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Abstract

Graphene rocked the world in 2004 when two researchers at the University of Manch-
ester produced the first samples of graphene and discovered its fascinating properties.
Since then, graphene has sparked the interest of many research groups. Among them
are members of the PTOLEMY project, who aim to measure neutrinos coming from the
early stages of the Universe. In this project graphene plays an important role in storing
tritium. However, still a lot of research needs to be done on graphene, for instance on
the interaction between electrons and graphene. In this thesis graphene will be used
in the form of a graphene field effect transistor (GFET) to try and detect a beta particle
by measuring a small change in its transfer curve. The first step towards this goal is try
and measure a steady transfer curve. This has been done by the use of the so-called
Probe setup, which gave some promising results corresponding to the data sheet of the
GFET. After repeating the measurements the graphene chip eventually stopped work-
ing and a second setup, named the Chip carrier setup, was constructed. Graphene chips
with and without a layer of PMMA on top were used and the measurements were also
done before and after annealing. These results showed a steady transfer curve of high
quality, especially after annealing the chip. A setup with a silicon photomultiplier op-
erates as comparison tool to the graphene measurements. However, due to the fact that
the scintillator emitted photons with a wrong wavelength, the end goal of this project

has not yet been reached.






Contents

[L__Introduction | 5
1.1 Anewwondermateriall . . . ....................... 5
1.2 The PTOLEMYproject . . . . . .. .. . . . . i 6
(1.3 Graphene as a particle detectof . . . . ... ... ... ......... 8

2 Theory 9
2.1 Graphene . . . . ... ... ... .. ... ... . 9

2.1.1 Basicproperties . . . ... ... ... 9
12.1.2 Characterization of grapheng . . . . . ... ... ........ 13
[2.2 Avalanche photodiode| . . . . . ... ... ... .. ........... 14
2.2.1 PNjunction| . . .. ... ... ... .. ... 15
12.2.2 Reversebiasvoltage . ....................... 17
2.3 Fleldeecttransistor| . . . .. ... ... ... .. ... ... .. .. 18

B__Materials] 19
3.1 Graphene eld-e ecttransistorchip |. . . ... ... .......... 19
3.2 _Scintillator] . . ... 21
3.3 Multi-Pixe[ Photon Counter | . . . . . .. ................. 22
3.4 MPPCevaluationcircuit| . . . . . ... ... ... ... ... ... ... 23
3.5 _Radioactivesourcé . .. ................. .. ... 24
B.6 Vacuumdesiccatol . .. ... ...... ... .. ... ... ... 24

4 Methods] 25
4.1 Measuring the transfercurve| . . .. ... ... ... .......... 25

4.1.1 Probesetup . .. ... ... ... ... 25

4.1.2 Chipcarriersetup . . . . . . . . . . e 28
4.2 Detecting beta particles with the silicon photomultiplier . . . . . . .. 29
4.3 Using graphene as a beta particle detector . . . . . . . ... ... ... 31

5 Results 32

5.1 Measuringthetransfercurve . .. ... ... ... ... ........ 32
5.1.1 Probesetup ... .. ... . .. ... 32
5.1.2 Chipcarriersetup . . .. ... ... . . e 33

5.2 Detecting beta particles with the silicon photomultiplier. . . . . . .. 36

3



5.3 Using graphene as a beta particle detector
6 Conclusion and Discussion

Bibliography



CHAPTER

Introduction

1.1 A new wonder material

Carbonis one of the most versatile, all-round materials on our earth. Itliterally is the
building block for almost all life on our planet. Carbon has four valence electrons
which can form chemical bonds in many di erent ways. This is the main reason
that it is a very useful material. Two of the valence electrons are located in s or-
bitals, while the other two are sitting in p orbitals. Orbital hybridization can take
place inside the atom, meaning that one of the electrons in the s orbital is excited to
a p orbital. Then one ( sp*-hybridization), two ( sp?-hybridization) or all three ( sp*-
hybridization) of the p orbitals mix with the remaining s orbital. Di erent allotropes

of carbon are shown in gure 1.1; zero-dimensional buckyballs, one-dimensional
nanotubes, three-dimensional graphite and three dimensional diamond. These dif-
ferent structures have a huge variety of physical properties, but have at least one
thing in common; their basing building block, which is a two-dimensional mate-
rial, is the same. This two-dimensional material literally can be wrapped up into a
zero-dimensional buckyball, rolled into a one-dimensional nanotube or stacked into
three-dimensional graphite. This allotrope of carbon therefore plays a fundamental
roll in understanding the electronic properties in the other allotropes. Although it
was known that this material was the literal building block of a variety of di erent
materials, it was presumed to not exist in the free state by theorists for a long time.



