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Abstract

The isolation of the two-dimensional material graphene, a single hexagonal
sheet of carbon atoms, is believed to trigger a revolution in electronics. The-
ory predicts unprecedented carrier velocities in ideal graphene, from which
ultrahigh speed graphene field effect transistors (GFETs) are envisioned.

In this thesis, the prospects of GFETs for microwave receivers are inves-
tigated with the emphasis on low noise amplifiers (LNAs). A microwave am-
plifier at 1 GHz with 10 dB small-signal gain and 6.4 dB noise figure was
realised using a mechanically exfoliated graphene flake on a SiO2 substrate.
Comparable GFET performance was demonstrated with large-area graphene
grown by chemical vapour deposition (CVD) on copper and transferred to
SiO2. From a device level noise characterisation, the CVD GFET minimum
noise figure (Fmin) in the frequency range 2-8 GHz was measured to be 2.5-5
dB and estimated by de-embedding parasitics to be 1-4 dB for the intrinsic
device. However, the GFET noise is sensitive to impedance mismatch as the
noise resistance is high. In addition, subharmonic resistive GFET mixers util-
ising the symmetry of electron and hole conduction in graphene were assessed.
Conversion loss (CL) and noise figure were approximately equal and ≥20 dB
and the input third order intercept point (IIP3) was ≤3.9 dBm at a local
oscillator power of 2 dBm, less linear then fundamental resistive mixers.

Finally, the properties of graphene and metal-graphene contacts were in-
vestigated by parameter extraction based on measurements at both DC and
microwave frequencies. Using a palladium based contact, a contact resistance
as low as < 100 Ωµm was reached. An associated contact capacitance was
extracted, for which a geometrical model was proposed. The implications of
this capacitance on device performance is presumably negligible up to at least
several hundred gigahertz. It is inferred, however, that the sheet resistance of
graphene in this work must be reduced two orders of magnitude to improve
performance of acoustic resonators when using graphene as an electrode.

Keywords: Graphene, CVD graphene, graphene electrodes, microwave FETs,
microwave amplifiers, nanofabrication, noise measurements, noise modelling,
small-signal FET modelling, subharmonic resistive mixers, FBARs.
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Notations and
abbreviations

Notations

C Gate-drain noise correlation coefficient
Cc Contact capacitance
Cg Gate capacitance
Cds Drain-source capacitance
Cgd Gate-drain capacitance
Cgs Gate-source capacitance
Cox Gate oxide capacitance per area
Cpg Gate pad capacitance
Cpd Drain pad capacitance
CQ Quantum capacitance of graphene
∆f Noise bandwidth
dm−g Metal to graphene separation
E Energy
E Electric field
EF Fermi energy
Eg Bandgap
ε Dielectric permittivity

e2 Noise voltage
F Noise figure
Fmin Minimum noise figure
fIF Intermediate frequency
fLO Local oscillator frequency
fmax Maximum frequency of oscillation
fRF RF signal frequency
fT Cutoff frequency
Γopt Optimum source reflection coefficient
Γs Source reflection coefficient
GT Transducer power gain
gde Extrinsic output conductance
gdi Intrinsic output conductance
gme Extrinsic transconductance
gmi Intrinsic transconductance
h21 Short circuit current gain
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h Planck constant
~ Reduced Planck constant
Ids Drain source current
Ig Gate leakage current
IIP3 Third order intercept point

i2 Noise current
kB Boltzmann constant
La Ohmic contact to channel access length
Ld Drain inductance
Lg Gate length / Gate inductance
Ls Source inductance
lt Contact transfer length
m∗ (m0) Carrier effective mass (electron rest mass)
µe (µh) Electron (hole) mobility
µc Chemical potential
n Electron concentration
n0 Residual carrier concentration
nimp Impurity concentration
nth Thermally generated carriers
P Drain noise coefficient
p Hole concentration
q Electron charge
R Gate noise coefficient
Rc Contact resistance
RD Drain parasitic resistance
Rds Total drain to source resistance
RG Gate resistance
Ri Intrinsic gate-source resistance
Rn Noise resistance
Rpd Drain pad resistance
Rpg Gate pad resistance
RS Source parasitic resistance
Rsh Sheet resistance
ρ Electrical resistivity
ρc Contact resistivity
σ Electrical conductivity
σmin Conductivity at Dirac voltage
Ta Ambient temperature
Td Drain noise temperature
Tg Gate noise temperature
Tmin Minimum noise temperature
Tn Equivalent noise temperature
U Mason’s unilateral gain
VDirac Dirac voltage
Vds Drain source voltage
Vgs Top gate source voltage
vdrift Carrier drift velocity
vF Fermi velocity (108 cm/s)
vsat Carrier saturation velocity
Wg Gate width
Ys Source admittance
Yopt Optimum source impedance
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Abbreviations

2DEG Two-dimensional electron gas
Al2O3 Aluminium oxide
ALD Atomic layer deposition
Ar Argon
Al Aluminium
Au Gold
CG Conversion gain
CL Conversion loss
CNT Carbon nanotube
CTLM Circular TLM
Cu Copper
CVD Chemical vapour deposition
DOS Density of states
FBAR Film bulk acoustic wave resonator
FET Field effect transistor
GaAs Gallium arsenide
GaN Gallium nitride
GFET Graphene field effect transistor
GHz 109 Hz
GNR Graphene nanoribbon
hBN Hexagonal boron nitride
HEMT High electron mobility transistor
IF Intermediate frequency
IM3 Third order intermodulation distortion
InGaAs Indium gallium arsenide
InP Indium phosphide
kHz 103 Hz
LNA Low noise amplifier
LO Local oscillator
MESFET Metal-semiconductor field effect transistor
MHz 106 Hz
MOSFET Metal oxide semiconductor field effect transistor
mHEMT Metamorphic HEMT
Ni Nickel
NFA Noise figure analyser
NW Nanowire
Pd Palladium
pHEMT Pseudomorphic HEMT
Pt Platinum
RF Radio frequency
SEM Scanning electron microscope
Si Silicon
SiC Silicon carbide
SiO2 Silicon dioxide
TLM Transfer length method
THz 1012 Hz
Ti Titanium
VCO Voltage controlled oscillator
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Chapter 1

Introduction

Numerous applications use high frequency electromagnetic waves within the
microwave (300 MHz−300 GHz) and terahertz (THz, loosely defined as 100
GHz−10 THz) frequency regions of the spectrum, and the number is continu-
ously increasing. Wireless technology operating in the lower-GHz range is in
many aspects a defining factor of life today, as an enabler of the rapidly in-
creasing amounts of information and data exchanged in modern society [1]. In
the THz regime, traditionally, niche applications in spectroscopy, earth remote
sensing and radio astronomy were dominating [2]. More recently, however, in-
terest and practical implementation of THz in fields closer to everyday life,
including security and surveillance [3], medicine and disease diagnostics [4]
and future high speed communication networks [5] have emerged. This re-
quires compact, room temperature and low-cost sources able to bridge the so
called THz gap, a part of the electromagnetic spectrum where output power is
scarce. The challenge of realising such hardware has been approached going up
in frequency from the electronics side by the use of diode multiplier chains [6]
and down in frequency from the photonics side by quantum cascade lasers [7].

A key component from the electronics side is the microwave field effect
transistor (FET), which is today used to feed power to inputs of multiplier
chains and for intermediate frequency low noise amplifiers (LNAs) in THz
receivers. The first microwave transistor operating in the GHz range was a
GaAs metal-semiconductor FET (GaAs MESFET) [8]. Since, a rule-of-thumb
in achieving higher frequencies has been to scale to as short transistor channels
as possible and to use channel materials with as high carrier mobilities and
saturation velocities as possible. A great breakthrough was the introduction
of the GaAs high electron mobility transistor (GaAs HEMT) [9], utilising a
2DEG channel to separate the carriers from the impurity dopants. Now, the
leading technology is the InP HEMT with maximum frequency of oscillation
fmax > 1 THz and a record cutoff frequency fT = 688 GHz, as can be seen
in Fig. 1.1, which enable amplifier circuits with > 3 dB gain at 650 GHz [10].
Consequently, direct FET THz sources [6] and THz LNAs appear feasible [11].

However, the InP HEMT matures, reaching the scaling limits in terms
of gate length and channel carrier mobility with 30 nm pure InAs channels.
Furthermore, it is an expensive and comparatively low-yield technology. Con-
sequently, the microwave device community is constantly scrutinising new con-
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Fig. 1.1: State-of-the-art GaAs and InP HEMTs, Si CMOS and CNT FET tech-
nology against reported GFETs [13,28–30]. De-embedded a) fT and b) fmax.

cepts and new materials with high carrier velocities for FETs to reach further
into the THz range. In this context, 1D semiconducting carbon nanotubes
(CNTs) [12] and InAs nanowires (NWs) [13] have been explored. These ma-
terials are not yet encompassing expectations and not competitive with the
established technologies in Fig. 1.1 in terms of high frequency performance.

In this thesis, the recently discovered 2D carbon material graphene [14]
is studied for use in high frequency FETs. Graphene belongs to a group
of 2D materials currently attracting significant attention due to their elec-
trical and mechanical properties [15, 16]. Until recently, such planar, low-
dimensional materials were thought to be thermodynamically unstable. This
notion changed with the micromechanical cleavage of graphite into graphene
in 2004, for which Andre Geim and Konstantin Novoselov were awarded the
Nobel Prize in physics in 2010. It was followed by several other layered 3D lat-
tices used to produce few layer crystals, including insulating hexagonal boron
nitride (hBN) and semiconducting molybdenum disulfide (MoS2) [17], which is
an option for logic circuits. In addition, there have been experimental demon-
strations of silicene (2D silicon), which in theory has similar electronic prop-
erties as graphene [18], and germanane [19] (2D germanium).

These 2D materials are considered promising for numerous applications.
Graphene is researched to enhance the performance of photonics and opto-
electronics [20], energy storage [21] and sensors [22] as well as an enabler for
new applications via spintronics [23] and plasmonics [24]. In graphene, new
possibilities are found through the combination of attributes in for example low
weight and great mechanical strength for composites [25] and high electrical
conductivity, bendability and transparency for touch screens, light emitting
diode (LED) electrodes and bendable electronics [26,27]. Graphene represents
a candidate for the next level of high speed transistors [28] by intrinsically
offering several times higher mobility compared to the best HEMT channels,
especially for mass market devices intended for room temperature operation.

The reported state-of-the art high frequency GFET performance is included
in Fig. 1.1. Clearly from Fig. 1.1a), graphene has an edge to CNTs and
NWs in terms of high frequency performance, reaching a record intrinsic cutoff
frequency fT = 427 GHz [30]. Although the fT data of GFETs reported so
far is comparable even to some III-V HEMTs, the maximum frequency of
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oscillation in Fig. 1.1b) is lagging behind, with a record value for intrinsic
fmax = 70 GHz [29]. This is explained in part by the poor current saturation
in GFETs, resulting from the absence of a bandgap in graphene. Still, the
movement of carriers in GFET channels is greatly impeded by oxide substrates
and gate oxides sandwiching graphene. This issue can be addressed by the use
of hBN layers [31] to eventually exploit the full potential of graphene.

In addition to the high frequency gain performance of GFETs, represented
by fT and fmax, knowledge of the device noise level is important to realise
LNAs. The LNA is a vital component in that it ultimately sets the sensitivity
of a receiver chain. Similar requirements hold for a low noise FET compared
to high frequency operation in that low carrier scattering is required, i.e. high
mobility channel materials are required. In this respect, graphene intrinsically
represents an interesting option to today’s low noise technology [32].

However, the noise performance of GFETs at microwave frequencies has
been missing in the literature, in contrast to studies of the low frequency 1/f
noise in graphene [33]. This thesis presents the first complete noise param-
eter data and emphasises the importance of the FET minimum noise figure
(Fmin) together with fT and fmax. Working towards practical graphene de-
vices exhibiting gain to enable the noise measurements, a small-signal GFET
amplifier made on a mechanically exfoliated graphene flake was demonstrated.
The GFET process was adapted to the highly scalable and comparatively
cheap graphene grown by chemical vapour deposition (CVD) [34]. A device
level noise characterisation was performed for these CVD GFETs. The CVD
process potentially offers a high degree of integration with Si CMOS for single-
chip solutions, combining CMOS logic and graphene microwave circuitry [35].
These are persuasive benefits in potential large-volume THz products such as
short range, high speed communication links operated above 100 GHz [5]. To
complement the GFET LNA in a graphene receiver, the thesis also investi-
gates the performance of subharmonic resistive GFET mixers. The mixers
utilise the unique electron-hole conduction symmetry in graphene for subhar-
monic mixing in a single FET. Finally, graphene sheets and metal contacts to
graphene are characterised at both DC and microwave frequencies, important
for the use of graphene as electrodes in LEDs [27] and acoustic resonators [36].

