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Abstract

Transistors operating at high frequencies are the basic building blocks of
millimeter wave communication and sensor systems. The high velocity and
mobility of carriers in graphene can open ways for development of ultra-
fast group IV transistors with similar or even better performance than that
achieved with III-V based semiconductors. However, the progress of high-
speed graphene transistors has been hampered by limitations associated with
fabrication, influence of adjacent materials and self-heating effects.

This thesis work presents results of the comprehensive analysis of the
influence of material imperfections, self-heating and limitations of the charge
carrier velocity, imposed by adjacent dielectrics, on the transit frequency,
fr, and the maximum frequency of oscillation, fy.x, of graphene field-effect
transistors (GFETs). The analysis allowed for better understanding and
developing a strategy for addressing the limitations.

In particular, it was shown that the GFET high-frequency performance
can be enhanced by utilizing the gate and substrate dielectric materials with
higher optical phonon (OP) energy, allowing for higher saturation velocity
and, hence, higher fr and fnax. This approach was experimentally verified by
demonstration of enhancement in the fr and fua.x in GFETs with graphene
channel encapsulated by the AlyOgs layers. As a further step, GFETs on
diamond, material with highest OP energy and thermal conductivity, were
introduced, developed and fabricated, showing the extrinsic fiax up to 50 GHz,
at the gate length of 0.5 pum, which is highest reported so far among the best
published graphene and semiconductor counterparts.

The main achievements of this thesis work are as follows: (i) comprehensive
study of correlations between graphene-dielectric material quality, small-signal
equivalent circuit parameters and high-frequency performance of the GFETs;
(ii) experimental verification of the concept of improving the GFET high-
frequency performance via selection of adjacent dielectric materials with high
OP energy; (iii) introducing the diamond as a most promising dielectric material
for high-frequency GFETsS; (iv) development of technology and demonstration
of fully integrated X and Ku band GFET IC amplifiers with state-of-the art
performance.

In conclusion, the routes of future development depicted in this thesis work
may allow for enhancing the high-frequency performance of GFETSs up to the
level or even higher than that of the modern ITI-V semiconductor counterparts.
Keywords: Graphene, field-effect transistors, high-frequency electronics, tran-
sit frequency, maximum frequency of oscillation, contact resistance, drift veloc-
ity, saturation velocity, diamond.
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Chapter 1

Introduction

Ever since the very first field-effect transistor was fabricated by Shockley and
Morgan in the Bell Labs [1], it brought revolution in semiconductor electronic
technology. Transistors are the basis of all electronic equipment that is the part
of our routine life, including computers, radios, mobile phones, displays, sensors
and more. Continuous effort on scaling down the transistors to miniaturise the
electronic equipment for the ease of consumers, resulted in new device concepts
like laptops, tablets, smartphones and other handheld devices. The number
of users of wireless devices has increased over the years. According to recent
statistics, the number of mobile users worldwide at the end of 2020 has reached
almost 5 billion, which means that billions of devices are connected through
the Internet and exchange vast amounts of information in the form of text
messages, pictures and videos with very high data rates [2]. With the current
4G technology, today’s wireless networks operate at hundreds to thousands of
Mbit/sec. The ongoing and upcoming 5G-6G revolution, is expected to connect
billions more devices through Internet and wireless connections which operate
at multi-Gbit/sec [3,4]. All of these advancements in wireless communications
is demanding high efficiency and bandwidth from the analog/radio frequency
(RF) components. To cope with increasingly high data rates, it is necessary to
develop analog front-ends of communication systems with high-speed transistors
operating in millimeter wave bands and allowing for multi-gigabit data rates.

Up till now, the RF electronics industry demands have been fulfilled by
Si-based transistors such as Si metal-oxide-semiconductor field-effect transis-
tors (MOSFETS), SiGe heterojunction bipolar transistors (HBTs) and III-V
compound metal-semiconductor field-effect transistors (MESFETSs) and high
electron mobility transistors (HEMTs) [5,6]. A general problem with current
Si MOSFET and III-V HEMT technology is the continuous scaling down to
meet the industrial demands, where field-effect transistors (FETSs) have already
reached their best performance, and no further significant improvement in
performance can be expected in future [7]. One reason for this is the continuous
development toward down-scaling led to extremely short gates, very thin gate
dielectric, extremely thin channel thickness and, therefore, the related problems,
such as short channel effects, low breakdown voltage, low operating voltage,
large surface scattering and threshold voltage variations [5,6,8,9].

Further advancement in RF electronics requires extremely small dimensions
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Figure 1.1: Scope of graphene in different research sectors [12].

and new material concepts. The choices are 2D materials such as graphene,
Molybdenum disulfide (MoSs) and black phosphorus (BP). These are the
potential candidates for new channel materials for RF transistors. Graphene is
a promising candidate for next generation of FETs for modern high-frequency
applications. Graphene was first demonstrated by Andre Geim and Konstantin
Novoselov in 2004 via separation from graphite by mechanical exfoliation [10,11].
Over the years, scientists have explored many applications of graphene in
different areas of science as shown in Fig. 1.1 [12]. However, transistor which
are used for high-speed /high-frequency applications require fast charge carriers
in the channel, which can react quickly to an applied electric field.

Graphene has exceptional charge carrier transport properties with intrinsic
high mobility over 10° cm?/V s at room temperature [13,14], which is 100 times
higher than that of Si, and charge carriers saturation velocity 5 x 10° cm/s [15],
which is about five times higher than that of Si. With these exciting features,
graphene is a strong candidate for future RF electronics.

Attempts have been made realising graphene-based RF /microwave circuits
such as frequency conversions [16,17], phase shifters [18], frequency multipliers
[19,20], power detectors [21,22], rectifiers [23], as well as amplifiers [24-27]. One
of the most appealing applications of graphene transistors are the amplifiers,
which are yet challenging only by a few published studies [25,27,28]. The high-
frequency performance of the FETSs is usually characterised by the two main
figures of merit (FOMs), the transit frequency ft and the maximum frequency of
oscillation fi,ax, defined as the frequencies at which current gain and unilateral
power gain drop to unity, respectively. A comprehensive review study made by
Frank Schweirz in 2013 on RF graphene field-effect transistors (GFET) shows
that the fp of GFET reveals scaling behaviour and even competes well with
other conventional RF FETs [29]. On the other hand, the maximum frequency
of oscillation fi,.x, which is an important FOM for RF analog front-ends, is
reported to be consistently lower and does not scale with the gate length [29].
Analysis of previous studies indicates that the high-frequency performance in
GFETs is limited by number of intrinsic and extrinsic factors [29-38]. The
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Figure 1.2: Benchmarking the different RF FET technologies by extrinsic maximum
frequency of oscillation (fmax) and transit frequency (fr) at similar gate lengths. Extrinsic
Sfmax versus fp of GFETSs developed in this work is shown for 0.5 pm gate length [42,43]. It
is compared with other GFET using CVD, epitaxial and exfoliated graphene [30,32,35,44,45].
It is also compared with the FETs of other 2D materials including BP and MoS» [46,47],
CNT [48,49] and MOSFET [50] at similar gate lengths.

intrinsic factor hindering realisation of competitive high-frequency GFETSs is
associated with zero-bandgap in monolayer graphene and, hence, lack of drain
current saturation, which results in relatively high drain conductance (gqs) and
lower fiax [29]. An approach for addressing the issue by inducing bandgap in
graphene turned out to be not promising, because it resulted in simultaneous
reduction in the carrier mobility [29,31,39]. An alternative approach to address
the high gqs is the increase in the charge carrier velocity in GFETs by proper
selection of the adjacent dielectric materials with relatively high optical phonons
(OPs) energies [37,40,41].

Extrinsic limitations of the charge carrier transport in GFETSs, degrading
the high-frequency performance, are associated, mainly, with imperfections
in graphene, interfaces and adjacent dielectrics, including the remote phonon
scattering. In this thesis work, the focus was on addressing and overcoming the
extrinsic limitations, which allowed for using efficiently the graphene superior
electronic properties and enabling the high-frequency electronics applications.
Fig. 1.2 shows the extrinsic fi,ax versus fr reported in this work in comparison
with other RF GFETs and RF transistors of 2D materials and carbon nanotube
as well as MOSFETs for similar gate length. As it can be seen, this work
represents state-of-the-art technology of high-frequency graphene field-effect
transistors.

In this thesis work, first, efforts have been made for better understanding
the high-frequency performance limitations caused by the graphene quality, see
Paper [A]. The low-field carrier mobility was selected as the most appropriate
material-quality parameter because of its combined response to different types
of material imperfections. The correlations between low-field mobility and
high-frequency performance of GFETs are observed, analysed and explained
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by using and combining the semi-empirical models of drain resistance, charge
carrier velocity, velocity saturation and small-signal equivalent circuits model.
It was found that a promising approach for improving the GFET high-frequency
performance is the selection of adjacent dielectric materials with OP energy
higher than that of SiOs, i.e. 55 meV, allowing for higher saturation velocity
and, hence, higher fr and fpax.

Paper [B] reports on GFETs still fabricated on SiOs substrate and with
Al; O3 gate dielectric, but with improved quality of the graphene and adjacent
dielectrics, which allowed for minimising emission of carriers from traps and,
hence, achieving the drain current saturation trend following that of the velocity.
This resulted in state-of-the-art extrinsic fr and fax up to 40 GHz at the
0.5 um gate length, which is comparable or even better than those of the best
published Si MOSFETs. However, fr and fia.x of the GFETSs are still limited
by the inelastic carrier-phonons interactions of the graphene and adjacent
dielectrics. In this work, it was suggested replacing the SiOy by AloOg with
higher OPs energy of 87 meV, since it can be readily realised with the developed
technology.

The proposed concept of encapsulation of the graphene channel by dielectric
layers with relatively high OP energy was realised experimentally in Paper
[C]. The GFETs with Al,O3 gate dielectric and Al;Og buffer layer between
the graphene channel and SiO2/Si substrate were fabricated and characterised.
The GFETSs reveals extrinsic fr and fax up to 43 and 46 GHz, respectively,
at 0.5 pm gate length, which were again higher then those of the best published
GFETs with similar gate length. Paper [E], presented in collaboration with
Barcelona University, reports on comprehensive modelling of the charge carrier
transport and high-frequency performance of GFETSs presented in Paper [B].
In particular, it was shown that high thermal conductivity of substrate is a
crucial property of GFETs for high-frequency applications. At relatively high
drain fields, above approx. 1 V/um, required for the carrier velocity saturation,
the channel temperature in GFET on SiO5/Si substrate can be as high as 600
K, due to intensive Joule heating provoked by the low thermal conductivity
of the SiOs layer. The increase in the channel temperature induces thermally
generated carriers, which result in the reduction of the saturation velocity and,
hence, degradation of the fr. On the other hand, it is shown that the above
effect allows for relative saturation of the drain current resulting in reduced
drain conductance and, hence enhanced fiax.

Paper [D] presents results of further development of the approach of en-
hancing the high-frequency performance of GFETSs by selecting the adjacent
dielectric materials with relatively high OP energy. Analysis indicates that
most suitable candidate is the diamond, since its OPs energy can be as high as
165 meV, which is comparable with that of the graphene zone-edge OPs. In this
case, the carrier velocity in GFETs is entirely defined by the intrinsic graphene
OPs. The GFETs on diamond substrates were fabricated and characterised.
The saturation velocity of 3.7-107 cm/s and state-of-the-art extrinsic fr and
fmax up to 55 GHz at 0.5 pm gate length, were demonstrated with promising
scaling down behaviour. These fr and fiax values are highest reported so
far for GFETs with similar gate length. In Paper [F] a first-order mobility
degradation model is used to separate information about mobility degradation
and series resistance for a set of GFETs of different channel lengths. Mobility



degradation behaviour was observed for GFET devices with the mobility being
reduced to half for a voltage-induced charge carrier density of 103cm~2. The
model is important for accurate extraction of parameters and characterising
the GFETs.

Finally, Paper [G] presents the X and Ku band fully-integrated GFET IC
amplifiers designed, in collaboration with Aachen University, fabricated and
measured. The amplifiers utilise the GFETs with the state-of-the-art high-
frequency performance developed and presented in Papers [A]-[D]. Peak gains
of 4.2 dB and 2.9 dB at 10.6 GHz and 13.6 GHz were measured, respectively, for
each GFET amplifier. The achieved gain values are higher than those reported
so far for the GFET IC amplifiers.

The thesis outline is as follows. In chapter 2, graphene’s electronic properties
relevant for the high-frequency electronics applications are considered. Chapter
3 describes the specifics of the high-frequency GFET’s designs, fabrication, DC
and RF models and performances, as well as effects of the self-heating. In chap-
ter 4, the effects of material imperfections on the high-frequency performance
of GFETs are analysed. Chapter 5 describes the GFETs with enhanced high-
frequency performance utilising dielectric materials with high optical phonon
energy. Chapter 6 reviews current status of GFET IC amplifiers and presents
the developed and fabricated Ku-band IC amplifier based on high performance
GFETs. Finally, the thesis is concluded with a summary and future outlook.
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Chapter 2

Transport properties of
graphene

The analog front-ends of advanced communication systems require high speed
transistors operating at mmWave frequencies and providing a large bandwidth.
Two main figures of the merit of RF transistors are the fr and fiax, and
both depend on the charge carrier velocity in the channel. Thus, materials
with high mobility and high charge carrier saturation velocity are required
as channel material in order to realise such RF transistor devices. In this
context, monolayer graphene is a promising candidate with intrinsically high
mobility and charge carrier saturation velocity. This chapter describes the
basic properties of graphene which make it qualified for high-frequency analog
applications. The specific graphene properties such as V-shaped band structure,
charge carrier density, material imperfections and low- and high-field charge
carrier transport will be discussed. It begins with the quote of Nobel laureate
Andre Geim: ’Graphene opened up a material world we didn’t even know
existed.’

2.1 Crystal structure and electronic band struc-
ture

The existence of a single sheet of atoms was not considered probably due to
the atom’s thermodynamic instability [51], until the present century, when
scientists managed to peel off a 2D monolayer of carbon atoms from bulk
graphite [10,11]. Fig. 2.1(a) shows the sheet composed in a tightly bonded
honeycomb-like hexagonal structure of carbon atoms also called 'graphene’ [52].
Carbon is a material in Group-IV of the periodic table and has four valence
electrons in its outermost shell. Carbon atoms have the tendency to form
three symmetrical covalent bonds because the 2s, 2p, and 2p, orbitals can be
transformed into three symmetric sp? hybrid orbitals with planar symmetry as
shown in Fig. 2.1 (b). Notice that the p, orbital remains unhybridised. These
sp?-hybridised carbon atoms with triangular planar structure form o-bonding
with the neighbouring carbon atoms and replicate the process to form a 2D
crystal structure, earlier defined as a graphene sheet. The distance to the
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(a)

Figure 2.1: (a) The graphene crystal structure. (b) The symmetrical covalent bonding of
carbon atoms and the tetrahedral symmetry of sp® hybrid orbital [53].

