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Abstract

Graphene is a promising channel material for high-frequency field-effect transistors,
owing to its intrinsically high carrier velocity and purely two-dimensional structure.
At high frequencies, the noise originated in device itself, especially the thermal
noise, becomes very crucial for the performance of transistors. The thermal noise
can be influenced by ambient temperature or self-heating due to high drain bias.
This motivates the study of the effect of temperature on the noise performance of
graphene field-effect transistors (GFETS).

In this thesis, the results on high-frequency noise characterisation and modelling
of the GFETs at different temperature and bias conditions are presented. The basic
idea and main procedures of high-frequency noise modelling are based on Pospieszal-
ski’s noise model. Two different high-frequency noise characterisation techniques,
i.e., the Y-factor and cold-source methods, and two calculation methods of high-
frequency noise parameters, i.e., the source-pull and 50 €2 impedance termination
(F50) methods, have been analysed and discussed. The high-frequency noise of the
GFETs at an ambient temperature range from -60 °C to 25 °C is presented. The
minimum noise figure (F},;,) of the GFETs decreases with the drain bias and satu-
rates above approximately -1 V due to the carrier mobility saturation in the channel.
The noise performance shows a rather strong dependence on both temperature and
gate bias mainly due to the change of carrier density and the contact resistance. The
minimum noise figure (F,;,) is 1.2 dB at 6.5 GHz at room temperature, which is
comparable with that of the best metal-semiconductor field effect transistors. And
it decreases down to 0.3 dB at 8 GHz for an ambient temperature of -60 °C. An
empirical noise model for the GFETs considering both temperature and gate voltage
has been proposed and verified by the experimental results.

In conclusion, a way to characterise the temperature dependence of noise perfor-
mance of the GFETs is discussed, which allows for further development of low-noise
GFETs for high-frequency applications.

Keywords: graphene, GFET, noise characterisation, thermal experiments, minimum
noise figure, Fsy method, field effect transistors, microwave electronics
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Introduction

High-frequencies electronics working at microwaves (0.3 - 100 GHz) and terahertz
waves (loosely defined as 0.1 - 10 THz) have attracted a large number of interests be-
cause of their existing and potential applications. Nowadays, microwave electronics
have been extensively used for wireless communication from mobile phones to satel-
lites. Over the past few decades, the terahertz part of the electromagnetic spectrum
has also been studied to a large extent. The larger bandwidth and lower energy of
terahertz waves can make it be used in medicine and disease diagnostics [1], security
inspection [2] and high-speed communication [3]. Most of these applications rely
on the development of high-frequency field-effect transistors (FETs) and integrated
circuits.

The FET is a three-terminal device where the current that flows through can
be controlled by an electric field applied at the gate. The first FET was invented by
William Shockley, John Bardeen and Walter Brattain in 1952 [4]. The traditional
FETs are made of Si and GaAs which have been widely used as digital logic devices
and radio-frequency devices. However, the operating frequency of traditional FETs
is less than 50 GHz due to the limitation of the structure and material. There
are two ways to increase the operating frequency of the FETs: either to improve
the structure or introduce new material with better properties. The high electron
mobility transistor (HEMT) invented by T. Mimura in 1979 utilises GaAs and Al-
GaAs heterostructer to form a two-dimensional electron gas channel [5]. And then
In,Ga;_(As was introduced to increase the mobility which shows a very high maxi-
mum frequency of oscillation f,,., up to 1.2 THz [6].

However, for even higher frequencies, the new material with higher electron
mobility such as the two-dimensional semi-metal material, graphene, was introduced
by Novoselov et.al in 2004 [7]. Since then it has raised a lot of interest in fundamental
researches as well as applications. Graphene has only one layer of carbon in a
hexagonal honeycomb lattice with a carbon-carbon bond length of 1.42 A and the
lattice constant of a = 2.476 A. Unlike the conventional semiconductor material
which has a bandgap between the valence band and conduction band, there are
six points in momentum space of graphene that has no bandgap. Around these
points, the dispersion relation of graphene is approximately linear and these points
are named Dirac point. The unique structure of graphene gives it a remarkable
electron mobility at room temperature, more than 2 x 10° cm?/Vs with a suspended
monolayer in vacuum [8]. These properties make it a very suitable channel material
for high-frequency FETs. The first top-gated graphene field-effect transistor (GFET)
was investigated in 2007 [9]. Also, the atomic thickness of graphene allows GFETs
to be scaled to shorter channel lengths and higher speeds without encountering
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the adverse short-channel effects [10]. It is also possible to combine graphene with
plastic substrates to make a flexible device which is essential for the future of internet
of things (IoT) [11]. The transit frequency fr and the maximum frequency of
oscillation f,4, derived from the short-circuit current gain, |ho;|=1, and the Mason
gain, U=1 [12,13] of the state-of-the-art GFETSs are summarised and compared with
other high frequency FETs in Fig.1.1 [14,15]. The fr of GFETs is comparable with
HEMTs, but the f,,q, is much lower due to the absence of bandgap.

(a) 1000 688 GHz (b) 1000 15 THZ...
® ®iscH: e F : 290 GHz
—_ ** 420 GHz e e
¥ ® ° . "o Y .
~
) 280GHz % 312GH: WE = ® @
= ® - N ox
> 7*". T 100 . L.
2 100} =/ Ne o T u
o 152GHz 153GHz Wi Q
52 Exoliated GFET * % =
g Epitaxial GFET * £
= CVD GFET « u had
© ®  InGaAs NW FET 10 ¢ GFET
= % CNTFET ®  InGaAs NWFET
&} ®  InP HEMT & GaAs mHEMT ® [P HEMT & GaAs mHEMT
10 =  GaAspHEMT B GaAspHEMT
*  SiMOSFET *  SiMOSFET
1 L 1 ! 1
0.01 0.1 1 0.01 0.1 1

Gate length (pm)

Gate length (um)

Figure 1.1: State-of-the-art intrinsic (a) fr and (b) fi.. for HEMTs, Si CMOSs,
CNT and NW FETs against reported GFETs [14,15].

