results from state-of-the art GFET on conventional dielectrics
(black symbols) and InP / GaAs transistors (red symbols) have also been included for the sake
of comparison.

Next, Figure 2.11a-b shows the evolution of frx and fne when the channel
length is scaled, respectively. Both have been calculated using equations (2.7)
and (2.9), respectively. To fully interpret the scaling results of the RF FoMs,
Figure 2.12 shows details on the scaling of the small-signal parameters which
have been calculated by the simulator presented in [73]. For long channel
lengths (> 1 pm) fr in scales as 1/L2. This is because the transconductance is
proportional to 1/L while the gate capacitance Cg = Cgs + Cseq, as well as the

rest of intrinsic capacitances, are approximately proportional to L. However,
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for short-channel lengths ( < 1 um) the scaling law of fr approaches 1/L
because the saturation velocity effect makes the transconductance quite
insensitive to L. The numbers shown in Figure 2.11a-b are comparable to
what has been reported values for InP and GaAs high electron mobility
transistors (HEMTs), which are the highest reported for RF transistors [17].
Importantly, it has been found out that the device become unstable for short-

channel lengths. That issue will be discussed later.
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Figure 2.12 Scaling of a) transconductance and output conductance; and b) intrinsic
capacitances per unit width (Vs — Vpirae =2 V and Vps = 0.6 V).

Regarding the scalability of fmax shown in Figure 2.11b, a different trend
from fr: has been found. Consequently, the scaling law of fmax 1s 1/L» with 1 <
n < 2 for long channel lengths which in fact results in a scaling power smaller
than frx due to the upscaling of R;. However, there is a great increase in fmax
for short-channel lengths because of current saturation driven by the velocity
saturation effect. As a result, the output conductance shown in Figure 2.12a
drops and, as a consequence, fmax 1s pushed up. Moreover, the output
conductance even reaches a NDR region which may be the origin of the RF
instability [68]. Notice at this point, the importance of the charge-conserving
model presented in section 2.1 and estimating the RF FoMs in accordance to
it. Otherwise, the use of Meyer-like small-signal models with parameters
coming from a physics-based large-signal model would provide estimations of
RF performance without physical meaning, as shown in Figure 2.4d-e and

Figure 2.5¢c-d, especially if the device is biased in a NDR region.
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Figure 2.13 a) K and b) A parameters of the stability test considering the effect of the channel

length scaling. Dashed lines separate the regions of instability and stability (Vas — Vbirac = 2 V
and Vps=0.6 V).

Regarding the device stability issue, in Figure 2.13 the stability factors K
and |A| have been plotted considering different channel lengths. While
longer devices show conditional stability, the factor K corresponding to the
short-channel case (L = 180 nm) decreases below -1 for a set of frequencies
between ~102 and 10* GHz. The scaled transistor thus enters in the unstable
region, which prevents it from working properly as a power amplifier. Making
the device more prone to instability could imply sacrificing some power gain
to restore stable RF operation. This can be observed in Figure 2.11a-b where
the fact of using a reduced Vus implies that device stability is extended to
lower channel lengths down to 180 nm, although giving a slight decrease in
the FoMs. As a result, the choice of the bias point is quite important, not only
to maximize frx, fmax and power gain but also to make sure that the device is

working in the stable region.

Finally, the gate series resistance Rg is in fact an important source of RF
performance degradation. In this context, Figure 2.14 illustrates how fmax
decreases with gate resistance. The graph compares the results for devices
with different channel lengths. It is then clear that minimizing the gate
resistance produces an important improvement in fna, €ven more prominent
when the channel becomes shorter. Besides, no relation has been found

between the stability of the GFET and the gate resistance.
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Figure 2.14 Scaling of fna as a function of gate resistance R;. The circles refer to the point
where Ry is equal to 4.4 Q um/L. (Vs — Vpirae = 1.5V and Vps = 0.6 V)

2.5 Conclusions

In this chapter, a small-signal model for three-terminal 2D-FETs has been
presented. The model formulation is universally valid for any 2DM. Two main
features must be highlighted: (i) the small-signal model guarantees charge
conservation and (i1) the metal contact and access resistances have been
included in the parameter extraction methodology because of the

1mpossibility of removing their effect from a de-embedding procedure.

Explicit and exact expressions for both cut-off and maximum oscillation
frequency have been provided consistent with the charge-conserving small-
signal model with no approximations. Such expressions have been compared
with other found in the literature finding noticeable discrepancies among

them when applied to GFETSs, especially when the transistor is operated in

the NDR region.

An approach to extract the small-signal parameters (transconductance,
output conductance and intrinsic capacitances) and gate resistance from S-
parameter measurements has been proposed. Additionally, a direct extraction
method of the series combination of the metal contact and access resistances
has also been provided. The extraction approach has been assessed against

RF characterization of a GFET showing good agreement.
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Charge conservation issue i1s important not only to ensure the model
accuracy to predict the figures of merit but also to guarantee the
compatibility with physics-based large-signal models. Moreover, charge
conservation could also be critical when a large-signal model is assembled
building up on small-signal models, in form of tables containing values of
drain current and of small-signal parameters for many combinations of bias
voltages. Such a model is the so-called table look-up model presented in
section 1.2. Then, by using interpolation functions the values for points in

between could be computed.

Besides, the charge-conserving small-signal model has been proposed as
a tool for analysing the device stability when it is acting as a power amplifier.
In doing so, taking advantage of such a compatibility with numerical physics-
based large-signal models, it has been used to make a study of the impact in
both RF performance and stability when the channel length of a GFET is
scaled. The results show that channel length scaling is a possible way to
improve the RF performance, but, stability is an important factor that could
prevent a device to be usable. In particular, short-channel GFETs could be
unstable, so care must be exercised when designing the device. Furthermore,

the choice of the bias point is crucial to guarantee a stable operation.

Finally, increasing the maximum oscillation frequency would require a

minimization of the gate resistance, especially for short-channel devices.
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Chapter 3

Large-signal modelling of
osraphene based FETs

raphene was theoretically analysed a long time ago and a single sheet of
G graphite was determined not to be thermodynamically stable [91].
Nevertheless, the big-bang year for graphene was in 2004 when Novoselov
and Geim isolated it for the first time using the so called scotch-tape method
[12]. Due to their work, demonstrating some of the impressive properties of

graphene [12], worth it the 2010 Nobel Prize in Physics.

Later on its electrical properties were investigated and the first top-gated
graphene transistor was realized by Lemme et al. in 2007 [92]. Lots of
graphene structures were developed during last years and the first IC, a
mixer up to 10 GHz, came out in 2011 [30]. From that point, device modelling
activities ignited with the aim of helping the design of GFET based ICs for
HF electronics. Following this research line, a complete large-signal model for
GFETSs is developed in this chapter. It starts with section 3.1, which provides
the main features that make graphene a promising material for analogue RF
electronics. Section 3.2 presents a brief review about the graphene processing
techniques. The state-of-the art of RF GFETs and a comparison of the main
RF FoMs between GFETSs and other technologies are provided in section 3.3.
Next, a physics-based numerical large-signal model of GFETSs is presented in
section 3.4. In doing so, this section starts providing a review of the electronic

properties of SLG, as well as, the analysis of the electrostatics behaviour of
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the graphene transistor together with the charge carrier transport along the
graphene channel. In addition, the terminal charge and capacitance
description of the device is also presented, which allows for the determination
of the device response under dynamic regime. Such a description is proposed
under an approach which guarantees charge conservation, which is of upmost
1mportance to make reliable predictions, as shown in section 2.2. Next, such a
numerical model is converted into a compact model in section 0, which can be
used in standard EDA tools thus it can be used for circuit simulation.

Furthermore, a compact model assessment is presented in section 3.6.

The physics-based models presented in sections 3.4 and 0 only addressed
the intrinsic device. Nevertheless, those models are intended to be the kernel
of a more complete GFET model that incorporates extrinsic components and
additional non-idealities. To end the chapter, the main conclusions are

summarized in section 0.

3.1 Graphene motivation

The crucial property that makes graphene interesting for high speed
electronics is the high mobility which record value of 3-10° cm?V?'s? was
measured in suspended samples at low temperature and low carrier densities
[93], [94]. Of course, mobility depends on technology and is afflicted by the
substrate mismatch. Mobilities of 2.5-10° cm?V*s? have been achieved using a
hexagonal boron nitride (hBN) substrate, while in devices based on SiO2
substrate the mobility falls down in the range 1000 — 40000 cm?V7's? as
reported in [95]. For comparison Si-MOSFETSs show channel mobilities on the
order of few hundreds of cm®v?'s?, while III-V semiconductor transistors

present values up to 10000 cm?V s,

Despite graphene is just one-atom thick it could provide a minimal
carrier sheet density in excess of 10" cm? that is enough for FET operations
[17]. Furthermore, carrier saturation velocity presents peak values on the

order of 10" cm/s [96], [97], and the maximum carrier speed achievable in
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graphene is theoretically the Fermi velocity (about 10° cm/s). Another
important electric property involves the carrier mean free path that is strictly
related to scattering phenomena and, therefore dependent on technology and
substrate mismatch. In [98], a mean free path of 70 nm was measured for SLG
meanwhile a mean free path of 10 nm has been estimated for exfoliated
bilayer graphene (BLG); both at carrier densities of 3-10" cm? deposited on a
300 nm SiOz substrate and at low temperatures. The mean free path is an
important property that depends on the graphene quality and plays an

essential role on the transport phenomena.

On the other hand, numerous applications demand the development of
large-area, flexible and conformal electronics such as wearable electronics.
2DMs, in general, such as graphene or bilayer graphene, could be an ideal
choice for future flexible electronics. They tend to have excellent mechanical
properties, can be prepared in polycrystalline form over large areas and can
be transferred to arbitrary substrates making them mechanically compatible
with flexible device fabrication. At the same time, again, the transport
properties can be orders of magnitude higher than for materials used at
present, such as organic semiconductors, thus enabling higher frequency at

low power.

3.2 Graphene processing

A high-quality, scalable, Si-CMOS compatible and economical graphene
process is the first requirement in order to produce graphene electronics. The
scotch-tape method [12] is an example of mechanical exfoliation technique,
which offers high quality samples although it is not suitable for industrial
production. Samples of individual crystals can reach millimetre range what

makes this technique useful just for the study of fundamental properties.

Looking at those processes that are scalable, a low cost — low quality
option 1s offered by liquid-phase exfoliation (LPE) technique, suitable for
flexible electronics. A good cost - quality trade-off is offered by SiC thermal
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decomposition, which majors drawbacks involves the SiC high cost and the
high temperature process (in the range 1200 - 1600 °C) that makes this
technique not compatible with a standard Si-CMOS process. The best
solution looks to be the chemical vapour deposition (CVD), which offers high
quality graphene sheets that can be transferred into any substrate such SiO2
and hBN, hence making the process Si-CMOS compatible. Recently a roll-to-
roll CVD process has produced a 100 m long high quality graphene sheet [21].
Many issues have to be solved in order to make CVD widely used, but it looks

the most promising option in the future [15], [94], [95], [99].

3.3 State-of-the-art of graphene-based FETs

The gapless nature of SLG is the main obstacle on its application in
logic/digital applications. The conduction and valence bands of graphene
touch each other in a point, which presents zero available states, thus it could
be an off-point for a MOS device, but it is practically not achievable due to
some puddles originated by the inevitable disorder that causes a minimal
conductivity [100]. From this analysis, it is clear how a GFET cannot give a
robust off-state, which is a fundamental requirement for a very large scale
integration (VLSI) digital design. Instead, FETs based on single layer
graphene seem more promising for analogue/RF applications, where the

transistor is operated in the on-state.

Regarding the RF performance demonstrated by GFETs so far, frx up to
427 GHz [56] and fmex of 200 GHz [45] have been reported. Figure 1.1 and
Figure 1.2 show those FoMs, together with other competing RF transistors.
The largest achieved fnar 1s considered low and still lie behind III-V and Si-
based transistors [52]. This is in part because of the absence of a bandgap in
SLG, which prevents a proper current saturation. Thus, introducing such a
bandgap would be desirable. In this regard, the feasibility of using BLG to
open a bandgap and therefore achieving current saturation is investigated in

Chapter 4.
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3.4 Numerical modelling of GFETSs

Taking advantage of the new physics behind the graphene requires basic
understanding of the electrical properties. So this section begins with a
review of the electronic properties of graphene as a previous step towards the
main goal of presenting a numerical physics-based large-signal model of the

drain current, charge and capacitance of a GFET.

The physical framework for GFET modelling is a field-effect model and
drift-diffusion carrier transport incorporating saturation velocity effects.
Using it as a basis, approaches for the calculation of charge and capacitances
based on the Ward — Dutton partition scheme were derived. Such capacitance
model is a charge-based capacitance model which guarantees charge
conservation (see section 2.1). However, most of the GFET capacitance
models hitherto found in the literature are directly based upon Meyer
assumption and, therefore, may incorrectly interpret and predict the
frequency performance of these devices, as demonstrated in section 2.2.
Examples of compact Meyer-like capacitance models of three-terminal devices
based on drift-diffusion (DD) theory have been proposed by Rodriguez et al.
[101], Zebrev et al. [63], Champlain [62], or Frégonese et al. [102]. On the
other hand, Habibpour et al. have proposed a semi-empirical large-signal
GFET model based on a small set of fitting parameters, including the
Iintrinsic capacitances Cg, Ceq and Cgs which are extracted from S-parameters
and dc measurements [61]. However, the intrinsic capacitances are not bias

dependent, so the model can be inaccurate depending on the selected bias.

A key application related to graphene based FETs is the development of
ambipolar electronics based on the symmetric I-V transfer characteristics. To
take advantage of the ambipolarity it is essential: (i) controlling the device
polarity and (ii) tuning properly the ambipolar voltage (referred as Dirac
voltage) of a GFET in a circuit. The inclusion of a back-gate thus is essential
for getting that tunability, which motivates the study of a general four-

terminal device. Examples are: (i) the polarity-controllable graphene inverter
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and voltage controlled resistor [40], [103]; and (1) the graphene-based
frequency tripler [25] that has been demonstrated with a properly adjusted
threshold voltage separation of two graphene FETs connected in series by a

back-gate bias.
3.4.1 Electronic properties of graphene

A single layer of graphene consists of carbon atoms arranged with a 2D
honeycomb crystal structure as shown in Figure 3.1. The honeycomb
structure consists of the hexagonal Bravais lattice with a basis of two atoms,

labelled A and B, at each lattice point [90], [104].

