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Abstract

Graphene is promising for being used as a channel material in high frequency
and low noise field effect transistors (FETs). This is facilitated by its superior
near-room temperature mobility (105 cm2/V·s) for both type of carriers and
predicted high value of saturation velocity (4× 107 cm/s).

This thesis presents noise parameter characterisation of graphene field effect
transistors (GFETs) using source-pull measurement technique in the 2 to 8
GHz frequency range. Commencing from cleanroom fabrication, all stages of
the work including measurement and modelling for device characterisation are
dealt with in this study. In the first part of the thesis, a procedure for GFET
fabrication utilising CVD graphene is developed. The device properties such as
gate leakage, contact resistance, and annealing condition are optimised. The
obtained contact resistance is 135 Ω · µm which is state-of-the-art. GFETs
fabricated using CVD graphene on silicon dioxide (300 nm)/silicon substrate
with 1 µm long and 2 × 30 µm wide graphene channels are characterised to
obtain the noise performance at device level. The cut-off frequency and the
maximum frequency of oscillation of the GFETs are on the order of 10.5 GHz
and 13 GHz, respectively. The measured minimum noise figure was 2.4 to 4.9
dB for the extrinsic device with a corresponding associated gain of 10.6 to 2
dB in this frequency range. The intrinsic device has minimum noise figure of
0.8 to 4.3 dB after de-embedding the parasitic noise contribution using noise
correlation matrices. Subsequent application of Pospieszalski two-temperature
noise model provided a drain noise temperature of 1950 K and a gate noise
temperature of 700 K.

Keywords: Graphene FET (GFET), Microwave FET, Noise measurements,
Noise Figure
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Chapter 1

Introduction

Since the advent of the breakthrough paper [1] on graphene, this carbon-based
2D (two-dimensional) material has attracted enormous attention in basic and
applied research as well as in electron device arena. In a single package,
graphene comes with many exquisite electrical and mechanical properties such
as current density (highest reported: 108A/cm2 [2]), carrier mobility (up to
2× 105 cm2/V·s at low temperature [3]) and thermal conductivity [4] (5× 103

W/mK). Consequently, graphene possesses great potential to be used as a chan-
nel material in field effect transistor (FET), whose performance can greatly
benefit from the high carrier velocity of graphene. It also has the added bene-
fit of being planar and compatible with current silicon technology. As a result
graphene is promising for being used in microwave (0.3− 300 GHz) as well as
terahertz (0.1− 10 THz) applications.

1.1 Microwave and Terahertz FETs

Use of microwave is integrated in the day-to-day life of modern age. From
wireless communication for mobile phones and high speed internet extending
to satellite communication, microwave is used everywhere. With technological
advancements, the ability to reach terahertz frequencies has opened the door
for innovative applications in security, space and imaging technology as well.
Indivisible to such applications are microwave and terahertz FETs. Although
the principle of FET was demonstrated in 1952 by W. Shockley [5], the first
microwave transistor [6] was reported much later by W. Hooper and W. I.
Lehrer in 1967 using epitaxial GaAs metal-semiconductor field effect transistor
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(MESFET) with a maximum frequency of oscillation, fmax = 3 GHz. The
issue in concern with this technology is that the operating frequency of tran-
sistors is limited to f < 50 GHz. The performance of microwave transistors
can be improved mainly from three aspects: optimising structure, introducing
device with new structure or introducing new material with better electronic
properties. The first method is approached e.g. by scaling the gate length
in many researches. In 1980, a new structure which is high electron mobility
transistor (HEMT) [7] using GaAs was introduced. This enabled the gradual
development towards transistors operating in the terahertz frequency range.
Later on, InP substrates were introduced which allowed higher mobility chan-
nels as a result of being lattice matched with higher In content materials. For
the last 20 years, InP HEMTs have held the record of frequency response in
fmax. The reported highest fmax for InP HEMT is 1.2 THz [8] and the record
cut-off frequency (fT ) is 688 GHz [9] for InGaAs mHEMTs. Although the
mHEMT uses GaAs substrate but a thick InAlAs buffer with graded doping
allows larger mismatch and higher In content in the device channel, and thus
higher mobility. Eventually, the maturity of the current technologies has been
reached by approaching the limit of gate length downscaling (∼30 nm) and
the InP HEMT channels being pure InAs. Nonetheless, the increasing need for
transistors to operate at even higher frequency resulted increasing efforts to
explore new structures such as nanowires and new materials such as graphene.

1.2 Noise in Microwave FETs

Low noise amplifier (LNA) is one of the crucial building blocks of any com-
munication system. Being the first element of a low noise receiver system, the
LNA sets the noise figure of the complete chain. As a result, the noise param-
eters, especially the minimum noise figure (Fmin), of a microwave FET is just
as important figure-of-merit as fT and fmax [10].

For designing low-noise microwave FETs, it is crucial to have knowledge
of the sources and magnitude of noise generated in the transistor in the op-
erating frequency range. Various noise sources in electronics include thermal
noise or Johnson-Nyquist noise [11,12], shot noise [13], flicker or 1/f noise etc.
Thermal noise, which is unavoidable in any electronic system, originates from
the thermal agitation of the charge carriers (usually the electrons) inside an
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electrical conductor at equilibrium, which happens regardless of any applied
voltage. In FETs, thermal noise is mainly generated from different contact re-
sistances. Shot noise and 1/f noise become important for FETs with large gate
leakage current [14]. The physical origin of high frequency noise in MESFETs
or HEMTs is fluctuations in the carrier density and/or the carrier drift velocity
in the conducting channel and in the parasitic resistances [11, 12]. These fluc-
tuations cause random variations of the current passing through the transistor,
or, equivalently, of the voltage drop across it.

1.3 Graphene

Graphene is the name given to the arrangement of carbon atoms in a hexagonal
honeycomb lattice (lattice constant, a = 1.42 Å) that is exactly one atom thick
(d ' 0.3 nm) as shown in Fig. 1.1(a). It is this arrangement and symmetry
of carbon atoms that gives unique properties to graphene [15]. The dispersion
relation of graphene was derived long ago in 1947 by Wallace [16] as building
block of graphite. As shown in Fig. 1.1(a), the conical band structure of
graphene is found by solving the Dirac equation. The conduction and valence
bands touch at the charge neutrality or ‘Dirac’ point. As a result, the term
‘semimetal’ is used for graphene which shows zero bandgap, and consequently,
zero mass of carriers near Dirac point.

Figure 1.1: Crystal structure and dispersion relation close to the Dirac point
of (a) large area graphene and (b) graphene nanoribbon.
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1.4 Graphene FETs in Microwave

The good electronic properties of graphene such as high electron mobility, low
effective mass, and high carrier saturation velocity make it a promising candi-
date to produce high frequency and low noise FETs. Moreover, devices with
extreme thin channels are achieved due to the atomical thickness of graphene
sheets. This can allow the graphene field effect transistor (GFET) to be scaled
to very short channel length and high speed without encountering short-channel
effect [17], ensuring efficient gate control of the channel. In addition, the com-
patibility of graphene with silicon technology also makes it attractive for tran-
sistors.