1.2. THE PTOLEMY PROJECT

Figure 1.1: Di erent allotropes of carbon. A few examples are the zero-dimensional
buckyballs (a), the one-dimensional nanotubes (b), three-dimensional graphite (c),
which consists of a stack of graphene layers and three-dimensional diamond (d)
[10].

Nevertheless, a group of researchers from the University of Manchester led by A. K.
Geim proved them all wrong when they isolated a single layer of this two-dimensional
material [19], [20]. The new material goes under the name of graphene, with its
atoms arranged in a two-dimensional hexagonal structure. The method that the
research group of Geim developed permitted them to isolate a single layer of the
two-dimensional graphene on top of a thick wafer of silicon oxide ( SiO,) with a
thickness of 300 nm.The three-dimensional material graphite played a key role in
the discovery of graphene. Since it is made out of two-dimensional graphene lay-
ers held together by the van der Waals force, researchers searched for a method to
peel one layer of graphene out of the graphite. Once on top of the wafer, the weak
van der Waals force induces adhesion between the layer of graphene and the silicon
oxide wafer. It also creates a very subtle optical e ect on top of the silicon layer,
which was the reason the single layer of graphene was eventually spotted by an op-
tical microscope. This observation proved the existence of graphene in the physical
free state. With its interesting and unique set of thermal, mechanical and electronic
properties, it attracted the attention from a broad group of researchers [5].

1.2 The PTOLEMY project

The idea of the Big Bang as the starting point of our Universe fascinates researchers
since it was proposed for the rsttime. If the Universe is constantly expanding, one
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1.2. THE PTOLEMY PROJECT

could extrapolate back to when it was smaller and less old to eventually reach its
starting point. Because of this, there should be a signal left from this early stages
that is known as the cosmic neutrino background (CNB). This was theorized a long
time ago, but it was assumed to be undetectable nowadays. However, researchers
all over the world joined forces and have developed an idea for a design of a CNB
detector. The project that aims to develop this detector is called PTOLEMY.
Neutrinos belong to the most elusive particles on earth. They interact with almost
nothing and propagate through space unhindered. This together with the fact that
they are almost massless and also have no electrical charge makes them very hard to
detect. Besides that, during their 13 billion year adventure they cooled down, which
means the amount of energy they carry is reduced to a very small amount. Because
of the lack of interaction, they do contain a lot of information about their initial
stages. The CNB could therefore provide fundamental new information about the
rst moments after the Big Bang. The idea of the PTOLEMY project is to make use
of an unstable naturally occurring isotope of water called tritium ( T). This radioac-
tive isotope decays into helium-3 ( 3He) by the emission of an electron e and an
antineutrino ¢ in the process that can be described by the following decay reaction:

H ! 3He+ e + ¢ (1.1)

By looking at the exact energy of the emitted electron, one could see if the tritium
absorbed a neutrino from the CNB just before it decayed. By absorbing a neutrino,
tritium still decays into helium-3, but now only emitting an electron in the process
which is given by

et JH I 3He+ e: (1.2)

This electron would have a slightly bigger energy than an electron emitted by beta
decay. The PTOLEMY project aims to measure such a slightly di erent electron
energy and thereby detect a neutrino from the CNB.

The idea of the PTOLEMY project is promising but very challenging with a lot of
possible issues on the road. Forinstance, a question that arises is if the tritium can be
kept stable for several years. A gram of tritium produces billions of decay reactions
per second, but even then one predicts that there will only be ve to ten neutrinos
per year detected. Most of the neutrinos still pass through without interacting. The
tritium therefore needs to be stable for various years. This could be done by storing
the tritium atoms in a two-dimensional layer of graphene. Because of the fact that
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1.3. GRAPHENE AS A PARTICLE DETECTOR

graphene is a relatively new material, the proposed PTOLEMY project contains a
lot of research that still needs to be done on graphene: check if the material can
serve as atarget substrate, measure its characteristics when bonding with tritium or
hydrogen and take a closer look at the interaction between electrons and graphene

[1], [2].