Each carbon atom has six electrons, of which two are core electrons and
four are valence electrons. The latter occupy 2s, 2px, 2py, and 2p: orbitals. In
graphene, the orbitals are sp? hybridized, meaning that two of the 2p orbitals,
the 2p» and 2p, that lie in the graphene plane, mix with the 2s orbital to form
three sp? hybrid orbitals per atom, each lying in the graphene plane and
oriented 120° to each other. They form o bonds with other atoms, shown as
straight lines in the honeycomb crystal structure in Figure 3.1 left. The
remaining 2p. orbital for each atom lies perpendicular to the plane, and,
when combined with the 2p. orbitals on adjacent atoms in graphene, forms a
7 orbital, meaning that the tight-binding model can include only one electron

per atomic site, in a 2p- orbital.

Figure 3.1 a) Plan view of the crystal structure of graphene. Atoms A and B are represented
as white and black circles, respectively. The shaded rhombus indicates the conventional unit
cell; a1 and a2 are primitive lattice vectors of length equal to the lattice constant a. b)
Reciprocal lattice of graphene with lattice points indicated as crosses; b1 and b2 are primitive
reciprocal lattice vectors. The shaded hexagon is the first Brillouin zone with I' indicating the
centre, and K+, K. showing two non-equivalent corners. (image taken from [105])
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Figure 3.2 The low-energy band structure of single layer graphene with conduction
and valence bands touching at six corners of the Brillouin zone. The zoomed region
presents the linear shape of the low-energy dispersion relation.

Therefore, to compute the electronic band structure, the tight-binding
model has been applied to graphene, taking into account one 2p. orbital on
the two atomic sites in the unit cell, A and B, and assuming that the nearest-
neighbour hopping is parameterized by coupling y;3 = w and it leads to the
plane velocity or Fermi velocity vy = (3aw/2h), where % is the reduced Planck’s
constant. The resulting effective Hamiltonian for SLG at low-energy in the

vicinity of the valleys K+ and K. can be written as:
€y vt
H=| 4 °F (3.1)

where n = &, + ip,, n' = &p, - ip,, p = (P py) is the momentum measured with
respect to the K point, § =+1(-1) labels valley K+ (K). Parameters €4, and €s
describe the on-site energies on the two atomic sites, that are equal in the
most general case ¢4 = ¢z = 0 meaning that the zero of energy is set to be equal

to the energy of the 2p. orbital. The energy eigenvalues are given by:
E(p):iva (3.2)

where + refer to the conduction and valence bands, respectively. So, because
of the high lattice symmetry the band structure for graphene at low energies

has the linear conical shape shown in Figure 3.2. This is a remarkable
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difference from the wusual parabolic energy-momentum relation in
conventional semiconductors. In graphene, the conduction and valence band
touch each other in one point, dubbed Dirac point (DP) or charge neutrality
point (CNP), at the six corners of the two-dimensional hexagonal Brillouin

zone and create the zero bandgap.

The two-dimensional density of states (2D-DOS) at low energy can also

be derived from (3.2), resulting in:

2|E|

2.0 2
Th'v,

(3.3)

DOS,, (E)=

From the derived 2D-DOS both the n and p (-type) carrier concentration

can be calculated as:

n =§TDOSZD (E)f(E-E,)dE
i (3.4)

5

p :ELDOSZD (E)[1-f(E-E,)|dE

where f is the Fermi-Dirac distribution, v = 2 is the band degeneracy; Er
refers to the Fermi energy; E. refers to the conduction band edge and E, refers

to the valence band edge.
3.4.2 Electrostatics of GFETSs

The cross-section of a dual-gate graphene based device considered is the one
depicted in Figure 3.3a. The graphene sheet plays the role of the active
channel between the source and the drain. To get the electrostatic behaviour,
the 1D Gauss law’s equation is solved along the y-axis. Direction x extends
from source to drain along the channel length (L). 1D Gauss law’s equation

then takes the following form [67]:

v-E =P (3.5)
&
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where gy, 1s the free charge density, ¢ is the permittivity of the medium and E
is the electric field which is defined by a scalar electric potential field,
E = -V ¢, as well as ¢ is directly related to the local position of the Dirac
energy Ep = -q¢, and q is the elementary charge. Upon application of such a
1D Gauss’s law equation to the double-gate stack shown in Figure 3.3b, the
following expression connecting the external voltages, charge impurities and

carrier concentration can be gotten:

C (Vg -V, +Vc) e

(3.6)
C,(V, = Vi + Vi) =0,

where C, = g¢&/L, and C, = g¢/L, are the top and bottom oxide capacitances,
respectively; V,-V, and V,-V,, are the top and bottom gate voltage overdrive;
and V, and V,, are the flat-band voltages. These quantities comprise work-
function differences between the gates and the graphene channel and possible
additional charge due to impurities or doping [106]; -V, is the voltage drop
across the graphene and it is directly related to the local position of the
chemical potential Er — Ep = -qV.; and o1 and o, are the charge densities
enclosed at the top and bottom-gate stacks, respectively. Therefore, the

overall net mobile sheet charge density, Q... = 01+ 02 = g(p-n), is expressed as:

Q. =—C,(V, =V, +V.)-C,(V,-V,, +V,) (3.7)
a) TOP GATE 5
SOURCE Y DRAIN -Ve
Top-gate oxide h/é%li(}))]i:é&;EER Vu-Vio 2 . Vg-Vgo
0 i = €b &t

Back-gate oxide

BACK GATE

Figure 3.3 a) Cross section of a GFET. A graphene sheet plays the role of the active channel.
The electrostatic modulation of the carrier concentration in the 2D sheet is achieved via a
double-gate stack consisting of top and bottom gate dielectrics and corresponding metal gates.
b) Scheme of the SLG based capacitor showing the relevant physical and electrical parameters,
charges and potentials.
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Table 3.1 Input parameters of a prototype SLG based capacitor

Input Input
Value Value

parameter parameter

T 300 K Ly 26 nm
L 10um L 20 pm
w 5 pm Etop 15
Vgo 0.85V Ebottom 3.9
Vo ov
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Figure 3.4 a) Fermi level Er and b) overall net mobile sheet charge density | @ne:| of the
graphene-based capacitor shown in Figure 3.3b and described in Table 3.1 versus top gate bias.
A fixed bottom gate bias of V =0 V is considered. The Fermi level crosses the DP at a bias V; =
Vbirae and thus the minimum conductance is achieved. The voltage drop across the graphene,
labelled as V., gives the shift of the Fermi level respect to the DP.

Gate voltages electrostatically modulate the carrier concentration in
graphene. Figure 3.4 illustrates how the top gate bias tunes the carrier
density and, ultimately, the Fermi energy. The simulated device is described
in Table 3.1. To understand the electrostatics of graphene, a positive
overdrive top gate bias is assumed to be applied, which moves the Fermi level
from the equilibrium point (referred as the Dirac point, DP) to a new level
into the conduction band, as shown in Figure 3.4. Hence the material

becomes n-doped and, if an electric field 1s applied between source and drain,
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there will be an electron flux in the form of an electric current. Same effect
happens applying a negative overdrive top gate bias that moves down the
Fermi level into the valence band making the channel p-doped. Again, a hole
flux will appear, provided that an electric field is applied between the source
and drain. This behaviour is called ambipolarity since the symmetrical band
structure around the DP implies that electrons and holes have the same

properties in pure graphene.

Ci—— =y

.
VeVeo  Co—= ) Vio-Vibo
o vo O

-V

Figure 3.5 Equivalent capacitive circuit of a GFET.

The electrostatics of a GFET can be also represented using the
equivalent capacitive circuit depicted in Figure 3.5, which has been derived
from (3.7) but replacing V, and V, by V, - V(x) and V, - V(x), respectively, where
V(x) = -Erlq 1s the quasi-Fermi level along the graphene channel. This quantity
must fulfil the following boundary conditions: (1) V(x) = V, at the source end, x
=0; (2) V(x) = V; at the drain end, x = L. The potential —V in the equivalent
circuit represents the shift of the Fermi level (SFL) respect to the Dirac
energy or, equivalently, the voltage drop across the quantum capacitance C,,
which is pretty the same concept that the surface potential in conventional
silicon transistors. This quantity is usually defined as C, = dQ,./dV. and it has
to do with the 2D-DOS of graphene. Figure 3.6 shows a scheme of these
potentials. In nanoscale devices, where the oxide thicknesses could be small
and the corresponding geometrical capacitances large, it could play a
dominant role in defining the overall gate capacitance [107], [108]. Quantum

capacitance of graphene is presented in Figure 3.7. Applying circuit laws to
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the equivalent capacitive circuit, the following straightforward relation is

obtained:
C C Q. (V
V(x)=—tc(V, -V, +V, )+ —2— (Vb—vbo+v;)+—"e‘( ) (3.8)
C +C, C +C, C +C,
a) i T b) L
> X
quasi-Fermi qV .q‘[/].,“ -qV(x)
level . 2 T -a(V(x)-Ve(x))
'qu = -
. ‘\\.
Dirne N+ X .
k N
J:-qu
—quu 7 T

Figure 3.6 a) Scheme of the energy-dispersion relation of graphene, showing the energies
defined in this section. Er = -qV is the quasi-Fermi-level energy, Ep = -q(V-V.) = -q@ is the
Dirac energy (where the conduction band and the valence band touch each other). The
difference between electrostatic and electrochemical potentials is called the chemical potential
Ve = V-, which is directly related to the carrier concentration in graphene. b) Schematic of the
band-diagram of the intrinsic device [106]: Energy E versus position x. The quasi-Fermi level —
qV(x) and the Dirac energy -q(V(x)-Ve(x)) are shown. Vs is the drain-to-source bias, and Veq and
Ves are the channel potentials at the drain and source side, respectively. Two Dirac cones
illustrate the mixed n/p-type channel of this example. (image taken from [109]).
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Figure 3.7 Quantum capacitance and overall net mobile sheet charge density versus the
voltage drop across to the quantum capacitance. A fixed bottom gate bias of V, = 0 V is applied.
These results of graphene quantum capacitance are consistent with experimental data
reported in [108].

The gate bias corresponding to the CNP, the so-called Vbpirae, can be
0, @ner =0 and V= Vus/2 [71], [110]:

obtained from (3.8), making V.

Modelling of field-effect transistors based on 2D materials targeting high-frequency applications



3.4 Numerical modelling of GFETs 49

C+C \V, C
VDirac :Vg0+L tCt be_Eb(‘/b_‘/bO) (39)

t

If one of the gate capacitances is larger than the other, i.e. C; >> Cs, then

the following well-known rule is found:

%

Dirac

=V, +% (3.10)

3.4.3 Drift-diffusion transport model of GFETSs

The carrier transport is strictly related to its mean free path (MFP or 1); the
determination of the MFP in graphene is not trivial due to the strong
dependence of the graphene sheet quality. Under practical conditions for
common dielectric substrates, room temperature and ambient environment,
MFPs of less than a hundred nm have been registered [98]. However, the
MFP limiting factors are still under debate [111].

The drift-diffusion (DD) theory usually employed to simulate electronic
devices is still applicable while the transistor gate length is larger than the
MFP (L >> A). Otherwise the carrier transport is mastered by quantum
ballistic physics. The latter scenario is out of the scope of this thesis.
Therefore, standing to the common MFPs values, for channel lengths about
300 nm the DD theory is still applicable with accuracy, while in the sub-50
nm range ballistic transport must be considered. For channel lengths values
between 50 nm and 300 nm, transistors work under the so-called “quasi-
ballistic regime” where the DD description is not that accurate due to the
weak scattering condition. Nevertheless, even in this condition, a recent
study has shown how the current-voltage characteristics of nanoscale devices
are still well described by DD models if mobility and saturation velocity are

treated as fitting parameters [112].

As most prototype devices present channel lengths greater than the MFP
(L >> 1), the drain-to-source current of a GFET has been modelled under the

framework of DD transport [113]:
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1, =WQ,,(x)u,(x) Y (3.11)
dx

where W is the channel width, Q,(x) = Q{x)+0,. 1s the free carrier sheet
density along the channel at position x, Q,(x) = ¢[p(x)+n(x)] is the transport
sheet charge density, 0, = qA&/7#h’v;" is the residual charge density due to
electron-hole puddles [98], with A being the inhomogeneity of the electrostatic
potential; V represents the quasi-Fermi level which has been assumed to be
the same for both electrons and holes because the generation/recombination
times for carriers in graphene are very short (1-100 ps) [114]-[116] and
therefore electron and hole quasi-Fermi levels cannot deviate too much from
each other [106]; and ug(x) is the mobility considered to be the same for both

electrons and holes. The model includes saturation velocity in the form:

() = £ (3.12)
1+ H @ "
v, (x)|dx

where u is effective mobility for both electrons and holes and it has been
assumed to be independent of the applied electric field, carrier density, or
temperature; vsa s the saturation velocity; -dg/dx is the electric field; and £ is
the adimensional saturation coefficient considered to be the same for both
kinds of carriers. A soft saturation model (8 = 1) for the drift carrier velocity
has been adopted, consistently with numerical studies of electronic transport
in SLG relying on Monte Carlo simulations [117]. Regarding the graphene
saturation velocity, the model reported in [118] and shown in Figure 3.8 has
been employed. It sets constant vsa: below the critical carrier density ¢, and

carrier density-dependent vsa: above this threshold:

2& |Qnet S q GC
VA
Usat = 2 9
2qQ 7(hvy) | @ _(@]
70 Q. \/ g > Qul>ale.]  3.13)

2
1(Q
o, =—| —
27\ vy
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where hQ is the effective energy at which a substrate optical phonon is emitted.
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Figure 3.8 Graphene saturation velocity vs. net mobile sheet charge density [118]. The optical
phonon energy AQ has been set to 50 meV.