In reality, potential applications for graphene are limited to microwave
rather than logic circuits in high speed electronics. The reason behind this is
that the bandgap of graphene is zero (see Fig. 1.1(a)). FETs with a large-area
graphene channel cannot be switched off and as a result power consumption oc-
cur even in the off state. Hence, they are not suitable for logic applications. For
high frequency applications, a high performance GFET needs to be realised.
However, this is not straightforward to accomplish. The challenges arise when
graphene is in contact with different layers for manufacturing FETs. For exam-
ple the process of the gate-dielectric formation degrades the carrier mobility
severely, going down to ∼1000-3000 cm2/V·s [18]. Although several meth-
ods have been developed to decrease this effect [19, 20] reaching upto 15,000
cm2/V·s, the carrier mobility of graphene in GFETs is still far from its po-
tential. Moreover, charge traps at the graphene/dielectric interface introduces
hysteresis in GFETs [21, 22]. In addition, high sheet resistivity of graphene
degrades the high frequency performance of GFETs by increasing contact and
access resistances [23]. Furthermore, zero band gap of graphene becomes prob-
lematic also in high frequency application where a small bandgap is required
to achieve pinch-off in FETs and enhance operational on-off ratios. To open a
bandgap (up to 200 meV) in graphene, quantum confinement can be used, e.g.
patterning graphene as nanoribbons (GNR) or in nanoscale structures [24–26]
as shown in Fig. 1.1(b). However, rough edges of the GNR results in undesir-
able FET characteristic and also reducing the width of the nanoribbons gives
rise to a parabolic bandstructure which increases the effective carrier mass and
thereby decreases the carrier mobility [27].
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Figure 1.2: (a) fT of graphene MOSFETs versus L along with fT performance
of the best CNT FET, InP HEMTs, GaAs mHEMTs, GaAs pHEMTs (pseudo-
morphic HEMT), and Si MOSFETs. (b) fmax of graphene MOSFETs versus L
along with fmax performance of InP HEMTs, GaAs mHEMTs, GaAs pHEMTs,
and Si MOSFETs. Updated from [28].

To improve the performance of GFETs the above mentioned obstacles need
to be overcome. Numerous efforts have been put towards this goal and hence,
the highest intrinsic fmax value reported for a GFET is 70 GHz [29] and the
highest intrinsic cut-off frequency (fT ) reported is 427 GHz [30] till date. The
value of fmax is comparatively lower due to the lack of current saturation in
GFETs. The frequency performance so far achieved by GFETs is compared
with that of competing microwave FETs (HEMT, Si MOSFET) in Fig. 1.2 [28].
From the comparison it is apparent that at present GFETs might only compete
with Si MOSFET due to its inferior fmax than other technologies.

1.5 Noise in GFETs

Electronic noise or low frequency noise in GFETs have been studied extensively
so far in the literature. Phase noise and 1/f noise in GFETs have been inves-
tigated in [31]. A study of low-frequency noise and hysteresis in GFETs was
performed in [32]. However, in the case of noise in RF or microwave frequency
range, only the noise characterisation of an amplifier [33] and a resistive sub-
harmonic mixer [34] utilising GFETs have been reported to date. The Fmin of
a 1 µm GFET was predicted in [33] to be ∼ 3.3 dB and ∼ 1 dB at 1 GHz for
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extrinsic and intrinsic device, respectively [35]. Nonetheless, the device level
noise characteristic of GFET from direct measurements is still to be reported in
the literature. Thus, Fmin requires to be determined with the highest possible
accuracy, which requires source-pull measurements. In addition, such device
level noise measurements provide all four noise parameters [35]. This knowl-
edge enables the extraction of a more appropriate noise model, compared to
only 50 Ω noise figure. Moreover, it allows the de-embedding of measured noise
figure using correlation matrices [36].

1.6 Thesis outline

In this thesis, the noise parameter characterisation of GFETs is performed
through source-pull measurements. Chapter 2 layouts the theoretical back-
ground required to perform this task. The subsequent chapter deals with the
processing and measurement techniques to fabricate the GFETs and measure
the relevant DC, small signal and noise properties. Chapter 4 presents the
obtained results with extensive discussion on their significance. Finally, con-
cluding remarks of the topic is depicted with possible future work in the last
chapter.



Chapter 2

Theoretical Background

In this chapter the theoretical background is built up starting from two-port
network system, moving on to field effect transistors, and continuously includ-
ing the eccentricities of GFETs. Eventually the theoretical basis for intrinsic
noise calculation and noise modelling is discussed. In the end, a brief overview
of the important figure of merits for FETs is depicted.

2.1 Two-Port System

A microwave transistor can be treated as a two-port network system [37]. Such
a system can be described by the measured data of transfer and impedance
functions through impedance (Z-parameters), admittance (Y-parameters), hy-
brid (h-parameters) or the chain (ABCD parameters) matrix. But the de-
termination of these parameters becomes complicated at high frequency since
required short and open circuit tests are difficult to achieve over a broadband
range of microwave frequencies. The two-port system can be completely char-
acterised in terms of travelling wave in the microwave frequency range through
another set of parameters, namely, the scattering matrix (S-parameters). In

Figure 2.1: Two-port network system

Fig. 2.1 a two-port network characterised by S-parameters is shown. The



8 Theoretical Background

scattering matrix for this network can be described as follows:(
b1

b2

)
=

(
S11 S12

S21 S22

)(
a1

a2

)
(2.1)

In general large values of the 21-parameters are desirable which indicates the
transistor’s ability to control and amplify input signals [10]. Two other terms,
which are useful to define at this point, are the source and load reflection
coefficients of the two-port network as follows [37]:

Γs =
Zs − Z0

Zs + Z0

(2.2a)

ΓL =
ZL − Z0

ZL + Z0

(2.2b)

where Zs and ZL are the source and load impedances, respectively, and Z0 is
the reference impedance.

2.2 Field Effect Transistors

Field effect transistors are three terminal devices where the conductivity of the
channel, namely the region between two of the terminals (source and drain), is
controlled by a field bias induced capacitively by the other terminal (gate) [5].
The gate capacitor for FETs can be realised either by an insulating capacitor
(metal-insulator-semiconductor FET, MISFET) or by a Schottky barrier junc-
tion (metal-semiconductor FET, MESFET) [38]. In MISFET, an insulating
barrier can be achieved through an oxide layer (MOSFET) or a large bandgap
semiconductor layer (heterojunction FET, HFET). Although the FET channel
can be either p-type or n-type depending on the type of carrier being electron
or hole, for high frequency applications n-type channel is the most common
due to superior electron mobility. Also depending on the state of the channel
without any gate bias, the FET can be either enhancement (normally on) or
depletion (normally off) mode device. In the current study, the GFETs are
essentially MOSFETs. Due to the electron-hole duality in graphene, GFETs
can be operated as a p-type or n-type FET depending on the gate voltage.

2.2.1 DC Characteristics

The DC characteristic of a FET is described by the drain current (IDS) vs gate
voltage (VGS) (transfer characteristic) and the drain current (IDS) vs drain
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voltage (VDS) (output characteristic) behaviour. The output characteristics of
a MOSFET can be divided into triode and saturation regions which are defined
by the equations [39]:

IDS = µCox
W

L

[
(VGS − Vth)Vds −

V 2
DS

2

]
for VDS < VGS − Vth [A] (2.3a)

IDS =
1

2
µCox

W

L
(VGS − Vth)2 for VDS > VGS − Vth [A] (2.3b)

where µ = mobility, Cox = gate oxide capacitance per area,W = channel width,
L = channel length, and Vth = threshold voltage. The ideal DC characteristics
of a n-type enhancement mode MOSFET are shown in Fig. 2.2.

Figure 2.2: (a)Transfer characteristic at VDS = 10 V and (b)output charac-
teristics of MOSFET, k = µCox

W
L
. The dashed line separates the triode and

saturation region.

In the case of a GFET, the DC transfer characteristic can be described by
the following equation with highest accuracy away from the Dirac point where
only one carrier type contributes to the current [19]:

RDS =

 (Rs +Rd) +Rext + L

Wqµe
√
n2+n2

0

for electron

(Rs +Rd) + L

Wqµh
√
n2+n2

0

for hole
[Ω]

n =
Cgate
q

(Vgs − Vdirac) [cm−2] (2.4)

Cgate =

(
1

Cox
+

1

Cq

)−1
[F/cm2]
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where RDS is drain to source resistance, Rs and Rd are source and drain contact
resistances, Rext is an extra resistance arising from p-n barrier formation due to
opposite type of carrier in the GFET channel and the carrier type transferred
during ohmic contact formation [40], q is the charge of electron, µe,h are elec-
tron and hole mobilities, n0 is the residual carrier density, Vdirac is the voltage
at maximum RDS, and Cgate is the gate capacitance which consists of oxide
capacitance, Cox and quantum capacitance, Cq. Cq arises from the residual
charge density at Dirac point [27], and needs to be considered only in the case
of ultra-thin gate oxide [41].