In addition, to enhance operating frequencies, improving the noise performance
of GFETs is another challenging task. For high-frequency operation, minimum noise
figure (F,in), as important as fr and fi,4., has been reported by a few papers. The
first GFET amplifier with power gain was reported in 2012 which has an extrinsic
minimum noise figure (F,;,) of 3.3 dB at 1 GHz [16]. A F;, of 2.4-4.9 dB was
obtained in 2-8 GHz for the extrinsic chemical vapour deposition (CVD) graphene
FET on silicon substrate [17]. The quasi-freestanding bilayer graphene grown on
an SiC (0001) substrate with a F,;, of 0.8-3.6 dB in 10-26 GHz [18] and the flex-
ible graphene microwave transistors with a F,;, of 1.34 dB at 5.5 GHz [19] were
reported. The F,,;, of the latest GFETs is compared with other high-frequency
FETs in Fig.1.2. It shows that the noise of the GFETs [18] is similar to COMS [20]
and MESFET [21], but higher than HEMTs [22,23]. However, the temperature
influence of the noise for GFETs hasn’t been discussed yet. Temperature usually
plays an important role in the noise performance of transistors and the traditional
FETs have been reported that they can have lower noise when operated at a lower
temperature. This thesis will discuss a way to measure the F,,,;, of GFETs and find
out its temperature dependence.

1.1 Thesis outline

In this thesis, the noise characterisation of GFETs is performed with different tem-
perature and bias conditions. Chapter 2 introduces the noise theory and discusses
two different high-frequency noise characterisation techniques and two calculation

2
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Figure 1.2: F,,;, for HEMTs, Si CMOS, MESFET and against reported intrinsic
GFETs [18,20,21,22,23].

methods of high-frequency noise parameters. Chapter 3 shows the fabrication pro-
cess, experimental results and noise modelling of the GFETs. Chapter 4 concludes
the work results and depicts the possible future work.
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Theoretical background

Amplifiers are crucial building blocks of any communication system and the block
diagram of a microwave amplifier is shown in Fig.2.1 [24]. At high frequencies,
the thermal noise will affect the output signal. Therefore, it is necessary to study
the noise theory and develop low-noise amplifiers. In this chapter, two different
high-frequency noise characterisation techniques, i.e., the Y-factor and cold-source
methods, and two calculation methods of high-frequency noise parameters, i.e., the
source-pull and 50 €2 impedance termination methods, will be analysed and dis-
cussed.

]
v, /0° ; G, G, G, z,
NN N .

rs SH 522 I-‘l..

Figure 2.1: A block diagram of a microwave amplifier [24].

2.1 Noise theory

2.1.1 Noise

The noise in semiconductor devices is referred to the spontaneous fluctuation in
current or voltage which is considered as an undesired effect. The most important
four kinds of noise in GFETs are

o Thermal or Johnson noise, which originates from the kinetic energy of charge
carriers inside an electrical conductor at equilibrium [25,26].

» Shot noise, which is caused by the quantized and random nature of the current
flow [27].

» Generation-recombination (G-R) noise, which is due to the fluctuations of free
carriers number associated with random transitions of charge carriers between
states in different energy bands [28].

o Flicker or 1/f noise, which has a 1/f power spectral density and it is a low-
frequency phenomenon [29].
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The G-R noise is lower than gigahertz [28] and the shot noise and flicker noise
become important only when FETSs have a large gate leakage current [29]. Therefore,
this thesis will only investigate the thermal noise for high-frequency devices.

2.1.2 Noise parameters

To characterise the noise for high-frequency FETs, a figure of merit is required to
describe the performance of it.

The highest output signal-to-noise power ratio (SNR) of a system equals to
the input SNR when all the components in the system is noiseless. But usually,
the components which refers to FETs here have their own noise that decreases the
output SNR. So the ratio of the signal-to-noise power ratio at the input to the signal-
to-noise power ratio at the output, defined as the noise factor (F'), can describe the
noise performance of a FET [30]:

_ Si/N;
- S,/N,’

where S; and S, are the input and output signal power, N; and N, are the input
and output noise power, respectively.

F' is a figure-of-merit that describes the degradation of SNR due to the noise
caused by the components in a signal chain. Take the amplifier as an example, if the
amplifier is noiseless, then the output signal is simply the input multiplied by the
amplifier gain. But realistically, the amplifier also has noise and the output signal
is larger than the input signal multiplied by the gain. So F' can be expressed as

F (2.1)

B S;/N; Ny +GN; (2.2)
- GSi/(N,+GN;)  GN; ‘
where N, is the noise added by the amplifier, G is the gain of the amplifier.A
system amplifies signal and noise at the same time which does not change the SNR.
Therefore, SNR is only dependent on the temperature of the noise source, which
means the £’ should not be related to the gain.

F' is a property of a device-under-test (DUT) which is not dependent on the in-
put signal. The F of a DUT is influenced by the impedance mismatch between the
noise source and DUT, and the impedance match between DUT and the measuring
instrument. Therefore, a special tuner is needed to provide a certain source reflec-
tion coefficient to make a perfectly matched system. The F' depending on source
impedance presented by the tuner is described by as

F

AR, Topt — T
Ze |14 Tol® (1= 1)

where F,;, is the minimum noise factor and R,, is the noise resistance. I' is the
source reflection coefficient. Only when I'y = I" ¢, the F' of the system equals
F rin - Foin, Ry, and T' oy are usually frequency dependent.

The DUT cannot be measured individually. Usually, it is measured in a system.
To find the F' of the component that is interested, the F' of the overall system and

6
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the gain of other components are needed. Then the F of the device can be calculated
from the overall noise figure:

Fy—1
Gy

The noise measure (M) is another important parameter for a system when
considering cascaded two-ports [31] and it is defined as

Fsys == F1 + (24)

F—-1

- 1
1—Ga

M (2.5)

where G, is the available power gain and the M is a function of source admittance.