1.1 Thesis outline

The thesis introduces graphene and the publications set in a wider context,
via the structure outlined below. Chapter 2 provides the relevant background
on the theoretical electronic properties of graphene and practical limitations.
Chapter 3 describes the synthesis of graphene and the further processing steps
into test structures and devices. In addition, it discusses the results of the ma-
terial and ohmic contact characterisation. Chapter 4 presents the background
on microwave FET operation and the device status of GFETs for low noise am-
plifiers. Chapter 5 presents the performance of a GFET amplifier and GFET
mixers for microwave circuits. It also provides a discussion for graphene as a
resonator electrode. Chapter 6 draws summarising conclusions out of which
future work directions are identified. Chapter 7, finally, includes a summary
and describes the content of the papers upon which this thesis is based.
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Chapter 2

Properties of graphene for
high frequency devices

Fast microwave FETs are core building blocks i.e. in high speed communi-
cation networks. To realise such a device, the carrier transit time under the
gate must be short. This necessitates a short gate length transistor and a
channel material with highest possible carrier velocity. This chapter presents
the theoretical potential and practical limitations of graphene in this context
to understand the current performance and future improvements of GFETs.

2.1 Graphene band structure

Graphene consists of a single-layer of carbon atoms in a hexagonal lattice,
connected via sp2-hybridisation, shown in Fig. 2.1a). In graphene each atom
has three neighbours, connected by strong covalent, in-plane σ-bonds. While
these electrons are localised, defining the carbon-carbon binding distance of
aC−C = 1.42 Å, the remaining valence electrons are delocalised in out-of-
plane covalent π-bonds as illustrated in Fig. 2.1b). The span of the latter
orbitals limit the thickness of graphene to 0.34 nm. The σ-bonds constitute
the mechanical strength of graphene, whereas the electrons in π-bonds ac-
count for its electrical conductivity. In principle, the π-electrons move in a
plane outside the graphene lattice, allowing negligible collision rate and thus
excellent carrier velocity in an applied electric field. In the literature, often
single-layer graphene is clearly emphasised, to distinguish it from bilayer or
few-layer graphene (> 2 layers), with different properties. Unless explicitly
stated, in this thesis graphene refers to a single-layer material.

Understanding the unique electrical properties graphene starts with a knowl-
edge of its energy dispersion (electronic band structure), i.e. the energy mo-
mentum relation for electrons and holes, a work which dates back to 1947 [37].
Using a nearest neighbour tight binding (NNTB) approximation of the hon-
eycomb lattice, the dispersion of the π electrons [38] is expressed as

E(k) = ±γ

√
1 + 4 cos

√
3a

2
kx cos

a

2
ky + 4 cos2

a

2
ky, (2.1)

5
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a) b)

π-electron

sp2

sp2sp2

Carbon nuclei
π-electron

Fig. 2.1: a) Graphene honeycomb lattice. b) Visualisation of electron clouds in sp2-
hybridisation, localised in plane σ-bonds and out of plane delocalised π-electrons [39].

where γ = 2.8 eV is the nearest neighbour overlap energy and a =
√
3aC−C =

2.46 Å. In Eq. 2.1, which is derived under the assumption of electron and
hole symmetry, the plus and minus signs correspond to the conduction (π∗)
and valence (π) bands, respectively. This model compares well with ab initio
calculations within ± 1 eV of the intrinsic Fermi energy EF = 0 eV, where the
conduction and valence bands touch without bandgap, illustrated in Fig. 2.2.

The performance of graphene based electronic devices is governed mainly
by the dispersion when |E| < 0.4 eV, the EF range reachable by field- or
impurity induced carriers (see further Section 2.2.1). This corresponds to the
regions closest to the six K (K′) points of the first Brillouin zone, where the
energy-momentum relation is further simplified to a cone (inset Fig. 2.2)

E(k) = ±~vF
√
k2x + k2y. (2.2)

In Eq. 2.2, ~ is Planck’s constant and vF = 3γa/2~ ≃ 108 cm/s the Fermi ve-
locity (upper limit of the carrier velocity) in graphene within the tight binding
approximation. A linear dispersion indicates massless particles described by
the Dirac equation, giving the names Dirac points where the conduction and
valence bands meet. These massless particles, the so called Dirac fermions,
represent the origin of the superior carrier mobilities expected in graphene.

2.2 Carrier transport in graphene

The high frequency performance of FETs depend on the carrier dynamics in
the channel, quantified by the mobility and saturation velocity, i.e. the re-
sponse of the carriers to an applied electric field. Graphene is compared to Si,
III-V semiconductors and single-layer MoS2 in Table 2.1. The intrinsic cut-off
frequency, i.e. the high frequency limit of a material, can be directly related to
these properties. In principle, for a long gate length fT,int ∝ µ/L2

g, whereas for
a short gate length fT,int ∝ vsat/Lg. In practice, the importance of vsat grad-
ually increases when scaling gate length. Clearly, graphene is an outstanding
candidate to reach extremely high frequencies. In GFET fabrication, however,
a substrate and a gate dielectric are required, leading to increased scattering
of the out of plane electrons and degradation of the ideal values in graphene.
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Fig. 2.2: Band structure in the tight binding approximation of graphene within the
1st Brillouin zone (Eq. 2.1). Inset shows the famous Dirac cone (Eq. 2.2).

Table 2.1: Effective mass, low-field mobility, saturation velocity and bandgap of
low-doped semiconductors used for FETs. ∗Freestanding, n ∼ 1012 cm−2.

MoS2 Si GaN GaAs InAs InSb Graphene∗

m∗
e/m0 0.6 0.98 0.19 0.063 0.023 0.015 0

µe (cm2/Vs) 400 [40] 1,400 1,600 8,000 33,000 88,000 200,000 [41]

µh (cm2/Vs) - 500 200 400 500 850 200,000

vsat (107 cm/s) 0.3 [42] 1 1.1 1.5 3.5 5 ∼ 4− 5 [43]

Eg (eV) 1.8 1.12 3.4 1.43 0.36 0.18 0

Depending on the conditions, both ballistic [44] and diffusive [14,45] (Drude-
Boltzmann) transport conditions have been reported in the literature. This
is identified by the dependence of conductivity on carrier concentration, σ(n),
or equivalently on gate voltage, σ(VG), observed. In the diffusive limit the

conductivity is given by σ−1 = (nqµC + σmin)
−1

+ ρs [31,46]. Here, µC mod-
els the mobility due to long-range Coulomb scattering and ρs the short range
scatterers, i.e. lattice point defects. Further, σmin is the residual conductivity
due to remaining carriers when biasing for the Fermi level to lie at the Dirac
point of the electronic spectrum. In samples with high impurity concentration,
σ ∝ n at high carrier densities, with Coulomb scattering being the dominant
mechanism [45]. On the other hand, in cleaner samples a sublinear σ(n) is
found, attributed to short range scattering [47]. Similarly, a sublinear σ ∝

√
n

was interpreted as ballistic transport in suspended graphene with a micrometre
mean free path (l = µ~

√
πn/q) comparable to the sample dimensions [44].

2.2.1 Carrier concentrations

In single-layer graphene, the one-to-one relations between the carrier concen-
trations and the Fermi level position are given by
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Fig. 2.3: a) Carrier concentrations versus EF at RT. Solid lines from Eq. 2.3 and
Eq. 2.4, while dashed line combines expressions of Eq. 2.7 and Eq. 2.8. b) DOS in
graphene compared to AlGaAs/GaAs 2DEG with ns = 0.67 · 1012 cm−2 [48].

n (EF ) =

∫ ∞

0

g(E)f(E − EF )dE (2.3)

for electrons and by

p (EF ) =

∫ 0

−∞
g(E)(1− f(E − EF ))dE (2.4)

for holes [38]. In principle, EF > 0 and EF < 0 correspond to a major-
ity of electrons and holes respectively. The shift in Fermi level may origi-
nate from attraction of electrons or holes in graphene by the field effect [14],
charge transfer from metal contacts [49, 50] or adsorbed molecules such as
water molecules [22,51]. Therein, the density of states (DOS) is given by

g(E) =
gsgv|E|
2π (~vF )2

, (2.5)

where gs = gv = 2 are the spin degeneracy and valley degeneracy (non-
equivalency of the K and K′ points), respectively. Further, the Fermi-Dirac
distribution function is defined as usual:

f(EF ) =
1

1 + e
E−EF
kBT

. (2.6)

The integrals have simple analytical solutions given EF = 0, corresponding to
thermal carrier generation, given by

nth =
π

6

(
kBT

~vF

)2

(2.7)

and for the high carrier concentration case when |EF | ≫ kBT where

n =
1

π

(
EF

~vF

)2

. (2.8)
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The carrier concentration versus Fermi level in graphene at room temperature,
based on the exact and closed form expressions, and the DOS are plotted in
Fig. 2.3. The carrier density can easily exceed that of a two-dimensional
electron gas (2DEG) where ns ∼ 1012 cm−2 [48]. In fact, n = 1 · 1013 cm−2 is
easily attained at a voltage Vg . 5 V with the Al2O3 gate oxide in [Paper B,
C, D], unless dielectric breakdown occurs first. Note that the term intrinsic
graphene refers to completely filled valence band and empty conduction band,
i.e. perfectly clean graphene at T = 0 K. Graphene at room temperature is
considered extrinsic due to thermal carriers, even when EF = 0.

2.2.2 Residual carrier concentration

For any graphene encountered experimentally, an additional parameter is re-
quired to explain the behaviour at the minimum conductivity point, i.e. the
gate voltage which most closely corresponds to the Dirac point of the elec-
tronic spectrum. In particular, σmin at room temperature exhibits a wider
plateau [45] and a weaker temperature dependence (upon cooling) than ex-
pected solely from thermal generation [44]. These phenomena are linked to
an inhomogeneous carrier concentration induced by impurities in the vicinity
of the graphene sheet, in the substrate or at the interface, with concentration
nimp [47]. This electron-hole puddle landscape has been mapped by direct
experiments [52]. Understandably, the residual carrier density n0 is a highly
substrate dependent property. It ranges from 1011 − 1012 cm−2 on SiO2/Si
samples [45] to ∼ 1010 cm−2 on hBN [31] to ∼ 108 cm−2 in a current an-
nealed, suspended sample [46]. For comparison, nth = 8 · 1011 cm−2 at room
temperature is masked on a SiO2 substrate. As a rule of thumb, temperature
dependence of σmin is suppressed unless kBT > Epuddle = ~vF

√
πn0.

2.2.3 Low-field mobility

At low electric fields, the carrier drift velocity is linear in field strength with
the proportionality constant defined as the low-field mobility, vdrift = µE . In
the case of graphene, the conductivity mobility defined by µ = σ

nq [53] is often

determined experimentally in a field-effect transistor configuration [14]. In
this context, σ is attained from a 4-probe measurement of the resistance of a
graphene patch with known length and width, R = ρ l

w and σ = 1/ρ (note that
ρ in the 2D conductor case has units of Ω/�). The carrier density is mapped
to the gate voltage, Vg, via the gate capacitance, Cg, as n = CgVg/q. In
samples limited by charged impurity scattering (such as on SiO2) where σ ∝ n
this yields a carrier density independent conductivity mobility. This justified
the field effect transistor DC model proposed in [54], used for extraction of a
single mobility value for each carrier type in devices under this condition.

R = 2Rc +Rchannel = 2Rc +
Lg

Wgqµ

√
n2
0 +

(
Cg(Vg−VDirac

q

)2 , (2.9)

In Eq. 2.9, Rc is the drain/source contact resistance and VDirac the gate
voltage corresponding to the Fermi level being positioned at the Dirac point.
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Another option is to use a Hall bar or van der Pauw structure in a transverse
magnetic field. After measuring the resistivity (sheet resistance), the Hall
coefficient RH (proportional to the measured Hall voltage) provides the Hall
mobility as µH = |RH |/ρ and the carrier concentration as n = 1/|RH |q [53].
The sign corresponds to the carrier type, with RH < 0 for electrons and
RH > 0 for holes. It is important to note the conductivity- and Hall mobilities
may differ, as µH = rµ with 1 < r < 2, where r depends on the scattering
mechanism involved [53]. In reporting Hall mobilities, often r = 1 is assumed.