The two important parameters which can be deduced from DC characteris-
tics are transconductance, gm and output conductance, gd. They are the slopes
of the transfer and output characteristics, respectively and can be expressed
as follows:

gm,ex =
∂IDS
∂VGS

∣∣∣∣
VDS=const

[S] (2.5)

gd,ex =
∂IDS
∂VDS

∣∣∣∣
VGS=const

[S] (2.6)

The ‘ex ’ subscript denotes that the values are obtained from the measured
slopes of DC characteristics, and are extrinsic values which include the effects
of parasitics. The intrinsic parameters, gm,in and gd,in, can be extracted via
small signal models as will be described in the following section 2.2.2. A high
input transconductance denotes high degree of gate control on the channel
and is beneficial for good frequency performance. On the contrary, low output
conductance is essential for voltage and power gain in FETs and can be obtained
through current saturation at the output.

However, in GFETs, due to the high contact and access resistances there
is a considerable difference between the intrinsic and extrinsic gm and gd. For
the same reason, GFETs with a long gate length, L>1-2 µm generally ex-
hibit a higher gm,ex [42] than shorter gate-length devices, L<200 nm. More-
over, because of the nonuniformity of CVD and epitaxial graphene, GFETs
fabricated using these materials have lower gm,ex per channel width in com-
parison to GFETs with mechanically exfoliated graphene at a certain VDS.
Conversely, high frequency operation relies on short gate length devices which
means GFETs should respond quickly to gate variations. Therefore, it is nec-
essary to enhance gm,ex for short gate length devices. On the other hand, due
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to the lack of bandgap, GFETs generally exhibit lack of current saturation and
consequently high output conductances [43,44].

2.2.2 Small Signal FET Model

Small signal amplifier is among the most common uses of a microwave FET.
The small signal equivalent circuit of a GFET is shown in Fig. 2.3 which
is similar to a standard FET equivalent circuit. The substrate leakage resis-
tances through gate and drain pads, Rpg and Rpd, arise from the insufficiently
insulating silicon substrate used in this work. Generally they are omitted in
other technologies due to the use of insulating or semi-insulating substrates
such as GaAs, InP etc. The intrinsic part of the device is marked by a dashed
rectangle.

Analytical expressions for the intrinsic Y-parameters of the small signal
model have been derived as following [45]:

Y11 =
RiC

2
gsω

2

D
+ jω

(
Cgs
D

+ Cgd

)
[S] (2.7a)

Y12 = −jωCgd [S] (2.7b)

Y21 =
gme

−jωτ

1 + jωRiCgs
− jωCgd [S] (2.7c)

Y22 =
1

Rds

+ jω(Cds + Cgd) [S] (2.7d)

D = 1 + ω2C2
gsR

2
i (2.7e)

where gm = gm,in. As stated earlier in section 2.2.1, the intrinsic gm and gd can
be obtained utilising the extrinsic values using the relations [46]:

gm,in =
gm,ex

1−Rsgm,ex − (Rs +Rd)gd,ex
[S] (2.8)

gd,in =
gd,ex

1−Rsgd,ex − (Rs +Rd)gm,ex
[S] (2.9)
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Figure 2.3: Small signal equivalent circuit of the GFET.

From Eq. 2.7 intrinsic elements of the small signal model can be obtained
through the expressions [47]:

Cgd =
− Im(Y12)

ω
[F] (2.10a)

Cgs =
Im(Y11)− ωCgd

ω

(
1 +

Re(Y11)
2

(Im(Y11)− ωCgd)2

)
[F] (2.10b)

Ri =
Re(Y11)

(Im(Y11)− ωCgd)2 + Re(Y11)2
[Ω] (2.10c)

gm =
√

(Re(Y21)2 + (Im(Y21) + ωCgd)2) (1 + ω2C2
gsR

2
i ) [S] (2.10d)

τ =
1

ω
arcsin

(
−ωCgd − Im(Y21)− ωCgsRi Re(Y21)

gm

)
[S] (2.10e)

Cds =
Im(Y22)− ωCgd

ω
[F] (2.10f)

gd = Re(Y22) =
1

Rds

[Ω] (2.10g)

2.2.3 Parasitic Extraction and De-embedding Techniques

De-embeddding procedure for FETs was introduced in [48]. To de-embed the
GFET towards obtaining the intrinsic Y-parameters in Eq. 2.7, the para-
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sitic components as shown in Fig. 2.3 need to be extracted. To begin with, the
source and drain contact resistances can be expressed as Rs = Rd = Ra+Rm−g

where Ra = RsheetLa/W is the resistance coming from the ungated access re-
gion and Rm−g = ρc/W is the metal to graphene contact resistance. Rs and Rd

can be considered to be equal if the fabricated GFET has a symmetric device
layout. It is possible to obtain the values of Rs and Rd from the fit of the Eq.
2.4 with measured DC transfer characteristics. For more accurate determina-
tion of these resistances, 4-point transmission line model (TLM) measurement
technique [49, 50] can be utilised. The technique involves making a series of
metal-semiconductor, or in this case metal-graphene, contacts separated by var-
ious distances (Lc). Two probes are applied to each contact, and the resistance
between them is measured by driving a current through the metal-graphene
junctions by one pair of the contacts and measuring voltage across them using
the other pair. The total measured resistance can be written as:

Rtot = 2Rc +Rsheet
Lc
Wc

[Ω] (2.11)

where Rc (= ρc/Wc) is the metal-graphene contact resistance for each contact,
Rsheet is the sheet resistance of graphene in-between the contacts and Wc is
the width of the contacts. Consequently, a linear plot of Rtot versus Lc can be
obtained from several such measurements of contact pairs that are separated
by different Lc. The intercept of the line with Y-axis will be 2Rc and the slope
will be Rsheet/Wc. In this method, the specific contact resistivity and sheet
resistance are measured without any effect from the underlying semiconductor
or the contacting metal conductor.

The ohmic resistance of the gate can be described by a quantity called dc
end-to-end resistance which can be expressed by the following equation for a
rectangular gate [10]:

Rg,dc = ρg
W

Lh
[Ω] (2.12)

where ρg is the resistivity of the gate material and h is the height of the
gate. For a multifinger MOSFET, the gate resistance, Rg within small-signal
consideration can be determined from the expression [10]:

Rg = ρg
W 2
f

3WLh
[Ω] (2.13)
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where Wf is the gate finger width . The factor 3 in the denominator of Eq.
2.13 arises from the fact that when gate voltage varies, charges move in and
out of the gate but not all charges have to move from the feed point to the
very end of the gate due to their distributed nature.

Figure 2.4: Small signal equivalent circuit of the (a) open and (b) short struc-
tures.

The remaining parasitic components of the GFET can be extracted through
separate open and short structures of same layout, since it is not possible to
completely turn on/off the graphene channel as conventional FETs. Using the
equivalent circuits of these structures, as shown in Fig. 2.4, the values of the
parasitic components can be calculated. In the figure, the parameters R′s and
R′d are the resistances from source and drain metals and Rch is the shorted
channel resistance. According to the extraction technique described in [51]
the parasitic inductances can be obtained using the Z-parameters of the short
structure as follows:

Ls = Im(Z12,short) [H] (2.14a)

Ld = Im(Z22,short)− Ls [H] (2.14b)

Lg =
ωx Im(Z11,short,x)− ωy Im(Z11,short,y)− (ω2

x − ω2
y)Ls

ω2
x − ω2

y

[H] (2.14c)

where subscripts x and y denote values of two different frequency points. The
inductances are then subtracted from the Z-matrix of the open structure. Con-
sequently the parasitic capacitances and resistances can be extracted from the
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Y-parameters of the open structure using the expressions:

Cpg =
Im(Y11,open)

ω
[F] (2.15a)

Cpd =
Im(Y22,open)

ω
[F] (2.15b)

Gpg = Re(Y11,open) =
1

Rpg

[Ω] (2.15c)

Gpd = Re(Y22,open) =
1

Rpd

[Ω] (2.15d)

From the extrinsic GFET, the parasitics are subsequently de-embedded follow-
ing a similar method as depicted in [45] to obtain the intrinsic Y-parameters.
Afterwards, the intrinsic components of the small signal model are calculated
using Eq. 2.10.