Then, inserting (3.12) into the DD current equation and integrating over
the device length, and after assuming there are no generation-recombination
processes involved, the drain current can be expressed as:

\%4

/,IW ' Qtoth
- J, (3.14)

[, do

s U

ds

L+u

sat

To get the drain current, it is convenient to solve the above integral using
V. as the integration variable, and consistently express Q,, as a function of V,

in the following way:

Qm@UinK (3.15)

W v
.[ dv.

I, :ﬂL—ff v

where L, 1s the denominator of (3.14) and considered as a correction to the

physical channel length to incorporate saturation velocity effects:

L.=L+u (3.16)

eff

Va 1 d_V_1
VCS Usat (‘/c) d‘/c

and V. and V., are obtained from (3.8), with V., = V./y_y, and V., = Vy_ .. In
addition, the quantity dV/dV. in (3.15) and (3.16) can also be derived from (3.8)

o

and reads as follows:
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av _. . GV)

(3.17)
dv, C +C,

3.4.4 Charge and capacitance model of GFETs

There has been little exploration on the physical behaviour of GFETs under
dynamic conditions. Previous GFET capacitance models hitherto found in the
literature [62], [119] are directly based upon the Meyer assumption, therefore
they assume that the capacitances in the intrinsic FET are reciprocal (as 2-
terminal lumped capacitances), which is not the case in real devices, and
earlier models based on this assumption cannot ensure charge conservation

[65], [66].

On the other hand, charge-based models ensure charge conservation and
consider the nonreciprocal property of capacitances in a FET. These features
are required especially for RF applications in which the influence of
transcapacitances are critical and should be considered. Thanks to some
corrections assembled by Ward and Dutton [120] the charge-conservation
1ssue was solved at the cost of introducing a capacitive-matrix which adds a
bit of complexity. It must be reminded that both Meyer and charge-based
modelling approaches assume the so called quasi-static-operation
approximation, where the fluctuation of the varying terminal voltages is
assumed to be slow, so the stored charge could follow the voltages variations.
Such an approximation is found to be valid when the transition time for the
voltage to change is less than the transit time of the carriers from source to
drain. As a result, an estimation of the maximum frequency valid under the
quasi-static-operation corresponds to the quotient (vse/21L), where vsa is
expressed in (3.13) [48]. Further extension of the model to include the non-

quasi-static effects is planned in a future work.

So, an accurate modelling of the intrinsic capacitances of FETs requires
an analysis of the charge distribution in the channel versus the terminal bias
voltages. In doing so, the terminal charges Q,, Q,, Q. and Q, associated with
the top gate, bottom gate, drain, and source electrodes of a four-terminal

device has been considered. For instance, Q, can be calculated by integrating
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Oner g(x) = CVg-VootVe(x)-V(x)) along the channel and multiplying it by the
channel width W. This expression for Q,. ,(x) has been obtained after applying
Gauss’s law to the top-gate stack, resulting in (3.19). A similar expression can

be found for Q,. It is worth noticing that:

Q, +&, = —WLL Q. (x)dx (3.18)

On the other hand, the charge controlled by both the drain and source
terminals can be computed based on Ward-Dutton’s linear charge partition
scheme, which guarantees charge conservation. The resulting equations are

listed next:

We .
Q=g | GV Vi = Virt Vi)~ [} Qi |
WC, L
Qb—C - |:CL(V V-V, V)~ Qnet(x)dx} 19
=W, Qu (e
@=%%+@+%)

The above expressions can conveniently be written using V. as the
integration variable, as it was done to model the drain current. Based on the
fact that the drain current is the same at any point x in the channel
(assuming there are not any generation-recombination processes involved),

the following information is gotten from the DD transport model:

uw

dv 1 dv
de=HV aVoav ot AV,
; Ids(vc)Q”‘(Vc)dvc Vet an
dV 1 dV (3.20)
V
x_Ids( IQ“" dVdV} “l,. m(v)dvdvf

A four-terminal FET can be modelled with 4 self-capacitances and 12
intrinsic transcapacitances, which makes 16 capacitances in total. The
capacitance matrix is formed by these capacitances where each element Cj

describes the dependence of the charge at terminal i with respect to a varying
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voltage applied to terminal j assuming that the voltage at any other terminal

remain constant.

= —a—Q" 1#]
Y oV,
! (3.21)
o
ij an J
where i and j stand for g, d, s, and b.
ng _ng _Cgs _Cgb
_Cdg Cdd _Cds _Cdb (3 22)
_ng _Csd Css _Csb '
_Cbg _de _Cbs Cbb

Each row must sum to zero for the matrix to be reference-independent,
and each column must sum to zero for the device description to be charge-
conservative. Note that of the 16 intrinsic capacitances only 9 are

independent.

Finally, the dynamic response of a GFET would be calculated as:

] dv dv dv, dv
W= Cu gy ~Cu gy ~Cogy ~Co gy
. dv dv dv, dv
W0=Cou gy +Coa gy ~Cugy G gy
(3.23)
dv dv dv dv
t)=-C e ¢ P, c P o
L® de Ydt Cdt P dt
d
ity =-c, Le_c Wa_¢ ﬂwbb%

“dr Mdt " dt
3.4.5 Extrinsic and parasitic elements

The model presented in this section is an intrinsic large-signal model. In this
regard, the modelling of extrinsic effects (source, drain, top-gate and back-
gate resistances, overlap and junction capacitances, etc.) is out of the scope of
this work. Nevertheless, to reproduce any experimental current-voltage

characteristics of GFETSs, accounting of the voltage drop at the source/drain
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contacts is necessary. This quantity must be removed from external biases
Vis,e, Vgse iIn order to get the internal ones Vus, Vs, respectively. This is simply

done by solving the following equations:

‘/ds = ‘/ds,e - Ids(Rd + Rs)
Ve=Ve 1R,

8s,e

(3.24)

It is worth noticing that the intrinsic transconductance and the intrinsic
output conductance are defined as gm = (0las/OVgs) | vio and gas = (01as/OVas) | Vi,
respectively. Then, the relation between these intrinsic and extrinsic small-
signal parameters written in (2.18) is straightforward obtained from (3.24)

[121].

3.5 Compact modelling of GFETSs

In this section, the numerical large-signal model of GFETs presented in
section 3.4 is converted into a compact model. In doing so, the drain current
compact model from [109] is taken. Then, a compact model of the intrinsic
capacitances is proposed by obtaining an analytical description of them. Both
drain current and intrinsic capacitance models are properly combined to
obtain both static and dynamic descriptions covering continuously all the
operation regions, respectively. What is more, the compact large-signal model
of GFETs built is implemented in Verilog-A, a language suited to circuit

simulators.
3.5.1 Compact drain current model of GFETs

The compact drain current model of a GFET has been extracted from [109]. In

the following, the main modelling aspects considered are described:
e Electrostatics

The electrostatics is described by (3.8) and also by the equivalent capacitive
circuit shown in Figure 3.5. Thus, the net mobile sheet charge density Qne: =

g(p-n) in the channel is defined from (3.4):
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_2q(k,T) (chJ_ (_qVCJ 595
Qi = (o) (zﬁ % &5 kT (3.25)

where p and n are evaluated using Fermi-Dirac integrals of first-order. Since
there is no closed-form solution for such integrals, they are approximated
with a maximum relative error of ~ 10 using elementary mathematical

functions [122], [123].

Then, the Qe is stored in the quantum capacitance which was defined as
Cy = dQne/dVe. The following exact solution of this derivative has been

implemented into the electrostatics analysis:

2
C, :Qq—kBY;ln 2 1+cosh[q—V“J (3.26)
ﬂ(th) kyT

An iterative Verilog-A algorithm has been implemented to obtain the
channel potential at the source and drain edges. In doing so, V., and V., must
be obtained, respectively, from (3.8), with V, = V./y _ y, and V. = Vy - ya.
Because of the complexity of (3.8), it is not possible to express V. explicitly.
However, a construct has been used (see Figure 3.9) to let the circuit

simulator iteratively solve the equation during run-time [124].

LHS(V,)=(C, + )V, + @, (V,)

~(V, ~V,y V)G, ~(V, ~ Vi ~V)C,

RHS(V) (3.27)

In doing so, the equation’s left-hand side LHS(V:) is equated with its
right-hand side RHS(V), both written in (3.27), by assigning the respective
values to current sources connected in series. The simulator forces the two
currents to be equal, and V. is then obtained by reading it out as the voltage

drop over one of the current sources.

At this point, the electrostatics would be solved and the values of Vs and
Vea would be available. So, not only the analytical expression of the drain
current but also the analytical expressions of the intrinsic capacitances will

be formulated depending on these quantities.
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ovVy oVy
CD I=LHS(Vea) D I=LHS(V.,)
0 Ve +—o V.
CD I=RHS(Va) D I=RHS(V.)
oV, ov.

Figure 3.9 Verilog-A construct [124] to obtain the channel potentials at the drain and source
end of the channel Veq and Vs by iteratively evaluating (3.8). (Figure taken from [109])

e Drift-diffusion transport

Next step is to derive an analytical equation for the GFET drain current Ius
expressed in (3.15). In doing so, the compact modelling of Les, Qw: and the
relation dV/dV. is considered.

So, first, under the condition of symmetrical electron and hole mobilities,
the transport sheet charge density @: = g(p+n) is expressed as a quadratic

polynomial [125]:

@ ﬂ(hUF)2 (1?1 kT v kT 3(th)2 +7Z'(hUF)2 (3:28)

The polynomial’s constant term represents the thermal charge density at
the DP. Notice that the residual charge density due to electron-hole puddles
Ona Mmust be included, then the total transport sheet carrier density

considered in (3.15) is Oy = Q) + Opua.

Then, an accurate square-root-based approximation [126] is used into

(3.17):

Cq=2q2kBTln2(4) 1{ qV, } (3.29)
ﬂ(th) kT In(4)

introducing a maximum relative error of 7.97% but allowing expressing the

drain current in an analytical form in the end.
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Finally, an analytical expression of (3.16) is reported in [109] based on

the following approximations [113]:

_ 2V,

7 (hv, ) (3.30)
Q. = C.V.
net 2

Notice at that point that three different approximations for the
calculation of graphene quantum capacitance have been used. In Figure 3.10,
the relation between the different approximations of Cy vs. Ve is shown. A
thorough discussion about the modelling error of considering each expression
1s reported in [109], as well as, a complete benchmarking of GFETs under

static regime.

30

Cy (fF/um?)
[+
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Ve (V)

Figure 3.10 Quantum capacitance C,; versus channel potential V.: exact Cy (3.26); square root-
approximation (3.29); and absolute value approximation (3.30). (Figure taken from [109])

3.5.2 Compact intrinsic capacitance model of GFETs

In order to get a compact description of the dynamic response of GFETSs, an
analytical form of the intrinsic capacitances must be obtained. Then, it must
be implemented in Verilog A and must be combined with the compact drain
current model described in the previous subsection. For such a purpose, the
scheme of the intrinsic capacitances described in (3.22) must be gotten in an
analytical way and it must be dependent on the local potentials Ves and Ve,
which are calculated from the electrostatics. In this way, the working

procedure of the circuit simulator consists in (1) evaluating the electrostatics
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of the device to obtain such potentials Vs and Vi, and then (i1) using them to
calculate both the static drain current and the intrinsic capacitances

determining the dynamic response.

Because of the complexity of getting an analytical description of the
Intrinsic capacitances described in (3.22), the approximation in equation

(3.30) 1s assumed. In doing so, first equation (3.13) is rewritten as:

1 V)< 250
2z z, 2
Usat:
LI v)> Y20
z,V; 2
hQ
1= (3.31)
R
2 4zv,

Then, the approximation of the quantum capacitance in (3.30) is again
used into (3.17), to calculate consecutively (3.16), (3.15), (3.20), and finally
obtaining the scheme of the charge distribution in the channel, described in

(3.19), expressed in an analytical way respect to Vs and Vea.
Next, the intrinsic capacitances described in (3.21) are gotten using:

0Q, _ 06, oV, 0G, oV,
3V, oV, vV, v, v,

(3.32)

In the derivation of the capacitances, the following relations, extracted

from (3.8) after inserting the approximation (3.30), have been used:

a‘/cs_a‘/cd_ga‘/cs_ga‘/cd__ Ct

oV, oV, C,aV, C, oV, C+C~+C,(V)

a‘/cs — a‘/cd — Ct + Cb (333)
oV, oV, C,+C,+C,(V)

a‘/cs _ aV'Cd _ O

ov, ov.

Moreover, from (3.19) and (3.33) the following relations between the top

and back gate capacitances can be worked out:
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%’:) (3.34)

2
C C C
usalg] umumca[G)--(g

t

Basic compact modelling rules have been followed in order to meet the
requirements reported in [48], [127] and to guarantee the continuity of the
model over any bias condition, temperature or geometry. It is worth noticing,
that in order to keep the symmetry and non-singularity at zero drain-source
bias, the limits of the intrinsic capacitances at that bias have been calculated.
This singularity is well-known [127] and it is produced because of the use of

the soft saturation model (5 = 1) for the drift carrier velocity in (3.12).

Once the charge-based compact intrinsic capacitance description has
been obtained, it has been integrated in a circuit simulator together with the
drain current model presented in subsection 3.5.1, both written in Verilog-A.
The complete large-signal model is available online [128]. The resulting
intrinsic large-signal GFET equivalent circuit is depicted in Figure 3.11.

— e e ctatic regime
I Lis l eq. (3.15)

- top gate

ng_ T L Cee Cdg
CSS
Cf;_‘[r Chg ’[ b ’[

Cs

501.}1 ce
4
0

o =
[

]

D=
$3
-
)

ureap

= dynamic regime
bottom gate eq. (3.23)
Figure 3.11 Large-signal GFET equivalent circuit formed by the drain current model and the
intrinsic capacitance model, presented in subsections 3.5.1 and 3.5.2, respectively.
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The accuracy and assessment of the drain current model have been
reported in [109]. However, the accuracy of the compact intrinsic capacitance
model presented in subsection 3.5.2 must be checked, especially around the
DP because of the use of the quantum capacitance approximation in (3.30)
instead of using the exact calculation (3.26). In doing so, in Figure 3.12a,
compact calculations of such capacitances have been compared against
numerical calculations from the intrinsic capacitances using the large-signal
model presented in section 3.4. The prototype GFET considered, is used as a
key component for a frequency doubler reported in [24]. It is a demonstrative
example since facing the calculation of the transient behaviour or frequency
response of the circuit, it is essential to know how the intrinsic capacitances
are related with the terminal voltages, which is exactly what the presented

model does.