Figure 2.2: Electronic dispersion in the honeycomb graphene lattice calculated using
tight-binding approximation. The conductance band touches the valence band at the points
named Dirac points [54].

nearest neighbouring carbon atom is 0.142 nm. The graphene sheet shows strong
mechanical strength and very high electrical conductivity. Now the question
is: Where does this mechanical strength and electrical conductivity come
from? The strong o-bondings in the planar structure provide the mechanical
strength to the material, and the excellent electrical conductivity originates
from the unhybridised p, orbital, which forms much weaker m-bonding with
its neighbouring atoms. Below, we are focussing on the electronic transport
properties of graphene.

2.1.1 Graphene electronic band structure

To understand the electronic transport properties of graphene, it is important to
understand its electronic band structure. Theoretically, the concept of graphene
electronic band structure was studied a long time ago in order to explain the
properties of graphite. A simplified energy-momentum relation using theoretical
argument, the tight-binding approximation for graphene lattice is described by
assuming that the electrons can jump to the three nearest neighbouring atoms
as [54]

3
E(k)* = j:a\/1+4cos %kx cos glcy+4cos2 gky. (2.1)

Here, « is a fitting parameter and & is the wave vector. The (+) and the
(—) signs correspond to the conduction and valence bands, respectively. The
band structure calculated using eq.(2.1) is shown in Fig. 2.2. The conduction
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Figure 2.3: (a) Energy dispersion relation in conventional semiconductors (dashed line)
and in graphene (solid line) close to the Dirac point. (b) The graphene density of state close
to the Dirac point [54].

and valence bands touch at the conjugate K-points called the Dirac points.
The Dirac points, also known as the charge neutrality points, express a key
feature of graphene, i.e. zero-bandgap nature of monolayer graphene. The
zero bandgap nature of graphene in the context of graphene transistor is a
very important phenomenon and is the key to understanding the electrical
characteristics of graphene transistors. In conventional semiconductors, the
energy and momentum relation involves reduced mass of the free carriers and
can be expressed as:

h2k?
2mr
Here, 7 is the Planck’s constant, k is a wave vector and m* is the effective mass
of the charge carrier. Both electrons and holes experience different effective
mass in a semiconductor, which result in different total energy; thus, holes and
electrons behave differently. Zooming in close to the Dirac point in Fig. 2.2
reveals the highly symmetrical nature of the dispersion relation in the vicinity
of the Dirac point. According to the tight-binding approximation, the graphene
quasi particles exhibit a linear energy dispersion relation. A linear conical
dispersion relation in the vicinity of the Dirac point is described in terms of
the Fermi velocity (vg) as:

E(k) = thopy/k2 + k2. (2.2)

Fig. 2.3 shows the parabolic relation of E versus k for common semiconductors
in comparison with graphene shown by the linear curve. The linear dispersion
relation indicates a massless nature of graphene charge carriers. Normally,
massless particles like fermions governed by the Dirac equation are described
by the Fermi velocity instead of the velocity of light. This means that both
electrons and holes in graphene exhibit a constant Fermi velocity vp = 10°
m/s, irrespective in momentum, which indicates the origin of superior carrier
transport properties of graphene. It further shows that, theoretically, the
transport properties of electrons and holes are the same in graphene.

E(k)

2.1.2 Graphene density of states and carrier concentra-
tion

The density of states is another important aspect of the electronic band structure
since it defines the carrier concentration. The density of states (number of
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states per unit energy interval) in graphene close to the Dirac point is derived
from the momentum energy relation as:

2|E|
The density of states is zero at zero Fermi energy. Zero density of states
makes graphene a semiconductor-like material, while zero-bandgap attributes’
resemblance to graphene is a semi-metal-like material. The density of states
derived from eq. (2.3) is shown in Fig. 2.3(b). It can be seen that the density of
states increases as the Fermi energy level moves away from the charge neutrality
point.
The charge carrier concentration is defined by the carrier distribution in
the valence or conduction band and is given by the density of state (g) times
the probability (f) that a state is occupied or empty:

n=g(B)- f;(E). (2.4)

Here f;(FE) is the Fermi-Dirac probability function. The carrier concentration
for the volume of a given system is obtained by taking the integral of eq. (2.4).
Solving the integral of the above equation gives a simple analytical expression
relating the charge carrier concentration in graphene directly to the Fermi level:

2
9 (Ef
= (=) . 2.
K 4-7T<h’l}f> ( 5)

The position of the Fermi energy (FE) level is determined by the carrier
type and the density in the graphene sheet. In conventional semiconductors,
according to energy band theory, when the Fermi energy level lies at the
midgap, the semiconductor is called the intrinsic semiconductor. In the p-
doped semiconductor, the Er moves closer to valence band, and in the n-doped
semiconductor, the Ef moves closer to the conduction band. Quite similar
but in monolayer graphene where bandgap does not exist, we see the Fermi
energy level movement with reference to the Dirac point. So in cases when
FE¢ is higher than the Dirac point and lie within the conduction band, the
graphene is n-doped, and when E; is below the Dirac point into the valence
band region, the graphene is p-doped. Fig. 2.4 shows the simplified illustration
of the above mentioned two situation when the Ef is in the valence band and
in the conduction band.

2.1.3 Intrinsic and extrinsic carrier concentration

At this stage, it is important to distinguish between intrinsic and extrinsic
graphene properties. Graphene can be defined as being of intrinsic nature,
when the Fermi energy level lies exactly at the Dirac point, which means that
there is no external doping. In such a system, at T = 0 K the conduction band
is completely empty and the valence band is completely filled, and the Fermi
level lies at the Dirac point [55]. With this definition in mind, the graphene
used in all practical applications is extrinsic in nature. At temperature T > 0,
there are thermally generated carriers present at all times in the system. The
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Figure 2.4: Simplified illustration of Fermi energy level in p-doped and n-doped graphene.

temperature dependent thermally generated carrier density is given by [56]:

7 (kpT\?>
—_— 2.
Nth 6 ( hvf ) ( 6)

where kp is the Boltzman constant. In the absence of external doping, one
can say that ng, is the intrinsic carrier concentration of graphene at a given
temperature. When the graphene is transferred onto a foreign substrate, usually
the charged impurities at the interface or in the substrate oxide induce the
so-called residual charge carrier concentration (n;) in the graphene. Considering
graphene in a transistor configuration, where it acts as the transistor channel,
one can make graphene extrinsic via doping by applying positive or negative
gate voltage. The net charge carrier concentration in the extrinsic graphene is
given as:

n= \/n% + (Coz - (Vo = Voir) 0)° (2.7)

Here, ng = /n? + nfh is minimum carrier density, Cyx is gate oxide capaci-
tance per unit area, Vg is the gate voltage and ¢ is the elementary charge.

2.2 Carrier transport in graphene and material
imperfections

The high-frequency performance of graphene transistors depends on the charge
carrier transport properties of graphene. The charge carrier transport occurs
in the graphene sheet under the influence of an external electric field and is
characterised by the low-field mobility and high-field carrier velocity.

2.2.1 Low-field mobility and high-field charge carrier ve-
locity

The way the charge carrier responds to the electrical field is characterised
by the low-field mobility and the high-field charge carrier velocity. Charge
carrier mobility is an important material parameter at the lower field and is
fundamental in describing the electrical conductivity, the resistivity and velocity
of the charge carrier in that material. The mobility in this work is, typically,
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Table 2.1: COMPARISON OF GRAPHENE MOBILITY WITH OTHER 2D MATERIALS AND SEMICON-
DUCTORS.

Si | InAs | GaN | GaAs | MOS; BP | graphene

Mobility(10%cm?/Vs) | 1.4 | 33 1.6 8 0.2 [58] | 1 [59] | 100 [13]

Eg(eV) 112 | 036 | 34 | 143 1.8 2 0

extracted from the transfer characteristic of the GFET or from the output
characteristics at a low electric field. As mentioned above, graphene possess
high intrinsic carrier mobility. Table 6.1 shows the mobility of the graphene
in comparison with other 2D materials and conventional semiconductors at
room temperature. However, the RF transistors operate at very high electric
field, where the charge carrier velocity is considered to be the more appropriate
parameter. In particular, the intrinsic transit frequency of a FET device is
defined by the velocity as fr ~ vq/(2mL), where vq is the charge carrier velocity
and L is the gate length. Charge carrier drift velocity under the applied electric
field is modelled by [57]:

ﬂeffEint
(1 + (Mefsz:m ),3)1//3 :

Vsat

Vg =

(2.8)

Here, peg is the effective low-field mobility, vg,¢ is the saturation velocity, 3
is a fitting parameter and Ei, is the intrinsic electric field along the channel.
From eq. (2.8), it can be seen that the velocity is directly proportional to
the electric field. With increasing the electric filed the velocity of the charge
carriers increases and continue to increase until it becomes insensitive to further
increase in the applied field and becomes saturated, approaching the value
called ’saturation velocity’. The charge carrier velocity in the FETs channel
can be evaluated from the drain current and also from the RF transit frequency
fT by using the delay time analysis. These methods will be considered in detail
in the next chapters. Saturation velocity can also be evaluated theoretically
by using the model which assumes that vg,t is limited by inelastic emission of
optical phonons [44,56]:

o = 2wop | whp 1
st T o/ 4mnvg? Nop + 17

(2.9)

Here, hwop is the optical phonon energy, Nop = 1/[exp(fwop/kT) + 1] is the
phonon occupation and n is the charge carrier concentration. The above
equation takes into account the temperature dependence of wvgy also. By
assuming a negligible effect of temperature on vg,¢, a more simple approximation
of vgat can be used [40]:

2 wop

Usat = — ;
T /TN

(2.10)

which indicates that for a given total carrier concentration n, the vy, is defined
by the optical phonon energy Awop of the material. The vg,; for graphene
on SiO, substrate was recorded to be in the range of 1-2 x107 cm/s and
is limited by the relatively low surface optical phonon energy hwop = 55
meV of SiOs [44,56]. In Paper [C] and [D], we systematically investigated
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Figure 2.5: Charge carrier saturation velocity of graphene at room temperature in compar-
ison with that of conventional semiconductors [60]. Note: The green bar overlapping the
blue bar represents the velocity measured in this work by using CVD graphene on different
substrate materials.

the effects of hwpp of substrate dielectrics on the vg,y and the GFET high-
frequency performance. Fig. 2.5 shows the saturation velocity of the graphene
in comparison with other 2D materials and semiconductors. It can be seen that
graphene is the material with the highest vs,; making it graphene a promising
channel material for RF electronics. The vg,; measured in hexagonal boron
nitride (hBN) encapsulation graphene Hall bar devices is in the range of 3-6
%107 cm/s [15], because the hBN Awop is more than 100 meV. As reported
in Paper [D], the saturation velocity measured in the top-gated two finger
GFETSs on diamond, which is material with highest OP energy, can be as high
as Vgat=3.3 x 107 cm/s.

2.2.2 Material imperfections

As mentioned above, graphene possesses an extremely high intrinsic mobility
of charge carriers. However, graphene is atomically thin layer of atoms and is
very sensitive to its surrounding materials. In practical devices, the graphene
mobility drops to several fold due to the number of extrinsic factors. For
instance, the very first paper studying the field-effect phenomenon in a graphene
sheet was submitted by Novoselov [10] in 2004, where he reported the mobility
up to 10* ¢cm?/Vs at room temperature. A few years later, Bolotin et al.
reported that the carrier mobility in graphene can be as high as 10° ¢cm?/Vs
at room temperature [13]. The reasons for such difference is that Novoselov et
al. prepared the graphene devices on a SiOy substrate where the charge carrier
impurities at the interface and in the oxide limit the charge carrier mobility.
In contrast, the paper by Bolotin et al. reports on devices fabricated by using
suspended single layer graphene. Free standing graphene preserves its high
quality close to ideality and the mobility in such super clean graphene sheet
is neither limited by lattice acoustic phonons scattering at high temperature
nor by the impurity scattering [61-63]. However, the freestanding graphene is
not viable from the device fabrication point of view. Graphene in devices is
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inevitably have to be contact with foreign materials and dielectric substrates
for real electronic applications. As the graphene is transferred onto a dielectric
substrate, its intrinsic superior properties degrade dramatically. This is because
carrier scattering rate increases many fold due to the number of different
extrinsic scattering mechanisms such as remote interfacial phonon scattering,
charged impurity scattering, scattering by ripples, neutral defect scattering and
resonant scattering [64]. When various scattering mechanisms are involved, their
relative contributions to the net mobility can be counted using Matthiessen’s
rule as [65]:

-1 -1 -1 -1 -1 -1 -1
T = 7-cl + Tsr + 7-op + 7-LA + Teorr = ZTw . (211)

Here, 7 is the scattering time between two scattering events, and the subscript
(cl) represents Coulomb scattering, i.e. by charged impurities, (sr) represents
short-range scattering, i.e. scattering by neutral defect, (op) indicates remote
optical phonon scattering, (LA) longitudinal acoustic phonons, and (corr) is
for corrugations or graphene ripple scattering. All these scattering mechanisms
contribute to mobility through the expression [66,67]:

q/U%vT
= 5 s

(2.12)

where E is the electric field. Coulomb scattering is the long-range scattering
mechanism associated with the charged impurities at the interface and in the
gate or substrate dielectrics. Long-range scattering is considered to be the
main scattering mechanism controlling the carrier transport in graphene FET
devices at relatively low carrier concentration [55]. Short-range scattering
is also present in graphene and associated mainly with the lattice defects.
It dominates at relatively high carrier concentration and in cleaner samples.
Another extrinsic scattering mechanism is the remote OPs at low temperature
and is inversely proportional to the carrier concentration simply because higher
carriers densities lead to a higher scattering rate [61]. The other significant
scattering effects can be due to the ripples in graphene and is partially related
to the substrate roughness [68]. To bring graphene-based technology to a
higher level, it is necessary to overcome the limitations of extrinsic scattering
mechanisms.

In this context, an endeavor to reach the intrinsic graphene transport
properties comes with the approach of using an exfoliated hBN layers as the
substrate material. The hBN is a wide bandgap material. It has hexagonal
lattice symmetry like graphene crystal and has a lattice mismatch of 2.0%.
Recently, room temperature mobility well above 70 x 10 cm?/Vs was reported
for hBN encapsulated graphene Hall bar devices [14,69], indicating that hBN
is a promising dielectric material for graphene devices. However, it is not yet
feasible for wafer scale device fabrication.