1.3 Graphene as a particle detector

As already stated above, graphene has excellent thermal, mechanical and electronic
properties. The thin two-dimensional layer is able to let an ion with low energy pass
through without the loss of a huge amount of its kinetic energy. A problem that a
lot of contemporary detectors face is the loss of a signi cant amount of energy of
an ion in the detectors, which makes it harder to detect it. It looks like this problem
could be eliminated by the use of graphene. Furthermore, the carrier mobility in
graphene is very high. Carriers can therefore move quickly through the material,
which results in a fast response of graphene to a passing ion. Additionally, the me-
chanical robustness of graphene prevents the emission of carbon atoms when ions
penetrate the material. The thermal mobility of graphene also gives it a signi cant
advantage: it prevents the formation of thermal spikes when an ion penetrates the
graphene. Thermal spikes can cause vacancies in the graphene, which lower the
quality of the material.

The combination of these properties makes graphene a great candidate for a parti-
cle detector. There has already been done research on the utility of graphene as an
alpha particle detector [16] and as an neutral particle detector [24] as well. In this
thesis graphene will be used to try and detect a beta particle, something on which
a lot less research has been done until today [1].
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CHAPTER 2

Theory

2.1 Graphene

2.1.1 Basic properties

Graphene is a two-dimensional structure that consists of one layer of carbon ( C)
atoms. A carbon atom consists of six electrons, of which two occupy the K shell and
the remaining four the L shell. This leads to an electron con guration of 1322522p5(2py.
For the formation of hybrid orbitals one of the electrons occupying the 2¢ state is
promoted to the 2p, orbital. In graphite, the 2s 2p, and 2p, orbitals are mixed to
form three sp? hybrid orbitals. The fourth orbital 2p, doesn't play any part in this
and remains unchanged. Every two overlapping neighbouring sp? hybrid orbitals
form avery strong covalentbond (C Cbond). These bonds all lie in the same
two-dimensional plane and connect every carbon atom to three adjacent ones, since
every carbon atom has got three sp? hybrid orbitals. The remaining 2p, orbitals form
bonds with eachother and connect the di erent two-dimensional carbon layers to

form the inter-layer bonds. These bonds are a lot weaker than the bonds. This
makes it relatively easy to detach layers of carbon from the graphite. The carbon
atoms are arranged in a hexagonal, or honeycomb, structure, which can be seen in
the left part of gure 2.1.



2.1. GRAPHENE

Figure 2.1: In the left side of the gure the honeycomb lattice structure of graphene
is pictured. The lattice is made out of two overlapping Bravais sublattices, which
are spanned by either the blue or yellow atoms. The primitive lattice vectors are
indicated by a; and a, and the nearest neighbour vectors are labeled by ;, , and

3. Inthe right side of the gure the Brillouin zone of the graphene lattice is shown.
The vectors b; and b, are the primitive vectors of the reciprocal lattice and K and
K" are the Dirac points [5].

This lattice is not a Bravais lattice, as its structure cannot be de ned by the translation
that spans every Bravais lattice

R = nja; + nyay; (2.1)

where n; and n, are integers and a; and a, the primitive translation vectors that
should span the entire lattice. However, the graphene lattice can be described by two
di erent triangular Bravais sublattices that overlap with each other. The sublattices
are spanned by either the yellow or blue atoms in gure 2.1 with appropriate lattice
vectors, labeled with a; and a,. These primitive lattice vectors are given by

! |
p. P3 P3

31 P 1
= — R4+ — = JRE— — : i
a; 3a > R 29 and a, 3a > R 29 ; (2.2)
in which ais the distance between two neighbouring carbon atoms, which is about
a 0:142 nm Furthermore, one can obtain the vectors that connect neighbouring
carbon atoms. These vectors are indicated by ;, , and 3 in gure 2.1 and are
given by

k+p3y and ,= - R péy\ and ;= ar (2.3)

N D
N D

The Brillouin Zone of the graphene lattice is shown in the right side of gure 2.1.
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2.1. GRAPHENE

The reciprocal lattice vectors are labeled by b; and b, and are given by

[ |
P P
739 and b, = % R —39 : (2.4)

2
= 2+
bl

The electronic band structure can be generated by using the tight-binding model.
If the self-interaction is set to zero, the rst order approximation of this approach
gives the following result for the dispersion relation

p_

P 3 3
E(k)= o 3+2cos 3kya +4cos 7kya cos ékxa ; (2.5)