In doing so, the prototype GFET is described in Table 3.2. It is a double-
gated transistor with Ci/Cy = 185. A set of independent intrinsic capacitances
have been plotted in Figure 3.12a-b as a function of Vs and Vs, respectively.
A thorough discussion of the terminal charges and capacitances for the
different operation regions can be found in section 4.2.3 and in [113], and

could be directly applied to these results.
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Figure 3.12 Compact model (solid lines) and numerical (symbols) calculation of the intrinsic
capacitances versus a) the gate bias (Vas = 1 V) and b) the drain bias (Vg = 1 V) for the device
described in Table 3.2.

Modelling of field-effect transistors based on 2D materials targeting high-frequency applications



62 3 Large-signal modelling of graphene based FETs

Table 3.2 Input parameters of the GFET used to simulate the device reported in [24].

Input Input

Value Value
parameter parameter
T 300 K L 0.5 um
U 1300 cm2/Vs W 0.84 um
Vso -1.06 V L: 5 nm
Vivo ov Ly 300 nm
A 0.140 eV Etop 12
hQ 0.075 eV Ebottom 3.9

3.5.3 Extrinsic and parasitic elements

The compact model presented in this section is an intrinsic large-signal
compact model. In this regard, the extrinsic elements such as: source, drain,
top-gate and back-gate resistances, overlap and junction capacitances,
probing pads, metal interconnections, including any parasitic capacitances
and inductances must be included as lumped elements in the circuit

simulator.

3.6 Compact model validation: circuit performance

benchmarking

The compact intrinsic large-signal model of GFETs is assessed against
experimental measurements. For such a purpose it has been embedded in
Cadence Virtuoso Spectre Circuit Simulator [129], which is a widely used
general purpose circuit simulator. A Verilog-A version of it is available online

at http://ieeexplore.ieee.org in [128], [130].

The benchmarking has been split in two subsections. First, in subsection
3.6.1, the DC and frequency response of a high-frequency voltage amplifier
[33] have been assessed. Such a voltage amplifier is a main building block of
RF electronics. On the other hand, in subsection 3.6.2, exemplary circuits

that take advantage of the graphene ambipolarity as the working principle
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have been chosen. Specifically, the benchmarking of the DC, transient
dynamics, and frequency response of a high performance frequency doubler
[24], a radio-frequency subharmonic mixer [28] and a multiplier phase

detector [131] have been carried out.
3.6.1 High-frequency performance of GFET

In this subsection, a high-frequency graphene voltage amplifier has been
simulated and later compared with experimental results [33]. The GFET
consists of a gate stack with an ultrathin high-x dielectric (4 nm of HfOsq,
equivalent oxide thickness EOT of 1.75 nm), which has been demonstrated to
enhance current saturation [132]. The circuit under test is shown in Figure
3.13, which is a common-source amplifier. The input parameters used for the
GFET are described in Table 3.3. The DC transfer characteristics and the
transconductance are shown in Figure 3.14a. Besides, the DC output

characteristics at various gate biases are depicted in Figure 3.14b.

Figure 3.14c shows key RF characteristics of the GFET based voltage
amplifier, specifically, the current gain and the power gain. The simulated fr«
= 8.7 GHz and fnax = 5.4 GHz are in close agreement with the measurements
of 8.2 GHz and 6.2 GHz, respectively. Finally, the voltage gain of the
amplifier has been assessed (Figure 3.14d). The simulation gives a DC
voltage gain of ~ 7.4 dB, which is ~ 20log(gmgass?) with a 3-dB bandwidth of
6.2 GHz.

Table 3.3 Input parameters of the GFET based voltage amplifier reported in [33].

Input Input

Value Value
parameter parameter
T 300 K L 500 nm
u 4500 cm?Vs W 30 pm
Vo 0.613V L; 4 nm
A 0.095 eV Etop 12
he2 0.12 eV Rs W, Ra-W 435 Qum
R:L 7 Q-um
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Figure 3.13 Schematic circuit of the GFET based voltage amplifier. Bias tees are used for
setting the DC bias point.
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Figure 3.14 a) DC transfer characteristics and extrinsic transconductance of the GFET based
voltage amplifier. The device is biased at Vps = -1 V. b) DC output characteristics at various
gate voltages. ¢) Power gain (G71/2) and current gain (| h2:|) as a function of frequency. frx and
fmax are the frequency at which current gain and power gain becomes unity (0 dB), respectively.
d) Frequency response of the amplifier’s voltage gain when the input port level is -17 dBm.
(Lines correspond to simulations and symbols to experimental data from [33])
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3.6.2 Graphene-based ambipolar electronics

Ambipolar electronics based on symmetric Iss — Vys relation around Vbpiree has
attracted lot of attention. The ability to control device polarity allows for (i)
redesign and simplification of conventional circuits such as frequency
multipliers [24]-[26], [43], [133]-[135], RF mixers [27]-[30], [43], [136]-[138§],
digital modulators [34], [40], [42], phase detectors [131] or active balun
architectures [139]; and (i1) opportunities for new functionalities in both
analogue/RF and digital domains. In this subsection, the compact large-signal
model has been benchmarked against exemplary ambipolar circuits such as a
high performance frequency doubler [24], a radio-frequency subharmonic

mixer [28] and a multiplier phase detector [131].
o Frequency doubler

The frequency doubler’s working principle takes advantage of the quadratic

behaviour of the GFET TC, which can be written as:
Ids = aO + a2 (Vgs - VDimc )2 (335)

where ao and a2 are appropriate parameters describing the TC. When a small
AC signal with an offset Ves = Vbirae, namely Vin = Vs + Asin(wi), is input to
the transistor’s gate in the circuit of Figure 3.15, the output voltage Vour = Vs
results in:

%

out

~V,, —aR, - %%ROAZ . %aZROAZ cos (2at) (3.36)

where A is the signal amplitude, @ = 2mfi» the angular frequency, and Ro a
load resistor connected to the drain. The output frequency is double because
of the quadratic TC. If the TC was not perfectly parabolic and/or symmetric,
which is the practical case, the output voltage would contain, in the former
case, other even higher order harmonics and, in the latter case, other odd
high order harmonics, resulting in harmonic distortion. Examples of
frequency doublers can be found in [24], [26], [43], [133]-[135]. Moreover,
with a properly adjusted threshold voltage separation of two graphene FETs
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connected 1in series, a graphene-based frequency tripler has been

demonstrated [25].

Next, the frequency doubler circuit shown in Figure 3.15 is analysed by
means of a circuit simulator that includes the large-signal compact model of
the GFET. The goal is to benchmark the model’s outcome against the
experimental data reported in [24]. The input parameters used for the GFET
are shown in Table 3.2 with drain and source resistances scaled by the
channel width of Rs-W = Rqs-W = 1.1 kQ um and gate resistance of Ry = 20 Q.
The DC transfer characteristics and the GFET’s transconductance, are shown
in Figure 3.16a, with a nearly symmetric shape respect to the Dirac voltage,

Vbirae =-1.15 V.

Figure 3.15 Schematic circuit of the GFET based frequency doubler. The device is described in
Table 3.2.

Using the GFET model, the output waveform has been analysed for
different input frequencies, which are shown in Figure 3.16b-d. For the
lowest frequency, fi» = 10 kHz, the output waveform consists of the doubled
frequency with an amplitude ~ A/10, with a clear distortion coming from
other higher order harmonics (see Figure 3.16b). A Fourier transform of the
waveform, shown in Figure 3.17, reveals that 60% of the output RF power is

concentrated at the doubled frequency of 20 kHz.
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Figure 3.16 a) DC transfer characteristics and extrinsic transconductance of the GFET based
frequency doubler. The device is biased at Vop = 1V, Vg = 40 V and Vs = -1.15 V. The
description of the device is given in Table 3.2. b) Input and output waveforms considering an
input frequency of fi» = 10 kHz and amplitude A = 400 mV. ¢) Input and output waveforms
considering an input frequency of fi» = 200 kHz and amplitude A = 300 mV. A thicker solid line
shows the output waveform when a parasitic capacitance (Cpea = 600 pF) is placed between the
drain-source and the back-gate, taking into account the effect of the electrode pads reported in
[24]. d) Input and output waveforms considering an input frequency of fi» = 2 GHz and
amplitude A = 300 mV.
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Figure 3.17 Power spectrum obtained via Fourier transforming the output signal in Figure
3.16b.

When the input signal is increased up to fi» = 200 kHz and beyond a
severe decay of the output signal amplitude was observed in the experiment,
with a voltage gain ~ A/100 [24], likely because of the presence of a parasitic

capacitance Cpwd = 600 pF between the GFET source-drain terminals and its
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back-gate, getting a similar output waveform as in the experiment for an
input frequency of 200 kHz (see Figure 3.16c¢). If the input frequency is
further increased up to 2 GHz the output waveform, shown in Figure 3.16d,
displays the doubled frequency, although with a greater distortion because
the group delay is not constant with the frequency according to Figure 3.18,
meaning that the phase is not linear with the frequency. To achieve high
efficiency gigahertz frequency multipliers the parasitic capacitances must be
diminished. Besides, these non-idealities must be incorporated to the device
model to make realistic predictions on the performance of high frequency

circuits.
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Figure 3.18 Group delay vs. frequency for the GFET based frequency doubler.

e RFE mixer

In telecommunications, a mixer is a non-linear device that receives two
different frequencies (the local oscillator LO signal at fro and the radio-
frequency RF signal at frr) at the input port and a mixture of several
frequencies appears at the output, including both original input frequencies,
the sum of the input frequencies, the difference between the input frequencies
(the intermediate frequency IF signal at fir), and other intermodulations
[140]. There are basically two operating principles for a FET mixer; either
utilizing the change in transconductance, gm, or channel conductance, Gas (=
14/ Vas), with the gate voltage. In both approaches a LO signal is applied to
the gate to achieve a resulting time-varying, periodic quantity gm(f) or Gas(z).

The former case is referred to as an active transconductance mixer, where the
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RF signal is applied to the gate, and the latter a resistive mixer, with the RF
signal applied to the drain [138].

Table 3.4 Input parameters of the GFET used to simulate the circuit reported in [28].

Input Input

Value Value
parameter parameter
T 300 K L 1pum
u 2200 cm%/Vs W 20 pm
Vo 1V L; 25 nm
Vo ov Ly 300 nm
A 0.116 eV Etop 9
hQ 0.075 eV Ebottom 3.9
Rs W, Rqa-W 560 Q um RqL 10 Q um

On the one hand, best possible performance from a transconductance
mixer is realized by maximizing the variation in gm, which is accomplished by
biasing the FET in the saturation region. Examples of graphene-based
transconductance mixers can be found in [27], [43]. However, as a
consequence of the currently low transconductance in GFETs and the weak
current saturation, the so far reported graphene-based transconductance
mixers have shown poor performance. Instead, it does seem better to use the
resistive mixing concept combined with the unique properties of graphene
allowing for the design of subharmonic mixers with a single FET. The mixer
operation is based on a sinusoidal LO signal also applied to the gate of the
GFET, biased at the Dirac voltage. The idea is to make a frequency doubler
operation with the LO signal, but keeping the drain unbiased. Thus, the
conductance variation as seen from the drain, Gas(f) would have a
fundamental frequency component twice as fro. Therefore, a subharmonic
mixer only needs half the LO frequency compared to a fundamental mixer.
This property is attractive particularly at high frequencies where there is a
lack of compact sources providing sufficient power [141]. Moreover,
subharmonic mixers suppress the LO noise [142], and the wide frequency gap

between the RF and LO signals simplifies the LO and RF separation [143].
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Examples of resistive mixers without subharmonic operation are reported in
[30], [136], [137] and examples of resistive subharmonic mixers can be found
in [28], [29], [138]. Besides, due to near symmetrical ambipolar conduction,
graphene-based mixers can effectively suppress odd-order intermodulations,
which are often present in conventional unipolar mixers and are harmful to

circuit operations [144].

Figure 3.19 Schematic circuit of the subharmonic resistive GFET mixer. A bias tee is used for
setting the DC bias point. The characteristic impedance of the ports is Zp = 50 Q.

The compact GFET model has been used to simulate the subharmonic
resistive mixer circuit shown in Figure 3.19. The goal is to benchmark the
model’s outcome against the experimental data reported in [28]. The input
parameters used for the GFET are shown in Table 3.4. The circuit under test
only uses a transistor and no balun is required in that implementation, which
makes the mixer more compact, as opposed to conventional subharmonic
resistive FET mixers, which require two FETs in a parallel configuration,
including a balun for feeding the two out-of-phase LO signals [145], [146]. In
the subharmonic mixer, the RF signal is applied to the drain of the GFET
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through a high-pass filter and the IF is extracted with a low-pass filter, both
designed with cut-off frequencies of 800 MHz and 30 MHz, respectively.

Figure 3.20 a) Drain-to-source resistance Rps = 1/Gps versus the gate voltage Vis, with Rps =
Rq + Rs + Rcn, where Rcn is the channel resistance and Rq¢ and Rs are the extrinsic contact
resistances at the drain and source sides. Solid lines correspond to simulations and the
symbols to the experimental results in [28]. b) IF output power as a function of the RF input
power. The device is biased at Vas = Vbirae and Pro = 15 dBm. ¢) Transient evolution of the
signal collected at the drain at Vs = Vbiree. The following conditions have been assumed: Pro =
15 dBm and fro = 1.01 GHz; Prr = -20 dBm and frr = 2 GHz. d) Transient evolution of the IF
signal collected at the IF port under the same conditions as in c¢). The separation between
peaks is 50 ns, which corresponds to fir = | frr- 2fLo| = 20 MHz.