For high-frequency FETs, thermal noise is the most important noise source.
Because the thermal noise of an electric system usually comes from the vibration of
carriers, including electrons and holes. And the vibrations spectral is nearly uniform
over RF and microwave frequencies, which is the signal spectral that is interested.
So it will contribute to the signal-to-noise power ratio (SNR). The noise power of a
thermal source at temperature T is N = kgT' B, where kg is Boltzmann’s constant
(1.38 x 107 J/ K) , and B is the system’s noise bandwidth. The IRE (forerunner
of the IEEE) adopted 290 K as the standard temperature Ty for thermal source at
the input. Then the F' becomes

T,
F=_+1. 2.6
o+ (26)
where T, is the noise temperature of the DUT.
F in Eq. (2.1-2.6) is often called noise factor or sometimes noise figure in linear

terms. Noise figure usually is F' expressed in log scale:

NF = 10log,, F. (2.7)

2.1.3 Pospieszalski’s noise model

In high-frequency FETs, the thermal noise comes from the resistive parts of the
channel, parasitic resistances and high-field diffusion noise from the velocity sat-
urated part of the channel [32]. The intrinsic FET can be considered as a linear
two-port system as the equivalent circuit using different matrix representations as in
Fig.2.2 [33,34]. Fig.2.2a shows an equivalent circuit with two noise current sources
i1 and io with an inner infinite impedance represented by admittance matrix (Y).
It can also present all the internal noise sources only at the input side by a noise
current source ¢ and a noise voltage source e represented by chain matrix (ABCD)
as shown in Fig.2.2b.

In the equivalent circuit of GFETs, the noise can be expressed as drain and gate
current sources, ¢4 and ¢,. In Pospieszalski’s noise model, the resistive elements of the
intrinsic circuit are assigned to the unrelated equivalent gate and drain temperature
Ty and Ty:

i2 = 4k AfT,/rgs, (2.8)

7
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(-]

Linear
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Two-Port
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]

Figure 2.2:

(a)

. e,
V.’ <:> ‘!J. ju ;'L;

o

Linear
Noiseless
Two-Port

[ABCD]

(b)

(a) Equivalent circuit with the outside noise current sources i; and

iy respectively. (b) Equivalent circuit with noise voltage source e and noise current
source ¢ at the input [33,34].

i2 = 4kpA fTygas, (2.9)

where Af is the incremental bandwidth [35]. The r,, is the gate-source resistance

and g4 is the drain conductance which are shown in the intrinsic equivalent circuit
of FETs in Fig.2.3 [36].

@T
L, R, « T ;'/";"). J@T
m GSi* "DSi
o—IYY AAAA T I—Mw ;
l : V Ld de@Td : l
1 (.. GSi I
- 1 g8 _ [ _ !
(, g : £ l.”jl' C‘I_\. :
L el - :
L,
R\
@T

Figure 2.3: Equivalent circuit and the noise model of GFETs [36].

And the minimal noise temperature can be expressed by T, and Ty:

fT Ts
r=(3) 2R 210
£\ gasT,
g":<fT dTOd, (2.11)
T ngds 2 2 2
R":T T T g7 (1+wCr?,) (2.12)
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f r\ r\
Tmin =2-- gdsrgsTgTd + <> TgsggsTg + 2 <> rgsgdsTda (213)
Jr Jr fr

where gy, is the transconductance, w is the frequency, Cy, is gate-source capacitance
and fr is cut-off frequency. The relationship between F),;, and T},;, is

T .
F = —min 4 2.14
7, (2.14)

2.2 High-frequency noise characterization techniques

2.2.1 Y-factor method

The most basic method for noise measurements is the Y-factor method, which is
also called the hot-cold method. The output noise power of a device is linear with
temperature as shown in Fig.2.4 [37].

Nout
Slope = kGB

N2
o
]
[®) N1
4
35
g2\
O ™M T

S

T1 TZ
Temperature of Source Impedance

Figure 2.4: The output noise power versus source temperature of linear, two-port
devices [30].

According to this relationship, the gain and N, of a device can be found from
the slop and a reference point. And the F' can be calculated from N, by Eq.2.6.
Y-factor is defined as the ratio of the noise power at low temperature N, and noise
power at high temperature N, which can be measured when the noise source is off
and on:

Ny,
Y =—. 2.15
- (2.15)
Then the F' can be expressed by Y-factor as
Ty _ _ Te _
p (=17 (E-)
Y —1 '

(2.16)



2. Theoretical background

Assuming that the cold temperature T, is equal to the reference temperature
To = 290K. And the excess noise ratio (ENR) of a noise source is defined by

(Ty, — Tp)
FNR= ——~
To ’

which is usually given by the manufacturer. Now the F' can be obtained from only
a Y factor:

(2.17)

__ENR

F
YTy

(2.18)

2.2.2 Cold-source method

The Y-factor method is convenient, but it is difficult to measure the low gain or
lossy devices since the difference in noise between the hot and cold states of the
noise source is reduced to a very small amount by the attenuator. Another method
called the cold-source method is valid to measure the noise figure of an attenuator
or mismatched devices [37]. Because the cold-source technique computes the noise
figure only from a single noise measurement N, which means that a better termina-
tion can be used at room temperature. The F' calculated by the cold-source method
is expressed by

N,
TOkBBGrecGav (Fsc) '

where kBG,.. is the gain-bandwidth product of the receiver, G, (T's.) is the available
gain of the DUT. The room temperature is assumed to be equal to the reference
temperature 7} again [38].

In order to obtain an absolute noise power, the receiver power calibration is
needed which includes the use of a calibrated hot noise source during the calibration
step. And after considering the second stage correction, the cold-source noise figure
becomes

(2.19)

Fes1 =

Nc - Nc rec 1
Frgo = - ) 2.20
82 T ok BGrecGay (Do) MM (T) | Gy (D) (2:20)
where MM is a mismatch term between the noise source and can be calculated from
S-parameter as

1—|I)?
MM(T) = e (2.21)
’1 - Sll_recr
And the factor kBG,.. is given by
N rec Nc,rec
kpBGhee = —= . (2.22)

T, —To
where N._,.. and Nj_,.. is the output noise power measured with only the receiver

after the noise source at cold and hot temperature respectively. T}, is the hot tem-
perature of the noise source calculated from its ENR.
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2. Theoretical background

2.3 F,,;, calculation methods

Generally, it is not possible to obtain both minimum noise and maximum gain for
an amplifier. The minimum noise figure is a trade-off between noise figure and gain.
Here we present two different ways to calculate the minimum noise figure from the
measured noise figure.

2.3.1 Source-pull method

According to Eq.2.3, F' varies with different source reflection coefficient I'y and
Foin occurs when I'y = T'y. The source-pull method is a way to vary the source
impedance in front of a DUT while measuring the noise performance of the DUT.
There are four unknown parameters in the equations. Therefore, at least four mea-
sured noise figures are needed for least-square fitting in order to find out the F;,.
In most cases, a tuner is used to provide different source reflection coefficients.