The carrier scattering mechanisms recognised to limit the mobility of graphene
are listed below starting from the fundamentals, moving on to limitations of
the common SiO2 substrates and finally its possible replacement.

• Longitudinal acoustic phonons (LAP) [41,55]: The theoretical up-
per bound for mobility is set by the LAP interaction, which contributes
with the resistivity of 30Ω/� at room temperature independent of con-
centration [41]. While this results in a mobility µ ∼ 200, 000 cm2/Vs at
a carrier concentration n = 1012 cm−2, it drops rapidly as µ ∝ 1/n.

• Charged impurities (Coulomb) [45, 47]: For graphene on SiO2 the
phonon scattering is masked by typical impurity densities which limit
the experimental mobility to ∼ 10, 000 cm2/Vs [14,54].

• Remote interfacial phonons (RIP) [41, 56]: Even in the extreme
case of no charged impurities, the lowest RIP mode of SiO2 (59 meV)
would set an upper limit of 40,000 cm2/Vs at room temperature [41]. Ex-
changing the SiO2 substrate for a high-κ substrate screens the impurities,
but at the expense of low energy surface optical phonons. This increases
RIP scattering and results in a small improvement at 300 K [56].

• Resonant scattering centres [57]: Resonant scattering centres from
from adsorbates and vacancies have been shown to play a role on high-κ
substrates, on which they are shown to map to the carrier mean free path.
The corresponding map on low-κ substrates is to impurity scattering [58].

• Flexural phonons (FP) [59]: Represents a dominant scattering mech-
anism in free standing graphene. Consists of static ripples introduced on
rough substrate surfaces and frozen in when suspending the graphene.

In this context, hBN provides an alternative pathway with a number of
valuable properties [31]. It has the same hexagonal lattice as graphene and
a mismatch of only ∼ 2 %, with an inert surface drastically reducing the at-
tachment of impurities. As a result, one benefits from the higher RIP modes
of hBN (>100 meV), while keeping the gating ability of SiO2 (εhBN ∼ εSiO2)
and without losing performance due to the weak impurity screening. At room
temperature, graphene on hBN [31] may even show higher mobility than sus-
pended graphene [59], since graphene conforms to the extremely smooth sur-
face therefore limiting scattering on graphene ripples.

The temperature dependence on resistivity in a certain temperature inter-
val is indicative of the dominant scattering mechanism as summarised in Table
2.2. In the high carrier concentration regime, or for dirty samples with high
residual concentration, n is independent of T and thus the mobility has an
inverse dependence compared to the resistivity.
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Table 2.2: Temperature dependence of resistivity, ρ, as a result of important scat-
tering mechanisms in graphene. E0 is energy of the surface optical phonon mode.

Scattering mechanism T interval T dependence

Longitudinal acoustic phonons [55] T > 20 K ρ ∝ T

Charged impurities (Coulomb) [41] ∀ T None

Remote interfacial phonons [41] ∀ T ρ ∝ 1
eE0/kBT−1

Flexural phonons [59] ∀ T ρ ∝ T 2

2.2.4 Saturation velocity

In high electric fields the linear transport relation is no longer valid, as the
velocity reaches a maximum value. Instead, it can be approximated by

vdrift =
µE

(1 + (µE/vsat)γ)1/γ
, (2.10)

where µ is the low-field mobility and vsat is the saturated carrier velocity,
ultimately bound by the Fermi velocity, vF [60]. In graphene, the saturated
velocity is eventually set by its optical phonon energy ~ωOP = 160 meV,
while on SiO2 it is deteriorated as a result of the substrate surface optical
phonon mode with lower energy, ~ωOP = 55 meV [43, 61]. Furthermore, the
maximum drift velocity is decreased at higher carrier concentration and higher
temperature as a result of phonon occupation, quantified by the model

vsat =
2ωOP

π
√
πn

√
1−

ω2
OP

4πnv2F

1

NOP + 1
, (2.11)

where NOP = 1/(e~ωOP /kBT − 1) is the phonon occupation. The resulting
vsat on SiO2 is in the range 1− 2 · 107 cm/s, which is comparable to epitaxial
graphene on SiC having an intermediate ~ωOP = 116 meV [62], while twice as
high velocities can be reached if the substrate limitation can be overcome.

2.3 Bandgap engineering

In GFETs, a bandgap in graphene is desirable for improved device perfor-
mance. Two main routes are to induce it either by lateral confinement in a
graphene nanoribbon (GNR) or by a perpendicular field in bilayer graphene.

In GNRs, theoretical studies suggest that the bandgap depends inversely
on the width w, as Eg = α/w [63]. The proportionality, α [eV·nm], is influ-
enced by the edges being of either the armchair, zigzag or mixed type. The
general trend was first verified experimentally in ribbons prepared by electron
beam lithographic patterning. Oxygen plasma etching of patterned, mechan-
ically exfoliated graphene, is limited to w > 15 nm and α = 0.2 eV·nm [64].
Subsequently, thermally exfoliated ribbons from graphite enabled w < 10 nm
and α = 0.8 eV·nm [65], with a record Eg ∼ 0.4 eV and an ION/IOFF ratio
∼ 106 at room temperature. Mixed (zigzag and armchair) edges are suggested
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to induce allowable states within the bandgap allowing tunneling currents and
resulting in reduced on-off ratios [66].

However, the mobility in graphene severely degrades as a sizeable bandgap
is opened. Hitherto, the highest mobility and bandgap combination reported
at room temperature for a 20 nm GNR is 2000 cm2/Vs and Eg = 0.1 eV.
Although the sample was suspended and rigourously cleaned (annealed ther-
mally and in high current) [67], this is considerably lower mobility than in
large-area graphene under the same conditions. For a wider GNR, w = 50
nm, µ ∼ 3000 cm2/Vs was reported on substrate [68], although no associ-
ated bandgap was presented. Consequently, atomic precision lithography is
required for narrow ribbons, enabling simultaneous bandgap and high quality
carrier transport. Nevertheless, the effective mass is theoretically predicted
to depend linearly on bandgap in GNRs [69], with an inverse dependence of

mobility on bandgap, µ ∝ E
−3/2
g . Conventional semiconductors (Si, III-Vs)

also follows a fundamental inverse relationship, but GNRs till date exhibit
comparatively lower mobilities at a certain bandgap [28]. The same trend is
true for other low-dimensional materials such as MoS2 presented in Table 2.1,
which is comparable to Si in terms of bandgap and transport properties.

Another approach is the use of symmetry breaking in between the two lay-
ers of bilayer graphene [70]. This is achieved by introducing different amounts
of carriers n1 and n2 (n = n1 + n2), chemically or electrically, from the top
and bottom sides of the bilayer, respectively. Bilayer graphene on SiC with
substrate induced carriers and varying amount of potassium (electron donor)
on the non-substrate side [70], backgate voltage combined with ammonia (elec-
tron donor) [71] and double-gated FETs [72,73] have all been used to introduce
a tunable bandgap. In the latter, both the carrier density and bandgap are
tuned with the electric fields of the two gates, via their difference and aver-
age, respectively [72]. A gap up to 0.25 eV [72] and an on-off ratio ∼ 100
at room temperature [73] was achieved using combined top- and backgates.
Once more, though, the intrinsic mobility is severely degraded by a re-shaped
bandstructure to ∼ 10, 000 cm2/Vs at this bandgap [74]. Including impurity
scattering on SiO2 it reduces further to 1,000 cm2/Vs, in line with [72].

2.4 Quantum capacitance

As a consequence of the vanishing DOS at E = 0 of the electronic spectrum
in Fig. 2.3, the quantum capacitance in graphene [75] must be considered in
devices with ultrathin gate dielectrics. In ideal, disorder free graphene

CQ(EF ) =
2q2kBT

π(~vF )2
ln (2 + 2 cosh (EF /kBT )). (2.12)

In any sample with a residual carrier concentration n0 > 0 the value of CQ is
increased compared to the ideal case as has been confirmed by experiment [76].
Since CQ ∼ 2 − 10 µF/cm2 for typical n0 presented in Fig. 3.6, and with
reasonable oxide thicknesses Cox < 1 µF/cm2, the condition CQ ≫ Cox is
generally fulfilled and serves as a good approximation in this thesis. However,
the quantum capacitance defines the ultimate achievable gate capacitance as it
is in series with the gate oxide capacitance, Cg =

CoxCQ

Cox+CQ
→ CQ if Cox ≫ CQ.



Chapter 3

Fabrication, material and
contact characterisation

This chapter describes the fabrication procedures of test structures and GFETs
based on exfoliated and CVD graphene. In addition, the characterisation of
graphene sheets and ohmic contacts to graphene are presented.

3.1 Graphene synthesis

Alternatives for both industry or research scale production of graphene have
been developed; mainly mechanical exfoliation, chemical vapour deposition
(CVD) and sublimation of silicon carbide (SiC), enabling wafer-scale fabrica-
tion of graphene based devices [29,77] and circuits [35,78].

3.1.1 Mechanical exfoliation

The Scotch tape method, i.e. peeling of single-layers from bulk graphite, was
first demonstrated systematically in 2004 [14]. It still produces the highest
mobility and lowest defect density (see Fig. 3.2) graphene. The highest ex-
perimental mobilities both in suspended samples at near room temperature
(T = 240 K) of ∼100,000 cm2/Vs [44] and at 5 K of 1,000,000 cm2/Vs [59]
as well as on substrate (hexagonal boron nitride) at near room temperature
(T = 230 K) of ∼100,000 cm2/Vs [79] and at 4 K of ∼140,000 cm2/Vs [79] are
made using mechanically exfoliated material at a carrier density of 1011 cm−2.
Translated to mean free path this means micrometre scale ballistic transport.
The GFETs in [Paper C] and [Paper D] are fabricated on exfoliated graphene.
A flake made by mechanical exfoliation of good size is shown in Fig. 3.1a).

3.1.2 Chemical vapour deposition

A promising scalable technique is growth of graphene on Cu foils. As opposed
to Ni, where carbon is dissolved at high temperature and segregates to the sur-
face during cooling, the carbon solubility in Cu is extremely low [80]. Instead,
CVD graphene formed on Cu is a surface catalysed reaction self-limited to a
single-layer [81]. Once a layer of carbon covers the surface the catalytic effect

13
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12  µm

40  µm

20  µm
a) b)

Fig. 3.1: Optical identification of single-layer graphene on SiO2/Si substrate pro-
duced by a) exfoliation and b) CVD growth on Cu catalyst in a virtually hole-free [82].

ceases, which makes the growth insensitive to timing and cooling conditions.
Indeed, > 95% of areas grown can be single-layer [34].

Graphene in [Paper A] and [Paper B] was grown on Cu foil (50 µm thick-
ness, 99.995+ % purity) by CVD based on the recipe in [82] by Sun et. al.
The foils are cleaned in acetone and isopropanol to remove organic contami-
nants and acetic acid to remove native oxides, respectively. Before growth, the
copper is annealed 5 min in 20 sccm H2 and 1,000 sccm Ar at 1, 000 ◦C. In
addition to further etching away any remaining oxide it increases the grain size
of the Cu, improving the quality of the grown graphene. Finally, the carbon
precursor gas, 30 sccm methane (CH4) diluted to 5% in Ar, is introduced. Af-
ter 5 min, while maintaining a temperature of 1, 000 ◦C, the carbon containing
gas is turned off and the catalyst cooled to room temperature.

Nucleation of many graphene grains with different orientation occur in
parallel, which coalesce into a continuous film even across Cu grain bound-
aries [80]. A typical grain size in our process is . 10 µm [83], in between
which grain boundaries act as line defects increasing scattering and deterio-
rating mobility [84]. In the literature, efforts have been undertaken to decrease
nucleation density and grow large single-domain graphene crystals. Optimis-
ing the pre-annealing to reduce nucleation with remaining native oxide, growth
pressure and CH4/H2 gas ratio, grains up to 5 mm were reported [83], although
the growth time was 48 h. The mobility on SiO2 in the absence of grain bound-
aries reached ∼ 15, 000 cm2/Vs at room temperature. A recent report even
passivated the surface with external O2 to grow centimetre grains [85].