2.3 Noise

As described in section 1.2, there can be different sources of noise in a mi-
crowave FET. But for determining the noise parameters of the GFETs in the
present study, considering only thermal noise is sufficient as will be apparent
in the coming chapters. Thermal noise in microwave FETs can be described by
equivalent noise temperatures of different resistive elements. A noisy resistor
can be modelled by a noiseless resistor and a noise voltage with root mean
square (RMS) value of:

vn =
√

4kTBR [V] (2.16)

where k is the Boltzmann constant, T is the resistor noise temperature, and B
is the noise bandwidth [37]. The available noise power is then PN = v2n/4R =

kTB. This concept is utilised to quantify the noise performance of a microwave
FET.

2.3.1 Noise Parameters

The noise figure of a microwave FET is defined as the ratio of the total available
noise power at the output to the available noise power at the output due to
thermal noise from input termination R which is at T = T0 = 290 K [37]. In
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Figure 2.5: Noise representation in two port network by (a) current source at
input and output and (b) voltage and current source at input.

other words it can also be expressed as the degradation of signal-to-noise power
ratio from input to output as follows:

F =
PS,in/PN,in
PS,out/PN,out

> 1 [dB] (2.17)

It is also possible to describe the noise performance of a transistor by a
set of four parameters. Knowing the value of these parameters is sufficient
for determining the noise figure. This set of parameters can be represented in
different forms depending on how the noise in a two-port network is presented.
For admittance representation as in Fig. 2.5(a) the noise parameters are [35]:

G1 =
|i21|

4kT0B
G2 =

|i22|
4kT0B

ρcorr =
i∗1i2√
|i1|2|i2|2

(2.18)

where ρcorr (= |ρcorr|eφcorr) represents correlation coefficient between the noise
sources at the input and output of the two-port network. For ABCD-matrix
representation as in Fig. 2.5(b) the noise parameters are [35]:

Rn =
|e2n|

4kT0B
gn =

|i2n|
4kT0B

ρ =
e∗nin√
|en|2|in|2

(2.19)

where Rn is noise resistance and gn is noise conductance. But the most useful
representation for describing noise parameters of FETs consists of minimum
noise temperature (Tmin), optimal source impedance (Zopt = Ropt + jXopt)
and gn. According to this representation the noise temperature of a two port
network is:

Tn = Tmin + T0
gn
Rs

|Zs − Zopt|2 [K] (2.20)

where Zs = Rs + jXs is the source impedance.
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2.3.2 Noise Correlation Matrix

To evaluate the intrinsic noise performance of the device, intrinsic noise param-
eters need to be known through de-embedding of parasitic noise contribution.
This can be performed by following the noise correlation approach in [36] where
the noise correlation matrix of the parasitic network (CP ) is de-embedded from
the noise correlation matrix of the extrinsic device (CPD) to calculate the noise
correlation matrix of the intrinsic device (CD). In ABCD representation the
noise correlation matrix of the intrinsic device can be expressed as [36]:

CD =

(
Rn

Tmin

2T0
−RnY

∗
opt

Tmin

2T0
−RnYopt RnY

2
opt

)
(2.21)

where Yopt = Gopt + jBopt = 1/Zopt.

2.3.3 Pospieszalski Noise Model

The noise from the intrinsic device can be divided into drain thermal noise
and induced gate noise. The gate noise is also interpreted as thermal and
uncorrelated with the drain noise in the Pospieszalski two temperature noise
model [35]. This model has been verified for both HEMTs and MOSFETs. The
two noise temperatures Td of gds (representing the intrinsic channel noise) and
Tg of Ri of this model can be obtained through optimisation to the intrinsic
noise parameters. In addition, for the Pospieszalski model to be valid for a
certain device the following condition needs to be fulfilled [35]:

1 ≤ 4NT0
Tmin

< 2 (2.22)

where N = GoptRn. In [35], Cgd is not included in the derivation of noise
parameters. As a first hand approximation, without including Cgd, the obtained
noise correlation matrix of the intrinsic device can be expressed in admittance
form as [52]:

CY =

(
〈i21〉 〈i1i∗2〉
〈i∗1i2〉 〈i22〉

)
(2.23)
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where the elements are:

〈i21〉 = 4kTgBRi

∣∣∣∣ jωCgs
1 + jωCgsRi

∣∣∣∣
〈i22〉 = 4kBRi

(
Td

1

Rds

+ TgRi

∣∣∣∣ gm
1 + jωCgsRi

∣∣∣∣2
)

(2.24)

〈i1i∗2〉 = 4kTgB
g∗mjωCgsRi

|1 + jωCgsRi|2

But to utilise the Pospieszalski noise model [35] for the intrinsic GFET in
Fig. 2.3, Cgd needs to be included into the noise parameters. This can be
accomplished algebraically by following the procedure as described in [53]. The
obtained noise parameters including Cgd are:

Tmin =
2

|A|2
(√

PQ− Im(H)2 + Re(H)
)

[K] (2.25a)

gn =
P

T0|A|2
[S] (2.25b)

Zopt =
1

P

(√
PQ− Im(H)2 + j Im(H)

)
[Ω] (2.25c)

where
P = Td

Rds

[
ω2(Cgd+Cgs)2

R2
i

+ ω4C2
gdC

2
gs

]
+

Tg
Ri
(ω4C2

gdC
2
gs + ω2g2mC

2
gd)

Q = Tg
g2m
Ri

+ Td
Rds

(
1
R2

i
+ ω2C2

gs

)
H = −Tg gmRi

[
ω2CgdCgs − jωgmCgd

]
− Td
Rds

[
1
Ri
− jωCgs

] [
ω2CgdCgs − jω

Ri
(Cgd + Cgs)

]
A = jω

Ri
Cgd − ω2CgdCgs − gm

Ri

Using Eq. 2.25, the noise temperatures, Td and Tg, can be obtained by following
an optimisation procedure as indicated in [35].

2.4 FET Figure of Merits

The figures of merit for microwave FETs are stability, maximum stable and
maximum available gain, cut-off frequency (fT ), maximum frequency of oscilla-
tion (fmax), minimum noise figure (Fmin) etc. The high frequency performance
is mainly benchmarked by fT and fmax and the noise performance by Fmin.

2.4.1 Stability and Gain

In applications of FETs as amplifiers, oscillation is not desired. A transistor
is unconditionally stable i.e. not prone to oscillation at any source and load
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impedances, if it fulfils the following necessary and sufficient conditions:

|∆| = |S11S22 − S12S21| < 1 (2.26)

K =
1− |S11|2 − |S22|2 + |∆|2

2|S12S21|
> 1 (2.27)

If K<1, the transistor is said to be potentially unstable and a simultaneous
conjugate match for maximum available gain does not exist.

At low frequency using a simplified small signal model for GFET where the
contact resistances, Rs and Rd, are included in gm,ex and gd,ex respectively and
the frequency dependent elements are ignored, the gain can be written as:

S21 = − 2Z0gm,ex
Z0gd,ex + 1

[dB] (2.28)

The explanation of the terms gm,ex and gd,ex are given in section 2.2.1 with
Eqs. 2.5 and 2.6, respectively. From Eq. 2.28 it is clear that, a high gm and a
low gd is necessary for achieving high gain.