If x and y are set to be

Tg — Topl’
T = ILs - o - (2.23)
(1= Ts*) [1+ Topl
AR,
y=F=rFun+——x, (2.24)
Zy

then the F is linear with x. So by least-square fitting with each impedance and
noise figure, the F,,;, can be found.

F.in can also be found from the circles of constant noise figure. The noise figure
parameter N is defined as [39]

- |FS _Fopt|2 - F— szn
- 1-|Ts/”  4Rn/Z

114 o (2.25)

A fixed noise figure can be shown as a circle in the Smith plane [31]. The centre
and radius of the circle of constant noise figure can be calculated as

I\opt

Cp = %
F= N1

(2.26)

. \/N (N+1— |ropt|2) -
£ N +1 ' (2:27)

The circles for all impedance can be plotted on one Smith plane. And the point of
the I'opy and the F),;, can be found when all the circles shrinks to a point as shown
on the Fig.2.5.
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2. Theoretical background
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Figure 2.5: Circles of a series of constant noise figure [39].

2.3.2 50 () termination method

This method allows for direct extraction of the Fy,;, from a single noise figure mea-
surement with a simple 50  noise source [40]. The Eq.2.3 can be also expressed
as

‘Zs - Zopt’2
F = Fy, + N2 Zotl 2.28
* RsRopt ( )
4|0, — Typl?
T = Tyin + ToN | pi (2.29)

(1= 10a) (1= [Topel”)

And if the noise source is 50 € generator impedance (Y, = Gy = 20 mS ), the
noise figure Fyy can be deduced from Eq.2.3 and becomes [41]

R,
Fyo=1+ Ry Got ;" (2 Go- Geor + [Youl*) - (2.30)

o

where Y, is optimum admittance and G, is the real part of the correlation ad-
mittance Y,,.. R, is mostly frequency independent according to the previous exper-
iments. So Fy is also linear with w? and when w = 0, the value of Fyq is

Fso=1+4R,-G,, w=0. (2.31)

Thus R, can be easily deduced from the Fy, extrapolation at w = 0 [41]. Then,
according to Pospieszalski’s noise model,the R, can also be expressed as

T, T4 9as (

= 5 W32 ). 2.32
R Tg+Togm Cory) (2.32)

gs 95

12



2. Theoretical background

Assume that the gate temperature 7} is simply equal to the ambient temperature
T, [40,42]. And the T, can be derived to be

Rn - Rz T0.92
Ty = T, =T s = R;. 2.33
d 1+ wQCQQSRZZ Gds ’ g 0, Tyg ( )

All the intrinsic parameters can be extracted from the small-signal equivalent
circuit of GFETs shown in Fig.2.3. Together with its S-parameters, the parameters
can be obtained through the following expressions [43, 44]:

Im (Y12)

Coa=——_"" (2.34)
_ Im (Y1) —wCyq (Re (Y11))?
Cys = " (1 I = wOed)2> , (2.35)
i = Re (1) 5 (2.36)
(Im (Y11) — wCa)” + (Re (Yi1))
g =\ (Re (Vo) + (I (¥a) + wCoa)?) (1 +2C2R), (230)
T= i}arcsin <_w09d —Im (Ym; — wCys It Re (Y?l)> : (2.38)
= (Y”i}_ Wl (2.39)
9as = Re (Ya2.) (2.40)

The Ty versus frequency can be obtained by solving Eq.2.31, Eq.2.32 and Eq.2.33
together. And the corresponding R, and 7},;, can be derived to be

g *Tr 1
R, 2 m 995\ ot = —— 2.41
Pt rgs + <wcgs> ngds v P! ngs’ ( )
2
WCgs
Tmin =2 < g ) (ngds) (Tgs + Ropt) . (242)

Then the F,,;, can be calculated by using Eq.2.14.

2.3.3 Comparison and analysis

The source-pull method is easy on the calculation, but it is usually time-consuming.
And the error correction of the source-pull method is complex which requires spe-
cialised measurement systems. In addition, it is difficult to find suitable measure-
ment points (source impedance) to obtain valid data for fitting. Compared with the
source-pull method, the 50 {2 method only needs one measured noise figure and the
measurement system is easy to be integrated into fully automated RF s-parameter

13



2. Theoretical background

measurement systems [40]. The result of it has a good agreement with the conven-
tional source-pull method for the MESFET and HEMT as shown in Fig.2.6 [41].

2 '
- --50 Q2 method
—— Source-pull method
1.5F
)
=)
< 7
E
TR
0.5 /
O 'l 'l
0 10 20 30

frequency (GHz)

Figure 2.6: Comparison of the measured four noise parameters versus frequency.
Solid line: conventional technique by using source-pull. Dashed line: 50¢2 termina-
tion method [41].
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3

Fabrication and characterisation of
GFETSs

In this chapter, the experimental process and noise results of the GFETs are il-
lustrated. Device fabrication, dc characterisation, S-parameters and noise figure
measured at different ambient temperature and bias conditions are shown. The
noise measurements are carried out in a noise parameter characterisation setup us-
ing the cold-source method with 50 €2 termination. An empirical noise model for
the GFET on temperature and gate bias dependence is proposed at the end of this
chapter which is necessary for the future design of graphene low-noise amplifiers.

3.1 GFET design and fabrication

There are three ways to obtain high-quality graphene. One is mechanical exfolia-
tion [45], and the others are chemical vapour deposition (CVD) [46] and thermal
decomposition of SiC [47,48]. Exfoliation is mostly used in laboratories for higher
quality and CVD suits industry for wafer-scale graphene. The GFETs measured in
this thesis are made of CVD graphene and the side view and layout of the GFETs
are shown in Fig.3.1.

(a) (b)
mmm  Au
Drain
I  Graphene
Gate Suur.l I‘H:E
Source
Gate dielectric Source B
graphene
e Bl L0,
Substrate

Figure 3.1: (a) Side view of the GFET. (b) Layout of the GFET.

To fabricate these graphene transistors, following processing techniques can be
applied [17,49]:
o Graphene transfer: The target transfer substrates is Si with 90 nm SiO».
o Graphene mesa: 1 nm of Al is evaporated on top of the graphene and oxidised
in the air twice to form a protective layer. The pattern of the graphene channel

15



3. Fabrication and characterisation of GFETs

is defined by e-beam lithography. Other parts of graphene are etched by oxygen
plasma.

e Ohmic contact: The electrodes of source and drain are patterned by E-beam
lithography and lift-off process.

o Gate dielectric: Al,Og dielectric is formed by evaporation 1 nm Al and natural
oxidation in the air for six times.

o Gate contact: E-beam lithography is applied again to form the gate contact
pattern and evaporate 10 nm Ti or 200 nm Au on the dielectric.