A main advantage of the CVD graphene process is the flexibility in that
it can be transferred from the catalyst to an (in principle) arbitrary host
substrate making graphene in turn compatible with CMOS processing [35].
Commonly, a temporary PMMA resist film is spun onto the graphene surface,
while the copper is etched away [80,82] or separated by the H2 bubbling pro-
cess [86] used in this thesis. Utilising a semi-rigid plastic frame reduces the
occurrences of wrinkles and holes, while facilitating convenient handling. Re-
sulting transferred graphene to SiO2/Si is presented in Fig. 3.1b). A transfer
related issue of CVD graphene is the extrinsic reduction of mobility from water
trapped at the graphene substrate interface during the process [87]. The water
molecules act as acceptors resulting in sometimes strongly p-type films [88].
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3.1.3 Sublimination of SiC

Epitaxial graphene can be grown by sublimation of Si from an SiC surface at
high temperature. A main advantage is the direct growth on an insulating
substrate, without the need for a possibly defect inducing transfer process.

Growth on the Si-face is relatively easy to control, both monolayer and
Bernal stacked bilayer are feasible [89]. First attempts in vacuum atmosphere
and T ∼ 1200 ◦C resulted in small flakes across a rough sample surface. Later
it was found that the presence of an inert gas, typically 1 atm Ar, limits the
Si desorption rate and allows an increased growth temperature to 2000 ◦C.
The different growth kinetics results in a smoother surface covered by uniform
domains over large areas [89]. Room temperature mobility values of Si-face
epitaxial graphene are limited by low energy phonons to below 1, 000 cm2/Vs
at an electron concentration of ∼ 1013 cm−2 [90]. This can be enhanced by
hydrogen intercalation to 3, 000 cm2/Vs [91], which effectively transforms the
graphene monolayer and buffer layer into bilayer graphene [92]. In addition,
it reduces the electron transfer from SiC, resulting in p-type films.

Growth on the C-face, on the other hand, stacks of decoupled monolayers
are formed and the synthesis of single-layer graphene is more challenging. Still,
C-face epitaxial graphene displays an order of magnitude higher mobility at
room temperature ∼ 20, 000 cm2/Vs [93] than the Si-face, as a result of a dif-
ferent interface structure, proving its potential for high frequency electronics.

3.1.4 Identification of single-layer graphene

Starting from the pioneering work [14], the identification of single-layer graphene
flakes for research has relied mostly on the contrast of bare areas of SiO2/Si
substrates to areas covered by graphene [94]. Mathematically, the contrast
is defined as C = (I(nair)−I(ngraphene))/I(nair), where I(n) is the reflected light
intensity. Using an appropriate combination of light wavelength and oxide
thickness the contrast is maximised. For example, in white light illumination,
oxide thicknesses of 90 nm or 300 nm are recommended [94].

On the other hand, for quality control or verification of single-layer graphene
on arbitrary substrates with lower contrast, the distinct signature in the Ra-
man spectrum is useful [95, 96]. In Raman spectroscopy, incoming photons
from a monochromatic laser light are inelastically scattered and the inten-
sity versus outgoing photon wavelength is measured (after filtering out the
Rayleigh scattered light). The result is generally presented as the Raman in-
verse wavelength (equivalently energy) shift, i.e. 1/λin − 1/λout. Independent
of the number of layers, the presence of sp2 hybridised carbon is found in the
G peak at ∼ 1590 cm−1, while single-layer graphene presents a symmetric 2D
peak at ∼ 2650 cm−1 fitted by a single Lorentzian [95], see Fig. 3.2. Bilayer
is clearly distinguishable, since the splitting of the π/π∗ bands give additional
transitions which necessitates four Lorentzians. In addition, the defect in-
duced D peak at ∼ 1350 cm−1 results from structural disorder in the graphene
sheet. As can be seen in Fig. 3.2a), the D peak was not resolved on exfoliated
graphene, while the CVD graphene in Fig. 3.2b) has an ID/IG ∼ 0.3. Both
samples exhibit I2D/IG ∼ 2, which together with a FWHM of the 2D peak
∼ 30 cm−1 [34] are reasonable for high quality graphene. The exact positions
of the peaks depend on laser wavelength [96], in Fig. 3.2 λ = 638 nm (red).
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Fig. 3.2: Raman spectra of representative single-layer graphene used in this thesis
where a) exfoliated flake with a 2D peak FWHM ∼ 30 cm−1 and b) CVD graphene
grown on Cu foil with a 2D peak FWHM ∼ 34 cm−1.

3.2 Device fabrication

After synthesising and transferring the graphene to the intended host sub-
strate, an electron beam (e-beam) lithography based process is used to fabri-
cate test structures and GFETs. The general steps are illustrated in Fig. 3.3
on a SiO2 (thermal)/Si substrate. Ohmic contacts (1 nm Ti/ 15 nm Pd/ 100
nm Au) are evaporated and lifted-off using a bilayer resist stack consisting of
ZEP 520A and MMA EL10. Thin Ti is used as adhesion layer, while the con-
tact properties is determined by Pd. Annealing in Ar gas at T = 200− 230 ◦C
cleans the graphene channel region from resist residue [97] before oxide forma-
tion and can possibly decrease contact resistance [87,98]. Gate oxide is formed
by stepwise natural oxidation of thin layers (1-2 nm) of evaporated Al on a
hotplate, a principle used for seed layer formation of atomic layer deposition
(ALD) oxides on inert graphene [54]. A typical low-leakage GFET gate oxide
used in this work has a thickness ∼ 10 nm. A negative resist (ma-N 2405) is
used to pattern mesas, the oxide is wet etched in hydrochloric acid (HCl) and
the graphene dry etched in a mild O2-plasma. Gate fingers are patterned and
a metal stack of 10 nm Ti / 300 nm Au evaporated and lifted-off. Finally,
clamping probing pads overlapping the ohmic contact metal are formed on the
SiO2 surface. Devices on flake and CVD graphene are shown in Fig. 3.4.

3.3 Material and contact DC characterisation

The GFET microwave performance is directly related to the achievable contact
resistance and mobility. Curve fitting using the model of [99], allows the
extraction of contact resistance, mobility and residual carrier concentration
(sample cleanliness) in a manner similar to Eq. 2.9, once the gate capacitance
is known. To gain further insight into the contact properties, i.e. the resistance
value approached at high gate voltage, the transfer length method (TLM) is
required [53]. In addition, Hall measurements on van der Pauw structures
provide an immediate way to extract the mobility and carrier concentration in
a film. This is important to understand the potential of graphene electrodes.
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Fig. 3.3: Schematics of the fabrication steps for a two-finger GFET.
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Fig. 3.4: Finalised GFETs with Lg = 1 µm and Wg = 2× 30 µm. a) Optical image
of GFET on a clearly visible flake [Paper C]. b) SEM image of CVD GFET with a
discernible wrinkle [Paper B].
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3.3.1 Ohmic contacts and TLM measurements

To realise high performance FETs it is important to fabricate high quality
ohmic contacts and low sheet resistance graphene. For instance, the parasitic
source and drain resistances in a symmetric FET layout are equal and may
be expressed as RS = RD = (RcW + RshLa)/Wg, i.e. the knowledge of
both metal-graphene interface resistance (RcW ) and sheet resistance (Rsh)
are necessary. Achieving a good ohmic contact to graphene has been the
subject of extensive study and the mechanisms are still under debate.

• For pristine graphene, contacts with higher work function difference to
graphene show better performance, i.e. Pd/Pt/Ni (∼ 100-300 Ωµm [100–
102]) compared to Ti (∼ 1 kΩµm [50,103]), as a result of charge transfer
from the metal into the graphene [104]. This trend is reproduced in
this thesis (see Fig. 3.5), an indication of a metal-graphene interface
clean from polymer residues. In this work it is possibly a result of well-
developed e-beam resist compared to photolithographic processing where
sacrificial layers [105] or ozone cleaning are required [106].

• A high carrier concentration in pristine graphene provides a compara-
tively lower ohmic contact resistance, an inherent property of epitaxial
graphene [101]. The same explanation is proposed for the state-of-the-
art Pd based contacts in [Paper B], RcW = 80 Ωµm on CVD graphene.
Unfortunately, also the channel is affected with suppressed gating capa-
bility, where a selective doping of graphene is desired to produce a device
structure similar to cap layers in HEMTs [48].

• Contacts to defected graphene by O2 ashing of resist show negligible
work function dependence and consistently low RcW [107]. In fact, con-
trollably defected graphene under the contact is suggested to reduce
the contact resistance due to enhanced carrier injection from metal at
graphene edges. This has been realised by lithographic patterning [108]
and metal-catalysed etching [102], reaching RcW < 100 Ωµm.

Circular TLM (CTLM) structures are used in [Paper A] to study Ti con-
tacts to graphene, see Fig. 3.5a). This structure circumvents the problem
of edge effects and current crowding [53, 109]. The sheet resistance of the
graphene within the ring, Rsh,ring, and the contact resistance, Rc, are obtained
from the slope and intercept at zero gap, respectively. The total resistance is

Rtot =
Rsh,ring

2πa
[s+ 2lx]×

a

s
ln

(
b

a

)
, (3.1)

where the dimensional quantities are defined in the inset of Fig. 3.5a). The
mentioned charge transfer in between metal and graphene can make the sheet
resistance under the contact significantly different from within the ring. As
a result, the extraction of contact transfer length lt requires additional mea-
surements, i.e. lt ̸= lx. A new method using microwave measurements on the
same CTLM structures is proposed in [Paper A].

With Pd based contacts, accurate determination of a small RcW with a
large Rsh and an inhomogeneous material becomes a delicate task [105]. A
small error in the slope can give even negative values. Consequently, the TLM
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Fig. 3.5: Transfer length method (TLM) results on SiO2/Si substrates for a) Ti
based contact with RcW = 900 Ωµm [Paper A] and b) Pd based contact with RcW =
80 Ωµm [Paper B]. The insets illustrate the TLM structure layout used in each case.

layout was changed as shown in the inset of Fig. 3.5b) to have smaller Rtot.
The contact spacings were measured with SEM. Further, the small gaps mimics
the access region of a FET more closely. The smaller sheet resistance of these
structures is attributed to a more homogenous graphene over smaller areas.
The total resistance versus contact spacing is given as Rtot = 2Rc +RshL/W .

The contact resistances act to degrade the extrinsic transconductance, gme,
and the extrinsic output conductance, gde, measured at the GFET terminals as
compared to the intrinsic ones in Eq. 4.3 and Eq. 4.4. The gain capabilities of
a device from a high mobility material with large intrinsic transconductance
can thus be severely impaired by high contact resistances. Mathematically,
this is expressed in the form [110]

gmi =
g0m

(1− (RS +RD)gde(1 +RSg0m))
(3.2)

and

gdi =
g0d

(1−RSgme(1 + (RS +RD)g0d))
, (3.3)

where g0m = gme

1−RSgme
and g0d = gde

1−(RS+RD)gde
, respectively.

3.3.2 Graphene sheets and gated IV-curves

Typical top gated transfer characteristics of GFETs fabricated in this thesis
from exfoliated and CVD graphene, on SiO2 with Al2O3 gate oxide, are pre-
sented in Fig. 3.6a). Also shown are model fits to extract a concentration
independent mobility. A summarising plot of mobilities versus residual car-
rier concentrations extracted are given in Fig. 3.6b). Mobility values up to
8,000 cm2/Vs in exfoliated graphene sandwiched between SiO2 and Al2O3 has
been demonstrated by ALD deposition techniques [54]. In comparison to the
exfoliated sample the CVD device suffers from lower mobility, higher residual
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carrier density and larger Dirac voltage offset VDirac (the devices have simi-
lar gate capacitance). Using the classification of [45] the exfoliated sample is
considered “clean” (low nimp), while the CVD sample is “dirty” (high nimp).
The p-type channels of ungated devices indicates wet transfer processing with
water to be the difference, suggesting a post-transfer anneal in vacuum is nec-
essary [87], although [86] indicates otherwise. Literature is ambiguous, even
suggesting annealing to have a deteriorating effect for graphene on SiO2 [31].
A drawback as discussed above is that a lower carrier concentration increases
contact resistance, exemplified by exfoliated GFETs in this work typically ex-
hibiting RcW = 400 − 600 Ωµm. The range of mobility values and carrier
concentrations of transferred, ungated CVD films on SiO2 (fused silica glass)
were in essence confirmed by Hall measurements to reside in the range p ∼
1013 cm−2 and µ ∼ 300 cm2/V s (r = 1). Effectively taking average over a
larger area explains the lower mobility in the Hall measurement.