The drain-to-source resistance Rps = 1/Gps versus the gate voltage is

shown in Figure 3.20a. The device has been bias at Vs = Vbirae = 1 V through
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a bias tee. The RF signal has been introduced to RF port connected to the
drain and the LO signal has been introduced to the LO port connected to the
gate through the bias tee, where the IF signal is collected at the IF port,
according to the schematics shown in Figure 3.19. Figure 3.20b depicts the
mixer IF output power versus the RF input power, where a near constant
conversion loss rate of ~ 25 dB has been obtained. The transient evolution of
the signal collected at the drain is shown in Figure 3.20c, as well as the signal
collected at the IF port (Figure 3.20d), which oscillates as expected at fir =
| frr - 2frol = 20 MHz. Finally, the spectrum of the signal collected at the
drain is represented in Figure 3.21, being the output power of ~ -49 dBm.
Lower levels of odd harmonics are observed as well, which are attributed to

the non-perfect symmetry of Rps versus Vas.
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Figure 3.21 Spectrum (solid lines) of the signal collected at the drain (Pro = 15 dBm and f1o =
1.01 GHz; Prr = -20 dBm and frr = 2 GHz). The bubbles correspond to the experimental results
in [28]; and the stars correspond to the power peaks of the signal collected at the IF port.

o  Multiplier phase detector

The multiplier phase detector is a vital component of the phase-locked loop,
which is one of the most important building blocks in modern analogue,

digital, and communication circuits [147].

Upon application of a sinusoidal wave A;sin(wt+68;) and a square wave
Asrect(wt+62) to the input of a phase detector, the DC component of the

output can be written as the product of the two input signals [131]:

A = AA, %Sin(é’l 6,)=K,6, (3.37)
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where Ky is the gain of the detector and 6. is the phase difference in radians
between the input signals. Hence, the relation between the DC component
and the phase difference can be utilized for phase detection. A multiplier is
generally needed for this process, which complicates the circuit. However,
taking advantage of the ambipolarity of a GFET, the simplified circuit

structure shown in Figure 3.22 is enough to perform the phase detection.

Table 3.5 Input parameters of the GFET used to simulate the phase detector reported in [131]

Input Input
Value Value
parameter parameter
T 300 K L 1.28 pm
u 2100 cm#Vs W 2.98 pm
Veo 0.495V L 23 nm
Vo ov Ly 300 nm
A 0.074 eV Etop 9.35
hQ 0.075 eV Ebottom 3.9
Rs W, Ra-W 4.3kQum ReL 38.5 Qum

Figure 3.22 Schematics of the multiplier phase detector based on a single graphene transistor
and a load resistor.

Next, the GFET compact model has been used to simulate the phase

detector circuit shown in Figure 3.22 with the goal of benchmarking the

Modelling of field-effect transistors based on 2D materials targeting high-frequency applications



74 3 Large-signal modelling of graphene based FETs

model outcome against the experimental data reported in [131]. The input
parameters used for the GFET are shown in Table 3.5. The DC transfer
characteristics and GFET’s transconductance at Vps = 0.1 V are shown in
Figure 3.23a. The device shows a nearly symmetric characteristic around the
Dirac voltage (Vpirae = 0.55 V). Then, the GFET is biased at Vpp = 1.8 V
through a series resistor Ro = 20 kQ, according to the schematics shown in
Figure 3.22. The back-gate has been assumed disconnected, as in [131]. A
square-wave signal is used as the gate bias voltage, where the lower (Viow =
0.36 V) and (Vhign = 0.82 V), satisfy Viow < Vpirac and Vhigh > Vbirae. Both the
levels match with the two g peaks so to get the maximum voltage gain. A
sinusoidal-wave signal with 0.1 V of amplitude oscillates around the two
levels of the square-wave signal. Both the signals have 100 kHz of frequency,

thus resulting in the following combined gate input signal:

v =0.1sin(2710°¢ + 6, ) +| 0.46rect (2710°¢ + 6, ) +0.36 | (3.38)
a) b)
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Figure 3.23 a) Experimental (symbols) and simulated (solid lines) DC transfer characteristics
and extrinsic transconductance of the device described in Table 3.5. The drain bias has been
set to Vps = 0.1 V. b, ¢) Simulated input and output waveforms in the phase detector circuit
shown in Figure 3.22, biased at Vpp = 1.8 V, where a phase difference (b) 8. = n/6 and (c) 6. = -
/6 has been assumed. The transient responses are quite similar to the data reported in [131].
d) Experimental (symbols) and simulated (solid line) output DC component versus the phase
difference 0..
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In Figure 3.23b-c the transient response of the multiplier phase detector
circuit has been depicted, assuming both 8. = /6 and 6. = -11/6, respectively,
which looks very similar to the experimental results. The circuit corresponds
to a common-source amplifier, therefore, the voltage gain could be estimated
as Av = -gm(gas?| | Ro). It is approximately 0.1, which agrees with the reported
value in [131]. Finally, in Figure 3.23d, the output DC component is shown
for different f.. As the phase difference goes from -m/2 to /2 rad, the DC
component decreases from 353 to 326 mV, which corresponds to a detector
gain of Kqs = -8.6 mV/rad, which can be further improved by combining a
reduction of the series resistance, increasing the gate efficiency (increase gn),

and pushing the transistor to saturation region (reducing gas).

3.7 Conclusions

This chapter has first introduced the motivation of using graphene for
analogue/high-frequency electronics, which is rooted in its ultrahigh carrier
mobility and saturation velocity. Given that several GFET based circuits
working at RF have already been demonstrated, modelling is becoming
increasingly important to make circuit design and validation more systematic
and move on the TRL. For such a purpose the goal of this chapter has been
the development of an intrinsic compact large-signal model of GFETs suitable
to be used in conventional circuit simulators. For such a purpose, a brief
review of the electronic properties of single layer graphene has been
presented first, followed by the electrostatics analysis of a GFET based
structure. Then, a drain current model and a charge-based intrinsic
capacitance model have been proposed assuming a field-effect model and
drift-diffusion carrier transport. Taking all in consideration, a numerical
large-signal model of GFETs has been built which allows for performance
assessment, benchmarking against other technologies and providing guidance

for device design.
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However, for the model to be used in ordinary EDA tools making
circuit simulations possible, compact modelling techniques have been applied
to turn the numerical model into a compact one. Then, the large-signal
compact model of GFETs has been benchmarked against high-performance
and ambipolar electronics’ circuits, specifically, a high-frequency voltage
amplifier, a high performance frequency doubler, a radio-frequency
subharmonic mixer and a multiplier phase detector. The agreement between
experiment and simulation is quite good in general, although fine adjustment
would require further modelling. The intrinsic description of the device given
in this thesis serves as a starting point toward a complete GFET model which
could incorporate additional non-idealities. Among them, the parasitic effects
such as parasitic capacitances, inductances taking into account effects of the
probing pads and metal interconnections must be included. A common
modelling approach for RF applications is to build subcircuits based on the
intrinsic FET, thus the parasitic elements are included simply as subcircuits.
These subcircuits should also be linked to process and geometry information
to guarantee scalability and prediction capability of the model. For instance,
the inclusion of the voltage-dependent contact and access resistances is
crucial for getting accurate DC and RF performance predictions. Moreover, it
has been realized that an accurate and physical description of mobility is
essential for distortion analysis [49]. Further inclusions of many important
physical effects such as short-channel and narrow width effects, trapped
charge, etc., could be also important. Moreover, the model should correctly
predict the HF noise, which is important for the design of, for example, low
noise amplifiers. The model should also include non-quasi static (NQS)
effects, so it can properly describe the device behaviour at very high-

frequencies where the quasi-static assumption could break down.

Modelling of field-effect transistors based on 2D materials targeting high-frequency applications



Chapter 4

Large-signal modelling of
bilayer graphene based FET's

he gapless nature of SLG prevents the gate voltage to switch off the
T transistor, so it is not a suited material for logic applications. However,
it is believed that graphene can play a relevant role in analogue high-
frequency electronics because of its high carrier mobility and saturation
velocity. As mentioned in section 1.1, frx up to 427 GHz [56] and fnax of 200
GHz [45] have been demonstrated. That maximum oscillation frequency is
still low in comparison with other existing technologies because of the
absence of a bandgap in graphene prevents proper current saturation,
especially at the required short gate lengths. Thus, introducing a bandgap
does seem necessary. In this regard, different approaches to open an energy
bandgap to graphene have been proposed [17]. An interesting possibility is to
get the bandgap through size quantization. That is feasible using graphene
nanoribbons (GNRs) [148], [149] for which gaps up to 2.3 eV have been
demonstrated [150]. However, the production of GNRs is challenging as
advanced lithographic techniques are required to produce narrow ribbons
with smooth edges. A second alternative to open an energy bandgap would be
to apply strain on the SLG. Raman spectrum studies of strained graphene
have shown that a tunable energy bandgap of up to 300 meV can be achieved
by applying a 1 % uniaxial strain [151]. A third interesting possibility is
offered by BLG, where a gap can be induced either by molecular doping [152],
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[153] or by applying an external electric field perpendicular to the BLG,
which allows to tune the gap with the gate bias [154]—[156].

Among the above-mentioned alternatives, this thesis explores the BLG
used as the active part of the transistor and, more specifically, the modelling
of the BLGFET. In this regard, several models have been developed so far,
e.g. Ryzhii et al. presented an analytical one based on the Boltzmann kinetic
equation and Poisson equation in the weak nonlocality approximation [157],
[158]; Cheli et al. proposed an analytical model based on the effective mass
approximation to calculate the thermionic and interband tunneling
components of the current under the ballistic transport assumption [159];
Ghobadi and Abdi investigated the device characteristics by calculating the
transmission coefficient through a tight-binding method [160]; and Fiori and
Tannaccone carried out a study of the main RF FoMs of a BLGFET through
the NanoTCAD ViDES simulator, based on the self-consistent solution of the
three-dimensional Poisson and Schrédinger equations by means of the non-
equilibrium Green’s function formalism [161]. The ballistic assumption in
which all these models rely on seems unrealistic for the prototype devices
explored so far, which do not fulfil the condition L <<\, where L refers to the
transistor channel length and A is the so-called mean-free-path. The latter
has been estimated as A = 10 nm at carrier densities of 3 X 102 cm2 for
exfoliated BLG deposited on a 300 nm SiO2 substrate and at low
temperatures [98]. Hence it is worth reconsidering the carrier transport issue
under the light of a DD theory when dealing with the practical situation L >>
A. So in this chapter, a numerical physics-based large-signal model
considering the DD transport approach for the drain current, charge and
capacitance of dual-gated BLGFETs is presented [162], pursuing the
following goals: (i) understanding of electronic properties of BLG and analysis
of the special feature: the tunable bandgap; (i1) evaluating the impact of the
bandgap opening in the RF FoMs comparing with the SLG counterpart, (iii)
performance assessment and benchmarking against other existing
technologies, and (iv) provide guidance for device design. Moreover, few

compact models for BLGFETSs have been proposed suited to be included even
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in a standard EDA tool [163]-[165]. However, the reported BLGFET models
proposed so far are static models, so they do not provide the circuit dynamics
and frequency response, which requires a proper device’s charge and
capacitance modelling. This is done in section 4.1, where a complete
numerical large-signal model of the BLGFET is presented, which gives an

appropriate description of the current, charge and capacitances.

The model starts by considering the device electrostatics. For such a
purpose the 2D-DOS of BLG has been extracted from an effective two-band
Hamiltonian at low energy. Upon application of 1D Gauss’s law to the gate
stack, the carrier concentration and the electrostatic potential of the bilayer
can be determined as a function of the applied gate bias. Next, the carrier
transport has been considered under DD approach from which the drain
current model can be formulated. Based upon it, the charge associated to each
transistor’s terminal and a complete capacitive model, guaranteeing charge
conservation, have been derived as a final step. Just to be sure that the model
captures the experimental evidence, it has been validated against reported
experimental results in section 4.2. What is more, main FoMs have been
projected to illustrate the feasibility of using BLG in HF electronics. Final

conclusions are given in section 4.3.

4.1 Numerical modelling of BLGFETSs

Taking advantage of the physics behind the bilayer graphene requires a basic
understanding of the electrical properties. This section presents a review of
the electronic properties of bilayer graphene. To model the drain current, the
physical framework considered has been a field-effect approach and drift-
diffusion carrier transport incorporating saturation velocity effects. Using
such a physical framework as a basis, the charges and capacitances have
been derived guaranteeing charge conservation. The device considered is a
four-terminal dual-gate transistor. The bandgap is proportional to the

perpendicular electric field, which is directly controlled by the double gate
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stack. The model is of special interest for analogue and radiofrequency

applications.
4.1.1 Electronic properties of BLG

Bilayer graphene consists of two coupled monolayers of carbon atoms, each
with a honeycomb crystal structure with inequivalent sites A1, Bl and A2, B2
on the bottom and top graphene sheets, respectively, arranged according to
Bernal AB-stacked (the lower layer Bl is directly below an atom, A2, from the
upper layer) as shown in Figure 4.1. The reciprocal lattice is an hexagonal

Bravais lattice, and the first Brillouin zone is an hexagon [105].