Different definition of gain exists depending on the input and output refer-
ence planes in a two-port network. The transducer power gain, Gt, is defined
as the ratio between the power delivered to the load and the power available
from the source which can be expressed as follows [37]:

GT =
1− |Γs|2

|1− ΓinΓs|2
|S21|2

1− |ΓL|2

|1− S22ΓL|2
[dB] (2.29)

where
Γin = S11 +

S12S21ΓL
1− S22ΓL

(2.30)

Available power gain is the ratio between the power available at the output of
the transistor and the source which can be derived as [54]:

GA =
1− |Γs|2

|1− S11Γs|2
|S21|2

1

1− |Γout|2
[dB] (2.31)

where
Γout = S22 +

S12S21Γs
1− S11Γs

(2.32)

In relation with stability concern, the maximum stable gain of a ťpotentially
unstable transistor is defined as [37]:

MSG =
|S21|
|S12|

(2.33)
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2.4.2 Cut-off Frequency and Maximum Frequency of
Oscillation

The cut-off frequency is the frequency at which the short-circuit current gain
(h21) is unity (or 0 dB) which can be calculated from the S-parameters using
the expression [38]:

h21 =
−2S21

(1− S11)(1 + S22) + S12S21

[dB] (2.34)

The analytical expression for fT can be obtained in terms of the elements in
Fig. 2.3 as follows:

fT =
gm

2π((Cgs+Cgd)(1+gd(Rd+Rs)Rds)+Cgdgm(Rd+Rs)+Cpg)
[Hz] (2.35)

In an ideal scenario where the parasitics can be neglected, this expression can
be simplified as:

fT '
gm

2π(Cgs + Cgd)
[Hz] (2.36)

On the other hand, fmax is the frequency at which the unilateral or Mason’s
power gain [55] becomes unity (or 0 dB). The unilateral power gain can be
calculated as:

U =
|S21 − S12|2

det [I − SS∗]
[dB] (2.37)

The fmax can be expressed analytically in terms of fT by the equation:

fmax =
fT

2
√
gd,in(Rg +Rs +Ri) + 2πRgCgdfT

[Hz] (2.38)

Thus, it is apparent that for a high fmax, the gate resistance needs to be
reduced. It is also necessary to have good current saturation to achieve a high
fmax.

2.4.3 Minimum Noise Figure

An amplifier amplifies both signal and noise coming to its input being unable
to distinguish between them. In addition to that it also has some intrinsic
noise. Noise figure helps to quantify the amount of intrinsic noise produced
by a FET and thus it becomes an important figure of merit for the transistor.
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The magnitude of noise figure depends on the matching condition at the input,
bias condition and frequency. The noise figure obtained from the FET biased
and matched for minimum noise (Zs = Zopt) is called the minimum noise
figure (Fmin). At this point the noise source reflection coefficient also becomes
optimum (Γs = Γopt). The noise figure of a two port amplifier can be described
by these noise parameters by the expression:

F = Fmin +
4rn|Γs − Γopt|2

(1− |Γs|2)|1 + Γopt|2
[dB] (2.39)

where rn = Rn/Z0 is the equivalent normalised noise resistance. Consequently
Fmin is analogous to Tmin by the relation:

Fmin =
Tmin
T0

+ 1 [dB] (2.40)

The power gain at this minimum noise condition is called the associated gain
(Ga) which can be obtained from Eq. 2.31 by setting Γs = Γopt.
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Chapter 3

Processing and Measurement
Techniques

In this chapter, the processing and fabrication details of the GFETs are dis-
cussed. Additionally, the methods followed for device optimisation, character-
isation, and parameter extraction are also introduced.

3.1 Device Fabrication

For GFET fabrication, initially mechanically exfoliated and later on CVD
graphene was used. Although exfoliated graphene is still better in quality,
it is not suitable for fabrication on a large scale. For different stages of the
device optimisation mainly mechanically exfoliated graphene was utilised. The
devices used for actual measurement were fabricated using CVD graphene.

3.1.1 CVD Graphene

The chemical vapour deposition process described in [56] was used for growing
graphene. Graphene was transferred onto SiO2 (300 nm)/Si substrate following
the bubbling transfer procedure as in [57].

Graphene Synthesis

Graphene was produced in a cold-wall low-pressure CVD system specially de-
signed for carbon nanomaterial deposition (Black Magic, AIXTRON Nanoin-
struments Ltd.), as illustrated in Fig. 3.1. The samples were directly clamped
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onto a low-mass Joule heater which is capable of rapid thermal ramp rates.
The temperature was measured by a thermocouple (TC) contacting the heater.
In this process, graphene was grown on 25µm-thick copper (Cu) foil (99.9%,
GoodFellow) which works as the catalyst. The gas mixture was premixed and
introduced uniformly across the substrate surface by a quartz shower head.
The main precursor gas was a high purity methane (CH4) (99.9995%) predi-
luted with Ar to 5%. By the virtue of having only one C atom per molecule
and a high decomposition temperature [58], CH4 is advantageous to be used
as the precursor and provides the best graphene quality. The Cu foils were
first cleaned in acetic acid, acetone, and isopropanol to remove the native ox-
ides and organic contaminations. Afterwards, they were heated to 1000◦C at
300◦C/min and annealed for 5 min, under a flow of 20 sccm hydrogen (H2) and
1000 sccm argon (Ar) to remove any residuals not removed in wet cleaning and
increase grain size of Cu for better graphene quality. Subsequently, 30 sccm
prediluted CH4 was introduced into the chamber to initiate graphene growth.
The partial pressure PCH4 was 9 × 10−3 mbar at the total pressure P of 6.35
mbar. This partial pressure corresponds to 150 graphene layers grown per sec-
ond assuming the 100% efficiency of CH4 decomposition and C sticking to the
surface. But the growth on Cu foil is a self-limiting process where 95% is single
layer graphene [59]. The three gases were stopped after 5 min of deposition
and the system was evacuated to < 0.1 mbar. In the end, the samples were
cooled at 300◦C/min to room temperature under 20 sccm H2 and 1000 sccm
Ar.

Figure 3.1: Schematic of the cold-wall CVD system. [56]
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Graphene Transfer

The transfer procedure is illustrated in Fig. 3.2. First, poly(methyl methacry-
late) (PMMA) A4 resist (1000 rpm, 1 min, cure at 160◦C for 5 min) was spin
coated on graphene on top of the Cu foil so that the resist works as the support-
ing polymer thin film. For the supporting frame, 100-200 µm thick polyethylene
terephthalate (PET) thermal releasing tape was used, even though any semi-
rigid plastics that are inert during the electrolysis would be suitable. Some
resist was put around the PET frame for gluing. It was then attached to
the resist/graphene/Cu foil stack on a hot plate at 160◦C. Subsequently, the
frame/PMMA/graphene/Cu-bundle was used as the cathode of an electrolytic
cell with a solution made from 25 ml NaOH and 20 ml H2SO4 in 1000 ml H2O.
A platinum electrode was used (see Fig. 3.2(b)) as the anode. To start the
process, the current was ramped to ∼ 1A and maintained at that level until
the graphene was completely separated from the Cu foil by the H2 bubbling.
The typical time required for separation is around few minutes. The separation
was accelerated by clearing the resist from the edges by a sharp object. Af-
ter separation, the frame/PMMA/graphene-bundle was picked up and rinsed
in several deionised water baths. It was then placed on the target substrates
(e.g., Si with 300 nm SiO2) and left at room temperature until it gets dry. The
frame was easily removed simply by cutting through the PMMA at the inside
borders (Fig. 3.2(c)). Afterwards, the samples were baked at 160◦C for 5 mins
to remove water residue and improve adhesion. In the end the PMMA film
was dissolved by acetone.

3.1.2 GFET Fabrication

Four steps of electron beam (e-beam) lithography was used to fabricate the
GFET. The step by step GFET fabrication procedure is shown by schematic
diagram in Fig. 3.3 and described briefly as following.