Furthermore, the transfer characteristics of the CVD sample manifest a
strong asymmetry in between electron and hole branches, also displayed in
GFETs from exfoliated graphene (mainly seen in [Paper C, D]). This phenom-
ena is explained by an extra pn-junction resistance for one carrier type [50].
For the clean exfoliated samples it results from charge transfer from the contact
to the graphene underneath the contact. In this work, high work function Pd
results in p-type graphene and the extra resistance is formed when the channel
is n-type (positive gate voltage). As a result of the low DOS in graphene, the
charge transfer region extends into the channel and may dominate conduc-
tance to produce unipolar devices in the case of short gate lengths (Lg < 150
nm) [111]. In the CVD sample the effect is enhanced by the p-type channel.

3.4 Microwave characterisation of contacts

Owing to its gapless nature, the metal-graphene contact is similar to a metal-
metal rather than a metal-semiconductor interface. As a consequence, it is
implied that no energy barrier exists at the interface [50]. A barrier associated
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capacitance, as has been considered for standard ohmic contacts [112], is thus
ruled out. Still, a contact capacitance for metal-graphene contacts has been
reported [113,114], interpreted to stem from resist residues at the interface.

In [Paper A], a clean interface was obtained by the e-beam patterned CTLM
structures in the inset of Fig. 3.5a). The high quality interface is evidenced
by the low contact resistance for the Ti/Au contacts [103]. Contacting using a
standard ground-signal-ground (GSG) probe, S11 is measured in the frequency
range 2-20 GHz for structures on both fused silica and SiO2/Si substrates.
The resulting input impedances are shown in Fig. 3.7a) and b), respectively,
together with the fits using the equivalent circuits of Fig. 3.8a) and b). Details
on the determination of the equivalent circuit elements are given below.

3.4.1 Extraction of contact capacitance

The pad-to-pad capacitance (Cpar) in the fused silica case is calculated using
methods of moments in ADS momentum. However, the conductive Si surface
(modelled by RSi) and lossy oxide (described by Cox and Rox) required us to
measure identical dummy structures of the same layout without graphene.

The graphene conductance is modelled by an intraband scattering process.
This is characterised by the chemical potential (µc) and a phenomenological
scattering time (τ). The former is equivalent to Fermi level or carrier concen-
tration, while the latter incorporates the mobility into the model [115] as
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σgr = −j
q2kBT

π~2(ω − j/2τ)

[
µc

kBT
+ 2 ln

(
1 + e

− µc
kBT

)]
=

k(µc)

j(ω − j/2τ)
. (3.4)

Finally, to model the contact a parallel RC-combination is used. Here, Rc

is set (close) to its DC value and Cc is modeled by a parallel plate capacitance

Cc =
ε0 ×Ac

dm−g
≈ ε0 × 2πalt

dm−g
. (3.5)

The quantities in Eq. 3.5 are defined as follows:

• dm−g is an effective metal to graphene separation, where the spacing is
assumed to have the permittivity of vacuum ε = ε0.

• Ac is the active contact area defined by the transfer length lt =
√
ρc/Rsh

for edge current transfer from contact metal into graphene [53] and the
CTLM radius a in Fig. 3.5a). The active contact area defines in turn
the contact resistivity calculated as ρc = Ac ×Rc = 2πalt ×Rc.

The corresponding ground plane contact quantities are related to the centre
contact counterparts via Rcgpl ≃ a/b×Rc < Rc and Ccgpl ≃ b/a×Cc > Cc. In
the above, lt ≪ a, b is assumed, where a and b are the dimensional quantities
of the CTLM structures shown in Fig. 3.5a).

The contact parameters are found via an optimisation in:

• The contact capacitance Cc via the parameters lt and dm−g.

• The graphene sheet impedance Zg = Rg + jωLk = Zgr/2π ln(b/a) via
τ and µc. Here, the graphene sheet impedance is Zgr = (σgr)

−1 =
[2τk(µc)]

−1 + jω/k(µc) = Rsh + jωLsh.

In [Paper A], µc ≃ 0 is assumed and thus the sheet inductance Lsh = 1/k(µc)
is set, while τ acts as the remaining optimisation variable to fix the sheet resis-
tance Rsh. This was motivated by the extracted residual carrier concentration,
which was estimated from a back gated transfer characteristics on the SiO2/Si
sample to be n0 ≃ 4 · 1011 cm−2. This resulted in |EF | ∼ 0.1 of the ungated
film, which is in reasonable agreement with the literature on the graphene
growth and transfer processes used [82,86]. Subsequent Hall measurements on
fused silica and strontium titanate (STO) and the CVD GFETs fabricated for
[Paper B], however, indicated a wider process related distribution of carrier
concentrations in the range p = 1012 − 1013 cm−2. For completeness, addi-
tional simulations with corresponding µc = 0.1 − 0.3 eV were performed for
the fused silica data, which yield slightly decreased Cc values (within 20%) as
a result of reduced kinetic inductance in Lsh = 1/k(µc).

In Table 3.1, a summary of the extracted contact parameters are given. The
generated transfer lengths from microwave measurement compare well with
literature [73]. Although the binding distance of Ti on graphene is predicted
from theory to be 2Å < dm−g [49], the flatness of a graphene sheet is limited
to a large extent by the underlying substrate roughness [31, 59]. This makes
the extracted values for metal-graphene separation reasonable.
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Table 3.1: Extracted Ti/Au contact parameters from microwave measurements for
graphene on fused silica. Similar values apply to the SiO2/Si case [Paper A].

lt Cc ρc dm−g

90−270 nm 0.4−1.6 µF/cm2 0.6− 3 · 10−6 Ωcm2 0.7−2.1 nm

In conclusion, the contact capacitance is estimated to be negligible if the
operation frequency f < fc = (2πRcCc)

−1 ≃ 100 GHz, in contrast to previous
reports [113, 114]. This is clearly satisfied for the GFETs reported in this
thesis. Its significance decreases further with the smaller contact resistivity
found for Pd based contacts to graphene.

3.4.2 Drude model for graphene sheets

To further verify the extraction accuracy, a Drude model was considered for
the frequency dependence of the graphene sheet impedance [116],

Zgr =

(
σ0

1 + jωτ

)−1

=
1

σ0
+ j

ωτ

σ0
=

1

qµn
+ j

hf

q2vF

√
π

n
. (3.6)

In Eq. 3.6, h is Planck constant, vF is the Fermi velocity in graphene, q is
the electron charge and f is the frequency. This model confirmed the range of
contact capacitance values in [Paper A]. Using Eq. 3.6 allows the separation of
carrier concentration and mobility, compared to only the product in the form
of sheet resistance. This mitigates the issue of choosing µc in Eq. 3.4 from an
independent measurement. However, the carrier type (electron or hole) still
requires to be determined i.e. by a Hall measurement.
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Chapter 4

Microwave characterisation
of GFETs

A device level characterisation of gain and noise is necessary to benchmark the
performance of GFETs for microwave receivers. This chapter deals primarily
with the details of GFET noise parameter measurements and modelling.

4.1 Graphene for microwave FETs

As part of their seminal paper in 2004 [14], Novoselov and Geim demonstrated
the field-effect in graphene, i.e. the ability to alter its conductivity capaci-
tively using a perpendicular electric field via a gate electrode. In this way,
the resistance of a well-defined part of a graphene sheet forming a transistor
channel between the drain and source electrodes can be varied. This enables
field-effect transistors [117] based on graphene channels [118]. Especially, the
properties of graphene are suitable to realise extremely fast FETs. Microwave
transistors used for amplification of analog signals are benchmarked in terms
of their gain and noise performance. This requires knowledge of the device
S-parameter matrix and noise parameters versus DC bias. Both depend on
the impedance levels presented to the device [119], as exemplified below.

4.1.1 High frequency FET figure-of-merits

The high frequency performance of microwave FETs are benchmarked via the
cutoff frequency (fT ) and the maximum frequency of oscillation (fmax) which
can be calculated from measured S-parameters [48]. The cutoff frequency is
found when the short-circuit current gain (|h21|) equals unity, where

h21 =
−2S21

(1− S11)(1 + S22) + S12S21
. (4.1)

Correspondingly, the maximum frequency of oscillation occurs when the uni-
lateral power gain (Mason’s gain, U [120]) is unity, where

U =
|S12 − S21|2

det(I− SS∗)
. (4.2)

25



26 Chapter 4. Microwave characterisation of GFETs

RG @ Ta

Cpg

Rpg

@ Ta

Cgs

Ri

Cgd
vgs

gmivgs

ig2ig1

Lg

gdi id Cds

RD @ Ta Ld

Cpd
Rpd

@ aT

Ls

RS

@ Ta

Intrinsic device

Fig. 4.1: Equivalent FET small signal circuit. Included are the noise currents in
the Pospieszalski (ig1) [121] and PRC (ig2) [122] models of the GFET in [Paper B].

Insights into important device aspects for high frequency operation can be
inferred from the small-signal equivalent circuit of a FET as shown in Fig. 4.1

fT =
gmi

2π

1

(Cgs + Cgd)(1 + gdi(RD +RS)) + Cgdgmi(RD +RS) + Cpg
(4.3)

and (excluding pad capacitances and inductances from the analysis)

fmax =
gmi

2π(Cgs + Cgd)

1

2
√
gdi(Ri +RS +RG) + gmiRG

Cgd

Cgs+Cgd

. (4.4)

A high carrier mobility directly reflects on a large gmi, which is the change
in drain current with gate voltage, gmi = dIdsi/dVgsi. Inspection of Eq. 4.3
and Eq. 4.4, further, reveals the importance of minimising the parasitic resis-
tances RS , RD and RG of source, drain and gate, respectively. The source and
drain resistances constitute transition resistance from metal to graphene and
access resistance. They are technology specific and discussed in more detail
in Section 3.3.1. The gate resistance, on the other hand, is simply the geo-
metrical resistance of a metal stack after accounting for small-signal operating
conditions, RG = RG,DC/3 = ρG

Wg

3Lghg
[48], where Lg (Wg) is the gate length

(width) and ρG the resistivity of the gate metallisation. Similar to mature
FET technologies, it can be decreased even for short gate lengths by the use
of mushroom gates [48] (not required at Lg = 1 µm in [Paper B,C]).

The value of fmax is the highest frequency a transistor can provide power
gain under idealised conditions. Typically, however, values of fT and fmax

should be several times higher compared to the intended application frequency
for the device to exhibit gain at practical impedance levels. The actual gain
of an amplifier is the so called transducer power gain, which at a certain bias
point and from the S-parameter matrix at a certain frequency is given by

GT =
Pload

Psource
=

1− |Γs|2

|1− ΓinΓs|2
|S21|2

1− |ΓL|2

|1− S22ΓL|2
. (4.5)
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In Eq. 4.5, Γin is the reflection coefficient looking into the device input, while
Γs and ΓL are the reflection coefficients looking from the device towards the
source and load, respectively. A device with |S21| > 1 is an important re-
quirement to fabricate an amplifier. With the starting point of |S21|2, the
amplifier gain is further enhanced by designing input and output impedance
matching networks, quantified by source- and load reflection coefficients, Γs

and ΓL, respectively [119]. The matching networks are implemented either by
distributed transmission lines or by lumped inductors and capacitors as is the
case in [Paper C]. Ideally, the matching networks should be lossless.