Figure 4.1 a) Plan and b) side view of the crystal structure of BLG. Atoms A1 and B1 on the
lower layer are shown as white and black circles; A2, B2 on the upper layer are black and grey,
respectively. The shaded rhombus indicates the conventional unit cell; a1 and a2 are primitive
lattice vectors. ¢) Reciprocal lattice of bilayer graphene with lattice points indicated as crosses
is shown; b1 and b2 are primitive reciprocal lattice vectors. The shaded hexagon is the first
Brillouin zone with I' indicating the centre, and K+, K showing two non-equivalent corners.
(image taken from [105])

In order to compute the electronic band structure of the BLG, the tight-
binding model will be described by adapting the Slonczewski-Weiss-McClure
parametrization [166] of relevant couplings, taking into account 2p. orbitals
on the four atomic sites in the unit cell, labelled as A1, B1, A2, B2. In-plane
hopping is parameterized by coupling yais1 = yazs2 = yo and it leads to the in-
plane velocity or Fermi velocity vr = (3ayo/2h), where a is the same graphene
lattice constant. In addition, the strongest interlayer coupling yasz = y1
between pairs of orbitals on dimer sites A2 — B1 is taken into account, leading

to the formation of high energy bands. Parameter yaip: = ys that describes

interlayer coupling between non-dimer orbitals and parameter yaia2 = ypiB2 =
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y+ that describes interlayer coupling between dimer and non-dimer orbitals
(all parameters are shown in Figure 4.1), are not considered in this work
because their influence is weak respect to the other couplings. The following

Hamiltonian is written near the centres of the valleys [105]:

ey vpmt 0 0
- 0
H=|UFF m N (4.1)
0 Yy €an VR
0 0 Ve ep

where 1 = {px + ipy, 1T = {px - ipy, p = (Px, py) 1s the momentum measured with
respect to the K point, { =+1(-1) labels valley K+ (K.). Parameters €a1, €1, €az
and ep2 describe the on-site energies on the four atomic sites, that are not

equal in the most general case.

At zero magnetic field, Hamiltonian yields four valley-degenerate bands.
A simple analytic solution is obtained considering only interlayer asymmetry
between the two layers U = Ui-U: difference in the on-site energies of the
orbitals on the two layers: €a1, es1 = Ui (potential energy of the first layer) and
€Az, egz2 = Uz (potential energy of the second layer), and may be written as

[159]:

2 2 4
E(p)=s, =gt J%Uzp +(-1)° J%sz (n*+0") @2

with a =1,2.

In this work, the relevant band for energies near the Fermi level is
considered to be the low-energy electronic band structure in the vicinity of the
K points at the corners of the first Brillouin zone E = e1 [167], by taking into
account the assumption based on the intralayer hopping, yo, and the
interlayer coupling, y1, are larger than other energies [105]: yo, y1 >> | E|, vep,
| U|; otherwise a four band model of the electronic bands is required in order
to obtain the correct physical properties [168], [169]. As a result, the low

energy dispersion relation for BLG reads as:
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Figure 4.2 Schematic of the energy dispersion relation near the K point in the presence of a)
zero asymmetry Ui = Uz = U = 0; b) finite layer asymmetry U and Ui = -Uz resulting in two low
bands with “Mexican hat” like shape (dotted lines show the bands for zero asymmetry). (image
adapted from [170])

In BLG unbiased and undoped U1 = Uz = U = 0, the Fermi energy is
placed on the centre of the band diagram where the conduction and the
valence bands touch each other at the K point, as shown in Figure 4.2a. On
the other hand, if a gate bias or doping is applied inducing Ui # Us, then U #
0 and the resulting electronic band diagram is shown in Figure 4.2b, where
the asymmetry parameter produce a non-zero bandgap. The induced
potentials Ui # 0, Uz # 0, result in a shifting of the band diagram either
upwards or downwards in a quantity (Ui+Uz2)/2 according to (4.3). This
quantity is actually the distance that the band diagram is shifted with
respect to the zero point energy, which is the well-known Dirac point. A
different approach considered in this work consists on keeping the band
diagram centred at the Dirac point and then shifting the Fermi energy as Er

= -(U1+U>)/2, instead of shifting the band diagram.

Moreover, in case of an unbiased bilayer graphene sheet where both
layers have the same molecular doping, it would induce similar energy
potentials U1 = Us # 0, resulting in a shifting of the Fermi energy but not
inducing a bandgap (U = 0). Examples of different configurations are shown

in Figure 4.3.
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Figure 4.3 Schematics of energy band diagrams and Fermi energy for a) undoped and
unbiased BLG (U1 = Uz = U = 0; Er = 0), b) unbiased and symmetrical P-doped BLG (U1 = Uz >
0; U = 0; Er < 0), ¢) unbiased and symmetrical N-doped (U1 = Uz < 0; U = 0; Er > 0) and d)
biased and/or doped BLG (Ui # Us; U #0).

Turning to Figure 4.2b, the energy of the low-energy bands exactly at the
K point 1s E(k = 0) = £U/2. Note that the “Mexican hat” like shape of the low
energy bands means that the true value of the gap, Egwp, between the
conduction and valence bands occurs at finite kmin # 0 away from the K point.
From the energy dispersion relation in (4.3), the following expressions can be

derived:

L AR
v\ 2+ U

__Oln (4.4)

f}/IZ +U2

For huge values of the asymmetry | U| >> y1, the gap saturates at Egep =

E, = 2|E(J_rkmm)

y1, although for modest asymmetry values | U| << yi1, the relation is simply

Egap =~ U.

The 2D-DOS at low energy can also be derived from (4.3), resulting in:

20B] (|, 1 [0+
DOSQD(E)zﬂhLUL(lJrE o 212] (4.5)
F c

where E. refers to the conduction band edge. It is worth noticing that if the

interlayer asymmetry is zero, then the density of states of BLG can be

expressed as:

DOS,,(E)|, . = 28, _n (4.6)

U=0 2.2 2. 2
mh'v,” rmh'v,

From the derived 2D-DOS in (4.5) both the n and p (-type) carrier

concentration can be easily calculated as:
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n= gTDOSZD (E)f(E-E,)dE
i (4.7)

5

p :ELDOSZD (E)1-f(E-E,)]|dE

where f is the Fermi-Dirac distribution, v is the band degeneracy; and E,

refers to the valence band edge.

4.1.2 Electrostatics of BLGFETSs

a) TOP GATE b)
SOURCE Y DRAIN ..
2 01
Top-gate oxide]
l L BILAYER o V.-V
GRAPHENE Vb~ VbO gl
X
0 L &b &t
Back-gate oxide
Vz Eo V1
- i Y
Ly %% I,
2.2

BACK GATE

Figure 4.4 a) Cross section of a BLGFET. It consists of two graphene sheets playing the role of
the active channel. The electrostatic modulation of the carrier concentration in the 2D sheet is
achieved via a double-gate stack consisting of top and bottom gate dielectrics and
corresponding metal gates. b) Scheme of the BLG based capacitor showing the relevant
physical and electrical parameters, charges and potentials.

The cross-section of a dual-gate BLG based device is the one depicted in
Figure 4.4a. The bilayer graphene sheet plays the role of the active channel
between the source and the drain. Just as done in subsection 3.4.2, in order to
get the electrostatic behaviour, the 1D Gauss law’s equation is solved along
the x-axis. Direction y extends from source to drain along the channel length
(L). Upon application of such an 1D Gauss’s law to the double-gate stack
shown in Figure 4.4b, the carrier density and potentials on each layer can be

gotten from the external gate bias and impurities concentration:

(4.8)

where C; = eoed(Li-co/2) and Cy = eoep/(Lp-co/2) are the top and bottom oxide

capacitances, respectively; Vg-Veo and Vs-Vip are the top and bottom gate
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voltage overdrive; and V,, and V) are the flat-band voltages. These quantities
comprise work-function differences between the gates and the graphene
channel and possible additional charge due to impurities or doping; Vi and V2
are the electrostatic potentials dropped at the first and second graphene
layer, respectively; Co = gogg/co 1s the graphene parallel plate capacitance,
where co is the interlayer spacing and g is an effective dielectric constant for
the BLG to characterize charge screening [171]; and o1 and o2 are the charge

densities at the first and second graphene layer, respectively.
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Total carrier density [m]

Figure 4.5 Bandgap vs. carrier density. The solid squares represent the bandgap
behaviour for the unscreened case and the open ones for the screened case.

If the perpendicular electric field between two graphene layers is
assumed to be unscreened, then the charge density carried by each layer can
be written as 01 = 02 = Qnet/2, where Qreris the overall net mobile sheet charge
density. That simple assumption is known to overestimate the bandgap [154],
[156]. A more accurate way of describing screening effects has been proposed
by Edward McCann et al. [105] based on a tight-binding model and Hartree’s
theory. They have found that the individual layer densities are given by:

U whv,’? n*v,? ’ ’
0_1(2) — Qnet T q712 - In F |2Qnet n l T UF h et n 2 (49)
2 4nhiu, 2qy, 2 qy, 2y

1

where g is the elementary charge. Figure 4.5 shows the dependence of the
bandgap on the carrier density for both screened and unscreened cases, where
1t becomes clear that the unscreened hypothesis overestimates the bandgap.

From now on, the precise model that considers screening effects is used.
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Figure 4.6 Energy band diagrams; potential energies Ui, Us; and bandgap, E¢qp, of a BLGFET
as a function of the top gate bias for two different applied overdrive bottom gate biases: a) V5 -
Veo=0V;b) Vi - Voo =-40 V. In the upper panel, the lines with black circles correspond to the
conduction (upper) and valence (lower) band and the line with white circles represents the
position of the Fermi level. The voltage drop across the BLG, named as V., gives the position of
the Fermi level respect to the CNP.

External gates are generally used to control the carrier density on a
bilayer graphene based device, just as shown for the monolayer counterpart
in Figure 3.4. For the BLG case, both gates also drive the separate layers to
different potential energies Ui, Uz, inducing an interlayer asymmetry, U, and
shifting of the Fermi energy, Er. This physics can actually be explained in
terms of displacement fields. A top and bottom electric displacement field, Dy
and Ds, respectively, built up upon application of top and bottom gate bias.
The average of these quantities, AD = (Dv+D;)/2, breaks the inversion
symmetry of the BLG and generates a nonzero bandgap. The difference of
both displacement fields, 0D = Ds-Ds, shifts Er and creates a net carrier
doping. At the point where 6D = 0, named as CNP, the Fermi level is located
at the middle of the gap, and the corresponding electrical resistance is the
highest. Those electric displacement fields (D) can be easily calculated as Dy =
e6(Vos— Vo)l (Lp-co/2) and D; = £d(Vgs—Vig0)/(Li-co/2). Figure 4.6 illustrates how the
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applied gate biases are tuning both the carrier density and the interlayer
asymmetry and, ultimately, the bandgap and the Fermi energy. The
simulation was done using the parameters from Table 4.1. As explained in
subsection 4.1.1, the largest theoretical bandgap that could be reached in
BLG, according to (4.4), is limited by the intrinsic interlayer hopping
parameter, yi. Experimentally, bandgaps up to 250 meV have been reached

[154].
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Figure 4.7 Equivalent capacitive circuit of the BLGFET.

The electrostatics of the BLGFET can be also represented using the
equivalent capacitive circuit depicted in Figure 4.7, which has been derived
from (4.8) but replacing V; and Vs by Vi - V(x) and Vi - V(x), respectively,
where V(x) is the quasi-Fermi level along the BLG channel. This quantity
must fulfil the following boundary conditions: (1) V(x) = Vs at the source end,
x = 0; (2) V(x) = Vg (drain-source voltage) at the drain end, x = L. The
potential -V. in the equivalent circuit represents the SFL respect to the DP
or, equivalently, the voltage drop across the quantum capacitance Cq, which
1s the same concept explained for the monolayer counterpart in subsection
4.1.1. Therefore, this quantity is also defined as Cy = d@ne/dV: and has to do
with the 2D-DOS of the BLG. Both quantum capacitance and overall net
mobile sheet charge of BLG have been presented in Figure 4.8. Applying
circuit laws to the equivalent capacitive circuit, the following straightforward

relation is obtained:
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Figure 4.8 Quantum capacitance and overall net mobile sheet charge density respect to the
voltage drop across to the quantum capacitance for two different applied overdrive bottom gate

biases: a) Vbs - Voo = 0 V; b) Vs — Voo = -40 V. Theoretical results of the BLG quantum
capacitance are consistent with calculations in [172], [173].

4.1.3 Drift-diffusion transport model of BLGFETSs

As current prototype devices present channel lengths greater than the MFP
(L >> A), which has been estimated as A = 10 nm at carrier densities of 3 X 1012
cm? for exfoliated BLG deposited on a 300 nm SiO2 substrate [98], to model
the drain-to-source current of a BLGFET, a DD transport is assumed under
the form of (3.11) and (3.12), where W is the gate width, Q::(x) = Q:(x)+0pud 18
the free carrier sheet density along the bilayer graphene channel at position
x, Qx) = q[p(x)+n(x)] is the transport sheet charge density, and 0y, = g/’ vi’
1s the residual charge density due to electron-hole puddles [98], [174]. A soft-
saturation model, considering f = 1 in (3.12), has been also assumed for the
drift carrier velocity in BLG adopted consistently with the numerical studies
of electronic transport in BLG relying on first-principles analysis and Monte
Carlo simulations [175]. Both the effective carrier mobility and saturation
velocity, 4 and vsa, have been considered constant and independent of the

applied electric field, carrier density, or temperature. According to [175], the
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constant saturation velocity is considered to be vsa = ve/m. Then, the drain

current can be expressed as:

W Vi
Ly =p7— [ Q,av (4.11)
eff
where Lef = L+u | Vas| /vsat 1s a correction to the physical channel length to
incorporate saturation velocity effects. To get the drain current, it is

convenient to solve the above integral using V. as the integration variable,

and consistently express Qw: as a function of Ve in the following way:

W v dv
lu=ny - J, Qu Vo) gy & (4.12)
where Vs and Ve are obtained from (4.10), with V., = V/y_y, and V.; = V. /y - v
In addition, the quantity dV/dV: in (4.12) can also be derived from (4.10) and
reads as follows:
av C, dV, C, dV, C,

=— - + (4.13)
dv, C,+C,dV, C,+C,dV., C,+C,

4.1.4 Charge and capacitance models of BLGFETSs

An accurate modelling of the intrinsic capacitances of FETs requires an
analysis of the charge distribution in the channel versus the terminal bias
voltages. In doing so, the terminal charges Q,, Q,, Q. and Q, associated with
the top gate, bottom gate, drain, and source electrodes of a four-terminal
device have been considered. For instance, Q, can be calculated by integrating
@ret_g(x) = Cy(Vgs-Vgo-Vi(x)-V(x)) along the channel and multiplying it by the
channel width W. This expression for Qe g¢(x) has been obtained after
applying Gauss’s law to the top-gate stack, resulting in (4.14). A similar
expression can be found for @, so the relation in (3.18) is fulfilled. The Ward-
Dutton’s linear charge partition scheme is applied in order to guarantee
charge conservation and thus the terminal charges can be described as

follows:
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Q, =WC, LL(Vg —Vgo)—IL[Vl (X)+V(x)]de
Q, WC[ )-[ Ve (x (x)]dx}