• Double resist layers consisting of 400 nm thick MMA EL10 (developer
MIBK:IPA 1:1) and 120 nm thick ZEP520A 1:1 Anisole (developer Hexyl
Acetate) is used to facilitate lift-off of evaporated metal (Fig. 3.3(a)). In
the first e-beam step source/drain contacts are patterned (Fig. 3.3(b)).
Source/drain metallisation is done using 1 nm Ti/15 nm Pd/100 nm Au
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Figure 3.2: Schematic illustration of the frame assisted H2 bubbling transfer.
(a) Gluing of the plastic frame on top of the sample with PMMA A4 resist.
(b) Separation of the frame/PMMA/graphene from the Cu foil by H2 bubbles
induced by electrolysis of H2O. (c) Removal of the frame after transferring
graphene on desired substrate. [57]

evaporation by electron beam (Fig. 3.3(b)) and lifted off. Afterwards,
graphene is annealed in 1000 sccm Ar-flow at 230◦C.

• Subsequently, two 1 nm thick Al layer was evaporated all over the chip
and oxidised on a hotplate at 170◦C for 5 mins (Fig. 3.3(c)).

• Negative resist ma-N 2405 (developer ma-D 525) is used in the next e-
beam step. Mesas were patterned just to cover the area where the active
device will be and oxide was etched by HCl (10 s/nm ). Afterwards,
graphene was removed from all other places by 20 s oxygen plasma etch
(Fig. 3.3(d)). The alignment is crucial to minimise gate leakage current
and also for drain-source current IDS to flow only through the channel
and in turn increase transconductance gm.

• The 1 nm Al evaporation and oxidation step was repeated five times so
that the total thickness of the Al2O3 gate oxide is ∼ 10 nm (Fig. 3.3(e)).

• Gate fingers were patterned in the subsequent e-beam step with some
larger square patterns on both ends of the fingers so that the gate stack
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does not collapse after metallisation. As gate stack, 10 nm Ti and 300
nm Au was evaporated and lifted off (Fig. 3.3(f)).

• In the last e-beam step, larger source/drain/gate pads for probing were
patterned. First oxide was etched from the overlap area of the smaller
contacts using HCl. Subsequently, 10 nm Ti/305 nm Au was evaporated
and lifted off (Fig. 3.3(g)).

The SEM image of a final device is shown in Fig. 3.4 along with a zoomed in
image of the active region. The gate length of the GFET is L = 1 µm and
width is W = 2 × 30 µm. The drain length is 20 µm. The access distance
between gate fingers and source/drain contact is La = 100 nm. Two chips with
128 GFETs were fabricated and used for measurements.

Figure 3.3: Schematic of the GFET fabrication steps.

3.2 Device Optimisation

For accurate noise characterisation at device level, certain device parameters
and performance need to be optimised. This includes minimising p-type doping
of graphene, gate leakage, contact resistance etc. The measures taken to achieve
each of these performance goals are described briefly below.

3.2.1 Annealing

Unintentional p-type doping of graphene by fixed charge from various sources
results in an increase in carrier scattering, reducing the field effect mobility
of graphene [60]. Moreover, the operating gate voltage is usually chosen at a
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Figure 3.4: (a) SEM image of the complete GFET (scale bar 20 µm) and
zoomed image of the active region (scale bar 2 µm), L = 1 µm, W = 60 µm.

certain level where the GFET provides maximum gm and also sustain without
the gate dielectric breaking down. For this reason, it is essential to have the
Dirac point of the graphene close to 0 V i.e. to minimise the p-type doping
of graphene. Graphene can become unintentionally doped once it comes in
contact with the atmospheric O2 and H2O [61], resist (PMMA) [60,62], solvents
[63] and also through charge transfer from the SiO2 substrate [64]. In the initial
processing steps, it is not fully possible to prevent the graphene surface from
being exposed in the ambient atmosphere. Annealing is one of the ways for
reducing the doping effect from other sources. It is especially required to reduce
p-type doping from PMMA in different processing steps, although complete
removal is not possible [62].

As mentioned in section 3.1.2, after the first source and drain lift off step, an-
nealing is performed. Different annealing temperature (200◦C, 250◦C, 300◦C)
and gas (Ar, N2) was used with several GFETs using exfoliated graphene. The
transfer characteristic in three different annealing condition is shown in Fig.
3.5. As mentioned in [62], higher-temperature annealing (>250◦C) does not
really yield a much cleaner surface, but at the risk of structural damages when
graphene is free-standing. Although in our case graphene is not free standing
but the charge transfer from SiO2 substrate might increase at higher temper-
ature [64]. For this reason annealing in Ar flow at 230◦C was used finally.
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Figure 3.5: Transfer Characteristics of GFETs with different annealing treat-
ment.

3.2.2 Gate Leakage

Leakage current through gate oxide needs to be minimised so that shot noise
contribution becomes negligible at measured noise level. For this purpose, the
oxide quality needs to be improved at the same time minimising the carrier
mobility degradation in graphene as much as possible. Several gate dielectrics
were compared in terms of their κ-value and resulting mobility in graphene
after top-gate dielectric formation in GFETs in [65]. From this comparison
Al2O3 seemed to provide reasonable trade-off. For this reason in this study,
layer-by-layer deposition of Al2O3 was used.

The leakage current per area for MOS capacitors with various thickness of
Al2O3 including 3×2 nm, 4×2 nm, 4×1.5 nm, 4×1 nm and 10×0.5 nm is shown
in Fig. 3.6. It can be clearly seen that thinner oxidation thickness provides
lower leakage current value. The reason behind this is, once the native oxide
is formed on the top of the Al-layer it does not penetrate further inside. As a
result thicker Al-layers are not fully oxidised which gives rise to a metal/oxide
layer instead of a full oxide layer. Such alternative metal/oxide layers result
in leakage through Ohmic conduction. On the other hand, too thin deposition
thickness results in island formation instead of a continuous Al film which
degrades the oxide quality and increases leakage, as can be seen in the case of
10 × 0.5 nm thick Al2O3. Within the possible gate voltage operating range,
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Figure 3.6: I-V Characteristics of MOS capacitors with varying thickness of
Al2O3.

which should be low for thin oxide (−1 V to 1 V), Al2O3 with 4×1 nm thickness
gives three orders of magnitude improvement in the leakage current. So the
MOS capacitor with 1 nm oxidation layer was chosen for GFET fabrication. As
mentioned in section 3.1.2, 7×1 nm Al2O3 was used. The first two layers were
deposited to protect the graphene during mesa formation, and subsequently,
five more layers were deposited with an optimum deposition time and oxide
thickness. With 60 µm2 gate area, the total gate leakage at −1 V will be in
the order of 1 nA. Whereas in comparison, at optimum low noise bias, the
InP HEMT exhibits a gate current density of 200 nA/mm at 300 K, which is
considered to be very low [66]. This is equivalent to a total leakage current of
12 nA for 60 µm gate width.

3.2.3 Contact Resistance

Another important issue which needs to be optimised is the high source and
drain contact resistances (Rs and Rd) which results in a large discrepancy
between the extrinsic and intrinsic characteristics of GFET. As indicated in a
previous study [65], using Ti/Pd/Au as contact metal stack gives comparatively
lower contact resistance [67]. Reducing the access region distance should reduce
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RA and consequently reduce Rs and Rd, where a self-alignment process is the
limiting case [67].

Figure 3.7: Transfer Characteristics of GFETs with varying La.

Several GFETs have been made using exfoliated graphene with different La
including 100 nm (D1), 75 nm (D2) and 50 nm (D3). As can be seen from
Fig. 3.7, reducing La did not improve the device characteristics significantly.
In reality, D3 with La =50 nm was not patterned correctly which indicates
increased uncertainty in alignment. So for the actual device for measurement,
La = 100 nm was used.

3.3 Device Measurement

The measurements were performed in three steps. First, DC measurements
were performed to select devices with comparatively higher gm and low gate
leakage so that it could provide enough gain during noise measurements and
thus reduced measurement uncertainty [68]. Subsequently, S-parameters of
some of these devices were performed to confirm the requirement |S21| > 1.
Finally, noise measurements were performed on those devices.