An inevitable feature associated with material imperfections is spatially
inhomogeneous screened Coulomb potential created by charged impurities in
the dielectric layers adjacent to the graphene sheet. The charged impurities
are typically associated with the oxygen vacancies in the adjacent dielectrics
and/or water molecules trapped at the graphene-dielectric interfaces [71,72].
This causes a spatially inhomogeneous random network of two dimensional
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Figure 2.6: Mapping of the charge carrier density measured at the Dirac point [70].

electrons and holes puddles in the graphene sheet as shown in Fig. 2.6. These
laterally inhomogeneous densities of charged impurities have been reported in
many studies [62-64,66, 73]. The inhomogeneous electron and hole puddles
define the minimum conductivity, measured at the Dirac point.

The variations of the GFET performance from device to device over the
chip surface, observed in this thesis work, is largely attributed to the spatially
inhomogeneous material quality. We exploited this largely distributed material
quality over the chip as a tool to study the effect of charge carrier transport in
a channel on the high-frequency performance of GFETs in Paper [A]. Further-
more, we also take into consideration the variations in GFET performance
when designing GFET IC amplifiers, as discussed in Paper [G].
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Chapter 3

High-frequency graphene
field-effect transistors

In this chapter, features of the design, fabrication and operation of the high-
frequency GFETSs are considered, including modeling of the charge carrier
transport and high-frequency performance. General operational principles of
GFET are similar to that of MOSFET, however, there are some distinguishable
features associated, first of all with zero bandgap in monolayer graphene which
results, in particular, the ambipolar transport in the GFET channel.

3.1 Design and fabrication of high-frequency
GFETs

3.1.1 High-frequency aspects of design

In this work, the GFETSs in the planar top-gate configuration and two gate
fingers design were developed and optimized for the highest high-frequency
performance, as shown in Fig. 3.1. The high-frequency performance of RF
FETs are characterised using the FOMs, which are the transit frequency fr
and maximum frequency of oscillation f.x and can be expressed using the

Source

Graphene

Si02

Silicon substrate sum - SRR . e

(a) (b)

Figure 3.1: (a) A schematic cross-section view of the GFET. (b) SEM of a two fingers
GFET with two source, a drain and gate electrodes. Magnified planar and 45° tilted view of
the gate area in (b) corresponding to the dashed line box.
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small-signal equivalent circuit model as [74]:

fr Jo , (3.1)

= ng‘gm‘RC Cap
L+ gasRe + =8 26,7 + 0,56

Im 1
AmClys \/gds (Ri + B2 + R¢) + gmRa

fmax = y (3.2)

Cya
Cys

where, g, is the transconductance and gqs is the drain conductance. R¢
is the contact resistance, R; is the charging resistance of the gate-source
capacitance and Rq is the gate resistance. The Cys and Cg4s are the gate-
source and gate-drain capacitances, and Cgp is the gate-pad capacitance. The
fr—int = gm/27(Cgs + Cga) is the intrinsic transit frequency. To achieve high
FOMs, the GFETs are designed taking into account the following considerations
and conditions.

e The intrinsic fr and fmax can be expressed via gate length as [75]:

1 4

- =_° 3.3
2T Tint 2rL’ (3.3)

foint =

~ fT—int
f’mam—znt \/ngé, (34)
where Ti,¢ is the intrinsic transit time, i.e. the time of drift of charge carriers
between source and drain. It can be seen from egs. (3.1) and (3.2), that for
highest fr and fi,.x the gate length should be as short as possible. On the
other hand, at relatively short gate length, the contact resistance associated
with ungated regions starts to limit the high-frequency performance. In the
current design/technology optimal L is approx. 0.5 pm.
e Analysis indicates that, relatively large gate width and two gate fingers
should be used to minimise the effects of the pad capacitances. It follows from
a simplified expression for the time delay in the GFET as: [75]

S (3.5)
T = 27TfT = Tint Tpad) .
and
~ Cpg
= G

where Tpaq is the delay associated with discharging of the gate pad capacitance.
As it can be seen that the effect of 7,4 can be reduced by increasing the gate
width. Current optimal design / technology utilises the two gate fingers with
total W=30 pm as shown in Fig. 3.1 (b).

e Consideration of egs. (3.1) and (3.2) indicates that the ungated regions
should be as short as possible to minimise the effect of total contact resistance
as shown in zoom Fig. 3.1 (b). With current technology the ungated region
length L,..=100 nm, which is the lower limit defined by the e-beam lithography
in this fabrication process flow. To get rid of the access area and related
resistance, in the future generation of GFETs the self-aligned gate technology
can be pursued.

e The top-gate configuration is used with the aim to minimise the parasitic
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Figure 3.2: (a) Optical micrograph of the monolayer graphene transferred on Si/SiO2. (b)
The Raman spectrum taken at marked dashed box in (a).

gate-source and gate-drain capacitances.

e In the planar gate technology, rather thick gate electrode of 0.3 pum Ti/Au
is used to minimise the limiting effect of the Rg on extrinsic fiax as follows
from eq. (3.2).

3.1.2 CVD graphene selected for high-frequency GFETSs

The GFETs with state-of-the-art high-frequency performance demonstrated so
far utilise graphene fabricated by using three basic technologies: i) mechanical
exfoliation, ii) epitaxial growth on SiC substrates and iii) chemical vapour
deposition (CVD) [24,27,30,34,48,76]. The mechanical exfoliation from graphite
inherently provides the highest quality graphene, because of the fewer defects,
less impurity residuals and no grain boundaries. The exfoliated graphene
demonstrates room temperature mobility over 1-10% cm?/Vs and saturation
velocity up to 6 - 107 cm/s [13,15,69]. However, the exfoliated graphene
flakes are limited in size of typically few tens pum?, and the technology is
not compatible with the standard high-volume, large-scale CMOS processes.
The epitaxial graphene can be obtained on the large area SiC substrates and
with rather high quality [77,78]. However, the drawback of this technique
is the limited possibility of integration on the common grade semiconductor
substrates. The CVD graphene can be grown on large areas and transferred
onto arbitrary substrates. From this point of view, the CVD graphene is the
technology of choice for the development of high performance high-frequency
electronics based on GFETs. Recent advances in the CVD technology allowed
for fabrication of graphene with mobility comparable to that of the exfoliated
graphene encapsulated by hBN [14]. The CVD graphene is typically grown on
a Cu foil, acting as a catalyst, using precursors gas flows. In the next step,
graphene is transferred onto a substrate for subsequent device processing [79].
The GFETs and devices developed in this work were fabricated using CVD
graphene with low-field mobility up to 2500 cm?/Vs. The CVD graphene used
in Papers [A] to [C] were grown and transferred onto SiO/Si substrates by
AMO and Aachen University. Graphene used in Papers [D] to [G] is supplied
by Graphenea and transferred using the ’easy transfer’ method developed by
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Figure 3.3: Schematic of the fabrication steps of two fingers top-gate GFET.

the company. The monolayer graphene was used due to its superior electron
transport properties, better than that of the bilayer or multilayers graphene.
Fig. 3.2(a) shows the optical micrograph of a CVD graphene transferred onto
a SiO5/Si substrate. Fig. 3.2(b) shows the Raman spectrum taken from the
region marked by the dashed line in Fig. 3.2(a).

3.1.3 Fabrication development

The fabrication process, developed for GFETs reported in Papers [A]-[C], [E]
and [G], starts with transfer of the graphene onto a high-resistive Si substrate
covered by 1 pum thick SiO layer grown by wet oxidation, as shown in Fig.
3.3(a). Relatively thicker SiO5 was used with the aim to reduce the parasitic
pad capacitances in the GFETs. A modified fabrication process was adopted for
the GFET fabrication with an aim to preserve the graphene from contamination
during fabrication. As a first step, the graphene sheet was covered with a
dielectric layer as shown in Fig. 3.3(b), in Paper [A] to [G] it was Al;O3 and
in Paper [E] it was Ti/TiO3. This modification, in comparison with previously
used process, serves two important purposes:

e It provides a cleaner metal-graphene interface under the contact electrode.
e It provides a cleaner interface between the top-gate dielectric and graphene
channel.

In contrast, the previously used GFET fabrication process started with the
formation of source and drain contacts and thus does not protect the graphene
channel from contamination by residues of e-beam resists, adsorbent molecules
and other processing chemicals [63,72,80]. The next step of the modified
fabrication process was defining the mesa structure, as shown in Fig. 3.3(c).
Ohmic contacts were formed by patterning the contact area using e-beam
lithography, followed by etching the protective oxide layer by buffer oxide
etchant (BOE) and finally depositing Ti/Pd/Au (1 nm/15 nm/250 nm) metal
layers, see Fig. 3.3(d). It has been found via Raman spectra analysis that
etching the oxide layer with BOE allows for the effective removal of polymer
residues from the graphene surface. More details are given in the next sections.
The next processing step was the deposition of a second layer of Al,O3 gate
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Figure 3.5: Raman spectra of the G bands (a) and 2D bands (b) of graphene as transferred
(solid line) and after patterning with AloO3 using MMA-EL6 (dashed line), without AloOg
using PMMA (dashed dotted line), and without AloO3 using MMA-EL6 (dotted line).

dielectric using an atomic layer deposition technique, where the first few Al
layers were deposited by e-beam evaporation and then thermally oxidized
served as a seed layer. Next, gate fingers were patterned, and a metal stack of
Ti/Au (10 nm/270 nm) was deposited, Fig. 3.3(e). The final processing step
was the formation of contact pads for microprobes. All processing steps were
carried out using e-beam lithography and e-beam evaporation. Typical SEM
micrographs of top-gated double gate finger GFET and transfer length method
(TLM) test structures are shown in Fig. 3.4.

Control removal of polymer residue

Raman spectroscopy was used for monitoring the graphene quality in response
to development/modification of fabrication technology. In particular, analysis
of the Raman spectra in Fig. 3.5 allows for evaluation of the doping effect
caused by resist residues and verifying the effective removal of polymer residues
in the modified fabrication technique. To verify the effective removal of e-beam
resist residues in the modified fabrication method, the following test samples
were prepared on Si/SiOy substrates and analysed using Raman spectroscopy:
i) graphene with Aly;Og3 layer after developing the MMA-EL6 e-beam resist fol-
lowed by patterning the AloOg layer, which represents the modified technology;
ii) graphene without Al;Oj3 layer after developing by MMA-EL6 and PMMA
e-beam resists, which represents the previously used technology [24, 25];

iii) as-transferred graphene used as a reference.

As can be seen in Fig. 3.5, the positions and intensities of the G and
2D peaks corresponding to patterning with Al,Os using MMA-EL6 match
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Figure 3.6: The 0.5xR x W of a TLM tests structure versus channel length.

closely to those of the as-transferred graphene. The positions of the peaks
corresponding to patterning without AloOgs, using both MMA-EL6 and PMMA
are upshifted, and the intensities of the 2D peaks are reduced. It was shown
that the positions of the G and 2D peaks are defined by concentration of charge
carriers and strain [81,82]. The 2D to G peak intensity ratio, I(2D)/I(G), is a
strong function of the charge carrier concentration and does not depend on the
strain [81-83]. The downshifts of the G and 2D bands positions, reported in [84]
for PMMA-covered graphene, are not accompanied by remarkable changes in
the I(2D)/I(G) ratio and, hence, are explained by the tensile strain produced by
PMMA. The upshifts and decrease in the I(2D)/I(G) ratio caused by removing
polymer residues via post-annealing, reported in [85,86], are explained by
formation of charged defects resulting in hole doping. Our analysis indicates
that the upshifts and the I(2D)/I(G) reduction observed in our experiments
corresponding to patterning without AlsOgz, using both MMA-EL6 and PMMA
(see Fig. 3.5) can only be explained by hole doping [81], apparently caused by
residues of polymers. The matching of positions and intensities of the G and
2D peaks corresponding to patterning with AloO3 using MMA-EL6 confirms
that, in the case of the modified technique, the polymer residues are effectively
removed.

3.1.4 Low resistive graphene-metal junctions

Realisation of low resistive metal-graphene junctions is a challenging task for
researchers working with graphene device technology. There are basically two
methods of contact formation in GFET technology: (i) the conventional top or
planar type contacts and (ii) the side or edge type contacts [49]. In this study,
planar contacts with very low specific width contact resistivity pc down to 90
Q x pm have been demonstrated. For contact resistance measurements, multi-
terminals technique of the TLM was implemented [87,88]. The TLM is the
most commonly applied method to extract the contact resistance, in particular,
because it takes into account the edge effect and current crowding [89, 90].
The parameter characterising the metal-graphene contact is the specific width
contact resistivity pc = Rcx W [91]. A TLM test structure is shown in
Fig. 3.2(b). In TLM methods, a chain of identical contacts are fabricated
with different channel lengths between them. The total resistance R between
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Figure 3.7: Typical transfer characteristics (a) and corresponding dependences of the
drain resistance (Rpg) on the gate voltage (Vi) (b) of the GFETSs on diamond and Si/SiO2
substrates. The solid lines represent fitting by the drain resistance model using egs. (3.8).

the contacts is measured by using DC IV characterisation. The R measured
between the two contacts is a combination of contact resistance R, and the
graphene sheet resistance Rg, and can be expressed as:
RspL
R=2R¢ + W (3.6)
Where L is the graphene channel length and W is the channel width. The
total measured R multiplied by 0.5W for different channel spacings are then
plotted versus L as shown in Fig. 3.6. The slope gives the sheet resistance of
the graphene while R¢ is obtained from y-intercept at L = 0. The measured
pc in this way is 90 © x pm, which is lower than the edge type contacts and is
close to the theoretical limit of 88 € x pm [92].

3.2 DC performance and models of GFETSs

3.2.1 Transfer characteristics and drain resistance model

Typical transfer characteristics of GFETs on diamond and Si/SiOs substrates
and corresponding dependences of the drain resistance on gate voltage are
shown in Fig. 3.7. The dependences reveal characteristic minimum conductivity
at Dirac voltage manifesting the graphene’s ambipolarity. The minimum
conductivity is defined mainly by the impurities in the system as in [63,73]:

Omin = H0T0q (37)

where pg is the low-field mobility and ng is the residual carrier concentration
defined by the spatially inhomogeneous screened Coulomb potential by neglect-
ing the concentration of the thermally generated carriers [73]. The ng can be
found using the random phase approximation formalism [73]. Alternatively, ng
and o can be evaluated via fitting the drain resistance model [93]:

L

Rps = Re + ——
DS c oW ion

(3.8)
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Figure 3.8: Saturation of the drift velocity (a) Drain current density (Jp) vs. intrinsic
drain field (Eiyt) of the GFET on diamond substrate with 0.75 pm gate length at different gate
voltages of Vg=1, 0.5, 0 V increasing in the arrow’s direction. Shown are also corresponding
total concentrations of the charge carriers. Inset shows the drain resistance dependence on
the gate voltage. The lines represent the drain current density modelled using egs. (2.8),
(3.9) and (3.10). (b) The effective drift velocity of the charge carriers (vq) vs. intrinsic
drain field calculated from dependences shown in (a) using egs. (3.9), (3.10). The solid
lines represent the drift velocity calculated using the drift velocity model, eq. (2.8). The
dashed line represents the saturation velocity dependence on concentration calculated using
the saturation velocity model, eq. (2.10).

where Rc is the total source and drain series resistance including a graphene-
metal junction resistance and resistance associated with ungated regions of the
channel, n is the total carrier concentration as defined in eq. (2.7), L is the
gate length, W is the gate width and n is the total carrier concentrations, Cyx
is the gate capacitance per unit area. Fig. 3.7 shows the Rpg vs. Vg of the
GFETSs together with fitting curves of the model and corresponding values of
the pg, np and R¢ found as fitting parameters.