« Pad contacts: The contact pads are formed after a final e-beam lithography
and Ti or Au evaporation.

Fig.3.2 displays the SEM image of the GFET [50] that is fabricated from the
above process and measured in the following experiments. The GFET has a gate of
0.75 x 15 pm?.

Source

<> <
Access length
1 pum
Source

2 um {

Figure 3.2: SEM image of a two-finger GFET with gate length L, = 0.75 pm and
gate width Wy = 2 x 15 pum. The inset shows a 70° tilted view of the gate area [49].

3.2 DC characteristics

Fig.3.3a shows the drain current versus gate voltage at different temperatures for
device A which has a 0.75 x 15 um? gate. The Dirac point of device A is around
0.1 V. The transfer curve of device A does not change too much under different
temperatures. The shift of the Dirac point is within 0.1 V. However, the Dirac
point of many other devices will shift a lot when temperature changes, like device B
(with 0.75x 15 um? gate) shown in Fig.3.3b. In order to simplify the characterisation
and modelling, we will focus on device A first. In this case, the effect of the change
of the Dirac point won’t be considered in the later discussion.
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3. Fabrication and characterisation of GFETs

-3 Transfer -3 Transfer
24 %10 _ ! ‘ 20 %10 . ! ]
—-60°C —-60 °C
__400(: -
-20°C
0°C
—25°C
1.2
1 P
0.8 ' = ; 0.6 - - .
-2 -1 0 1 2 -2 -1 0 1 2
Vo (V vV (V
% ;)

Figure 3.3: Transfer curve at drain voltage of 0.1 V and temperatures ranging
from -60 °C to 25 °C for (a) device A and (b) device B.

By fitting the measured data of a transfer curve using Eq.3.1, Eq.3.2 and Eq.3.3,
the relevant parameters can be extracted, such as the carrier concentration ng, the
mobility p and the contact resistance Reoptact [51]. For device A as shown on Fig.3.4,
the ng is around 11.9 x 10" cm™2, the y is around 3000 cm?/Vs and the Reontact iS
around 30 €.

130

T
+ Measurement
Model

120

110

100

9Q0F

80

Ry, ()

70

60

50F

40

Figure 3.4: Fitting of the transfer curve of device A at 25 °C .

T total = 1/ n% +n [VTG]*7 (3~1)

e n hvp\/m-n

VTG - VTG,Dirac = C n e ) (32)
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3. Fabrication and characterisation of GFETs

N
4 = Rcontact+ 4 . (33)

T total €M Vnd +n [V:,’EG]%M

For the output curve, we can see from Fig.3.5a that at -60 °C it has a higher
current than that of 25 °C which is the same as expectation. This is mainly because
of the decrease in the contact resistance at lower temperature. But if it is cooled
down to cryogenic temperature as shown in Fig.3.5b, the drain current at 4k is even
lower than that of 25 °C. This phenomenon may come from the change of other
parameters at a very low temperature.

S

Rtotal = Rcontact +Rchannel - Rcontact+

(a) (b)
0.025 . : 0.02 : :
—213k
— 4k _—
Q.o pl—0k { = —— 300k =
< < 0.015}
§ 0015 5
5 5 0.01}
@] Q
c 001} c
5 £ 0.005
0.005} Q™
0 . . 0 L =
0 0.5 1 15 0 0.5 1 1.5
Drain voltage (V) Drain voltage (V)

Figure 3.5: Output curve of device A at gate voltage from -1.2 V to 0.6 V in steps
of 0.2V (a) at 213 K and 300 K, respectively, and (b) at 4 K and 300 K, respectively.

3.3 S-parameters

The S-parameters are important for the extraction of the F,;, according to the
previous chapter. Therefore it is necessary to check how the S-parameters change
with temperatures. Fig.3.6 shows the Si1, Sia, S21, and Say, of device A with drain
voltage of -1.2 V and gate voltage of -0.7 V at five different temperatures. It is
obvious that Ss;, the complex linear gain, is affected most by the temperature.

The intrinsic parameters extracted from the S-parameters in the frequency range
of 2 - 18 GHz at 298 k and 213 K are shown in Table.3.1 [43,44]. Fig.3.7 shows the
intrinsic transconductance (g,,,;) at different ambient temperatures. Due to the short
gate length, g,,; of the device is proportional to the number of carriers and their
saturation velocity in the channel. Here it shows an approximately linear decrease
with temperature which means the velocity saturation and the carrier density also
have some dependence on temperature.
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3. Fabrication and characterisation of GFETs

Figure 3.6: S-parameters of device A at V, =-0.7V V; =-1.2 V at -60, -40, -20,
0 and 25 °C respectively.

55

> 4.5

3.5 ' ; ' '
200 220 240 260 280 300

T (K)

Figure 3.7: The intrinsic transconductance at V, = -0.7 V, V; = 1.2 V at different
temperatures.
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3. Fabrication and characterisation of GFETs

Table 3.1: De-embedded parameters for the GFET at V; = -0.7 V, V33 =-1.2 V
and ambient temperature of 213 K and 298 K.

T Cgs ng C’ds 9ds 9mi T Rz

(K) | (fF) | (fF) | (fF) | (mS) | (mS) | (ps) | (©)
298 | 27 26 20 7.7 4.1 0.10 | 3.4
213 | 25 25 17 6.8 5.1 0.13 | 4.8

3.4 Noise characterisation

3.4.1 Measurement setups

The source-pull measurement setup and schematic are shown in Fig.3.8 and Fig.3.9.
The dc curves are measured by the source meter Keithley 2604B. The S-parameters
in the frequency range of 2-18 GHz are measured by the network analyser Agilent
N5230A. The different source reflection coefficients are provided by an electronic
mismatch source tuner A433067 (2-26.5 GHz) which is connected to the GFET
through a bias tee. The source tuner is integrated with a switch that can be con-
trolled by NP5 Wafer Probe Test Set (control box) to switch between the VNA
and NFA. The F is measured by Agilent N8975A noise figure analyser (NFA) with
Keysight N4002A SNS Series Noise Source (10 MHz-26.5 GHz) and the NFA can
also control the cold and hot state of the noise source. All the frequency points were
measured for more than four tuner states. In each state, the source tuner presents a
different source impedance to the GFET at each frequency. The testing and reading
of VNA, NFA and the control box are controlled via GPIB.