J. —-Q,, x)dx
Qs Z_(Qg +Qb +Qd)

(4.14)

Once the above expressions are conveniently written using V. as the
integration variable according to (3.20), the same capacitance approach
developed in subsection 3.4.4 is applied to obtain the 9 independent intrinsic

capacitances.
4.1.5 Metal - BLG contact resistance model

To reproduce the experimental I-V characteristics of a BLGFET, accounting
for the voltage drop at the source/drain (S/D) contacts is necessary. State-of-
the-art values for the metal-BLG contact resistance are around several
hundred of Q um [176]-[179]. To model the metal — BLLG contact resistance,
the formation of a Schottky barrier between both has been assumed.
Whenever an appreciable bandgap exists, the current would be dominated by
the thermionic emission of carriers through the Schottky barrier. Hence the
current would be proportional to exp(-gds/ksT), where ¢» is the Schottky
barrier height, kg is the Boltzmann constant, and 7 is the temperature. So,
the interfacial contact resistivity (o.) between the metal and the BLG can be
calculated as [180]:

) = —— Bl (4.15)
’ qTAmetal—BLG

where A*mewai-Brc 1s the Richardson constant of the metal-BLG contact,
considered here as an empirical fitting parameter. The contact resistance can

be expressed as [67]:

R Schottky (¢b) = %C(%) coth {Lc &J (4.16)

. 2.(8,)
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where Lc is the physical contact length and ps. = [qu(p+n)]-! is the BLG sheet
resistivity under the metal. It is possible to define a length L7 = [oc / psn]1/2
which physically corresponds to the length of the BLG region underneath the
contact where the current mainly flows. Depending on the ratio between L
and Lr two limit cases might arise: (i) short contact case (L. << Lt), where the
resistance i1s dominated by the interfacial contact resistance; and (i1) long
contact case (Lc>> Lr1), where the current flows uniformly across the entire
contact. Figure 4.9a shows the scheme of the physical structure of the metal-
BLG contact together with an illustration of the current crowding

phenomenon occurring for the long contact case.

a) Bilayer b)

graphene
Metal

L.

Semiconductor

Figure 4.9 a) Physical structure and scheme of the current crowding effect through the metal-
BLG contact, b) Schematics of the band diagram of the metal-BLG contact at the source and
drain sides, needed to estimate the Schottky barrier height. The key quantities such as the
bandgap size, Egup-s and Egap-p; the shift of the Fermi level, Vis and Veg; and the metal Fermi
energy, Er.s and Er.p, both at the drain and source sides are shown. It is worth noticing that
both Ers and Erp are aligned with the quasi-Fermi level at the source and drain sides,
respectively; i.e. Er.s= V(0) and Er.p= V(L). The band diagram illustrates a possible mixed p/n-
type channel with different bandgap size on each side.

According to the band diagram shown in Figure 4.9b the Schottky barrier
height at the source side, which is presented separately for electrons, ¢s»", and

for holes, ¢w», can be calculated as:

E E
s =V, +—22, # =V, +—E25 (4.17)
2 2
An analogous procedure is implemented at the drain side. To
quantitatively estimate the effect of the contact resistance, a splitting of the

electron and hole contributions to the drain current is necessary. This can be

done as follows:
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W (v dv
I =u V)& qv
ds H Leff J.Vcs Qtot( c) d‘/vc c (4 18)
W v dv Vo dv . '
mang | L Vg v, p(“)d—vcdvc}f“”i

where both Iy and Is» are the electron and hole contributions, respectively.

The intrinsic Vgs and Vs are then given by the following equations:

Vgs = Vgs,e - I;Ls (Vgs ’ Vds ) Rc—Schottky (¢I:L—S ) - Igs (Vgs ’ Vds ) Rc—Schottky (¢lf)—S)
‘/ds = Vds,e - Ids (Vgs ’ Vds ) I:Rc—Schottky (¢b—S) + Rc—Schottky (¢b—D):|

- Igs (Vgs ’ Vds ) I:Rc—Schottky (¢lf)—S ) + Rc—Schottky (¢lf—D ):|

4.2 BLGFET large-signal model benchmarking

In this section, the BLGFET drain-current model discussed above is assessed

via comparison with the measured electrical behaviour of prototype devices.

The mobility has been considered as an input parameter of the model to
fit the experiment. As explained in subsection 4.1.3, it is assumed to be
independent of the applied field, carrier density, or temperature, and
considered the same for both electrons and holes. It is worth noting that some
simulations and experiments have shown that the mobility somehow
decreases with the size of the induced bandgap [175], [181], but this

refinement has not been included in the model.

The experimental TCs show a nonlinear shift of the CNP with the back-
gate voltage. This effect is likely to appear because of the presence of charge
traps in the gate oxide and/or the BLG interface. So, when a positive V-V 1s
applied to the device, the injection of electrons into the charge traps causes a
shift of the CNP towards more positive voltage. On the contrary, applying a
negative Vb-Vio results in hole injection, so the CNP shifts in the opposite
direction. This effect has been reported in [182], [183] for graphene on SiO2

and the strength of it depends upon the swept voltage range, sweep rate, and
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surrounding conditions. So to capture this CNP shifting effect, a corrective
parameter [ has been introduced in the model to properly modulate the top

gate offset voltage, so Vo 1s replaced by VeotfVi2, as proposed in [163], [165].

4.2.1 BLG-based device A: drain current model validation

The drain-current model is assessed against the electrical characteristics
reported in [155]. The simulations were done using the device’s parameters
listed in Table 4.1. Figure 4.10 shows both the experimental and predicted
TCs and OCs.

Table 4.1 Input parameters of the BLG-based device A reported in [155].

Input
Description Value

parameter

Yo [166] In-plane hopping parameter 3.16 eV

y1 [166] Interlayer hopping parameter 0.381 eV

a Graphene lattice constant 2.49 A

co [184] Graphene interlayer distance 3.34 A
Fitting parameter due to nonlinearity in the

b 3.2:104V1
response of the CNP to the back-gate bias

T Temperature 300 K

u BLG electron/hole mobility 114 cm?/Vs

L Gate length 4 um

w Gate width 4 um

L Top-gate oxide thickness 8 nm

Ly Back-gate oxide thickness 90 nm

&g [171] Effective BLG relative permittivity 2.5

Etop Top-gate oxide relative permittivity 3.9

Ebottom Back-gate oxide relative permittivity 3.9

Vo Top-gate offset voltage 2.1V

Vo Back-gate offset voltage -10V
Spatial potential inhomogeneity due to

A 20 meV
electron-hole puddles

L. Effective contact length 4 um

Ani-BLG Richardson constant for Nickel — BLG contact 5104 A/m2K2
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Figure 4.10 a) Transfer characteristics of the examined device [155] described in Table 4.1
(Vase = -2 V). b) Schottky barrier height for both electrons and holes (left axis) and contact
resistance (right axis) at the drain and source sides respect to the top gate bias (Vos =-50 V and
Viase =-2V). ¢) Output characteristics for two situations: (left) Vis = -20 V; and (right) Vs = -50
V. d) Evolution of the SFL, conduction and valence band edges at the drain and source sides,
with the drain bias according to the situations described in c): (left) Vgse = -2.5 V and Vips = -20
V; and (right) Vgse=-0.5V and Vips =-50 V.

The electrostatics discussed in subsection 4.1.2 actually corresponds to
the device under test. Specifically both Figure 4.6a and Figure 4.8a, depict a
situation where the condition D» = 0 (ZBDC, standing for Zero Bottom-gate
electric Displacement field Condition) is fulfilled at Vis = Vip = -10 V,
resulting in the brown curve shown in Figure 4.10a. In this case, the charge
neutrality condition is reached just at the zero-gap point, where the condition
D; = 0 is fulfilled at Vg = Vo, so AD = 0D = 0. Increasing (reducing) the top
gate bias beyond (below) the Dirac voltage results in the Fermi level directly
entering into the conduction band, CB, (valence band, VB), so there is no any
especial advantage of using BLG over SLG. On the other hand, when ZBDC
does not apply, a larger current modulation can be obtained. The
electrostatics of this situation is illustrated in Figure 4.6b and Figure 4.8b,
where now Vis-Vio = -40 V, which in turn corresponds to the green curve in

Figure 4.10a. In this case, the charge neutrality condition (6D = 0) is reached
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when Dy = Dy # 0, so AD # 0 and the CNP happens at some finite energy
bandgap. Moving the top gate bias beyond (below) the CNP results in electron
(hole) doping of the BLG together with an induced bandgap that can reach a
few hundred of meVs. Importantly, the Fermi level does not directly enter
into the CB (VB) beyond (below) the CNP upon application of top gate bias,
but there exists a region where it lies inside the bandgap. So, the combination
of these two effects results in larger ON-OFF current ratio than the SLG

based transistor.

The evolution of the Schottky barrier height seen by the electrons and
holes at both S/D sides are shown in Figure 4.10b as a function of Vgsex:. The
corresponding R. is shown as well, broken down into its components Rs and
Ra, each calculated as the parallel association of the individual contact
resistances due to electrons and holes. The bottom gate bias is Vs = -50V, far
from the ZBDC. The corresponding electrostatics is plotted in Figure 4.6b. It
happens that the highest contact resistance situation is reached at Vgse=-1.1
V and Vgs.= 0.8 V, corresponding to the pinch-off condition at the drain and
source sides, respectively. The Schottky barrier height at these points is just

E¢op/2, as given by (4.17).

Next, the experimental and simulated OCs of the BLGFET near to the
ZBDC and far from it are shown. As for the former situation, analysed in
Figure 4.10c left, saturation is weak, pretty similar to what is observed in
SLG based transistors. On the contrary, biasing the device far from the
ZBDC, results in current saturation over a sizeable range of Vi ex (Figure
4.10c right). Simulations of Ve, Ve, CB’s bottom, VB’s top, all of them
calculated as a function of Viiew, shown in Figure 4.10d, are helpful to
understand why that is happening. As for the near to ZBDC (Figure 4.10d
left) the pinch-off condition is reached when V.q = 0. This is happening at
Vsd_ext = 1.2 V. Further increasing (reducing) of Vi ext drives the SFL at the
drain side deep into the VB (CB), triggering the current due to holes
(electrons). On the other hand, when the transistor is biased far from the

ZBDC (Figure 4.10d right), the pinch-off condition now occurs when the SFL
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at the drain side crosses the middle of a larger gap. This is happening at
Vsd_ext = 1.4 V in the experiment. But now, for a moderate increase (decrease)
of Vsd ext, the SFL at the drain side lies inside the gap, so there won’t be
appreciable current variation respect to the pinch-off condition, resulting in
the observed current saturation. Eventually, if Viq ew is further increased
(reduced) beyond (below) the range from 0.8 to 2V, then the SFL at the drain
side enters into the VB (CB) and the device gets into the second (first) linear
region dominated by holes (electrons). So, the induced gap of the BLG
provides a feasible way to virtually extend the pinch-off condition over a

larger range of Vsd_ext, which is of upmost technological importance.

4.2.2 BLG-based device B: drain current model validation and

RF performance outlook

Table 4.2 Input parameters of the BLG-based device B reported in [185].

Input Input

Value Value
parameter parameter
Yo 3.16 eV L 19 nm
y1 0.381 eV Ly 300 nm
a 2.49 A €s 2.5
co 3.34 A Etop 4.2
g 1.28104V1  epottom 3.9
T 300 K Veo oV
u 1160 cm2/Vs Vo 50V
L 3 um A 30 meV
w 1.6 pm L. 3 pm

AriBLG 8104 A/m2K?

The outcome of the drain-current model is again benchmarked against the
electrical behaviour of another dual-gated BLGFET reported in [185]. The
TCs, shown in Figure 4.11a, were recorded at room temperature by sweeping
Vgs,e while keeping constant Ves. For comparison, the predicted TCs are shown

in the same plot. The geometrical and electrical parameters used for the
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simulations are given in Table 4.2. The model predicts a continuous
enhancement of the ON-OFF current ratio expanding from 10 to 100 as Vs
goes from 40 V down to -120 V, in correspondence to experimental evidence.
According to simulations, the induced gap in the BLG at the CNP goes from
9.7 meV to 195 meV, and the maximum contact resistance goes from 150

Q um to 2.6 kQ um within the explored Visrange.

a)
V=80V, .-120V
10° 8
-
i
L ET
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h:ﬁ
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2 0 2 4 6
e 1V]
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) 800-
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0p 1 2 3 0 1 2 3
Vis,e [V] Vas,e V]

Figure 4.11 a) Transfer characteristics of the device under test [185] described in Table 4.2 for
Vds,e = 1 mV. b) Output characteristics upon application of different Vps resulting in small and
large bandgap situations at CNP: (left) Vps = 40 V; and (right) Vs =-100 V.

Regarding the OCs, no experimental data were reported in [185], so only
the predicted OCs are shown in Figure 4.11b. The left and right panel
correspond to the OCs calculated at Vs =40 V = Vipand Vs = -100 V << Vo,
respectively. The induced bandgap is 10 and 175 meV, respectively, so the
minimum output conductance is reduced in a factor of 6.7 for the latter case.
Finally, predicted frx and fmax are shown in Figure 4.12 for both Vs under
examination. Both RF FoMs have been calculated using (2.7) and (2.9),

respectively. Those are tunable with Vgsex showing a peak value of 3.7 and 5.2
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GHz, respectively, with a noticeable improvement in a factor of 5 in frnex and a
factor of 2 in frr when the gap goes from 10 to 175 meV. Nevertheless, the
device is not yet optimized and there is plenty of room to get higher FoMs.
Scaling down of the channel length together with reducing the oxide

thickness to keep short-channel effects under control is necessary.