3.2.2 Output characteristics, drain current and drift ve-
locity models

Fig. 3.8(a) shows the drain current densisty (Jp) versus intrinsic drain field
(Fint) of a GFET on diamond substrate with 0.75 um gate length at different
gate voltages of Vg=1, 0.5, 0 V increasing in the arrow’s direction. Shown
are also corresponding total concentrations of the charge carriers. The drain
current density and intrinsic drain field are calculated as Jp=Ip/W and
Eint = (Vb — IpR¢)/L. The drain current density can be expressed as:

JIp = qnegfpieffEint = qneffod (3.9)

where vq is the effective drift velocity of the charge carriers and n.g is the
effective carrier concentration by taking into account of the effects of depletion
at the drain side and thermal generation of carriers due to self-heating at
relatively high drain fields. The ng can be expressed as [15]:

Neff = \/n% + (Coz/a(Va — Vpir + V4 /2))? (3.10)

where Vg, Vpir and Vjy are intrinsic gate, Dirac and drain voltages, respectively.
The ng is the residual carrier concentration at elevated temperature caused by



3.3. MOBILITY DEGRADATION 27

self-heating and calculated as: ng = \/n? + n2, [56]. The n; can be found using
the drain resistance model and n¢y, calculated using the thermal resistance
model [56]. The effective drift velocity vq can be obtained using eq. (2.8). The
tefr can be found from the output characteristics as pe = gasL/neW [90].
The lines in Fig. 3.8(a) represent the drain current density modelled using egs.
(2.8), (3.9) and (3.10). Fig. 3.8(b) shows the drift velocity calculated using the
measured current density shown in Fig. 3.8(a) and egs. (3.9) and (3.10). The
solid lines represent the drift velocity calculated using the drift velocity model
given by eq. (2.8) with v, as a fitting parameter. The vg, is shown in Fig.
3.8(b) versus carrier concentration for the corresponding three different gate
voltages. The dashed line represents the saturation velocity dependence on
concentration, calculated using eq. (2.10) [15,56]. As it can be seen, there are
good agreements between the experimental measurements and the simulations
in all dependences in Fig. 3.8(a) and Fig. 3.8(b).

3.3 Mobility degradation

Mobility modelling including appropriate low-field mobility and saturation
velocity models are of utmost importance for characterising GFETs and for
predicting their performance in circuit applications. Several GFET IV-models
pay attention to velocity saturation effects at high electric fields, but low-field
mobility degradation at high carrier concentrations is neglected in most models
despite being observed already in early work. In Paper [F] a GFET low-field
mobility model was proposed that includes mobility degradation due to an
increasing number of charge carriers induced by the gate voltage. By using
this mobility model, one can show that series resistance values extracted by
using widely accepted resistance models overestimate the real series resistance
because of the effects of mobility degradation. An effort were made to separate
the two effects by examining the gate length dependence of the resistance values
extracted from measurements on a set of GFETSs of different gate length. A
detail mathematical expression and discussion is given in Paper [F].

3.4 High-frequency performance and models of
GFETs

In this section, small-signal equivalent circuit model, DC, S-parameter measure-
ments and high-frequency performance benchmarking of GFETSs are considered.
The details of measurements and evaluation of the high-frequency performance
of GFETs including those with record high fr and fi,ax of 34 GHz and 37
GHz, respectively, are published in Paper [B].

3.4.1 Small-signal equivalent circuit model

In this work, the small-signal equivalent circuit of a GFET, shown in Fig. 3.9, is
used for device modelling, optimisation and predicting the GFET performance
and limitations. The elements within the dashed rectangle constitute the
intrinsic transistor, i.e., the gate region of the transistor and the channel below.
The extrinsic part of the transistor consists of the parasitic elements. The
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Figure 3.9: The small-signal equivalent circuit of GFET with dashed line box separating
the intrinsic transistor circuit.

entire circuit consists of the following elements: intrinsic transconductance (g, )
and drain conductance (gq); gate-source Cys, gate-drain Cyq, drain-source Cyg;
parasitic gate pad Cps and drain pad Cpq capacitances with corresponding
resistances Rp,s and Rpq; gate resistance Rg; source Rg and drain Rp series
resistances; charging resistance of the gate-source capacitance (R;); inductances
associated with the gate ( Lg), source (Lg) and drain (Lp) leading electrodes.
The equivalent circuit has been used to interpret and predict the high frequency
performance of GFETs in Paper [B]. Below, a novel method of analysis of
correlation between material quality and high-frequency performance of GFETs
is presented.

3.4.2 Modelling of the fr and f..

The two main FOMs of RF transistors are fr and fiax, which characterise
the transistor’s current gain and unilateral power gain, respectively [94]. The
gains of the transistor can be deduced from the equivalent circuit applying
Kirchhoff’s laws and the rules of two-port theory allowing for deduction of the y
parameters and, finally, expressions for the fr and fmax [29]. The characteristic
frequencies of the intrinsic transistor can be expressed as:

gm

it = ————————— 3.11

Jrint = 57 (Cys + Cya)’ (3-11)

o = o

max—int 477093 gdsRi ’

and commonly used approximations for the corresponding extrinsic frequencies
of the whole transistor are [29,95,96],

(3.12)

Im 1

Cgs + ng) 1 + gdsRC + C'é;z;g—i_iméfdc?

(3.13)

fr= gm0

(3.14)

)

max — c
47ngS \/gds (Rz + Rigc =+ RG) + ngG Cz:
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Figure 3.11: Extrinsic transit frequency (fr) and (c) maximum frequency of oscillation
(fmax) versus gate length of GFETSs reported in Paper [B] (solid circles and line) shown
together with previously published highest values of GFETs (squares) and Si MOSFETs
(triangles).

In this paper, a methodology for extraction of the parameters gy, gqs and
R¢ from the DC characteristics of the GFET is proposed and considered.
The capacitances can be calculated as Coe=W LCox/2 and Cgq=kCys, where
Cox=3 - fF - um™2, is the gate oxide capacitance per unit area, W is the gate
width and k is the fitting parameter taking into account the decrease in charge
carrier concentration at the drain side [40]. The resistances can be calculated
as Rg=Rc /2, where R¢ is total series resistance, Ri=1/(3gm), Rg = RsnW/3L
and Ry, = 0.08Q is the gate electrode sheet resistance [42,74]. We assume
that at low fields the Coulomb scattering dominates [66,73]. This allows
for finding the Rc, low-field mobility and residual carrier concentration as
parameters via fitting the GFET transfer characteristics by the semi-empirical
drain resistance model, eq. (3.8). The gqs can be readily found from the GFET
output characteristics. As an example, Fig. 3.10 shows the drain current density
versus intrinsic drain voltage of a GFET on the Si/SiO2 substrate with L=0.5
pm and W=30 pm. Shown also is corresponding drain conductivity, defined as
gas = O0Ip/0Vy. The kink in the Jp curve and corresponding minimum in the
gds curve manifest, first the drain current saturation and then the formation
of the ng region at the drain side and following ambipolar channel [40]. The
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intrinsic transconductance can be calculated as [42,74],
9m = Vg - (Cgs + ng)/L (315)

with the vq found using the drift velocity and the saturation velocity models,
eq. (2.8) and eq. (2.9). Fig. 3.11 shows fr and fiax versus gate length
of GFETs on Si/SiOs substrates (solid circles). Also shown are the highest
published extrinsic fr and fiax values of GFETs (squares) [27,34-36,97]
and Si MOSFETSs (triangles) [98-101] and our previous published work (open
circles) [37] for comparison. Dashed lines are polynomial fitting curves. Paper
[B]. The solid lines represent modelling by the method described above using
egs. (3.13)-(3.15). As it can be seen, the simulations and measurements are in
very good agreement. It can be seen also, that the GFET fabricated using our
optimised technology reveal fr and fp.x values higher than those of the best
reported GFETSs and comparable or even higher than those of Si MOSFETSs [99]
at similar gate lengths. Additionally, experimental and modelled data indicate
promising scaling down behaviour of our GFETs.

3.4.3 Delay time analysis concept

The delay time is the frequently used method for analysing the intrinsic
performance of transistors [44,48,75]. In this work, the delay time analysis
was used to calculate the charge carrier velocity in the graphene channel of
the GFET. For this purpose, one need to find the charge carrier transit time
7 related to the intrinsic transit frequency, fr—in=1/(277), by removing the
delay associated with the parasitic capacitances and resistances. A relationship
between the fr_i and the as measured transit frequency fr can be found
from the analysis of the GFET small-signal equivalent circuit pioneered by
Tasker and Hughes [95], an analysis to which Nummila et al. [75] added an
approximate contribution from the gate pad capacitance,

fT foint ’ (316)

= ng'gm'RC Cap
L+ gasRe + =6 36, + 6,56,

where, g4s, gm, Cgs and Cgq can be calculated as described in the previous
section. The parasitic gate pad capacitance’s Cgp was found to be 8 fF using
the method described in [75]. From eq. (3.16), the transit time 7 can easily be
extracted by using:

1

_ 27I'fT
T= Cpad ’
14 gasRe + Toet T

1
- §RC(CQS + ng)

(3.17)

From the transit time the effective charge carrier velocity in the channel can
be obtained as v = L/7. This method has been applied in Paper [C] to find
and compare the substrate induced charge carrier velocity in GFETs.
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Figure 3.12: Figure taken from ref. [102] showing the temperature profile along the channel
of a GFET.

3.5 Effect of self-heating on DC and high-frequency
performance of GFETs

Analysis of the above models of the charge carrier transport and RF performance
of the GFETSs indicates that to reach the highest fr and fyax, transistors
should operate in the velocity saturation mode at rather high intrinsic drain
fields, above approx. 1 V/um with corresponding dissipated power density
more than 1 mW /um?2. As it is shown in [103] and Paper [E], at such power
levels, the channel temperature in GFETs on Si/SiOs substrates can be up
to several hundreds of Kelvin, due to intensive Joule heating, i.e., self-heating
effect. This results in degradation of the fr and fi,.x due to a decrease
in the saturation velocity caused by both an increase in the temperature
and increase in the thermally generated carrier concentration, see eq. 2.9.
A considerable temperature increase in the graphene on SiO5/Si substrates
caused by the self-heating was observed also by other groups of researchers,
using infrared microscopy and Raman spectroscopy, even at power densities
above 0.1 mW /um? [102,104], see Fig. 3.12. (from [102]). This indicates the
importance of taking into account the effects of self-heating on high-frequency
performance, including the gain and noise, in practical circuit applications such
as GFET mixers and amplifiers [42,105-107]. Generally, the rise of the transistor
channel temperature is directly proportional to the power dissipated (Pgis) in
the channel as AT = Ry, Pgis, where Ry, is thermal resistance, a parameter
defined by both the type and geometry of the materials that compose the
structure below the channel. There are several models developed for evaluation
of the thermal resistance of the multilayer transistor structures. Dorgan et al.
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developed the model using a simple thermal resistance expression, following
from the Fourier law of heat conduction [56]. In works by Darwish et al. the
maximum channel temperature is calculated based on the solution to the spacial
Laplace temperature equation [108]. Bonmann et al. [103] presents theoretical
and experimental study of the effects of self-heating and external heating on
dc and high-frequency performance of GFETSs. In contrast to the studies by
other groups, the GFETSs considered in this article have the design and layout
that are practical for advanced high-frequency applications. Additionally, it is
shown that previously developed theoretical models are not readily applicable
because they either require the knowledge of the thermal conductivities of
the rather complex graphene-substrate layered structures, and/or technology
specific temperature-dependent I-V dependencies [109,110]. In Paper Bonmann
et al., a novel method was developed for the evaluation of the effective GFET
channel temperature, using the measured dependencies of fr and fpax on
the drain voltage, i.e., dissipated power densities, and at different external
temperatures. For this purpose, theoretical expressions for fr and fiax, based
on small-signal equivalent circuit parameters, are used in combination with the
models of the field-dependent carrier velocity and the temperature-dependent
and charge carrier concentration-dependent mobility and saturation velocity
of GFETs. In contrast to pulsed I-V studies, which are usually employed
to investigate thermal effects, all velocity saturation effects, such as optical
phonon and remote optical phonon scattering, are included and can be studied
under the real application conditions. The method is verified by comparing the
values of the thermal resistance found by our method, by employing a thermal-
resistance model based on the solution of the Laplace equation [108], and by
the method of thermo-sensitive electrical parameters; in particular, the gate
leakage current [111]. The self-heating effect can be controlled and minimised,
e.g. by optimising the GFETSs layouts and/or selecting substrate materials with
higher thermal conductivity. Calculations indicate that, because of relatively
low thermal conductivity of 1.3 Wm™!K~!, the thermal resistance associated
with the SiOq layer is up to 80% of that of the total SiO/Si substrate. Using
the diamond-like carbon (DLC), as a substrate material, even with moderate
thermal conductivity of 7 Wm 'K ~!, the self-heating temperature rise will be
less than 50 K, which will have a negligible effect on the GFET high-frequency
performance. For comparison, the thermal conductivity of diamond, which is
used as a GFET substrate material in Paper [D], is 1000 Wm™'K~!. As a
result, no degradation of the fr and f,.x were observed at high drain fields.



Chapter 4

Effects of material
imperfections on the
high-frequency
performance of GFETs

This chapter considers intrinsic and extrinsic factors limiting the high-frequency
performance of GFETSs including zero-bandgap in the electronic band structure
of monolayer graphene, graphene/dielectric material imperfections responsible
for the low-field elastic charge carrier scattering and inelastic scattering by
remote optical phonons of adjacent dielectrics. More detailed analysis of the
dependence of high-frequency performance of GFETs on channel transport
properties is provided in Paper [A].

4.1 Factors limiting the high-frequency perfor-
mance of GFETSs

Owing to a very high carrier velocity, graphene possesses great potential for
high-frequency applications [15,112]. However, the high-frequency performance
of the state-of-the-art GFETSs is currently limited by a number of intrinsic and
extrinsic factors..