4.1.2 State-of-the-art GFET benchmark

From Fig. 1.1, the intrinsic cutoff frequencies (fT,int = gmi

2π(Cgs+CCgd)
) of

GFETs compare well with III-V HEMTs, while the fmax values are not as
impressive. Optimising RG can improve the fT /fmax ratio [29], but the lack
of bandgap gives large gdi due to poor current saturation. Further, the com-
parison in Table 4.1 displays a large deviation in as-measured (extrinsic) and
de-embedded (in the case of GFET the same as intrinsic) values. This is
explained by narrow devices resulting in a high ratio of parasitic gate pad ca-
pacitance to intrinsic gate capacitance Cpg/(Cgs + Cgd) for short gate length
devices. This is especially true for flakes on high resistive Si substrates, which
yield higher pad capacitance compared to semi-insulating III-V substrates. Ex-
tracting a large value from a small one makes the de-embedding error prone.
The highest extrinsic fT of 55 GHz (fT,int = 72 GHz) is thus realised on an
insulating glass substrate [123]. In addition, for GFETs, RS and RD are often
de-embedded in a questionable way using separate open and short structures
without graphene (TLM measurements necessary, see Section 3.3.1). This is
since standard cold FET measurements [124] are not possible on a GFET as it
has no distinct off state. In fact, the contact resistances are not removed for the
de-embedded fT ’s of III-V HEMTs, but considered as a parasitic delay [125].
For GFETs in general, in particular with small gate width, this contribution
can be prominent to boost the intrinsic fT ’s in Fig. 1.1 [126], bringing another
factor of uncertainty into the comparison to other technologies.

The transistors fabricated in this thesis are designed to operate with small-
signal power gain (S21 > 1) in the frequency region 1-10 GHz. Consequently,
a gate length Lg = 1 µm was chosen to achieve efficient gate modulation of
the drain current and thus a higher transconductance. However, this means
the gate capacitance will be large. As such, the devices have fT = 10.5 GHz
and fmax = 13 GHz [Paper B] and fT = 5 GHz and fmax = 7 GHz [Paper C]
from measured S-parameters with intrinsic values in the same range.

4.2 Noise performance of GFETs

The noise figure (F ) is used to quantify the noise performance of microwave
FETs. It is defined as the degradation in signal-to-noise ratio from the input
to the output of the device and must be low to design a sensitive receiver. The
noise figure relates to the equivalent noise temperature (Tn) referred to the
device input as F = 1+Tn/T0 [127], where T0 = 290 K. The FET noise figure
depends on the source admittance presented to device [127] according to
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Table 4.1: Extrinsic versus intrinsic fT and fmax (in GHz) of state-of-the-art
GFETs. Given are also the transistor channel length and width.

fT,ext fT,int fmax,ext fmax,int Lg Wg

Exfoliated [111] 2.4 300 - - 144 nm < 10 µm

CVD [77] 9 300 - 17 40 nm 20 µm

Epitaxial [29] 41 110 38 70 100 nm 7 µm

F (Ys) = Fmin +
Rn

Gs
· |Ys − Yopt|2, (4.6)

where Fmin is the minimum achievable noise figure used for benchmark [48].
Further, Yopt is the optimum admittance for which Fmin is realised and the
noise resistance, Rn, describes sensitivity in F to mismatch when Ys ̸= Yopt.
Empirically, it was noted early on that at a fundamental level the design
of a low noise FET parallels that of high fT /fmax device [128], specifically
Fmin = 1+ kf/fT

√
(RS +RG)gmi where k is a fitting factor. In other words,

high mobility and saturation velocity is a pre-requisite for a low noise FET.
The most important sources of noise in microwave FETs are thermal noise

from the resistive part of the channel and parasitic resistances and high-field
diffusion noise from the velocity saturated part of the channel [127]. As such,
the minimum noise figure displays typically an optimum value at low drain
current and decreases at cryogenic temperatures if scattering is decreased. In
the presence of a significant DC gate leakage current, the shot noise has to
be considered as well, i2gs = 2qIg∆f . In this thesis, the Al2O3 gate oxide
provides devices with Ig < 1 nA, a negligible level with the current GFET
noise performance. In certain applications, such as oscillators, 1/f noise with
corner frequency of ∼ 100 kHz in graphene [33], is also of importance.

4.2.1 Noise modelling of FETs

From a noise modelling point of view one considers the intrinsic FET as a
two-port, described by gate (input) and drain (output) noise sources. These
are inserted in the intrinsic part of a standard small-signal circuit of a FET, as
shown within the dashed rectangle in Fig. 4.1 for the two models considered,
namely PRC [122] and Pospieszalski [121].

• The PRC model has three model coefficients, namely P for the drain
noise current id and R for the gate noise current ig, which are correlated
with purely imaginary correlation coefficient C. The feedback capaci-
tance Cgd is neglected in the analysis. This is a reasonable assumption

since i2d,Cgd
= i2d

(
1 +

(
f
f0

)2)
≈ i2d, where f0 = gdi/2πCgd [129].

• In the Pospieszalski model, equivalent temperatures are assigned to all
dissipative elements in the intrinsic FET, i.e. Tg of Ri for the gate noise
and Td of Rds for the drain noise. It is essentially equal to the PRC
model provided C =

√
R/P , which was noted at an early stage [121].
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Table 4.2: Definition of the FET noise currents shown in Fig. 4.1.

i2g i2d C

Pospieszalski 4kB∆fTg/Ri 4kB∆fTdgdi -

PRC 4kBTaω
2C2

gsR∆f/gmi 4kBTagmiP∆f j
Im(ig·i∗d)√

i2g·i2d

The relations between model parameters and noise currents are given in Ta-
ble 4.2. The parasitic resistances contribute thermal noise at the ambient
temperature, e2 = 4kBTaR∆f , in both models. The two models provide
slightly different information on the noise performance of a certain device. The
Pospieszalski model is more ”practical” while the PRC model is more geared
towards physics and early work by van der Ziel on FET noise [130,131].

4.2.2 Device level noise characterisation

The determination of all four noise parameters is done by measuring noise
figure for different source impedances (diverse Γs) and making a least-square
fit to Eq. 4.6. On-wafer measurements were performed with a commercial
NP5 test set, an electronic tuner and the cold source method. The DUT noise
temperature (Tn) is determined from the output noise power (Pout) by

Tn(Γs) =
Pout(Γs)

kBGDUT (Γs)∆f
− Tin, (4.7)

where Tin equal to room temperature for all Γs is assumed. A network analyser
determines independently the tuner states, receiver reflection coefficient and
DUT S-parameters which yields GDUT . The receiver noise parameters are
established in a calibration step [132], which makes it possible to find Pout.

The noise parameters for a 2× 30 µm device with Lg = 1 µm at Ids = 370
mA/mm are shown in Fig. 4.2 in the range 2-8 GHz. The noise resistance
decreases from ∼ 300Ω at 2 GHz to ∼ 200Ω at 8 GHz [Paper B]. As a result of
the high Rn, the NF50Ω ∼ 8− 9 dB is large. The fundamental conditions on
measured noise parameters derived from correlation of noise sources in a FET,
|Cor| < 1 and Re(Cor) > 0 [121], are shown to be satisfied in Fig. 4.3a).

Knowledge of all four noise parameters allows for a systematic, direct ex-
traction of the model parameters in Section 4.2.1, once the small-signal circuit
elements are known. These are found according to the following procedures.

• The pad capacitances, resistances and inductances are extracted from
separate open and short structures excluding the graphene channel in a
manner similar to standard cold FET measurements [133].

• The series resistances are determined from TLM measurements, de-
scribed in Section 3.3.1, to be RS = RD = 135 Ωµm.

• DC end-to-end measurements [48] yields a gate resistance of 54 Ω/mm.

• The parasitics are subsequently de-embedded [124] and closed form ex-
pressions for the intrinsic component values used [134].
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Lastly, a post-optimisation of the S-parameter fit is performed, with the final
result shown in Fig. 4.3b). The subsequent main steps in the noise model
extraction and adequate references are listed below.

• Determine the chain noise correlation matrix at each frequency of the
device from the measured noise parameters according to (11) in [135].

• De-embed the noise contribution of the parasitics using the admittance
matrices derived from the circuit in Fig. 4.1 to find the intrinsic noise
correlation matrix of the subcircuit within dashed rectangle [136].

• Extract the noise model parameters from the intrinsic noise correlation
matrix at each frequency point [137]. The result is shown in Fig. 4.4.

For comparison, the values of Tg and Td in the Pospieszalski model were
found by least-square optimisation to closed form expressions for the intrinsic
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noise parameters following [121], after the inclusion of Cgd. The resulting
values, Tg = 700 K and Td = 1950 K, are close to the mean values from the
direct extraction (which neglects Cgd) shown as lines in Fig. 4.4. The resulting
model curves are shown on top of the measurement points in Fig. 4.2. A main
limiting factor of the GFET are the pad resistances, resulting from the lossy
substrate. Currently, noise figures less than 1 dB up to 2 GHz and below 3 dB
up to 8 GHz appear quite feasible with the intrinsic device performance. For
comparison, InP HEMTs provide room temperature Fmin < 1 dB up to ∼ 90
GHz [138], as can be seen from the extensive comparison in Fig. 4.5.

4.2.3 Graphene in the context of FET noise

Substraction of the gate noise from the drain noise (reflected in a high C) is
one reason behind the outstanding low noise performance of HEMTs, where
C > 0.9 [129]. In the GFET, however, the C-factor is considerably lower.
This indicates an inferior gate control over the channel despite the high aspect
ratio Lg/dG−ch, where dG−Ch is the gate to channel distance. This pinpoints
again the lack of high quality gate stacks for GFETs. Similarly, Tg > Ta

is extracted, possibly a consequence of device self-heating due to the high
current density resulting in hot carriers in the channel. Pospieszalski clearly
highlights the importance of ”quality-of-pinch-off” for low noise performance
[139], specifically minimising Tmin ∝

√
Ids/gm. The GFET does not pinch and

the bias dependence remains an open issue. In [Paper B], the gate bias is for
highest gain, e.g. 11 dB associated gain at Γopt at 2 GHz, to measure the noise
most accurately. However, optimum noise most likely occurs at lower drain
current densities. A deeper understanding of the relation of noise processes
and transport on a microscopic level remains.

Finally, the benefit of cooling on mobility and noise levels is supposedly
small with the high impurity densities at the graphene/SiO2 interface (see
Section 3.3.2). In combination with small grains, this limits the mobility in
the current CVD GFETs to . 1, 000 cm2/Vs at room temperature. As a
consequence of the low mobility, regardless of the high average field in the
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channel ∼ 1.4 V/µm, the carriers are most likely in a linear transport regime
with vdrift < 107 cm/s. Nevertheless, when normalised to gate length, the
GFET is already competitive comparing to recent Si CMOS nodes [141]. The
challenge lies in scaling the gate length with maintained normalised perfor-
mance. Normalised Tmin/f/Lg (K/GHz/µm) data is presented in [Paper B],
where the SiC GFET from [140] with Lg = 150 nm is missing. In the latter
study, the optimum result was Fmin = 2.4 dB at 3 GHz as extracted from
50 Ω noise figure measurements, which is very close to the measured curve in
Fig. 4.2. The GFET in [Paper B] thus shows larger potential judging from
the considerably longer gate length used as compared to [140].

4.3 GFET reliability on SiO2 substrates

A somewhat overlooked issue in the literature is the reliability and stability
of GFETs. An example of the evolution of the transfer characteristics for the
amplifier GFET in [Paper C] is shown in Fig. 4.6. At the time of the RF
characterisation, the S-parameters and noise figure were stable on a time-scale
of 10’s of minutes (with result shown in Fig. 5.2), corresponding to the DC of
the blue circles in Fig. 4.6. After storage in N2-environment for one month and
then re-exposure to air, another measurement resulted in the black squares in
Fig. 4.6. Further iterating the procedure, the characteristics represented by
the red diamonds is the outcome of the measurement. Similar changes are
not observed in the mixer devices, which are only biased at low currents with
Vds < 0.1 V. This suggests influence of high current resulting in self-heating,
which can be significant on SiO2 [43], or effects at higher lateral fields.

Speculating, this might be related to hysteresis and doping effects from
charge trapping at the SiO2 surface [142]. A heat treatment in vacuum was
initially shown to clean the graphene sheet, whereas re-exposure to an H2O/O2

gas mixture severely increased the doping and hysteresis compared to the
original state. Various degree of GFET hysteresis is observed also in this
work, as exemplified in Fig. 4.7a). Clearly from Fig. 4.6, the change in
device characteristics is a shift of the Dirac voltage towards positive voltage
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accompanied by a strong asymmetry in n- and p-branch contact resistances
and a comparatively unchanged residual carrier concentration. All in all, this
indicates increasingly p−type graphene for each measurement occasion. In
[Paper C], high contact resistances for both branches (RS = RD = 17 Ω) were
extracted. Subsequent desire to include a complete output characteristics,
reproduced in Fig. 4.7b), resulted in a delicate task to achieve consistency in
between different measurement occasions. In passing, partial channel pinch-
off is observed, while the change of carrier type from hole to electron prevents
complete current saturation [143]. For this reason, it is impossible to bias at a
point simultaneously most favorable for gm and gd, unless saturated velocity
transport can be achieved at lower fields, i.e. with higher mobility samples.