The DC characterisation of the GFETs was performed using Keithley 4200
semiconductor characterisation system. Even after annealing the CVD graphene
was p-doped. As a result the optimum gate bias was mainly on the positive
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voltage side where maximum gm was achieved. The GFETs drain bias was kept
negative so that gm, and thus S21, were positive.

An S-parameter measurement was performed on a representative GFET
from 0.5-20 GHz using Agilent N5230A network analyser. From this measure-
ment, the values of fT and fmax could be extracted.

Figure 3.8: Noise Measurement Setup.

The noise measurements were performed at an optimum gate voltage, VGS =

0.08 V, to obtain the highest possible gm at a drain bias of VDS = −1.5 V and
IDS = 22 mA in the 2-8 GHz frequency range at room temperature. The
on-wafer measurement setup is shown in Fig. 3.8. A schematic diagram of
the setup is shown in Fig. 3.9. The device-under-test (DUT) was connected
to an electronic mismatch source tuner A433067 (2-26.5 GHz) with an Agi-
lent 3318A04727 noise source of 5 dB ENR (0.01-18 GHz) on the gate side
through a bias tee. A remote receiver module 2-26.5 GHz ([S]/NF switch) was
connected on the drain side through another bias tee. The device was biased
from a DC power supply with dual output. The S-parameters were measured
and displayed through Anritsu 37397C vector network analyser (VNA). An
Agilent N8975A noise figure analyser (NFA) controlled the noise source and
measured the noise figure. The receiver module was connected to the NFA
through a 30-dB low noise amplifier (LNA) biased at +15 V, 208 mA and a
10-dB SMA attenuator. An NP5 Wafer Probe Test Set (control box) controlled
the tuner states and switched the receiver module between the VNA and NFA.
All the frequency points were measured for 17 tuner states. In each state, the
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mismatch source tuner presented a different source impedance to the DUT at
each frequency. The VNA, NFA and the control box were in turn calibrated

Figure 3.9: Schematic of Noise Measurement Setup.

and controlled by the computer through MATLAB commands. The gate leak-
age current was monitored throughout the measurement with a Keithley 2425
sourcemeter (not shown in the setup). The noise measurement was done at
least three times for the same device to avoid the non-systematic uncertainty
in measurement.



34 Processing and Measurement Techniques



Chapter 4

Results and Discussions

This chapter outlines the results obtained from the DC, small signal, and even-
tually, noise parameter characterisation of the GFETs. The corresponding
modelling outcomes are also presented alongside. In addition, the results are
discussed by relating with possible physical mechanism and consequences.

4.1 DC Characteristics

The DC transfer characteristic of a representative GFET at Vds = −1.5 V is
shown in Fig. 4.1 along with the corresponding transconductance. The per-
formance is degraded due to the stress exerted on the GFET from noise mea-
surements. The output characteristic is shown in Fig. 4.2. From small signal
measurements, initial values of the extrinsic transconductance is determined
to be gm,ex = 14.6 mS and output conductance is gd,ex = 7.4 mS.

From the DC characteristic of the GFET, carrier mobilities can be extracted
using Eq. 2.4. The fitting of the transfer characteristic of the same device at
Vds = −0.1 V is shown in Fig. 4.3 where the measured values were obtained
before noise characterisation i.e. before stress. The fitting parameters along
with the extracted carrier mobilities are shown in Table 4.1.

Table 4.1: Parameters for Mobility Extraction

Rext n0 Cgate µe µh Vdirac

72 Ω 2.1×1012 cm−2 600 nF/cm2 1300 cm2/V·s 450 cm2/V·s 2.05 V
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4.2 Small Signal Characteristics

The measured S-parameters of the same GFET at a bias point of Vgs = 0.08

V and Vds = −1.5 V in the frequency range of 2 to 8 GHz are shown in Fig.
4.4. Also shown are the modelled S-parameters using the small-signal model
in Fig. 2.3. Using the measured S-parameters in a longer frequency range (100
MHz-20 GHz) for a similar device, the short circuit current gain and Mason’s
unilateral power gain are calculated from Eqs. 2.34 and 2.37. As shown in
Fig. 4.5, the fT (f at |h21|2 = 0 dB) and fmax (f at U = 0 dB) of the GFET
are obtained to be on the order of 10.5 GHz and 13 GHz, respectively. The
Mason’s gain is flat at low frequency due to Rpg and Rpd.

4.2.1 Parasitic Components

To obtain Rs and Rd, the sheet resistivity of graphene (Rsheet) and contact
resistivity (ρc) are extracted through TLM measurement. For this purpose,
contact pads separated by 100-850 nm (with 50 nm increment) were fabricated
with graphene as the conducting channel and the pad metallisation was kept
same as the source/drain (1 nm Ti/ 15 nm Pd/ 90 nm Au) of GFETs. Such
small contact distances are chosen to mimic the ungated access area in GFET
as closely as possible. This is essential to keep the doping level from the
charge transfer of the source/drain contacts similar to GFETs. Later on, the
contact spacings were measured with SEM and plotted with correction in Fig.
4.6. Although such small contact spacing might seem unconventional for TLM
measurement, but the high sheet resistance of graphene results in a reasonably
well measurement accuracy. Subsequently, the sheet resistance of graphene,
Rsheet = 583 Ω/� and contact resistivity, ρc = 76 Ω · µm are extracted from
Fig. 4.6. Although Rsheet is considerably higher than the values of highly doped
III-V cap layers in HEMTs but the value Rs = Rd = 135 Ω · µm is comparable
to state-of-the-art HEMT technology [66].

The gate resistance is obtained to be 54 Ω/mm from DC end-to-end mea-
surement using separately fabricated extended gates of 1 µm length and 200
µm width with same metallisation as the gate (10 nm Ti/300 nm Au).

The remaining parasitic components of the GFET are extracted using sep-
arately fabricated open and short structures excluding the graphene channel.
The short was obtained using 20 nm thick Au layer between source, gate and
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drain contacts. S-parameter measurement was performed on these open and
short structures in the same procedure as in section 3.3. From this, using
the method depicted in section 2.2.3, the values of the parasitic components
are obtained. Subsequently, from the extrinsic GFET, the parasitics are de-
embedded to evaluate the intrinsic device parameters. The extracted values of
the parasitic components of the GFET are listed in Table 4.2.

Table 4.2: Extracted Parasitic Components of GFET

Lg Rg Ls Ld Rs/Rd Cpg Cpd Rpg Rpd

27 pH 1 Ω 10 pH 70 pH 2.2 Ω 27 fF 23 fF 4000 Ω 4800 Ω

4.3 Noise Characteristics

As stated in section 3.3, the noise measurements were performed at least three
times and from Fig. 4.7, it can be seen that the three measurements mostly co-
incide. Thus, the nonsystematic uncertainty in measurement is avoided. The
measured noise parameters, namely, Fmin, optimum source reflection coeffi-
cient, Γopt and noise resistance, Rn are shown in Fig. 4.8, Fig. 4.9, and Fig.
4.10, respectively. During the noise measurement, the gate leakage was Ig ≈
100 pA, which is beneficial to have a minimum level of shot noise [14] and thus
negligible contribution at the measured noise level.

4.3.1 Noise Modelling

The parasitic components are de-embedded from the extrinsic GFET as de-
scribed in section 2.2.3 to obtain the corresponding intrinsic device parameters
which are listed in Table 4.3. Subsequently, the intrinsic noise parameters of
Fig. 4.8-4.10 are obtained following the noise correlation matrix approach as
depicted in section 2.3.2. As can be seen from Fig. 4.11, the condition as
described by Eq. 2.22 is valid for the measured noise parameters and thus
the validation of Pospieszalski two temperature noise model is confirmed for
the GFET. Finally, the noise temperatures of Pospieszalski noise model (see
section 2.3.3) are obtained by optimising the values of Td and Tg for Eq. 2.25
in a mean square error sense to the de-embedded noise parameters from Eq.