4.1.1 Intrinsic limitations

The main intrinsic limitation of high-frequency performance of GFETs is
associated with zero-bandgap in the electronic band structure of monolayer
graphene. The zero-bandgap results in ambipolar behaviour of the GFETs
without full depletion at the drain side at high drain fields, in contrast to
the semiconductor field-effect transistors. In GFETs, instead of full depletion,
the region with residual carrier concentration is formed and moves from drain
to source with increasing the drain voltage. This region separates parts of
the channel with different types of conductivity and results in just rather

33
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Figure 4.1: (a) Drain current density and differential drain conductivity versus intrinsic
drain field of a GFET reported in Paper [A] (b) and a Si MOSFET [99].

short plateau, i.e. kink, in the output characteristics [40]. Subsequently,
the drain conductance, which is derivative of the drain current, in GFETs is
relatively high. Fig. 4.1 shows the drain current density and drain conductivity,
defined as cq=g¢q/W, in a GFET presented in Paper [B] in comparison with
those of the Si MOSFET counterpart [99]. It can be seen, that the drain
conductivity in GFET in the high-field region is more than ten times larger.
Analysis of egs. (3.11)-(3.14) indicates that the high drain conductance limits
significantly fuax—int and both extrinsic fr and fuax. Fig. 4.2(a), shows
fmax experimental and simulated using eq. (3.14). For illustration of the
degrading effect of the high gq4s, the solid line shows the f,.x simulated using
the GFET parameters, the same as those used for fitting the experimental
data (upper dotted line), but assuming g4s=0.01 mS, which is typical for the
Si MOSFETSs [99]. It can be seen, that in this case, fmax can be as high as
300 GHz at L=200 nm. It was shown, that the bandgap in graphene can
be engineered, for example, in graphene nanoribbons or in bilayer graphene
applying an out-of-plane electric field. However, as it can be seen from Fig.
4.2(b), it turned out that mobility in graphene decreases with the bandgap
even faster than that in the semiconductors. It was concluded, that in terms of
mobility and for a given bandgap, graphene does not offer a distinct advantage
over conventional semiconductors [29]. Our analysis indicates that a more
favourable way to overcome the zero-bandgap issue is a selection of the adjacent
dielectric materials with optical phonon energy higher than that of the SiOs
Paper [A] [37,38,40]. This will increase the saturation velocity limited by the
remote phonon scattering, see eq. (2.9) [40,113]. The dashed and dash-dotted
lines in Fig. 4.2(a) represent fimax, simulated using gqs=0.3 mS, typical for
GFETs, see Fig. 4.1(a), but with graphene encapsulated by AloO3 and hBN
layers, respectively. The AlO3 and hBN optical phonon energy are 87 and
100 meV, respectively, resulting in corresponding saturation velocity of approx.
3-107 and 5-107 cm/s [113]. It can be seen, that the fiax of the Al;O3 and
hNB encapsulated GFETs can be approx. 120 GHz and 180 GHz, respectively,
at L=200 nm.

4.1.2 Extrinsic limitations

Extrinsic limitations of the charge carrier transport in GFETs are associated,
mainly, with effects of imperfections in graphene, adjacent dielectrics and
interfaces. A typical example of imperfection is the polymer residues remaining
after the graphene transfer [72] and during the fabrication process, usually
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Figure 4.2: (a) Extrinsic maximum frequency of oscillation (fmax) versus gate length of
GFETs analysed in Paper [B] (circles) shown together with the highest previously published
extrinsic fmax of GFETs (squares) and Si MOSFETsS (triangles) [41]. The lines are simulations
using eq.(3.14). The upper and lower dotted lines correspond to parameters of the GFETs
with the highest measured fmax (circle) and our previously published GFET (open square),
respectively [37]. The solid line represents fmax of the GFETs assuming g4s=0.01 mS, typical
for the Si MOSFETSs [99]. The dashed and dash-dotted lines represent fmax of the GFETs
assuming gqs=0.3 mS, but graphene encapsulated by AlaO3 and hBN layers, respectively. (b)
Mobility versus bandgap of Si, Ge, III-V compounds, carbon nanotubes, mono- and bi-layer
graphene and graphene nanoribbons [29].

reduce the carrier mobility below 10,000 cm?/Vs and also modify the graphene-
metal interface in the contact area, which increases the source-drain contact
resistances [114,115]. The effects of the imperfections on the low-field dc
graphene properties have been extensively studied theoretically and experi-
mentally. The commonly observed experimental low-field dc characteristics
of the graphene devices can be fully described by one or combination of a
few mechanisms of the charge carrier scattering including scattering by the
charged impurities (also termed as Coulomb or long-range scattering [116]),
and the resonant scattering and scattering by the substrate surface polar
phonons [66,117,118]. The charged impurities are typically associated with
oxygen vacancies in the adjacent dielectrics and/or water molecules trapped at
the graphene-dielectric interfaces [71,72]. The resonant scattering in graphene
is usually associated with vacancies and adsorbates like H, OH, and CHs, CoHs,
CH,OH [66,119]. The scattering by the substrate surface polar phonons is
associated with the electrostatic coupling of the carriers in graphene to the
long-range polarisation field created at the graphene-substrate interface by the
substrate phonons [66,118]. The short-range scattering is caused by defects or
dislocations in the graphene lattice and also from the graphene ripples [116].
Apparently, at the current level of graphene-substrate material quality, i.e.
concentration of impurities, the scattering by the charged impurities is, usually,
the dominating mechanism [66,120].

According to the self-consistent theory of the charge carrier transport in the
graphene, the charged impurities in the substrate and/or graphene-substrate
interface create a spatially inhomogeneous screened Coulomb potential [73]. The
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Figure 4.3: (a) Residual charge carrier concentration versus reciprocal of low-field mobility
plotted using a large number of characterised devices [121]. (b) Residual charge carrier
concentration versus reciprocal of low-field mobility measured on GFETSs located at different
positions on the Si chip. The line corresponds to the product g -ng = 1.5 x 10'® 1/Vs Paper
[A].

existence of the lateral inhomogeneities in the graphene dc low-field electronic
properties associated with the charged impurities is confirmed experimentally
by means of the high-resolution, two-dimensional mapping using THz and
near-field spectroscopy [66,122]. A distinguishable feature of the scattering
by the charged impurities is that the low-field mobility is defined only by
the concentration of impurities and the dielectric constants of the adjacent
dielectrics, but does not depend on the carrier concentration [73]. The latter
allows for applying the semi-empirical drain resistance model of the GFET and
evaluation of the series resistance R¢, low-field mobility p¢ and residual carrier
concentration ng as fitting parameters [93].

Low-field mobility and material imperfections

The concentration of impurities plainly defines the residual concentration of
the charge carriers, i.e. the concentration at the Dirac point [73]. Therefore,
the ng found via the drain resistance model can be used as a material quality
parameter. The product of the low-field mobility and the residual carrier
concentration is constant and, for graphene on the SiO5 substrate, for example,
is p10 - nog = 1.5 x 10'°1/V's [73]. This relationship is confirmed experimentally
for mobilities in the wide range of approx. 102 —10%cm?/V's, see Fig.4.3 (a). Fig.
4.3(b) shows the relationship between the residual charge carrier concentration
versus reciprocal of low-field mobility for the GFETSs fabricated and studied
in paper [A]. The line corresponds to the product of g - ng = 1.5 x 101°1/Vs.
The general agreement between the experimental dependence and the line
confirms that the py and ng distributions are associated mainly with spatially
inhomogeneous screened Coulomb potential [116]. However, some mobilities
are deviated by the product of pg - ng = 1.5 x 10*® 1/Vs. This indicates
additional contributions of the other charge carrier scattering mechanisms, such
as ’short-range’ or 'resonant’ scattering, associated with different scattering
mechanisms as discussed above. In this case, the low-field mobility should be
used as a more appropriate material quality parameter Paper [A].
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Figure 4.4: Extrinsic transit frequency (a) and maximum frequency of oscillation (b) of the
GFETsSs, located at different positions on the Si chip, versus corresponding values of the low
filed mobility. The solid lines are simulations using (3.13)-(3.14), corresponding polynomial
dependences of the gm, gqs and Rc on po and keeping one of the parameters constant at its
highest and lowest values in the studied ranges. The coloured areas between the upper and
lower curves correspond to the areas of hypothetical variations of the gm (grey), gqs (green)
and Rc (blue).

4.2 Dependence of high-frequency performance
of GFETSs on channel transport properties

4.2.1 Relationships between material quality, low-field
mobility, equivalent circuit parameters and high-
frequency performance

Fig. 4.4 shows the experimentally measured extrinsic fr and fpa.x of GFETSs
located at different positions on the Si chip versus corresponding values of .
As can be seen, there are dependencies between the graphene quality and the
high-frequency performance of the GFETSs. In general, fr and fiax increase in
the range of approx. 20-40 GHz with pg varying in the range of approx. 600-2000
em?/V s, which is larger than the deviations from the corresponding simulated
dependencies. The solid lines in Fig. 4.4 represent the fr and fi.x versus g
simulated using (3.13)-(3.14) and corresponding polynomial dependencies of gy,
gas and R¢ on pp found as fits to experimental data and shown in Paper [A].
Good agreement between the experimental trends and simulated dependencies
of the fr and f.x verify the analytical expressions of fr and fiax, as well as
the models used for calculations of the gy, gqs and Rc. The dotted lines in Fig.
4.4 are linear fits to the simulations. The simulated fr and fi,.x dependencies
on g, in the studied mobility range, can be well approximated by linear
functions of fr(uo) = A1 + Bipo and frax (o) = As + Bapg with coefficients
A1=10 GHz, A3=16 GHz, B; = 1.3-10"11V/em? and By = 9.5 - 10712V /cm?.
The approximations can be used for the evaluations and predictions of the
fr and funax, in the studied mobility range and in the vicinity, using the
low-field mobility only found from the GFET DC transfer characteristics, i.e.
without measuring the S-parameters. For instance, extrapolations to py=5000
V/em? give fr=75 GHz and fi.,=64 GHz for the GFETs of similar design.
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Figure 4.5: (a) The average carrier velocity vs. the electric field at different impurity
concentrations, nimp=0 (crosses), 10'cm? (diamonds), and 10'2cm? (squares), found by the
Monte Carlo simulations and fitted by the Canali model The carrier concentration was fixed
at n=5.29-10'2cm? and the energy of the OP was hwop=200 meV [113]. (b) Saturation
velocity, calculated using Canali model (circles), and its ratio to effective saturation velocity
is calculated using eq. (2.9) considering graphene with SiO2 OPs (squares) vs. the residual
charge carrier concentration (ng) [37].

Thus, the established correlations clarify the ways of further development and
improvement of GFET high-frequency performance.

The established correlations between the fr, fimax, 9m, 9ds, Rc and the
low-field mobility allow for analysis of the relative effects of the equivalent
circuit parameters on the high-frequency performance of the GFETs. For
demonstration, Fig. 4.4 shows the experimentally measured fr and fpax
versus po together with the simulation curves calculated using (3.13)-(3.14)
and corresponding polynomial functions of the gy, gqs and Rc, while keeping
one of the parameters constant at its highest and lowest values in the studied
ranges. The g, gas and R¢ varies between the hypothetical values of 5 mS to
13.5 mS, 7.5 mS to 33 mS and 11 € - 22.5 2, respectively. The coloured areas
between the upper and lower curves correspond to the areas of hypothetical
variations of specific parameters. In particular, the upper and lower curves of
the gqs and R variation areas correspond to their lowest and highest values,
while the upper and lower curves of the g, variation area correspond to its
highest and lowest values, respectively. As can be seen, the variations of the
R in the studied range have relatively weak effects on the fr and, especially,
fmax. This can be explained by the extremely low contact resistance in our
GFETSs. One can see from Fig. 4.4 that variations in the fr and fax are
mainly governed by corresponding variations in the g4 and gy,. Apparently, for
the higher fr and fi,.x the lower g4s and higher g, are required. Our analysis
indicates that a more favourable way is increasing the g, via selection of the
adjacent dielectric materials with optical phonon energy higher than that of the
SiO5. This will increase the saturation velocity limited by the remote phonon
scattering [57]. For example, the Al,O3 and hBN optical phonon energies are
87 and 100 meV, respectively, resulting in corresponding saturation velocity of
approx. 3-107 cm/s and 5 - 107 cm/s [57]. It can be shown that the fiax of
the Al,O3 and hBN encapsulated GFETs can be approx. 120 and 180 GHz,
respectively, at Ly=200 nm.
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4.2.2 Effects of material imperfections on the high-field
drift velocity

In contrast to the rather extensive studies on the charge carrier scattering in
graphene at low fields, considered in above sections, the previous research on
correlations between material imperfections and high-field drift velocity are
very limited. It is assumed, that at high fields the charge carrier transport
is governed by the inelastic soft optical phonon (OP) scattering induced by
the graphene and/or adjacent dielectrics [40,113]. The effect of impurities is
considered only via variations in the low-field mobility. In particular, Fig. 4.5(a)
shows the average carrier velocity versus the electric field found by the Monte
Carlo simulations and fitted by the Canali model, see eq. (2.8), at different
impurity densities [113]. The low-field mobility pg, which is assumed to be
limited by the elastic acoustic phonon (AP) scattering and charge impurity
scattering, was obtained from the slope of the velocity versus field curve at a low
field. The saturation velocity was obtained using a linearisation approximation:

hwop  2wop

(4.1)

Usat = VF Ep = T Jan’
where EF is the equilibrium Fermi level, Awop is the OP energy and n is the
carrier concentration. The carrier concentration was fixed at n=5.29x10*2cm 2
and the energy of the OP was hwop=200 meV, corresponding to that of
graphene. It was concluded, that the transport property is insensitive to
the inelastic scattering rate, but it is sensitive to the energy of the inelastic
phonons and the elastic scattering rate. In Ref. [37] an attempt was made to
take into account also the OP scattering associated with the phonons induced
by the charged impurities. The effective saturation velocity (vsat—efr) defined
by several different OP mechanisms was introduced and Matthiessen’s rule [65]
applied as:

Viat—off = Vsat—G T Us:lt—SiOg + ”s_aLAlzog + Vot - (4.2)
where vgat_q is the saturation velocity limited by the graphene zone-edge OPs,
Vsat—Si0, and vsat—Al,0, are the saturation velocities limited by the surface
OPs of the SiOs substrate and the AloO3 gate dielectric, and vgat—n, is the
saturation velocity associated with OPs of the impurities. Fig. 4.5(b) shows
the saturation velocities, calculated from the transit delay (circles) using Canali
model, of GFETSs versus residual carrier concentration. It can be seen that
there is a clear correlation, i.e., vg,¢ decreases with ng. However, the normalised
saturation velocity does not show apparent dependence on ng, see Fig. 4.5(b).
This indicates that, within the range of residual charge carrier concentrations
considered in this work, most likely the OPs of impurities do not contribute to
the inelastic scattering of the charge carriers at high fields.
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Chapter 5

Impact of adjacent
dielectrics on the
high-frequency
performance of GFETs

In this chapter, the GFETs with enhanced high-frequency performance utilising
dielectric materials with high optical phonon energy are considered. The model
of inelastic remote phonon scattering is introduced and its effects on fr and
fmax are analysed. It is shown, that adjacent dielectric materials with relatively
high OP energies are favourable for RF GFETs. The diamond is selected
as most promising gate dielectric and substrate material and performance of
state-of-the-art diamond GFETs is analysed.