For comparison, the data in [Paper B] on CVD GFETs was accumulated
at a continuous bias for almost one hour with a drift in S21 below 2%. On
the contrary to Fig. 4.6, the transfer characteristics for these devices slightly
degraded in gm. The carrier concentration remained mostly constant after one
month in N2−box and re-exposure to air. This is possibly a consequence of
the higher initial p-type carrier concentration of the CVD graphene compared
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to the exfoliated case, as discussed in relation to Fig. 3.6.
Introducing BN supporting layers have been shown to eliminate the hys-

teresis effects [144]. Also, graphene on hBN has been cleaned by high tem-
perature annealing in H2/Ar to increase mobility without degrading after re-
exposure to air, contrary to SiO2 [31]. It may thus, in addition to higher
carrier velocities and frequencies, improve reliability and stability of GFETs.



Chapter 5

Graphene based microwave
circuits

This chapter outlines the thesis contributions in circuit applications of GFETs.
In the first part we discuss the power gain and noise performance of a GFET
amplifier [Paper C]. The second part describes a GFET single-ended resistive
mixer assessed in terms of noise and linearity [Paper D]. Finally, a discussion
relating to graphene as an electrode material is presented.

5.1 Small-signal GFET amplifier

Field effect transistor based small-signal amplifiers, especially low noise ampli-
fiers (LNAs), are key components in RF and microwave receivers. As discussed
in Section 4.1.2 the main focus in GFET research has rather been the demon-
stration of high de-embedded fT ’s. This is achieved by gate length downscal-
ing, i.e. a miniaturised gate capacitance (Cgs+Cgd < 5 fF), rather than a high
transconductance (gmi < 4 mS) [30, 111]. Consequently, the devices exhibit
no power gain at low frequency and a system impedance Z0 = 50 Ω,

|S21| =
2Z0gme

1 + Z0gde
> 1, (5.1)

where the extrinsic transconductance and output conductance are used. These
are the derivatives of the measured DC drain current with respect to the
applied gate voltage and drain voltage, gme = dIds/dVgs and gde = dIds/dVds,
respectively. Keeping the other voltage fixed, this results in a family of curves
for each. The low gain is further enhanced by the fact gme < gmi and gde > gdi,
resulting from the contact resistances as from Eq. 3.2 and Eq. 3.3.

In a short channel GFET, the resistance modulated by the gate is shad-
owed by the contact resistances, resulting in lower on-off ratio. In addition,
even gmi (expressed in mS/mm) decreases for short channels Lg . 1 µm, at-
tributed to charge traps in the gate oxides [145]. Consequently, the previous
reports of S21 > 1 both utilised Lg ≥ 0.5 µm [146, 147]. Respectable DC
transconductance of 1 − 2 mS/µm, comparable to III-V HEMTs [48], have
been reported in both CVD and epitaxial graphene [146, 148] at longer gate
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lengths. The challenge is to maintain the performance to sub-100 nm gates.
Herein, achieving high uniformity graphene synthesis enables wider devices,
thus decreasing parasitic resistance and increasing absolute transconductance.
A remedy for short channel effects can be hBN gate dielectric, which also aids
current saturation resulting in lower gdi [144].

5.1.1 Amplifier design and characterisation

The first demonstration of a matched small-signal amplifier exhibiting substan-
tial power gain at microwave frequencies, in this case 1 GHz, was presented
in [Paper C]. Previously, only voltage gain at gigahertz frequencies was re-
ported [148]. Based on the above discussion, a gate length Lg = 1 µm and
gate width Wg = 60 µm were chosen, as optimised by the large-signal GFET
model in [99] with the available maximum exfoliated flake size in mind. This
represents a trade-off between contact to channel resistance (i.e. transcon-
ductance), current saturation (i.e. output conductance) and gate capacitance
(high enough fmax/fT ). With this device layout, at a gate bias for optimum
gain with Vds = −1.25 V, a gme > 15 mS and a gde = 10 mS were achieved.
This yields |S21| ≈ 1.25 at low frequency from Eq. 5.1. The carrier mobil-
ity extracted was ∼ 2, 000 cm2/Vs. All in all, the result is a useful transistor,
albeit not competitive in terms of state-of-the-art high frequency performance.

The amplifier design is based on the measured GFET S-parameters shown
in Fig. 5.1a). It utilises an inductance L = 36 nH (Q ≈ 44 at 1 GHz) on the
gate port to achieve the available power gain GA = 9 dB at Γs ≈ 0.9∠23 ◦,
marked in Fig. 5.1b). The discrete matching topology was chosen since a
distributed matching network on a silicon substrate at this low frequency would
be impractically large. Leaving the drain at 50 Ω only reduces the achievable
transducer gain ∼ 0.5 dB and an output match is thus disregarded.

The fabricated amplifier is depicted in Fig. 5.2a), while the measured and
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modeled power gain and noise performance are shown in Fig. 5.2b). The
measurement yields |S21|2 = GT = 9.7 dB (see Eq. 4.5) and F = 6.4 ± 0.4
dB at the design frequency 1 GHz. The uncertainty of the Y-factor noise
measurement was estimated according to [149]. Details on the noise modelling
of the amplifier is given below.

5.1.2 Amplifier noise analysis

The amplifier noise figure was measured directly with a noise figure analyser
(NFA) utilising the method of Y-factor, which is defined by

Y =
PH

PC
=

TH + Tn

TC + Tn
. (5.2)

In Eq. 5.2, PH/TH (PC/TC) are the hot (cold) noise powers/temperatures,
respectively, from which the device noise temperature Tn is solved. To dis-
tinguish the DUT and receiver noise figures via the cascade formula for noise
figure, a measurement of noise powers with (primed) and without (unprimed)
the DUT provides the DUT gain GDUT = (P ′

H − P ′
C)/(PH − PC).

The Pospieszalski noise model extraction is based on the notion that with
Tg = Ta (typical FETs [150]); only the noise figure at a single source impedance
is required for the direct algebraic extraction of the second model parameter
Td [151]. Measuring the inductor S11 separately provides an estimate of Γs

versus frequency. A small-signal circuit excludingRpg/Rpd in Fig. 4.1 was used
in the analysis and an optimum Td ∼ 23, 000 K was found, giving the model
line in Fig. 5.2b). While the fit is satisfactory, the value of Td is significantly
higher compared to previous reports (< 10, 000 K) [121, 151]. This indicates
lumping of several noise mechanisms into the drain current source. Another
GFET noise study in the literature [152] used the same approach as in [Paper
C], reporting intrinsic Fmin ∼ 0.3 dB at 1 GHz. The device was based on SiC
graphene providing a semi-insulating substrate, which results in an extracted
Td = 1700 K. This indicates the Si substrate in [Paper B] was at least partly
responsible for the high Td. The slope of Fmin versus frequency is thus possibly
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overestimated, and the model inherently narrow band. Further decomposition
of the noise contributions within the device requires the determination of all
four noise parameters. The predicted minimum noise figures at 1 GHz are
given for completeness in Fig. 4.2a). Further uncertainties are introduced by
the source resistance extraction in GFETs on exfoliated graphene [99] and the
large Cpg from the gate pad extending to the non-ideal inductor (R ≈ 5 Ω).

5.2 Subharmonic resistive GFET mixer

A mixer is a frequency translating component for information carrying signals,
intended for either upconverting the frequency in a transmitter or downcon-
verting it in a receiver. Exemplifying, in this work the GFET operating as
downconverting mixer takes two inputs, the frequency to be translated is that
of the radio frequency (RF) signal, at fRF , and the local oscillator (LO) is
the reference signal, at fLO. The output in this case is at the intermediate
frequency (IF), fIF . Mathematically, the operation principle is understood
as the product of two sinusoids has the sum and difference frequencies, i.e.
cos (ωRF t)× cos (ωLOt) =

1
2 [cos (ωRF + ωLO)t+ cos (ωRF − ωLO)t].

In practice, the RF voltage is imposed on a time-varying conductance of a
diode or FET, modulated (or pumped) by the LO. This generates a current at
multiple frequencies including the IF. Resistive (passive) mixing in diodes or
FET channels results in a conversion loss, CL = PRF /PIF > 1. Transconduc-
tance (active) mixing in a FET, with the RF signal input on the gate and the
IF extracted at the drain, can provide a conversion gain, CG = PIF /PRF > 1.

In addition to the fundamental mixing described above, subharmonic mix-
ing is performed at an harmonic of the LO frequency, i.e. fIF = fRF −2×fLO

for a ×2 subharmonic mixer. As the time-varying conductance is periodic, the
efficiency of a resistive FET mixer can be analysed via Fourier series expansion
such as a conversion matrix approach [153],

ids(t) = g(t)× vRF (t) =

(
g0 + 2

∞∑
n=1

gncos(nωLOt)

)
× vRF (t). (5.3)

In Eq. 5.3, g0, g1 and gn gives the output related to the input frequency, funda-
mental mixing and ×n subharmonic mixing, respectively. A unique feature of
the channel conductance of GFETs, such as that of the clean exfoliated sample
in Fig. 3.6a), is that it is symmetric around VDirac and inherently presents a
large g2. As a consequence of the electron-hole duality, GFETs offer subhar-
monic mixing in a single device [154]. A summary of realised GFET frequency
translating devices is presented below and compared to other technologies.

• In [Paper D], a CL ≈ 20 dB up to fRF = 5 GHz was achieved as shown
in Fig. 5.3a). This GFET had Lg = 1 µm. While resistive mixing is
decoupled from fT and fmax, a shorter gate length reduces capacitance
and thus the RC time constant. A 30 GHz GFET subharmonic mixer
with CL = 18 dB was demonstrated in [155] with Lg = 0.5 µm.

• Unipolar SiC GFETs permit fundamental resistive mixing with CL = 18
dB up to 20 GHz [156], compared to CL = 5.3 dB in GaAs HEMTs [157].
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Fig. 5.3: a) Two-tone measurement for mixer linearity (PLO = 2 dBm). b) Con-
version loss and noise figure are approximately equal (PLO = 0 dBm) [Paper D].

• With unipolar HEMTs, a configuration has been shown using two FETs
for subharmonic mixing, which had the LO fed 180 ◦ out of phase to the
devices. The design allowed a CL = 6.5 dB at fRF ∼ 10 GHz [158].

• Transconductance GFET mixers are limited by small gm to CL & 14
dB [159] up to 10 GHz, while GaAs FETs provide CG ∼ 10 dB [153].

• The conduction symmetry has also been used in GFET frequency dou-
blers with high spectral purity but also high conversion loss [123,160].

All above results should be compared to the theoretical minimum conversion
loss of 3.9 dB in a resistive FET mixer [157]. To approach this value in GFETs,
the introduction of a distinct off state is necessary, which requires a bandgap.

5.2.1 Mixer noise and linearity performance

The introduction of the resistive FET mixer was mainly motivated by its
potentially higher linearity compared to diode mixers [161]. The LO at the
gate sweeps the channel resistance between on- and off-states. The drain is
biased at Vds ≈ 0 V, so the FET operates in the linear regime of its output
characteristics, where the harmful third order intermodulation (IM3) products
are suppressed. In practice, the RF signal is applied to the drain and the IF
signal extracted from the drain via filters or utilising a directional coupler. The
advantage of this arrangement can be understood if the conversion is expressed
as a Taylor series with the RF voltage assumed to be a small signal

ids =
dIds
dVds

·vRF+
d2Ids
dV 2

ds

·v2RF+
d3Ids
dV 3

ds

·v3RF = gd·vRF+gd2·v2RF+gd3·v3RF . (5.4)

In Eq. 5.4, the coefficient gd3 is responsible for the IM3 products at 2f1 − f2
and 2f2 − f1 which are close to f1 and f2 and thus impossible to filter out.
The FET resistive mixer is expected to be highly linear if gd3 is small for all
time instances or equivalently all gate voltages in the LO sweep [162].
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In [Paper D], the linearity of the subharmonic GFET mixer was assessed in
terms of the third order intercept point referred to the input (IIP3). This was
extrapolated from a two-tone measurement [153], as the intercept of the linear
output which rises 1 dB/dB and the third order response which increases 3
dB/dB as seen in Fig. 5.3b). Since IIP3 improves with increased LO power
[155], like the CL decreases, the IIP3 quality factor Q(IIP3) = IIP3/PLO

can be used for benchmark. A comparison to literature is outlined below.