—Egap =10meVat Vp, . (V,,=40V)
_Egap =175 meV at V. (Vy, =-100V)
e 10
_ 1 ) 1
N 173 E 14
: z
. : ]
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0017 T T T 0.01 +—————r
2 0 2 2 0 2
Vgs,e_VDirac [Vl Vgs,e_VDirac vl

Figure 4.12 Prediction of a) frx and b) fmax for the examined device upon application of
different Vis resulting in small and large bandgap at the CNP: (blue) Vis = 40 V; and (brown)
Vs =-100 V (Vds,e =1.6 V)

4.2.3 BLGFET versus GFET in terms of RF performance

This subsection presents a comparison of the RF performance of two devices:
one based on SLG and the other based on BLG. In doing so, the numerical
models presented in sections 3.4 and 4.1 are used, respectively. The devices
are described via the set of parameters shown in Table 4.3, corresponding to
the device reported in [186]. For a fair comparison, the same input
parameters have been used for both devices (except those related with the
material itself), therefore the same device is considered but replacing the

channel material from SLG to BLG.
e Analysis of the intrinsic capacitances

First of all, the intrinsic capacitances of the GFET (BLGFET) are analysed as
a function of both the gate and drain biases, shown in Figure 4.13a (Figure

4.13b) on the left and on the right, respectively. As for the C — Ve
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characteristics, there are up to three singular points referred as A, B, C in
Figure 4.13c (Figure 4.13d) left. Say, for instance the self-capacitance Cgg,
where all three points lie within the simulated Vg. window. Point A is
reached at Vg ex: such as Ves= 0, so the pinch-off point is just at the source side
and the channel is entirely p-type. Further increasing of Vg produces the
shifting of the pinch-off point to the middle of the channel where now Vg = -
Ve, so the half part of the channel close to the source becomes p-type and the
other half part close to the drain n-type, resulting in point marked as B. If
Vs, 1s still further increased, the condition Veq = 0 will eventually be reached
at the point C. In this case, the pinch-off point has been shifted exactly at the
source side and the channel is entirely n-type. Similar discussion could be
made for the C — Vg characteristics shown in Figure 4.13a (Figure 4.13b)
right according to SFLs represented in Figure 4.13c (Figure 4.13d) right. The
behaviour discussed so far regarding the intrinsic capacitances of SLG is
qualitatively similar to that reported for the BLG case, although quantitative
details might differ.

Table 4.3 Input parameters for the SLG vs. BLG based FET benchmarking [186].

Input Input

Value Value
parameter parameter
Yo 3.16 eV L, 12 nm
Y1 0.381 eV Ls 300 nm
a 2.49 A £g 2.5
co 3.34 A Etop 7.5
b oVv1 Ebottom 3.9
T 300 K Veo -0.8V
u 400 cm?/Vs Vo ov
L 360 nm A 25 meV
w 40 um AriBLG 8104 A/m2K2

L. 400 nm
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Figure 4.13 Intrinsic capacitances for the a) SLG and b) BLG based device versus the top gate
bias at Vds,e = 1.6V (left) and drain bias at Vgs,e =0.3V (right), respectively, for Vis - Voo =0 V.
b) SFL at the drain and source sides for the ¢) SLG and d) BLG based device plotted respect to
top gate bias at Vds,e = 1.6V (left) and drain bias at Vgs,e =0.3V (right), respectively.

o GFET vs. BLGFET RF performance

The RF performance of any 2D-FET has to do with the transconductance,
output conductance, intrinsic capacitances and extrinsic resistances as given
by (2.7) and (2.9). Such extrinsic resistances have been considered constant
for both SLG and BLG based devices in order to make fairer the RF
performance comparison, concretely Rs'W = Rq-W = 500 Q um and RgL = 4.4
Q -um. Then, a natural question arising is how far the BLG can go respect to
its SLG counterpart regarding the RF performance. To answer this question,
a BLG channel with a variety of induced bandgaps at the CNP has been
considered. This can be done, in practice, by polarizing the device with
appropriate Ves. To start with, Figure 4.14 shows the calculated gm, Cg and
corresponding fr. as a function of Vgs., where Cgg is the dominant capacitance
in defining the RF performance. First observation is that gm looks like
symmetric. This is because the equivalent role played by electrons and holes

when positive and negative gate bilases, respectively, are applied to the
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device. In addition, as the gate voltage is varied, frx 1s being modulated by gn.
Its value expands over several orders of magnitude depending on the top gate
bias and reach up to several GHz in this example. The maximum takes place
at Vgs.e corresponding to the peak gm, which is around 35 mS, in agreement
with the experiment [186]. Moreover, this bias point results in the minimum
Cge, s0 frx maximizes its value. Around this special point, the advantage in
using BLG instead of MLG is clearly observed, so when the induced gap is
larger than 222 meV then frx scales up in a factor more than 8. Nevertheless,
the slightly asymmetry in the two peaks of fr: at negative and positive

overdrive gate bias is due to the different output conductance.

140
c)
1204
= %)
& 100 g
M l—
% 80 B
&) 80 0
60 4
=400 4
40 T ] T ] 0.1 r ]
-2 0 2 -2 0 2 -2 0 2
Vgs'VDiruc vl Vgs'VDfmc vl Vgs'VDirac [Vl

- - Single layer Graphene

—— Bilayer Graphene: =0eV at VDE:‘(J('

bé'ﬂp

— Bilayer Graphene:

Egap =118 meV at Vo0

—— Bilayer Graphene: Egap =222 meVat Ve

Figure 4.14 Theoretical calculation of the main RF figures of merit such as a) cut-off frequency
frr, and b) maximum oscillation frequency, fmax. These are shown for a GFET and a BLGFET
versus the top gate overdrive bias. Relevant parameters determining the FoMs behavior, such
as c¢) the intrinsic gate capacitance, Cgg, d) intrinsic transconductance, gm, and e) intrinsic
output conductance g4s are also shown. The inset shows the experimental cut-off frequency
measured for the GFET in [186].
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Next, let’s look into the fmax behaviour in Figure 4.14b. This FoM
critically depends on how good the current saturation is and ggs is serving as
key indicator. So, to investigate it, g4¢s and fmax vs Vg for different induced
gaps have been also calculated, again by appropriate tuning of Vis. As usual,
the SLG case has been plotted as a reference. Provided that the gap is larger
than one hundred meV, saturation becomes dramatically improved, so fmax
goes up to the maximum value (several GHz for the examined device). It is
interesting to compare this result against the SLG case. The minimum gqs for
the GFET is around 3.32 mS. However, for the BLGFET, when the gap size is
222 meV, becomes 6 times smaller and this value ultimately translates into
20 times larger fmax. This result highlights the importance of current

saturation when it comes to optimizing RF FoMs.

4.3 Conclusions

The lack of a bandgap in graphene prevents proper current saturation which
is linked to the maximum oscillation frequency reached by a GFET. The
larger the current saturation is, the less the output conductance is and
consequently the larger the maximum oscillation frequency is. In this regard,
the possibility of opening a bandgap offered by bilayer graphene is explored.
In this chapter, a numerical large-signal model of BLGFET has been
presented for the following purposes: (1) understanding of electronic
properties of BLG and how to take advantage of its tunable bandgap; (ii)
evaluating the impact of the bandgap on the RF FoMs as compared with the
SLG counterpart, (ii1) performance assessment and benchmarking against
other existing technologies, and (iv) provide guidance for device design. For
such a purpose, a review of the electronic properties of bilayer graphene has
been presented, followed by the electrostatics analysis of a BLGFET based
structure. The model makes full account of the tunable band gap nature of
the BLG and the electric-field screening effects. Then, a drain current model

and a charge-based intrinsic capacitance model have been proposed assuming
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a field-effect model and drift-diffusion carrier transport. To reproduce
experimental I-V curves, contact resistances have been included considering
the Schottky barrier formed between the metal contact and the BLG, which

are known to degrade the RF performance.

The large-signal model has been benchmarked against experimental
prototype transistors and a comparison between two identical devices based
on SLG and BLG has been analysed. The bandgap opening ultimately results
into a better switch off the device together with enhanced drain current
saturation as compared with the SLG counterpart. As for the considered
bilayer graphene devices, enhancement factors up to 2-20 in either the frx or
the fmax have been found as compared with the equivalent SLG based devices.
What is more important, these enhancement rates are gotten under
application of an appropriate back-gate bias Vi, producing a bandgap of some
hundred meVs at the CNP. However, it is worth noticing that although the
drain/source contact and access resistances are considered to be the same for
both SLG and BLG based devices for the sake of a fair comparison, the
mobility is considered to be the same despite the fact that the mobility
somehow decreases with the size of the induced bandgap [175], [181].

It is also worth noting that the devices considered in this chapter were
not optimized to get maximum performance. Optimization requires
downscaling of the channel length together with appropriate choice of the
insulator thickness and permittivity to keep short-channel effects under
control. The scaling strategy to follow is unknown at the time being. Further

investigation of this aspect is needed.
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Chapter 5

(zeneral conclusions and
outlook

n this thesis, the modelling of 2D-material based field-effect transistor
I has been studied, with a special focus on graphene based devices. The
models proposed comprise a global small-signal model for 2D-FETs, a
compact large-signal model for GFETs and numerical large-signal models for
GFETs and BLGFETs. Taking full advantage of them the following
investigation has been performed: (1) the benchmarking between both
technologies, (i1) prediction of the RF figures of merit, (ii1) DC, AC, transient,
S-parameters and spectral simulations of GFET based circuits, (iv) stability
analysis of such devices when they are used as a 2-port amplifier and (v)
thorough investigation of the electronic properties of graphene and bilayer
graphene and its impact on the RF performance. As a result, important
advances in modelling of 2D-material based FETs have been carried out. A
summary of the main thesis contributions is drawn next in section 5.1,

together with future prospects, which are given in section 5.2.

5.1 Thesis contributions

The main contributions of this thesis, listed by chapter, are summarized:

e Chapter 2, Small-signal model for 2D-material based FETs — A small-

signal model suited to 2D-FETs that guarantees charge conservation has
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been proposed. A parameter extraction methodology that includes the metal
contact and access resistances has been then proposed. This inclusion is
crucial when dealing with low dimensional FETs. Taking such a small-signal
model as a basis, exact analytical expressions for the RF performance of such
devices have been provided. Next, a thorough investigation of the scalability
and stability of these devices when acting as power amplifiers has been done.
These kind of models are of upmost importance when dealing with the first
stages of a new technology, helping for fast prototyping and serving as
accurate tools to assess the performance of such new 2D-FETs.

e Chapter 3, Large-signal modelling of graphene based FETs — The key
contribution reported in this chapter has been the development of an intrinsic
physics-based large-signal compact model of GFETSs, ready to be used in
conventional electronic design automation tools allowing device-circuit co-
design. This compact model has the potential of being a useful tool for
designing complex MMICs based on graphene. It is available online in [128]
and the source code has been protected under the Benelux Office for
Intellectual Property (BOIP) with i-DEPOT number: 083447, keeping the use
of the model only for research purposes. Contrary to the small-signal model
proposed in Chapter 2, the proposed large-signal compact model is oriented
towards more mature 2D-FET technologies of higher TRL, potentially making
the circuit design-fabrication cycle more efficient and enabling more complex
MMIC designs.

e Chapter 4, Large-signal modelling of bilayer graphene based FETs — A
numerical large-signal model of BLGFETSs has been proposed to investigate
the impact of the BLG tunable gap on the RF performance. The better on-off
current ratio, as well as the better current saturation observed in BLG
compared to the SLG counterpart, have been qualitatively explained because
of the formation of an energy gap at the charge neutrality point. A proper
biasing of the device is crucial to take advantage of the gap tunability in
order to get the best possible RF performance. The maximum gap that could
be opened considering intrinsic BLG is ~ 250 meV. With the same transport

properties in both BLG and SLG, a gap of ~220 meV at the charge neutrality
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point could improve the maximum oscillation frequency in a factor of 20

compared to a device based on SLG.

5.2 Future outlook

To end the chapter, this section reports several promising research directions

to further extend the state-of-the-art of 2D-FETs modelling:

¢ Inclusion of non-idealities into the intrinsic compact model of GFETSs.
The intrinsic description of GFETs given in this thesis must serve as a
starting point toward a complete GFET model which could incorporate
additional non-idealities. Among them, (i) an extrinsic description of the
device should be carried out. In doing so, a description of the parasitic effects
such as parasitic capacitances, inductances taking into account effects of the
probing pads, metal interconnections must be included. Likewise, the
inclusion of the voltage-dependent contact and access resistances seems to be
crucial. (i1) An accurate and physical description of mobility has been realized
to be essential for distortion analysis [49]. (i11) An accurate prediction of the
HF noise would be very useful for the design of many RF building blocks, as
well as, the inclusion of the NQS effect, so the model could properly describe
the device behaviour at very high-frequencies where the quasi-static
assumption breaks down. Finally, (iv) further inclusions of many physical
effects could be short-channel and narrow width effects, trapped charge, etc.

e The development of a parameter extraction methodology for the
compact large-signal model of GFETs. No matter how accurate a physical
model is, it cannot give accurate results unless appropriate values are used
for its parameters. Determining these values is not a simple matter because
(1) some of these parameters may not be known accurately, (i1) some of them
are basically empirical in nature or (iii) even if the value of a physical
parameter is known accurately, this value may not be the best one to use in

the model in order to predict a behaviour as close as possible to
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measurements. Because of all above-mentioned, a suitable parameter
extraction methodology should be developed for the compact model of GFETs.

e Modelling of 2D-FETs. Further experimental validation of 2DMs for
high-frequency electronics must be done before choosing the suitable one, but
some of them are becoming promising materials for solving the scaling issues
and, perhaps even more important, for the future development of flexible
electronics. Examples of them are transition metal dichalcogenides, where
MoS: stands out, phosphorene, silicene, etc. The great deal of interest in
2DMs, especially for flexible applications, makes relevant the formulation of
appropriate models to either, help with the proof of concept, understand the
experimental evidence, assess the electrical performances, or help moving
towards higher TRL. The compact modelling of different technologies would
ease the design of complex MMICs as well as integrated RF circuits processed

at the back end of line of regular silicon CMOS technology.
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