38 Results and Discussions

2.21. The model fits using the obtained noise temperatures Td = 1950 K and
Tg = 700 K are also presented in Fig. 4.8-4.10.

Table 4.3: Intrinsic GFET Parameters for Noise Model and Obtained Noise
Temperatures

Cds Cgs Cgd gm Ri Rds Ta Td Tg

5 fF 130 fF 86 fF 16 mS 18 Ω 123 Ω 297 K 1950 K 700 K

As can be seen from Fig. 4.8, the modelled minimum extrinsic noise figure
(Fmin,ex) does not go through 0 dB at zero frequency. This is due to parasitic
noise contribution from the insufficiently insulating substrate. De-embedding
of Rpg results in a intrinsic minimum noise figure, Fmin,in = 0 dB at zero
frequency for the intrinsic GFET, as shown by the modelled intrinsic device
behavior. For the same reason, in Fig. 4.10, measured Γopt does not go through
Z = ∞ at low frequency whereas the Γopt for intrinsic device does follow the
ideal behavior after de-embedding.

4.3.2 Comparison of Γopt with Γs for Maximum Gain

The stability factor K and |∆| are plotted in Fig. 4.12 for the same GFET. As
can be seen from the figure, both K and |∆| are less than unity which imply
that the GFET is potentially unstable. Nonetheless, as was pointed out in
a previous study of GFET small signal amplifier [33], a conjugately matched
output (ΓL = Γ∗out) does not have much contribution to gain in GFETs. For
these reasons, it is convenient to consider the source reflection coefficient, Γs,
for maximum stable gain, MSG, which is plotted in Fig. 4.10. From this, it is
apparent that the required Γs for maximum gain do not differ much from Γopt

for minimum noise. This is also visible in Fig. 4.13 where the values of different
gains differ < (1− 2) dB from each other. In this figure, the transducer power
gain (GT ) and available power gain (GA) are calculated by setting Γs = Γopt

and ΓL = 0 for 50 Ω termination in Eqs. 2.29 and 2.31, respectively. Maximum
stable gain (MSG) is calculated using Eq. 2.33.
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4.4 Discussions

To compare the noise performance of GFETs with other technologies a particu-
lar frequency f = 2 GHz is chosen which is appropriate considering the GFETs’
fT and fmax. For matured technologies, reported measurement frequency in
the literature is generally higher. So for comparison, another figure of merit
Fmin/f/L [69] is used. The comparison of cut-off frequency, minimum noise
figure, and Fmin/f/L of different microwave FET technologies with GFETs at
room temperature is presented in Table 4.4. The intrinsic and extrinsic Fmin
are similar for matured technologies.

For GFETs at 2 GHz, Fmin,ex = 2.4 dB and Fmin,in = 0.8 dB with an
associated gain Ga = 10.6 dB. which is superior to Si CMOS [70] technology
and comparable to GaAs MESFETs [71] with similar channel length. For the
initial stages of Si CMOS RF technology [70], the degradation in Fmin was
mainly due to pad parasitics. In case of GFET, we get similar degradation due
to pad parasitics. Nevertheless, in comparison to the latest 45 nm Si CMOS
technology where metal gate is used to reduce such parasitic effects [72], GFET
performs better in terms of noise as can be seen from the Fmin,in/f/L value.
Subtracting the parasitic noise contribution makes the Fmin,in/f/L value for
GFET comparable to other III-V technologies as well.

Table 4.4: Noise Performance Comparison of Different FET Technologies at
f = 2 GHz in RT

Technology L f fT Fmin,in Fmin,ex(dB) Fmin,in/f/L

(µm) (GHz) (GHz) (dB) (dB) (dB/GHz/µm)
GFET 1 2 10.5 0.8 2.4 0.40

Si CMOS [70] 0.97 2 10 1.1 3.2 ∼1
Si CMOS [72] 0.045 2 395 − 0.1 1.11

GaAs MESFET [71] 0.90 2 10.5 − 0.6 0.33
GaAs HEMT [73] 0.15 18 65.9 − 1.5 0.33
GaAs pHEMT [74] 0.25 2 100 − 0.2 0.40
InP HEMT [75] 0.15 93 186 − 2.5 0.18

The extracted values of Td and Tg are comparable to GaAs HEMTs [76]
and GaAs pHEMTs [53] at similar bias current level. The value of Tg is close
to ambient temperature in most of the technologies. A Tg elevated from room
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temperature is attributed to self-heating, generally occurring at very high IDS
[76]. Choosing a more thermally conducting substrate might improve Tg and
thus Fmin but at the same time it also needs to provide enough electrical
insulation.

The inferior noise characteristics of GFETs compared to GaAs or InP
HEMTs can be attributed to the reduced electron and hole mobilities which
were extracted from the DC characteristics to be 1300 and 450 cm2/V·s, respec-
tively. An observed mobility increase at cryogenic temperatures in graphene
[28] is likely to provide reduced noise figure at low temperatures in GFETs.
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Figure 4.1: Transfer characteristic and transconductance of GFET at VDS =

−1.5 V.

Figure 4.2: Output characteristic of GFET at VGS = −2 to 2 V.
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Figure 4.3: Measured and modelled transfer characteristic of GFET at VDS =

−0.1 V.

Figure 4.4: Measured and modelled GFET S-parameters from 2 to 8 GHz at
the bias point of VGS = 0.08 V and VDS = −1.5 V.
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Figure 4.5: Calculated short-circuit current gain and Mason’s unilateral power
gain of the GFET at the bias point of VGS = 0.08 V and VDS = −1.5 V.
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Figure 4.6: Determination of contact resistance from TLM measurement with
corrected contact spacing from SEM measurement.
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Figure 4.7: Measured and modelled minimum noise figure of the extrinsic
GFET for three measurements.

Figure 4.8: Measured and modelled minimum noise figure of the extrinsic and
de-embedded GFET.
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Figure 4.9: Measured and modelled noise resistance of the extrinsic and de-
embedded GFET.

Figure 4.10: Measured and modelled optimum source reflection coefficient of
the extrinsic and de-embedded GFET.
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Figure 4.12: Stability factors of GFET.
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Chapter 5

Conclusion

5.1 Summary

The first device level noise parameter characterisation of GFETs at microwave
frequencies is demonstrated in this thesis. Initially, an optimised process has
been developed to fabricate GFETs using CVD graphene. The performance
of the GFET has been optimised through minimising gate leakage, contact
resistance and unwanted doping of graphene. Use of CVD graphene has en-
sured large scale reproducibility. The extrinsic GFET has displayed a minimum
noise figure Fmin,ex = 2.4-4.9 dB with an associated gain Ga = 10.6-2 dB in the
2-8 GHz frequency range. Through parasitic extraction and de-embedding,
the minimum noise figure of the intrinsic GFET has been estimated to be
Fmin,in = 0.8-4.3 dB in the same frequency range. Subsequent noise mod-
elling has provided an equivalent drain noise temperature Td = 1950 K and an
equivalent gate noise temperature Tg = 700 K.

5.2 Outlook

By utilising the knowledge of all four noise parameters obtained from the
present study, the immediate extension would be to design an LNA. Through
this, cryogenic noise characterisation of GFETs could be realised.

At present, GFETs provide comparable noise performance with respect to
Si CMOS technology which indicates possible integration with Si technology for
RF applications. To be comparable to GaAs [74,76] or InP HEMTs [66], further
improvement of the noise performance and extension to higher frequencies need
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to be accomplished. To reach this goal, reducing the gate length of GFETs is
necessary which can provide comparable fT and fmax [29,30]. Improvement in
fmax will translate into a lower Td [69] and consequently, will provide better
noise performance. Additionally, better channel carrier dynamics needs to be
achieved by approaching the room temperature mobility of intrinsic graphene
in GFETs.
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