I
L

Figure 3.8: The source-pull noise measurement setup.
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3. Fabrication and characterisation of GFETs

The 50 2 termination method doesn’t need the tuner and the setup schematic
is shown in Fig.3.10. The dc curves are also measured by the source meter Keith-
ley 2604B. The S-parameters in the frequency range of 2-18 GHz are measured by
the network analyser (VNA) Agilent E8361A. And the Fjy of the GFET was mea-
sured by Keysight N4002ASNS Series Noise Source and Agilent N8975A noise figure
analyser (NFA) connected through a bias tee. The measurements are controlled
via GPIB. The results between these two methods are compared in Fig.3.11 which
shows that they are quite comparable. Since this method is easier and time-saving,
the temperature changing experiments will use this 50 €2 method. The GFET and
calibration kits are put in the thermal truck in advance. The chamber temperature
is cooled down to -60 °C firstly and increased step by step up to -25 °C.

The F,,;, of GFETs in the previous paper are all measured by the source-pull
method [17,18]. The 50 Q2 method has never been used for GFETs. We take the same
F50 and S-parameters from the previous paper [17] and calculate the F,,;, and T,
using 50 {2 method and compare it with the result in the paper which are measured
by source-pull method. Fig.3.11a shows that the T,,;, extracted from the Fjq is in
the range of 200 K to 600 K at the frequency of 2-8 GHz which is approximately
the same as that shown in the paper [17]. Fig.3.11b shows the comparison of F,;,
between that calculated by Fyo and that converted from the T,,;, in paper [17].They
are quite consistent with each other which means the F5y noise measurement method
works as well as the source-pull method for GFET.
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Figure 3.9: Schematic of source-pull noise measurement setup.
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Figure 3.10: Schematic block diagram of noise measurement setup for 50 ) ter-
mination method.
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Figure 3.11: (a) T,., and Ty calculated from 50 Ohm impedance with the data
from the previous paper. (b) F,;, comparison between source-pull method and 50
Ohm method.
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3. Fabrication and characterisation of GFETs

3.4.2 F,,;, at different temperatures and bias voltages

The noise parameters are measured versus bias and frequency at different temper-
atures. For device A which has no Dirac point shift, the F},;, versus frequency of
2-18 GHz is shown in Fig.3.12a. It was operated at five different temperatures with
the same gate and drain bias. The F,;, at room temperature is higher than -60
°C as expected, which is partly due to the temperature dependence of the access
resistance Rg and Rp. And Fig.3.12b shows that the F},;, increases approximately
linear with the frequency which is consistent with the other FETSs.

(@) . . . (b)

7 7 -
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Figure 3.12: (a) F,,;, versus frequency of device A at different temperatures (-60
°C, -40 °C, -20 °C, 0 °C and 25 °C) with gate voltage of -0.1 V and drain voltage
of -1.4 V. (b) F,, versus temperature of device A for different frequencies (12, 14,
16, and 18 GHz) at gate voltage of -0.1 V and drain voltage of -1.4V.

As we know, the slop of the drain current at very low voltage is an important
indicator of the noise performance of a device. From Fig.3.12b we know that the
noise is lower at -60 °C compared with room temperature and that is what we can see
from the output curves in Fig.3.5a. But it is opposite at cryogenic temperature as
shown in Fig.3.5b, which indicates that the noise of graphene transistor at cryogenic
temperature is even higher.

the F),;, increases linearly with frequency, this noise characterisation of GFET
is carried out at 6.5 GHz by random and the ambient temperatures range is 237-297
K. The contours of the F,,;, are plotted. The x-axis is the temperature from -60
°C to 25 °C and the Y-axis is the gate voltage. The number on the contour line is
the F,,;, in decibel. And these four plots are measured at the drain voltage of -0.8
V,-1V,-1.2 Vand -1.4 V, respectively. With these contour plots, we can see how
the noise figure changes with temperature and gate voltage at the same time. And
contours of the F),;, with both drain and gate bias are displayed on Fig.3.14. It
shows that F},;, is relatively stable with drain bias. These plots show that the noise
performance of the GFET is insensitive to changes in Vg, but very sensitive to Vi
and temperature. It is because V,, changes the carrier density while increasing Vg
leads to saturation of velocity.
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Figure 3.13: F,,;, in decibel of device A versus temperature at 6.5 GHz and drain
bias of -0.8, -1, -1.2, -1.4 V respectively
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Figure 3.14: F,,;, in decibel of device A versus drain bias at 6.5 GHz and -60, -20,
0, and 25 °C respectively
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3. Fabrication and characterisation of GFETs

For comparison, the noise performance of device B is also shown. Fig.3.15a
and Fig.3.15b show the F,,;, versus frequency from 2-18 GHz at six different drain
voltages with -60 °C and 25 °C, respectively.

Fig.3.16 compares the F),;, at 4 different temperatures with the same gate and
drain bias. And we can see from the Fig.3.16 that at -60 °C the F,,;, is even lower
than 1 dB at 18 GHz. And F,,;, at 25 °C is around 2.5 dB for 8 GHz and 4 dB for
18 GHz which is comparable with that published in the previous paper [17,18].

The Fig.3.17a shows F},;, versus temperature for different frequencies. It also
gives an approximately linear relation. And Fig.3.17b shows that F},;, will decrease
with the drain voltage and saturates above approx. 1 V the same as device A.
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Figure 3.15: F,,;, versus frequency of device B at different drain voltages (-0.4,
-0.6, -0.8, -1.2 and -1.4 V), gate voltage of 0.5 V at (a) -60 °C and (b) 25 °C.
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Figure 3.16: F,,;, versus frequency of device B at different temperatures (-60 °C,
-45 °C, -25 °C and 25 °C), gate voltage of 0.5 V and drain voltage of -1.4 V.
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Figure 3.17: (a) F,,;, versus temperature of device B at drain voltage of -1.4V
and (b) F,;, versus drain voltage of device B at ambient temperature of -60 °C, for
different frequencies (2, 6, 10, 14 and 18 GHz) at gate voltage of 0.5 V.