5.1 Effects of adjacent dielectrics on fr and f.

Owing to extremely high intrinsic velocity of charge carriers, graphene is being
considered as a channel material for a novel type of transistor with scaling limits
and operating speeds higher than those of conventional semiconductors. How-
ever, it turned out that the carrier velocity in graphene field-effect transistors
is limited significantly by the inelastic scattering of the relatively low-energy
surface optical phonons (OPs) of the adjacent dielectrics [44,56,113,123]. For
instance, the OPs energy of SiOs, commonly used on top of the Si substrates,
is in the range of 5060 meV, which is much less than the 160-200 meV of
graphene zone-edge OPs and, therefore, limits the charge carrier velocity in
graphene [113,124]. As a result, the two main high-frequency FOMs, i.e. the
fr and fiax, characterising, respectively, the transistor current and power gain,
are significantly reduced. It was clearly understood, that the low-field mobility
in GFETs is strongly reduced, in comparison with the intrinsic value, by a num-
ber of extrinsic scattering mechanism [66]. In contrast to the low-field mobility,
the high-field velocity of the charge carriers in graphene did not attract much
attention and was the least investigated. However, the analysis indicates that
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Figure 5.1: (a) Optical micro-photo and schematic view of a GFET gate region. (b)
Carrier velocity found via delay time analysis (circles) and fitted by the drift velocity model
(solid line). The other lines represent saturation velocities simulated for combinations of
optical phonons of graphene with Al203 (dotted), SiO2 (dashed), and both Al203 and SiO2
(dashed-dotted) [37].

it is the high-field velocity, and, in particular, the saturation velocity wvgss, that
defines the high-frequency performance of GFETs. As defined previously, the
high-frequency FOMs of any FETs can be expressed via carrier drift velocity vq
as egs. (3.3) and (3.4): It follows from (3.3), (3.4) and (2.8) that the higher fr
and fmax can be achieved with higher vg,t. Appreciation of these relationships
allowed researchers, including the author of this thesis, to develop GFETs with
state-of-the-art extrinsic fr and fiax, up to above 50 GHz Paper [C] and [D].

For the first time, it was shown in the work by Meric et al., that at the high-
fields the charge carriers in graphene on SiO2/Si substrates are predominantly
scattered by remote SiO; OPs [40]. It was suggested that the saturation
velocity in future generations of GFETSs may be augmented by choosing different
substrates with higher OPs energies [40]. The model of vg, limited by inelastic
emission of OPs was developed in the work by Dorgan et al. including the roles
of carrier concentration and temperature as [56]:

2wop ’w20P 1
Veat = ——F——=14 |1 — .
T /TN 4mnvg? Nop + 1

(5.1)
Here, hwop is the optical phonon energy, Nop = 1/[exp(hwop/kT) + 1] is the
phonon occupation, k is the Boltzmann constant and n is the charge carrier
concentration. The model was verified by characterisation of back-gate graphene
Hall-bar test structures on SiOz/Si substrates. It was found that both the
graphene zone-edge and SiO, substrate OPs play a role in limiting vg,¢, but
that substrate OPs are dominant. Therefore, the intrinsic graphene saturation
velocity could be more than twice that observed [56].

5.2 Dielectric materials with high optical phonon
energy for high-frequency GFETSs

The model of saturation velocity was applied in previous studies by our lab
for the analysis of top-gated GFETSs, with Al;O3 gate dielectric, on SiO5/Si
substrates (see Fig. 5.1) [37]. It was assumed that the effective saturation
velocity is defined by combined inelastic emission of OPs of the graphene
and both adjacent dielectrics, and applied Matthiessen’s rule for the velocity
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analysis. It was concluded that only the combination of the graphene and SiO4
OPs gives a good agreement with the velocity experimentally found using the
delay time analysis [37].

Replacing both the SiOy substrate and Aly;Os top-gate dielectric with
materials with higher OP energies was suggested. For instance, according
to the calculations, sandwiching graphene between hBN, material with OPs
energy of 101 meV, i.e. almost two times higher than that of the SiO4, allows
for increasing the saturation velocity up to 3-107 cm/s [41,42]. In Paper
[B], the GFETs demonstrated, still fabricated on SiOs substrate and with
the AlyO3 gate dielectric, but with improved quality of the graphene and
adjacent dielectrics, which allowed us to minimise emission of carriers from
traps and, hence, achieve the drain current saturation trend following that
of the velocity [42]. This resulted in the state-of-the-art extrinsic fr and
fmax up to 40 GHz at the 0.5 um gate length. In this work, it was proposed
replacing the SiOs by AloO3 with higher OPs energy of 87 meV, since it can
be readily realised with the developed technology. This idea was validated
experimentally in Paper [C], where GFETSs were fabricated and characterised
with Al,O3 gate dielectric and Al,Og3 buffer layer between the graphene channel
and SiO,/Si substrate. The work by Oh et al. reported GFETs with Al;O3
top-gate dielectric and AIN bottom buffer layer, which is material with OPs
energy of 84 meV, i.e. also higher than that of SiO3/Si substrate [125]. The
intrinsic fr was reported to be 115 GHz at 50 nm gate length, significantly
higher than that of 55 GHz of the control GFET without AIN buffer layer. The
SiC, which is typically used as a substrate for epitaxial growth of graphene, is
a material with relatively high OP energy of 116 meV [34,125]. This partly
explains enhanced high-frequency performance usually observed in the GFETs
using epitaxial graphene. In particular, Yu et al. reported GFET fabricated
on quasi-freestanding bilayer epitaxial graphene grown on SiC (0001) substrate
and with Al,Og3 top-gate dielectric, which exhibited extrinsic fr of 50 GHz
and frmax of 40 GHz at gate length of 200 nm [35]. In the two latter works, the
authors did not associate directly the enhanced high-frequency performance
with the higher OP energy of the used substrates. However, the results confirm
the limiting effect of the inelastic remote phonon scattering on the carrier
velocity in the graphene channel. Further analysis indicates that the material
of choice for dielectrics adjacent to the graphene channel is diamond, of which
OP energy is comparable or even slightly higher than that of the graphene
zone-edge OPs [32,33].

5.3 GFETs with graphene channel encapsulated
by Al,Oj3 layers

The approach of encapsulating the graphene channel by AlyOj3 layers, proposed
in Paper [B] was validated experimentally, for the first time, in our recent work
presented in Paper [C]. The work was motivated by the reported OP energy of
Al; O3 of 87 meV, which is up to 40% higher than that of 50-60 meV of the
SiOq [123,124]. In Paper [C], GFETs using Al;O3 gate dielectric with and
without AlyOg3 buffer layer between the graphene channel and SiO9/Si substrate
where fabricated and characterised as shown Fig. 5.2. The GFETs with the
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Figure 5.2: (a) Cross-sectional schematic views of gate region and (b) charge carrier velocity
versus electric field in GFETs with and without AlaO3 buffer layer. Paper [C]

AlyO3 buffer layer, measured in Paper [C], revealed extrinsic fr and fmax up
to 43 GHz and 46 GHz, respectively, at 0.5 um gate length, which are approx.
30% higher than those of state-of-the-art GFETs with similar gate length. The
improvement found compared with GFETs on SiOs is explained mainly by the
higher OP energy of the encapsulating material resulting in a higher charge
carrier saturation velocity. The delay time analysis showed that the charge
carrier saturation velocity increased from 1.5-107 ¢cm/s to 2-107 ¢cm/s in GFETs
without and with AlyO3 buffer layers, respectively. It was concluded that in
addition to scaling of the gate length, one road ahead for further progress in
high-frequency GFET performance might be to use the substrate and gate
dielectrics with even higher optical phonon energies. Analysis indicates that
the most promising candidate is the diamond or diamond-like layers.

5.4 GFETSs on diamond substrates with enhanced
high-frequency performance

Further analysis indicates that the material of choice for dielectrics adjacent
to the graphene channel is diamond or diamond-like carbon (DLC), materials
with OP energies up to 165 meV, which is comparable or even slightly higher
than that of the graphene zone-edge OPs [126,127]. Therefore, the carrier
velocity in GFETs with the graphene channel encapsulated by diamond-like
layers will be entirely defined by the intrinsic graphene OPs, i.e. not limited
by the remote phonons of adjacent dielectrics. Another advantage of using
diamond or DLC as a high-frequency GFET substrate material is their high
thermal conductivity (k). The k of diamond is approx. 2000 Wm~*K~!, which
is the highest among all other dielectric materials. The k of DLC can be
up to 20 Wm~'K~!, depending on density, which is still much higher than
1.3 WmtK~! of SiO. It was shown in Paper [C] and Paper [E] that the
high thermal conductivity of substrate is a crucial property of GFETs for
high-frequency applications [42,128]. At relatively high drain fields, above
approx. 1 V/um, required for the carrier velocity saturation, the channel
temperature in GFET on SiO2/Si substrate can be as high as 600 K, due
to intensive Joule heating provoked by the low thermal conductivity of the
SiO4 layer. According to eq. (5.1), both the increase in temperature and the
following increase in the carrier concentration caused by thermal generation,
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Figure 5.3: High-frequency GFETs on DLC/Si substrates. a) Schematic view with inset
showing a cross-section TEM image of a gate region. (b) Intrinsic fr_ins and (c) intrinsic
Sfmax—int versus channel length [33].

result in the reduction of the saturation velocity and, hence, degradation of
the high-frequency performance of the GFETs [103]. Preliminary calculations
show that with using the DLC even with moderate k of 7 Wm™'K~!, the
self-heating temperature rise will be less than 50 K, which has a negligible
effect on the GFET high-frequency performance. Yu et al. demonstrated dc
performance of GFETs and graphene test structures on single-crystal diamond
and ultrananocrystalline diamond substrates [129]. It was shown, that, due to
higher thermal conductivity of the substrates, the current-carrying capacity of
graphene can be substantially increased up to as high as 18 uA/nm? achieving
the graphene intrinsic current-carrying capacitance limit. This work is the only
publication to date on the GFETs on single-crystal diamond substrates.

5.4.1 GFETSs on diamond-like carbon

Wu et al. demonstrated, for the first time, high-frequency performance of
GFETs on the DLC/Si substrates, see Fig. 5.3, clearly motivating the work
by the advantage of the high phonon energy in sp3-hybridized carbon [32,33].
As a result of this advantage, the GFETSs revealed excellent state-of-the-art
intrinsic fr_int up to 300 GHz at 40 nm gate length, Fig. 5.3(b), surpassing
previous records of any GFETSs [32]. The intrinsic fiax—int was found to be up
to 45 GHz at the gate length of 140 nm, Fig. 5.3(c), which is also record high
in spite of being limited by the relatively high gate resistance. To the best of
the author’s knowledge, the papers by Wu et al. are the only publications, so
far, on high-frequency performance of GFETs on diamond or DLC substrates.

5.4.2 GFETSs on single crystal diamond

State-of-the-art GFETSs on single-crystal diamond substrate with extrinsic fr
and fmax up to 55 GHz are reported in Paper [D]. To the best of the author’s
knowledge these are the highest values reported so far for the GFETs. Fig. 5.4
shows extrinsic fr and finax versus gate length. The effective drift velocity of
the charge carriers versus intrinsic drain field, found from the drain current
versus intrinsic drain field dependence, and the saturation velocity versus the
carrier concentration are shown in Fig. 3.8. Comparison with the GFETs on
the Si/SiO4 substrates indicates that the saturation velocity, extracted from
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Figure 5.4: Extrinsic transit frequency (fr) and maximum frequency of oscillation (fmax)
versus gate length of GFETs on diamond substrate reported in Paper [D]. Inset shows the
3D schematic views GFET and the SEM image of a top-gated dual-channel GFET.

the drain current density versus field dependence, increased from 2.2 -107 cm/s
up to 3.7-107 cm/s, which is the highest reported for top-gated GFETs.

5.4.3 State-of-the-art GFETs

In recent years, remarkable efforts have been made to develop GFETs with
competitive high-frequency performance, including the attempts of scaling down
of the gate length and addressing both intrinsic and extrinsic limitations. Fig.
5.5 shows the extrinsic fiax versus gate length of GFETs on diamond substrates
presented in Paper [D] in comparison with the best reported fiax of the CVD,
exfoliated and epitaxial GFETs on Si, SiC and DLC substrates [33-36,42,130)
and the FETs based on other classes of 2D materials including black phosphorus
[46,59,131], MoS2 [58,132,133] as well as carbon nanotubes [48,131,134] and
MOSFETs [99-101]. It can be seen, that the extrinsic fiax of the GFETs on
diamond substrates developed in Paper [D] exceeds that of the best published
GFETs. It can be seen also that, in contrast to the most of the other GFET
and 2D technologies, the GFETs on diamond substrates reveal a persistent
scaling down behaviour similar to that of MOSFET and well-described by the
1/L dependence. The scaling down extrapolation indicates that the fpax as
high as 200 GHz at 100 nm gate length can be expected.