• The highest linearity in this work is IIP3 = 4.9 dBm at PLO = 2 dBm,
which corresponds to Q(IIP3) = 2.9 dB, as shown in Fig. 5.3b).

• The GFET mixers in [Paper D] and [155] does not show the full potential
of FET resistive mixers for linearity, also compared to e.g. a subharmonic
CMOS design with IIP3 = 17 dBm and Q(IIP3) = 13 dB [163].

• The fundamental GFET mixer in [156], on the other hand, is already
comparable to GaAs technology [161] in terms of Q(IIP3) ∼ 20 dB.

• Wide bandgap semiconductors such as GaN can provide supreme linear-
ity (IIP3 ∼ 30 dBm) due to its high LO power handling capabilities.
However, it comes at comparatively low Q(IIP3) = 7 dB [164].

An additional advantage of the FET resistive mixer is the slightly lower
noise figure compared to diode mixers. As long as the gate is not driven
into conduction, there is no penalty from shot noise enhancement [161]. In
[Paper D], the attenuator noise model for mixers [127] was considered, which
results in NF ≈ CL for pure thermal noise at room temperature. This was in
essence, within measurement uncertainty, verified as reproduced in Fig. 5.3a).
Cryogenic studies can clarify deviations from this behaviour. To improve the
CL and NF levels, the pumped GFET resistance must closer resemble a square
wave with even on- and off-state times, i.e. by the introduction of a bandgap.

5.3 Graphene for FBAR electrodes

Besides increasing data rates, modern cell phones combine several function-
alities at different frequency bands, such as wireless LAN and GPS. Voltage
controlled oscillators (VCOs) for frequency generation and switchable or tun-
able filters are desirable for this purpose. In VCOs, a tunable resonance and
high quality factor (Q-factor) module is required for low phase noise, increas-
ingly important to avoid interference between bands in a crowded spectra. An
appealing alternative to existing varactor based LC tanks is the tunable film
bulk acoustic wave resonator (FBAR) based on either BaxSr1−xTiO3 (barium
strontium titanate) [165] or (1−x)BiFeO3-xBaTiO3 (bismuth ferrite - barium
titanate) [166] ferroelectrics. In practice the FBAR provides two resonances,
the series resonance at fs which is mainly tunable with relative tunability nfs

and at slightly higher frequency the parallel resonance at fp with minor rela-
tive tunability nfp. Already today, fixed frequency AlN FBARs with Q > 1000
are used i.e. in switchable filter banks in communication systems [36].

In contrast to electromagnetic resonators, FBARs utilise the confinement of
an acoustic wave in between two reflective interfaces. In the solidly mounted
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type in Fig. 5.4a), these consist of air and a Bragg reflector consisting of
alternating low- and high acoustic impedance materials (i.e. SiO2/W). Fer-
roelectric films in paraelectric phase provide a stiffness and thus acoustic ve-
locity tunable with an electric field applied in between the top and bottom
electrodes sandwiching the active film, which enables a tunable resonance fre-
quency. This enables smoothly tunable filters and high performance VCOs
for agile communication systems. While the Q-factors of these resonators can
exceed 200, already exceeding LC tanks using varactors in VCOs [167], the
frequency tunability limited to < 5% is insufficient for the demanding multi-
channel transceiver requirements. A selection of recent results is collected in
Fig. 5.4b), where the lack of combined high-Q and large nfs is evident.

5.3.1 Graphene for enhanced tunability

Besides improvement in ferroelectric film crystallinity and surface roughness
[166], a modification of the resonator electrodes may mediate these issues.
Quantitatively, the effective series resonance tunability (nfs,eff ) of a contacted
FBAR is reduced compared to a bare ferroelectric film (nfs,i) as [168]

nfs,eff = nfs,i ×
tp/vp

tp/vp + tb/vb + tt/vt
, (5.5)

where vt/vb and vp are the acoustic velocities of the top/bottom electrode and
ferroelectric layer, respectively. Reducing the electrode thicknesses (typically
tt = 100 nm Al and tb = 100 nm Pt [165]) to zero, the resonance frequency
and relative tunability may be enhanced. In this context, atomically thin
graphene enables, in a first step, to reduce the top electrode thickness to
virtually zero. Pulsed laser deposition of ferroelectric film on top of the bottom
electrode at T > 600 ◦C in O2-rich environment, however, likely introduces
defects in graphene, especially in CVD graphene with higher intrinsic defect
density [169]. In contrast to graphene electrodes for GaN light emitting diodes
necessitating a combination of low Rsh and high optical transmittance [27],
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Table 5.1: Rsh of graphene versus # layers and chemical treatment.
a Layer-by-layer transfer, Cu foil catalyst. b Direct growth on thin film Ni. c SiC.

# layers Treatment Rsh

1-3a As grown 800-300 Ω/� [27, 82]

4a HNO3 30 Ω/� [170]

∼ 8b As grown ∼280 Ω/� [171]

2c H2-intercal. ∼200 Ω/� [101]

electrical conductivity and ultimate thinness are the decisive properties to
consider graphene for FBAR electrodes.

5.3.2 Prospects of graphene electrodes

In practice, the sheet resistance of graphene is considerably higher than that of
Al and an ohmic metal interface is introduced in the structure, which increases
the FBAR series resistance (Rs) compared to metallic electrodes. It can be
approximated as Rs ≈ Rc + Rpatch = Rc + Rsh/2π, assuming a circular top
electrode illustrated in Fig. 5.4a). The current Pd contacts allow RcW < 100
Ωµm and thus Rc ∼ 1 Ω is feasible. To maintain an appreciably high Q-
factor of series resonance Rs < 5 Ω is desirable [36], which requires Rsh ≈ 25
Ω/�. This represents a 1-2 orders of magnitude improvement to the current
levels of single-layer graphene in Fig. 3.5. It is similar to the criteria for
replacement of indium tin oxide (ITO) with Rsh ∼ 30 Ω/� in GaN laser
electrodes [27]. The most viable pathway towards this end is application of
multilayered graphene, either direct growth of few-layer graphene on nickel
or transferring multiple single layers on top of each other. A summary of
available results from the literature is presented in Table 5.1. The efficiency,
reproducibility and permanency of carrier enhancement via chemical processes,
e.g nitric acid (HNO3) [170] or iron chloride (FeCl3) [172], are questionable
as graphene is commonly exposed to them as etchants used in the transfer
process from CVD growth catalyst to final substate.

In any case, the parallel resonance is practically unaffected by increased se-
ries resistance. Although offering less tunability to start with [165], it improves
similarly to the series resonance with reduced loading of the electrodes.
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Conclusions and future
outlook

In this thesis, the GFETs have been explored for microwave circuit applica-
tions, using both mechanically cleaved and CVD grown graphene transferred
to SiO2 substrates. Focus was mainly on practical devices exhibiting power
gain for LNAs, rather than extreme gate length scaling to pursue high intrinsic
fT and fmax. Starting from an exfoliated flake, the first GFET small-signal
amplifier, with 10 dB gain and 6.4 dB noise figure, was successfully fabri-
cated and characterised. Although yielding comparatively lower mobilities,
. 1, 000 cm2/Vs, than exfoliated samples, & 2, 000 cm2/Vs, the CVD GFETs
present a lower parasitic source resistance, RS ∼ 150 Ωµm, and finally a simi-
lar performance. Accordingly, the first device level graphene microwave noise
characterisation was feasible using CVD GFETs. Sub-1 dB and sub-3 dB
noise figures up to 2 GHz and 8 GHz appear achievable in the near future, by
applying established methodology for FET small-signal and noise modelling.

To improve these results and approach Si CMOS and III-V:s in perfor-
mance and yield, graphene transport must be improved using highly scalable
and reliable processing technologies. Large grain size and high mobility CVD
graphene has been demonstrated, although in time-consuming and presum-
ably costly processes. Suspended graphene is impractical on a large scale, but
boron nitride remains an attractive substrate option, in aspects ranging from
transport to reliability. So far, the promising works on graphene transport on
hBN employ cleaved material and improvement on RF devices has been lim-
ited [173]. Furthermore, the ultimate aim of catalyst free hBN/graphene/hBN
structures grown in situ by CVD is in its infancy [174], with smaller grains
and lower mobility [175]. In addition, the limitations on power gain and gate
length scaling due to the lack of a bandgap are yet to fully emerge.

Presumably, the most likely commercial applications of GFETs are in mass
market, large volume products such as high-speed communications, rather
than cost insensitive and extremely performance demanding fields such as
LNAs for radio astronomy. Novel concepts such as the subharmonic resistive
mixer assessed in this work and the enhanced integration possibilities with Si
CMOS [35] as compared to III-V:s for system-on-chip are important in this
context. Here, graphene can be used to implement the RF circuitry.
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In addition, an initial DC and microwave characterisation of material and
contacts for the feasibility of utilising a graphene electrode in FBARs has been
performed. As part of this work, a geometrical model for the contact capaci-
tance of a metal-graphene interface was presented. Based on the majority of
values for sheet resistance of graphene in the literature, Rsh > 100 Ω/�, it
remains difficult to reach the target resonator series resistance. The feasibility
lies in using multilayer graphene together with an efficient and reproducible
doping process for graphene layers, where so far only a single report reaches the
required Rsh = 30 Ω/� [170]. In general, the wafer-scale homogenous growth
of graphene need be complemented by the selective control of its properties,
and subsequent passivation from being affected by the ambient. This includes
for example high doping of contact areas, while maintaining a pristine channel
to enable good current modulation and a symmetric transfer characteristics
by the electron-hole symmetry in graphene.

Finally, the unique properties of graphene can pave the way for applications
in bendable high frequency electronics and THz electronics. Even under high
strain, graphene can sustain higher mobility compared to other materials and
provide a cut-off frequency up to 25 GHz [26]. Successful on-wafer rectification
of millimetre waves up to 110 GHz with an epitaxial GFET [176] and proof-
of-concept antenna coupled self mixing at 300 GHz [177], with large room for
improvement, in graphene have both been demonstrated. In addition, tuning
the carrier concentration in graphene sheets can accomplish attenuation and
modulation of THz radiation [178]. The latter are all interesting and less
explored future directions to proceed with graphene to bridge the THz gap.



Chapter 7

Summary of appended
papers

The appended papers on which this thesis is based are summarised in this
chapter, along with my personal contributions to each.

Paper A

Microwave characterization of Ti/Au graphene contacts

Microwave measurements of circular TLM structures on CVD graphene are
used to model the capacitance of metal-graphene contacts, besides contact-
and sheet resistance extraction. My contributions include processing and mea-
surements, data analysis with co-authors, and finally writing the paper.

Paper B

Microwave noise characterization of graphene field effect transistors

In this paper, the results from multiple impedance measurements in the fre-
quency range 2-8 GHz of GFETs on CVD graphene are reported. The resulting
complete noise parameter set allows a deeper analysis with noise de-embedding
and modelling techniques, predicting the possibility of sub-1 dB noise figure
up to 2 GHz. The work was performed in the form of a master thesis, which
I supervised on daily basis. My contributions accordingly include fabrication
guidance, arrangement of noise measurements, assistance in selection of anal-
ysis methods and taking significant part in the preparation of the paper.

Paper C

10 dB small-signal graphene FET amplifier

The first report of a matched GFET amplifier based on exfoliated graphene, ex-
hibiting 10 dB small-signal gain and 6.4 dB noise figure at 1 GHz, is presented.
Tentative GFET noise modelling using the Pospieszalski model is performed.
My contributions include main parts of the design, fabrication, noise modelling
and writing of the letter, as well as taking part in the characterisation.
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Paper D

Resistive Graphene FET Subharmonic Mixers: Noise and Linearity
Assessment

Conversion loss, noise figure and linearity of resistive subharmonic GFET mix-
ers made on exfoliated graphene, within the RF frequency range 2-5 GHz, is
reported in this paper. My contributions include fabrication, participation in
the measurements and data analysis, as well as writing the paper.
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