Device B has a higher maximum frequency of oscillation (f,,q.) of 18 GHz and
21 GHz at 25 °C and -60 °C respectively. While for device A, the f,,4, is only 14
GHz and 16 GHz for 25 °C and -60 °C respectively. The noise of device B at -60 °C
is much lower than device A as shown in Fig.3.18. And the slope of the line which
shows the F),;, versus temperature, device B is larger than device A which means
device B is more sensitive to temperature.
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Figure 3.18: F,,;, versus temperature for device A and B at 12 GHz and drain

voltage of -1.4 V.

In order to find out which is the key factor of the temperature dependence, the
extract parameters fitting from the transfer curves of these two devices are compared
in Fig.3.19. The carrier densities ng of device B is higher than device A and the
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3. Fabrication and characterisation of GFETs

carrier mobility p of device B is lower than device A, but they are almost stable itself
versus temperature. The contact resistances R of device A is relatively stable while
R of device B fluctuates largely with temperature. This indicates that the contact
resistance influences the noise performance with the temperature of a GFET.
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Figure 3.19: (a) The carrier densities ng, (b) the carrier mobility p, (c¢) the contact
resistances R versus temperature are fitting from the transfer curves of device A and
device B, respectively

3.4.3 Empirical noise model for GFETSs

The noise characteristics of the GFET show a large dependence on both temperature
and gate voltage. The parasitics extracted at ambient temperature, the temperature
of the channel Toy and contact resistance are all temperature-dependent. The
access resistances also can be increased due to the self-heating. So we can’t keep
the assumption that all the parameters are constant versus bias as in the theoretical
model. Therefore, it is necessary to extract the temperature and bias dependence
of the noise model.

The proposed model is based on a small-signal model with two noise current
sources which has temperature and gate voltage dependence. We keep the assump-
tion that the gate temperature is at the ambient temperature. And for our GFET,
it has a gate oxide with I, < 1 nA, which is negligible for the noise performance.
Therefore we only consider the drain noise current. For the Pospieszalski’s noise
model, the noise current source iy increases linearly with frequency. Therefore, it is
possible to extract the noise model from measurements at a single frequency. Here
we choose it at 6.5 GHz by random. A good low noise bias point is around the
maximum point of g,,. Therefore, it is of interest to have a good fit of the model in
this gate bias region. This model is derived for gate voltage lower than 1 V and for
Vas = 1.2 V. The noise at a constant temperature is affected by the gate bias. For
different devices, them usually have different Dirac point. Based on the previous re-
sults, we assume the noise is approximately linear with the gate bias away from the
Dirac point, given by Eq.3.4, where p and ¢ are the fitting parameters that depend
on the temperatures. Their quadratic dependence on the temperature in this region
is give by Eq.3.5 and Eq.3.6:

Table.3.2 shows the fitting parameters that determines p and ¢ . And then
the F,,;, is calculated from the noise current. The modelled and measured results
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are both shown on the Fig.3.20. The F),;, decreases with V,, and increases with
frequency. This model works very well at the temperature range from -60 °C to
25 °C and gate bias from 0 to -0.8V. This more accurate model can be used in
a computer-aided design (CAD) software package and makes it possible to obtain
optimum low noise performance at an arbitrary temperature.

1

?d =P |‘/;]s - ‘/dz'rac| + q, (34)
p=aT?+ aT + as, (3.5)
q=bT? + byT + bs, (3.6)

Table 3.2: Fitting parameters of the GFET noise model.

x |1 2 3
a, | -1.5E-10 | 4.9E-08 | -8.1E-06
b, | -1.4E-10 | 9.3E-08 | -6.8E-06
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Figure 3.20: Modelled (line) and measured (circle) noise parameters for GFET
with Vs = 1.2 V (a) at frequency of 6.5 GHz and (b) V4 at -0.1 V with temperature
of -60 °C (blue), -20 °C (black) and 25 °C (red), respectively.
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4

Conclusion & future work

4.1 Summary

In this thesis, the noise parameters characterisation of GFETs using CVD graphene
in the frequency and temperature range of 2 GHz to 18 GHz and -60 °C to 25 °C are
demonstrated, respectively. The noise characterisation method combining the cold-
source measurement method and 50 €2 termination calculation method is easy for
integration in a system with acceptable accuracy. This measurement and calculation
method can be used for any other FETs. The GFET with a gate length of 0.75 pym
has a fq: of 18 GHz and 21 GHz at 25 °C and -60 °C respectively, which is achieved
by the use of high-quality graphene in combination with successful optimisation of
the GFET fabrication technology, where extreme low source/drain contact resis-
tances were obtained together with reduced parasitic pad capacitances [50]. This
gives the GFET a F),;, of 1.2 dB at 6.5 GHz and 25 °C which is comparable with
that from previous source-pull method [17,18], and that of the best MESFET [52].
And the F,,;, decreases down to 0.3 dB at 8 GHz and -60 °C and increases almost
linearly with temperature at a certain frequency. The rather large temperature de-
pendence seen for contact resistance has a large effect on the noise performance at
this temperature range. This effect can be taken into account for designing graphene
LNAs. The F,;, increases with the V,, is due to the carrier density enhancement.
And the F,,;, decreases with the drain voltage and saturates above approximate 1 V
which is most likely due to the carrier velocity saturation. The relatively stable noise
performance above Vg of 1 V allows designer to optimise for gain by increasing Vi
a bit in this region. The proposed empirical noise model for the GFET considering
both temperature and gate voltage influence is based on the small-signal model and
Pospieszalski’s noise model. This model can be applied in the temperature from -60
°C to 25 °C and gate bias of -0.8 - 0 V.

4.2 Outlook

The knowledge of noise parameters at different ambient temperatures obtained from
this thesis paves the way for the design of graphene LNA. However, the noise at the
cryogenic temperature might have a different performance as shown in the output
curves, which means the proposed noise model has a temperature range limitation.
To develop a more accurate model, the cryogenic noise characterisation and the
causes of the unexpected dc curves at cryogenic temperature still need to be in-
vestigated. The noise performance of the GFETs measured in this work can be
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4. Conclusion & future work

comparable with Si CMOS and MESFET, but it still needs to be improved to be
comparable with GaAs or InP HEMTs [53,54]. The fr and f,.. also need to be
increased in order to extend to higher frequencies. The fr and f,,.. are not as high
as the expectation which is because the carrier mobility in graphene doesn’t reach
the expectation in the theory. This is due to the impurity introduced during fabrica-
tion. Some methods have been proposed to solve it, such as using hexagonal boron
nitride (hBN) capsulation by an advanced dry van-der Waals transfer method [55].
For the structure, the gate width can be lager to increase the capacitance and the
gate length can be shorter by using T-shape to decrease the contact resistance [56].
Consequently, it will provide GFETs with a better noise performance.
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Matlab code

The MATLAB files for analysis of F,,;, are encoded.