For analysis of dependences of the gate capacitance (Cg) and transcon-
ductance (gm) on the high-frequency performance of state-of-the-art transis-
tors fabricated by different technologies, Fig. 5.6(a) shows reciprocal of the
net gate capacitance versus the transconductance normalised by the channel
width. The dashed lines represent different fr_i,¢ given by the relationship of
fr—int=9gm/2Cq. The circles represent performance of different state-of-the-art
technologies including the GFETs, CNT FETs, CMOS and HEMTs with differ-
ent gate lengths, which has been reported over the past few years. For correct
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Figure 5.5: Maximum frequency of oscillation (fmax) vs. gate length (L). Extrinsic fmax
versus gate length shown by solid red circles is this work. The solid line showing 1/L
dependence demonstrates the scaling behaviour of these GFET devices. For comparison,
also shown are the fmax performance of CVD, exfoliated and epitaxial graphene FET's on
Si, SiC and carbon-like-diamond substrates [34-36,42,130] and the FETs of other similar
class of 2D materials such as black phosphorus [46,59,131], MoS» [58,132,133] as well as
carbon nanotubes [48,131,134]. Also shown are fmax of MOSFET in the similar gate length
range [99-101].

comparison of the FETs having different geometries and layouts, both the
gate capacitance and transconductance are normalised by the gate width. The
fT—int shown in Paper [D] is up to 100 GHz for 0.5 um gate length. Analysis
of the plot indicates that the fr_j,+ cannot be increased by varying the oxide
capacitances and, therefore, scaling of the gate oxide thickness may not help
in improving the RF performance of GFET. Overall, it can be seen that the
intrinsic fr_i,s of GFETSs is comparable with that of the CMOS technology at
similar gate length. The fr_;,; of HEMTSs is significantly higher mainly because
of much shorter gate length. Fig. 5.5(b) gives more correct benchmarking of
the high-frequency performance of the GFETSs on diamond substrates presented
in Paper [E] by plotting extrinsic fiax versus fr of different technologies of
transistors with the same gate length of a 0.5 ym. It can be seen, that GFETs
presented in Paper [D] reveal the highest fr and fuax. Fig. 5.5(b) also shows
significant improvement in the GFET high-frequency performance achieved
for the past years via technological development, and, in particular, selection
of the adjacent dielectric materials with higher OP energy. One can expect
further significant increase in fr and f,.x by scaling the gate length down to
deep sub-um range.
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Figure 5.6: (a) The reciprocal of the net gate capacitance Cg versus the transconductance
gm normalised with the channel width. The dashed lines are obtained using the expression
of fr_int = 252:(;‘ The intrinsic fr_int performance of GFETs [32,34,35,48,130,135] and
other established FET technologies like CMOS [50], CNT [136-138] and HEMTs [139-141]
of different gate lengths are shown also for comparison. (b) Benchmarking the different RF
FET technologies by extrinsic maximum frequency of oscillation (fmax) and transit frequency
(fr) of similar gate lengths. Extrinsic fmax versus fr of GFETSs presented in Paper [D] for
0.5 pum gate length [42,43]. It is compared with other GFET fabricated using CVD, epitaxial
and exfoliated graphene (30,32, 35,44,45]. It is also compared with the FETs of other 2D
materials BP and MoSs [46,47], CNT [48,49] and MOSFET [50] of similar gate lengths.




Chapter 6

GFET IC amplifiers

In this chapter, status and perspectives of the GFET RF amplifiers are con-
sidered and analysed. The motivation of the selected design approach and
features of fabrication technology of the X- and Ku-band GFET fully integrated
circuit amplifiers presented in Paper [G] are described. The characterisation
and performance analysis of the fabricated amplifiers are briefly discussed.

6.1 GFET RF amplifiers: status and perspec-
tives

Fig. 6.1 shows a simplified block diagram of a heterodyne receiver. The
ultimate goal is development and fabrication of the integrated receiver entirely
based on GFETSs, which will allow the exploitation of all of graphene’s unique
properties. Some parts of the receiver based on GFETs have been already
developed and successfully demonstrated, including IF amplifier, sub-harmonic
mixers and detectors [16-18,23,24,142,143]. Development and fabrication of
the RF amplifier based on GFETSs is a more challenging task, because it requires
GFETs with state-of-the-art extrinsic fr and fi,ax. That is why, progress in
the development of the GFET RF amplifiers is relatively low. Only a few
studies have been published reporting successfully implementing of GFET's
as an amplifier [24,25,27]. From the RF amplifier design point of view, the
values of fr and fiax of active circuits should be several times higher than the
designed operational frequency of an amplifier in order to achieve a decent gain
with practical matching circuitry. This thesis shows important developments
in the improvement of fi,.x with promising scaling down behaviour predicting
the fiax reaching up to 100 GHz and, hence, the possible use of GFET for
millimeter wave communication systems [42,144].

The first matched small-signal amplifier was demonstrated by Andersson et
al. from our group in 2012 with a gain up to 10 dB at 1 GHz [24]. A gain of
1.5 dB at 0.2 GHz was presented in 2015 by Ref. [26]. Another serious effort
was made by Yu et al. in 2016 using a bilayer graphene FET IC amplifier with
integrated micro strip lines design on SiC substrate reported in [27] with a gain
of 3.4 dB at 14.3 GHz. Very recently, a C-band graphene low-noise amplifier
was demonstrated by the same group showing a maximum gain of 8.34 dB at
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Figure 6.1: Simplified block-diagram of heterodyne receiver.

Table 6.1: COMPARISON OF 2D-MATERIAL FET AMPLIFIERS.

Technology | Gain (dB) | Freq. (GHz) Ref.
GFET 10 1 [24]
GFET 34 14.3 [27]
GFET 6-7 0-3 [145]
GFET 4.8 2.4 [146]
GFET 8.3 5.5 28]
GFET 4.2 11.4 This work

MoS; FET 15 1.2 [47]

BP FET 40 1 [147]

5.5 GHz [28]. Omid et al. also showed a wide-band GFET amplifier using
epitaxial graphene on a SiC substrate for frequency range 0-3 GHz and the gain
reached 6-7 dB [16]. Table 6.1 comprises the established performance of GFET
and other 2D-material FET amplifiers. Nevertheless, the further technological
developments towards higher frequencies requires GFET with higher f,.x but
also a robust design and matching circuitry that can accommodate emerging
2D material FET devices.

6.2 X- and Ku-band GFET IC amplifiers with
state-of-the-art performance

6.2.1 Technology tolerances and matching network de-
sign
Challenging but successful development of the GFETs with state-of-the-art
extrinsic fr and fiax above 30 GHz enabled realisation of the X and Ku-band
IC amplifiers presented in Paper [G]. However, another key challenge for the
GFET amplifier was identified at the circuit designing level. Like any other
emerging device technologies, graphene transistors are also facing device to
device variations in parameters, and performances caused by the uncontrolled
extrinsic factors, first of all, spatially distributed imperfections in the graphene,
adjacent dielectrics and interfaces [38]. This raised challenges from the circuit
design perspective. As an example, Fig. 6.2 shows the maximum available
gain (MAG) of 13 GFET devices fabricated in this work, situated at different
positions on a Si chip, plotted versus device index. The MAG was calculated
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Figure 6.2: Extracted maximum available gain of the GFET's fabricated in this work.
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Figure 6.3: (a) SEM image of a 15 GHz GFET amplifier integrated circuit, (b)-(d) magnified
SEM images of the GFET, capacitor and air bridges corresponding to the dashed boxes in
(a).

from the S-parameters measured at the optimum bias point for each device
with the aim of achieving highest fr and fi.x. The extracted MAG varies
across devices and also with frequency as anticipated. However, fully integrated
designs, models and methodologies require prior knowledge of active device
parameters to obtain predictable and reproducible device performance. To
overcome the wide variations of the GFETSs, as well as the high isolation
(S12), the negative-image equivalent circuit technique was employed during
the circuit design [148,149]. Negative image technique aided designing input
output matching network over a wide frequencies range. Moreover, the design
methodology allows for optimising the matching network, which can tolerate
device S-parameters variations to a certain extent and offer optimal gain and
bandwidth.
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sio,

Figure 6.4: Micro-photos of the IC components at certain fabrication steps as follows: (a)
graphene transferred on a Si/SiO2 substrate, (b) graphene/dielectric mesa, (c) source/drain
contacts and bottom metal plates of capacitors, (d) via holes (e) inductors, transmission
lines, top plates of capacitors (f) air bridges.

6.2.2 Technology development

Fig. 6.3 shows SEM image of a fully integrated RF GFET IC amplifier. The IC
consists of a GFET and passive components integrated on a Si chip within 1.6
mm? area. The passive components include integrated capacitors, inductors,
transmission lines, vias and air bridges. Usually, ICs are fabricated using two
basic processing approaches: i) back-end of line process and ii) frond-end of
line process. Back-end of line process flow starts with formation of the active
circuit components and finishes with fabrication of the passive components.
In contrast, the front-end of line process starts with passive components and
finishes with the active components. Both processes have certain advantages
and disadvantages depending on the selected IC design and technology [112].
For fabrication of the GFET IC amplifiers presented in Paper [G], a different
approach has been developed and used. This approach allows for fabrication of
the IC’s active and passive components simultaneously, i.e. during the same
lithography steps. This allows for minimising the number of lithographic steps
and, hence, increasing the performance of the GFETs and entire ICs. Following
are the main steps of fabrication of the GFET IC amplifiers.

e CVD graphene is transferred on to high resistivity silicon substrates covered
by 1 pm thick thermally grown SiOsq, as shown in Fig. 6.4 (a).

e A graphene channel is protected by 5 nm thick thermally oxidised Al;O3
dielectric, subsequently, used as a gate dielectric. This provides encapsulation
of graphene and, hence, minimises the degradation of the performance during
the next processing steps.

e Graphene/dielectric mesa is patterned, as shown in Fig. 6.4 (b).

e Source/drain contacts and bottom plate of capacitors are fabricated by
depositing Ti/Pd/Au (1 nm/15 nm/285 nm) layer stacks, as shown in Fig.
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Figure 6.5: Equivalent circuit of the GFET IC amplifiers.

Table 6.2: VALUES OF THE PASSIVE COMPONENTS OF THE FABRICATED GFET AMPLIFIER.

Component | Value | Component | Value | Component | Value
C1 (pF) 2.65 C> (pF) 1.30 Ly (nH) 2
Ly (nH) 0.7 L3 (nH) 08

6.4 (c). Detail of high quality metal-graphene contact formation are described
earlier and in Ref. [38].

e The gate oxide and capacitor insulator dielectric is deposited in the same
step by forming first 5 nm thick thermal oxidised Al;O3 seed layers followed
by 12 nm thick AloOs3 deposited by atomic layer deposition (ALD) technique.
e The via is etched using wet chemical etching process in order to make electric
contact with the bottom metal plate which is covered now with oxide layer.
One of the via holes is shown in Fig. 6.4 (d).

e The gate fingers, top plates capacitors, inductors, transmission lines and the
integrated source, drain pads are realised in the next step by depositing Ti/Au
(100nm/300nm) metal layers and can be seen in Fig. 6.4 (e).

e Finally air bridges are constructed using bridges lithography, as shown in Fig.
6.4 (f). Bridge lithography is very crucial step. Longer and thinner bridges
can collapse due to electrostatic force between the transmission line and the
bridge metal sheet.

All the lithography process steps were carried out by using e-beam lithography.

6.2.3 Characteristics of GFET IC amplifiers

Fig. 6.5 shows the equivalent circuit of the GFET IC amplifiers including three
inductors, two capacitors and a GFET. The values of the passive components are
given in the Table 6.2. The gain of the amplifier is measured and characterised
as the transducer power gain, which at a certain bias conditions is given as:

11— T
_|1_F1nFS |2

1—| Ty 2

G - ==
T | 1— Syely 2

| So1 |? (6.1)

where I';,, is the input reflection coefficient presented by the amplifier design
and I'g, I';, are the source and load reflection coefficient when looking from
the device toward the load and the source. After implementing the matching
circuit, the gain of the amplifier is | So; |2. Fig. 6.6 shows the performance of
the fully integrated 15 GHz GFET amplifier. The stability constant calculated
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Figure 6.6: Simulated and measured S-parameters of the 15 GHz GFET IC amplifier.

from the measured S-parameters indicates that the GFET IC amplifiers are un-
conditionally stable. The plots shows the simulated and measured S-parameters
obtained at Vg=-0.5 V and Vp=-1.27 V. From 11.4 GHz to 15 GHz measured
|S11] and |Sa2| are below -10 dB. A measured peak gain of 2.9 dB was achieved
at 13.6 dB. The difference in the simulated and measured gain is discussed and
explained in the Paper [G].



Chapter 7

Conclusions and future
outlook

The objective of this journey was to enhance the high frequency performance of
GFETSs via better understanding and getting rid of the technology limitations.
To achieve this objective, the following tasks were carried out: modelling and
optimization; design and technology development; fabrication of devices; DC
and RF characterisation and performance analysis. The main achievements of
this thesis work are as follows.

A novel fabrication technique was developed and optimized, in which a
protective dielectric layer, Al;O3 or TiOs, was formed on top of graphene
at initial stages of the device fabrication. This allows for encapsulation of
graphene, which preserves the intrinsic graphene quality and, simultaneously
provides high quality metal-graphene junctions with low contact resistance.
This fabrication process allowed for remarkable improvement in the GFET
performance with reproducible results.

The correlations between graphene/dielectric material quality, small-signal
equivalent circuit parameters and high-frequency FOMs of GFETs have been
studied and reported in Paper [A]. A novel approach in analysis of the correla-
tions was applied, which allowed for identifying the dominant limitations of
the high-frequency performance of transistors and clarified the paths for future
technology development. It was found, that the relatively high-drain conduc-
tance, which is currently the main limiting factor, can be counterbalanced
by higher transconductance via increasing the carrier velocity. Contrary to
previous reports, it was found that the contact resistance, reduced significantly
in the developed technology, has a minor effect on the GFET high-frequency
performance. Analysis indicated that the GFET high-frequency performance
can be further enhanced by utilising the gate and substrate dielectric materials
with higher OP energies, allowing for higher saturation velocity and, hence,
higher fr and fax.

The GFETs with state-of-the-art high-frequency performance were devel-
oped and presented in Paper [B], revealing the high extrinsic fr = 34 GHz
and fax = 37 GHz at L = 0.5 um along with improved scaling behaviour.
The improvement is achieved via using high quality graphene, as well as due
to extremely low source/drain contact resistance and low drain conductance
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as a result of better drain current saturation. As a result of analysis, it was
suggested replacing the SiOs by Al;Og, i.e. material with higher OPs energy.

The above proposal was experimentally verified via encapsulating the
graphene channel by Al;Oj3 layers inserting one as a buffer between the graphene
and substrate. The Al;O3 has 30% higher OP energy than that of SiOy. As
shown in Paper [C], the GFETs with the Al,O3 buffer layer revealed extrinsic
fr and frax up to 43 and 46 GHz, respectively, at 0.5 um gate length, which
were 30% higher than the best published fr and fa.x for GFETs with similar
gate length.

As a further step, GFETs on a diamond, material with even higher OP
energy of 165 meV, were developed, fabricated and presented in Paper [D]. The
GFETSs on diamond demonstrated the state-of-the-art fi,.x up to 60 GHz at
gate length of 0.5 pm. The high thermal conductivity of diamond provides an
efficient heat-sink, and its relatively high OP energy allowed for increase in
the saturation velocity of carriers in the graphene channel up to the intrinsic
graphene value. Additionally, it was shown that GFETSs on diamond, exhibit
excellent scaling down behaviour.

A comprehensive theoretical analysis of the charge carrier transport in
GFETs and corresponding dc and RF performance, was done, for the first time,
using the self-consistent simulator based on conventional drift-diffusion model
and 2D Passion’s equations, and presented in Paper [E]. It was found that, at
high drain fields, the high-frequency performance of GFETSs is defined by a
balance between mechanisms of self-heating and carrier velocity saturation.

For accurate extraction of mobility and series resistance, a parameter
extraction method was developed and presented in Paper [F]. This allowed for
separating information about mobility degradation and series resistance via
analysis of a set of GFETs with different channel lengths and using first-order
mobility degradation model.