A.1 Main file

%% Noise parameter characterization
instrreset ;
clear all;
close all;
cle;

path(path,’code’);
%% Setup
% measurement frequency

setup. fstart = 2; % start frequency in GHz
setup.fstop = 18; % stop frequency in GHz

5 setup.fstep = .5; % step frequency in GHz

% delay in through standard
setup.delay=0;

data.freq = 2:.5:18;

freq = 2:.5:18;

% ENR of the reference noise source

5 NoiseSourceFile = ’enr’;

setup.averaging = 8; % number of averages done, 1 — 512

s setup.rf_atten = 30; % rf attenuation setting (1 — 6), 0 = auto

setup.if atten = 0;

% vna settings Anritsu

setup.vna_ start = setup.fstart.x1le3;
setup.vna_ step = setup.fstep.x1e3;
setup.vna_ points = length(data.freq);
setup.vna_ pwr = —10;

setup.vna_ attl = 20;

- setup.vna_ att2 = 20;
setup.vna_ IFBW = "IF1’;% ’IF1’=10 Hz, IF2’=100 Hz 'IF3’=1000 Hz 'IF4’=10000 Hz
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A. MATLAB code

setup.DutCalset = 2;
setup.GsCalset = 3;
setup.GlCalset = 4;

%% Initilize measurement system
instr = init_atn_ nfa(setup);

> %% perform noise port calibration
s input(’Connect through at DUT plane’);

Calibration = NoisePortCal onwafer(instr);

%% Read 50 ohm hot cold noise

input(’Connect noise source for 50ohm reference measurement and press ENTER);
[Calibration. GOkdf setup] = NoiseRef nfa_sweep(instr, setup);
save(’data/calibration cal’,’Calibration’);

%% Connect the DUT to the VNA

% turn on vna

vna = get(instr.vna, ’Interface’);

fprintf (vna, 'SINC;S22;DRIVPORT?2’);

fprintf (get (instr .vna,’ interface ’), "AVG 512’);
fprintf (get (instr .vna,’ interface ’), *AVG 32);

% turn off vna

fprintf (vna, 'S22;DRIVNONE’);

%% Fix WinCal
WinCalFix(instr.vna, setup);

%% Correct noise port calibration

[ns__gamma inputS] = NoisePortCorrection_ onwafer(instr, Calibration, setup);
Calibration.ns__gamma = ns_ gamma;

Calibration.inputS = inputS;

save(’data/calibration’,’Calibration’);

5 %% perform nfm gamma calibration

% input(’Connect thru at DUT plane’);

disp(’Measures the gamma of receiver presented to dut’);
Calibration.nfm_ gamma = NFM__Gamma_ onwafer(instr, setup);
save(’data/calibration’,’Calibration’);

%%

% measure gammas presented to the DUT

Calibration. GammaS = GammaSCal_onwafer(probe, carridge, instr, setup);
save(’data/calibration’, ’Calibration’);

; % perform recevier nosie parameter calibration

% input(’Connect noise source and press ENTER);
[Calibration.RecNoise setup] = NoiseCal nfa(Calibration, instr, setup);
save(’data/calibration’, ’Calibration’);

% tmp = CorrectNoiseMeasure(RecNoise, GOkdf, ns gamma, freq);

% calculate noise parameters of receiver

load(NoiseSourceFile);
Calibration.Ta = 25; Calibration.Z0 = 50;
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A. MATLAB code

enr2.freq = data.freq;
enr2.data = interpl(enr.freq, enr.data, enr2.freq);
ReceiverNoise = CalculateReceiverNoise onwafer(Calibration, enr2);

save(’data/ReceiverNoise’, 'ReceiverNoise’);
b )

%% perform dut noise parameter measurement
input(’Connect DUT and press ENTER’);

[noiseDut setup] = MeasDUTNoise(Calibration, instr, setup);
save(’data/DUTMeas’, 'noiseDut’);

%% calculate noise parameters of DUT
NP = CalculateDUTNoise(noiseDut, Calibration, ReceiverNoise);
save(’data/DUTNP’, 'NP’);

ITT
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Graphene is a promising material for high frequency electronics applications thanks to its intrinsically
high carrier mobility and velocity, and graphene transistors are continuously pushed toward higher
operating frequencies [1]. For high frequency low noise amplifiers, it is important to evaluate the noise
parameters of the graphene field-effect transistors (GFETSs). In this work, we present the noise
performance of the GFETs made of chemical vapour deposition (CVD) in the frequency and temperature
ranges of 2-18 GHz and -60-25 °C. The noise figure with 50 Q impedance termination (Fso) was
measured using the cold-source method and then the minimum noise figure (Fmin) was estimated using
the Pospieszalski’'s noise model [2, 3]. In Fig. 1 and Fig. 2, the Fmin of a GFET with a gate length of 0.5
pum as a function of the frequency (f) and drain voltage (Va) at different temperatures are shown. This
GFET revealed maximum frequency of oscillation (fmax) 0f 18 and 21 GHz at 25 and -60 °C, respectively.
It can be seen from Fig. 1, that the Fmin at 8 GHz is approx. 2 dB lower than that of the previously
published CVD GFETs and comparable with that of the best published SiC GFETs [4, 5]. The Fmin
decreases significantly with temperature down to 0.3 dB at 8 GHz, competing with Si CMOS [6]. It can
be seen from Fig. 2, that Fmin decreases with the Vg4 and saturates above approx. 1V, where GFETs
operate in the velocity saturation mode [1]. Analysis of the dependences allows for further development
of the GFETSs for advanced low noise amplifiers.
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Fig. 1. Fmin versus frequency at different Fig. 2. Fmin versus drain voltage at temperature
temperatures (-60, -45, -25 and 25 °C), gate of -60°C for different frequencies (2, 6, 10, 14
voltage of 0.5 V and drain voltage of -1.4 V. and 18 GHz) at gate voltage of 0.5 V.
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