Finally, the GFETs with enhanced high-frequency performance developed
and presented in Papers [A]-[C] were implemented for designing and fabricating
the X and Ku band GFET IC amplifiers. The technology of the IC passive
components, including integrated capacitances, vias and air-bridges, was de-
veloped as well. As it is shown in Paper [G], the peak gain of 4.2 dB and 2.9
dB at 10.6 GHz and 13.6 GHz was measured, respectively, for the X and Ku
band GFET amplifiers, which are highest reported so far for the IC GFET
amplifiers in the similar frequency range.

Analysis indicates, that the future progress in development of the GFET's
with competitive high-frequency performance should rely on continuing getting
rid of the extrinsic limitations in the charge carrier transport in combination
with aggressive scaling down of the gate length. The latter requires development
and implementation of the self-aligned T-shape gate technology allowing for
scaling the gate length down to deep sub-micron range.

Currently, the high-frequency performance of RF GFET is limited also
by the relatively low quality of graphene and adjacent dielectrics resulting
in degradation of the low-field mobility. A promising way to overcome this
limitation is to completely surround the graphene channel by the high quality
hBN layers, material with relatively high OP energy of 100 meV. This approach
is challenging because of difficulty of manufacturing of the large area high
quality hBN layers. Therefore, in order to fully exploit the unique property of
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graphene of extremely high mobility and carrier velocity, considerable efforts
are required for development of in-situ growth of hBN/graphene/hBN and/or
similar heterostrutures, which may allow for preserving the intrinsic graphene
quality. Simultaneously, the GFETs utilising CVD graphene can be developed
via replacing the bottom and top gate dielectric by diamond and/or diamond-
like-carbon materials. For instance, a recent development of the direct growth
of graphene on diamond, which is a combination of sp2-on-sp3 technology,
makes it possible not only realisation of the group IV heterostructures but also
wafer-scale fabrications, and hence, making diamond substrate a promising
choice for future graphene high-frequency electronics applications.

In conclusion, the efforts made in this thesis work allowed for development of
the GFETs with state-of-the-art high-frequency performance, better that that
of the best published GFETs and Si MOSFET'Ss counterparts. Comprehensive
analysis of the intrinsic and extrinsic limitations of the graphene properties
allowed for better understanding and developing a strategy for addressing the
limitations, which clarified the ways of further development and enhancing the
high-frequency performance of GFETSs up to the level or even higher than that
of the modern III-V semiconductor transistors.
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Chapter 8

Summary of appended
papers

In this chapter appended papers, on which basis the thesis is composed, are
summarized as follows:

Paper A

The dependence of the high-frequency performance of graphene
field-effect transistors on material quality

In this paper, a novel approach of analysis of correlations between high-frequency
performance of GFETs and material quality characterised by low-field mobility
is demonstrated. The dependences between high-frequency FOMSs, fr, fmax,
and low-field mobility were observed, explained and analysed using combined
models of the small-signal equivalent circuit, drain resistance, drift velocity
and saturation velocity.

My contributions: optimization and characterisation of devices, system-
atization of the data, analysis and interpretation of the results, paper writing
together with co-authors.

Paper B

Graphene field-effect transistors with high extrinsic fr and
fmax

In this paper, the state-of-the-art GFETs with enhanced extrinsic fr and fiax
up to 34 GHz and 37 GHz, respectively, at 0.5 ym gate length, are presented.
The improvement was achieved as a result of using the high quality graphene
and with extremely low source/drain contact resistance.

My contributions: optimization and characterisation of the devices, system-
atization of the data, analysis and interpretation of the results.
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Paper C

Enhanced high-frequency performance of top-gated graphene
FETs due to substrate-induced improvements in charge
carrier saturation velocity

This paper reports on enhancement in fp and fy,.x of GFETs achieved via
surrounding the graphene channel by layers of dielectric materials with relatively
high OP energy. The GFETSs were fabricated on SiO2/Si substrates with and
without a buffer layer of Al;O3, a material with about 30% higher optical
phonon energy than that of SiO5. The fr and fhax of 43 and 46 GHz,
respectively, at 0.5 pm gate length, were observed in GFETs with Al,O3 buffer
layers. These values are approximately 30% higher than those of the GFETSs
without the Al,Ogz buffer.

My contributions: Initiating the work, designing, fabrication and charac-
terisation of the devices, analysis and interpretation of the results, and paper
writing together with co-authors.

Paper D

Graphene FET on diamond for high frequency electronics

This paper reports on first GFETs on a diamond substrate with state-of-the-art
fmax up to 60 GHz at gate length of 0.5 pm. It was experimentally demon-
strated that the relatively high OP energy in diamond allows for increasing
the saturation velocity of carriers in the graphene channel. The high thermal
conductivity of diamond allows for avoiding the performance degradation due
to self-heating. Moreover, it was shown that GFETs on diamond, exhibit
excellent scaling behaviour.

My contributions: introducing the idea and initiating the work, designing,
fabrication and characterisation of the devices, analysis and interpretation of
the results, paper writing together with co-authors.

Paper E

Does carrier velocity saturation help to enhance f,., in
graphene field-effect transistors?

This paper describes the comprehensive theoretical analysis of high-frequency
performance of GFETs in corellation with material quality made via applying
models of drain resistance, carrier velocity and saturation velocity. Main results
allowed for identifying the limitations and proposing approaches most promising
for further development of the GFETSs suitable for advanced high-frequency
applications.

My contributions: optimization and characterisation of the device, system-
atization of the data, analysis and interpretation of the results.
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Paper F

Mobility Degradation and Series Resistance in Graphene
Field-Effect Transistors

In this paper, a first-order mobility degradation model is presented and used to
separate the information about mobility degradation and series resistance for a
set of top-gated GFETs of different channel lengths. A mobility degradation
behaviour was observed with the mobility being reduced to half as the voltage-
induced charge carrier density reaches to 10 cm™2.

My contributions: designing, fabrication and characterisation of the devices,
analysis and plotting the results.

Paper G
Integrated 10-GHz Graphene FET Amplifier

This paper reports on design, fabrication and characterisation of a GFET IC
amplifiers operating in X and Ku bands. The IC passives including thin film
capacitors, air bridges, and loop inductors were also developed and realised. A
gain of 4.2 dB at 10.6 GHz was measured for a single transistor amplifier stage
and agrees well with simulations.

My contributions: fabrication and characterisation of the devices, analysis
and interpretation of the results, paper writing together with co-authors.
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Chapter 9

Appendix

9.1 S-parameter measurements

The set-up used for S-parameters measurements consists of three basic com-
ponents, a vector network analyzer (VNA), a source-meter and under-test
device. The VNA used in this work was a Agilent N5230A network analyzer
with frequency range of 10 MHz to 50 GHz. For dc biasing, a dual channel
Keithley source-meter was connected to VNA through an external bias-tee.
The device under-test was connected to VNA using probe-station containing
ground-signal-ground (GSG) probe with a pitch of 100 pm which was suitable
for GFET measurement contact pad designed in this work. The S-parameters
of GFET were mostly measured by sweeping the frequency ranging from 1 GHz
up to above 30 GHZ using a -10 dBm microwave power.

However, before starting the measurements, two-port open, short, load and
thru (SOLT) calibrations were performed using a standard calibration chip.
The calibration was necessary to set-up the 50 € reference planes at the GSG
probe tips and to remove the affect cables and probes impedance. The S-
parameters was measured by sweeping the biasing conditions, i.e., combination
of the gate-source voltage (V) and the drain voltage (Vp) in order to see and
optimise the GFET high-frequency performance i.e. the highest fr and fiax.
The dual channel source meter was serving the biasing sweeping as well as for
recording the IV measurements while measuring the S-parameters.

9.2 De-embedding

On-chip measurement is necessary for testing and analysing the device perfor-
mance. For this purpose, large metal pad designed and fabricated along with
the transistor. The metal pad embedded in the transistor and the associated
lumped elements can be seen in the Fig. 9.1 (a) and (b), respectively. In order
to get the real extrinsic GFET device, the lumped elements associated with
the measurement pad is indeed needed to remove. The lumped elements can
be removed by first measuring the S-parameters of the open and short test
structure and then follow the standard de-embedding method [96]. Fig. 9.1 (c)
show the original GFET without the pads and its equivalent circuit after de-
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(a) (c)
- . . Before de-embedding - . .

After de-embedding

Measurement : Measurement
pad i EE] pad

Figure 9.1: (a) Original GFET designed showing the measuring pad (b) small-signal
equivalent circuit of GFET with pad before de-embedding (c) schematic showing the GFET
after de-embedding (d) small-signal equivalent circuit of GFET after de-embedding.

embedding in (d). In some case, to analyse the intrinsic GFET high-frequency
performance remaining extrinsic circuit components can also be removed using
the same de-embedding approach.

9.3 Figures of merit of RF GFETSs

The figures of merits of high-frequency transistors are the transit frequency fr
and the maximum frequency of oscillation f,.x and their values are served for
bench marking the high-frequency performance. The fr is the frequency at
which current gain hy; drops to unity, and the fiax is the frequency at which
unilateral power gain (Mason’s gain) U is equal to unity [94]. Both fr and fiax
can be directly extracted from the S-parameter measurements. The expressions
for current gain and unilateral Mason’s gain in terms of S-parameters are:

—259
hop = 9.1
T (1= 511)(1 4 Sa2) + S12591 (0.1)
] S12— Sa1 ?
= det(1 = 557 (9:2)

9.4 Fabrication of GFETs and passive IC com-
ponents

1. Evaporation of Al seed layer
a) Evaporate 1 nm Al in LESKER1
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b) Put it on hotplate for 5 min at 160 °C

¢) Repeat a)-b) 4 times

2. Marks lithography

a) Spin MMA (8.5) EL10, 1 min, 3000 rpm (400 nm) and bake 5 min on
hotplate at 160 °C

b) Spin ARP 6200.13 1:1, 1 min, 3000 rpm (150 nm) and bake 5 min on hotplate
at 160 °C

¢) E-Beam with dose 350 and 35nAap

d) Developer: 1. n-Amylacetate 45 sec + blow dry with Ny, 2. MIBK:IPA 1:1
120 sec + blow dry with N,

e) Remove resist with plasma etching (RIE)

f) Remove Al>O3 in 1:10 BOE:H20 for 5 sec.

g) Remove graphene with RIE

h) Evaporate Ti/Au 4 nm/70 nm

i) Lift off: acetone for 10 min at 75 °C; rinse in acetone; rinse in isopropanol
3. Mesa lithography

a) Spin man2403; 1 min; 3000 rpm (300nm)

Bake 1 min at 90 °C

b) E-Beam with dose 170, setp size 30, 10nAap7

¢) Developer MF-24A; 45 sec; wash in HoO

d) Remove resist; RIE

e) Remove AlyO3 in 1:10 BOE:H5O for 5 sec.

f) Remove graphene with RIE

g) Wash off resist in acetone and isopropanol

4. Omic contact /Bottom capacitor plat lithography a) Spin MMA (8.5) EL10,
1 min, 3000 rpm (400nm) and bake 5 min on hotplate at 160 °C

b) Spin ARP 6200.13 1:1, 1 min, 3000 rpm (150nm) and bake 5 min on hotplate
at 160 °C

¢) E-Beam with dose 360 and 10nAap

d) Developer 1. N-Amylacetate 45 sec 4+ blow dry with Na, 2. MIBK:IPA 1:1
120 sec+blow dry with Ny

e) Remove AlyO3 in 1:10 BOE:H5O for 5 sec.

f) Evaporate Ti/Pd/Au 1 nm/15 nm/250 nm

g) Lift off: acetone for 10 min at 75 °C; rinse in acetone; rinse in isopropanole
5. Form gate oxide a) Repeat 6x Evaporate Al 1 nm put on hotplate for 5 min
at 160 C

b) ALD; thermal Al;O3 300 °C; 6 nm (71 cycles) total Al;Os3 thickness 30 nm
6. Capacitors oxide thickness a) Spin MMA (8.5) EL10, 1 min, 2800 rpm (420
nm) at bake 5 min on hotplate at 160 °C

b) Spin ARP 6200.13 1:1, 1 min, 3000 rpm (150 nm) and bake 5 min on hotplate
at 160 ° C

¢) E-Beam with dose 360 and 10Aap7

d) Developer 1. N-Amylacetate 45 sec + blow dry with N

2. MIBK:IPA 1:1 120 sec+blow dry with No

e) Repeat 6x Evaporate Al 1 nm put on hotplate for 5 min at 160 C

7. Through/Metal pad through Lithography (contact covered with oxide can
now be expose reduce a lithography step) a) Spin MMA (8.5) EL10, 1 min,
2800 rpm (420 nm) at bake 5 min on hotplate at 160 °C

b) Spin ARP 6200.13 1:1, 1 min, 3000 rpm (150 nm) and bake 5 min on hotplate
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at 160 ° C

¢) E-Beam with dose 360 and 10Aap7

d) Developer 1. N-Amylacetate 45 sec + blow dry with Ny

2. MIBK:IPA 1:1 120 sec+blow dry with Ny

e) Remove resist; RIE 5s f) Wet-etching for the via contact g) Evaporate Ti/Au
2nm/50nm (for accurate metal thickness think about capacitor oxide thickness)
h) Lift off: acetone for 10 min @75C; rinse in acetone; rinse in isopropanole 8.
Gate lithography/Top metal lithography/Inductors (expose separate steps) a)
Spin MMA (8.5) EL10, 1 min, 2800 rpm (420 nm) at bake 5 min on hotplate
at 160 °C

b) Spin ARP 6200.13 1:1, 1 min, 3000 rpm (150 nm) and bake 5 min on hotplate
at 160 ° C

c¢) E-Beam with dose 390 and 10Aap7

d) Developer 1. N-Amylacetate 45 sec + blow dry with Ny

2. MIBK:IPA 1:1 120 sec+blow dry with Ny

e) Evaporate Ti/Au 10 nm/290 nm

f) Lift off: acetone for 10 min at 75 °C; rinse in acetone; rinse in isopropanole
9. Bridge lithography

a) (PDMS double layers at 100°C) PMGI, 1 min, 3000rpm (2400nm) Bake 10
min gradually from 90 to 190°C.

b) E-Beam with dose 390 and 35nAap8

¢) Developer MF-319: H20 (2:1) 2min+-clean with water + blow dry with N2
d) Re-flow 250°C for 30 sec

e) 1. MMA-EL13 2000rpm (850nm) bake at 160 for 5min, 2. PMMA-A6
3000rpm (500nm) bake at 170 7min

f) E-Beam with dose 645 and 10nAap7

g) Developer: 1. ISP: H20 (9:1) 50 sec + blow dry with N2, 2. MIBK: ISP
(1:1) 150 sec + blow dry with N2

h) Evaporate: Ti/Au 10nm/1000 nm

i) 1. left-off Acetone (until developed completely), 2. left-off remover 1165
150sec at 85°C
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