o<

in which ¢ is the nearest-neighbour hopping energy of graphene. Its value is the
same as that found for graphite, which is ¢ = 3.16 eV. The plus sign represents
the conduction band, which has a higher energy, and the minus sign represents the
valence band, which has a lower energy. This approximation only describes the
and bands, by far the two most important bands in graphene. The  band
describes the valence band, while the  describes the conduction band. The points
atwhich equation 2.5 is equal to zero ( E (k) = 0) are called the Dirac points or charge
neutrality points (CNPs). You can divide them into two separate groups, which
correspond to the two sublattices in the graphene structure. These two di erent
groups both have their own notation for every point, namely K and K®in the right
side of gure 2.1. For pristine graphene, the Fermi level, also called the chemical
potential, is exactly located at the zero-energy level of these Dirac points. In this
case the valence band is completely lled, while the conduction band is completely
empty.
The full band structure of graphene is shown in gure 2.2, in which not only the
and bands are visible, but also the and bands. The and bands are
closer to the Fermi Level than the and bands. This is a result of the fact that
the bonds are much stronger than the bonds, which means that they participate
less in bonding. The bands form so-called canonical valleys in the immediate
vicinity of the K and K°points. The eigenenergy equation 2.5 can be rewritten by
shifting the origin of the k space to either theK or K°point, as most of the transitions
happen around these Dirac points. Furthermore k is assumed to be small, as only
the vicinity of the Dirac points is of interest.
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2.1. GRAPHENE

Figure 2.2: Full two-dimensional band structure of graphene, with the thick curves
indicatingthe and bands and the thin curvesthe and bands [17].

The eigenenergy equation 2.5 can then be rewritten in the following form

r

9 9 3 ..
E= o Zk§a2+ Zkfaz = 2 ki = ~Vek; (2.6)

in which ~is the reduced Planck constant and

3a g

Vg = 1.0 1 ms ! (2.7)

is the Fermi velocity in graphene. The result of equation 2.6 means that there is are-
gion around the Dirac points K and K°%in which the dispersion relation of graphene
Is linear. This phenomenon also appears in the ultrarelativistic limit of a particle.
The relativistic dispersion relation of a particle can be written as

E = g m2c* + p2c?; (2.8)

where E is the total energy of the particle, m the mass of the particle, c the speed of
light and p the momentum of the particle. In the ultrarelativistic case the energy of
the particle is almost completely due to its momentum p. Therefore the m2c*-termiin
equation 2.8 can be neglected, which results in the following equation for the total
energy in the relativistic limit:
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2.1. GRAPHENE

E = pc: (2.9)

This is a linear dispersion relation, just like the dispersion relation of graphene in
equation 2.6. One could therefore state that the Dirac fermions in graphene act
like relativistic particles and can be described by massless fermions with a constant
electron velocity. The only major di erence is that the Dirac fermions in graphene
move with a Fermi velocity vg that is 300 times smaller than the speed of light ¢
( 3 10°ms 1) [8], [21].

2.1.2 Characterization of graphene

Graphene is a very sensitive material to any external or internal perturbations. This
sensitivity could cause problems when setting up an experiment using graphene;
while transferring and storing the material the amount of impurities and defects
could reach alarming proportions. Its important to chart a graphene layer when
using it in an experiment to obtain important information about its quality. The
properties of graphene are almost always reported on a substrate [19], such as a
silicon/silicon oxide wafer. One way of charting a graphene layer is by carrying out
eld e ect characterization. For this one needs a graphene device with a voltage
bias applied to the gate, logically called the gate voltage Vy. This generates an elec-
tric eld that penetrates the graphene and attracts more carriers from the substrate
to the layer of graphene. From the particular voltage at which the carrier is mini-
mum the lowest current is observed. The point with this lowest amount of current

is called the Dirac point. For a pristine layer of graphene, so without any defects
or impurities, this Dirac point is observed at a gate voltage V; of exactly 0 V. An-
other parameter that is often used in eld e ect characterization is the resistance.
The resistance of the graphene is at its maximum at the Dirac point. This is in con-
trast with a current measurement, which is at its lowest at the Dirac point as already
said. If the Dirac point is not exactly found at a gate voltage V;, of 0V, it means the
graphene is not a pristine layer and that it has di erent properties. It could for in-
stance be doped or heated. Doping the graphene shifts the Dirac point to positive or
negative voltages depending on the type of doping. If the Dirac point is shifted to a
more positive position, it shows that the doping of the graphene is p-type and vice
versa. So if the Dirac point shifts to a more negative position the doping is of the
n-type. Several circumstances can cause (unwanted) p-doping of the material. For
example, the formation of weak C O bonds between a carbon atom in graphene
and an oxygen atom in the silicon oxide layer can lead to a p-type conductivity in
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2.2. AVALANCHE PHOTODIODE

graphene; an electron is transferred from the carbon atom to the oxygen atom in sil-
icon oxide. A hole is left behind in the graphene, which leads to an increase in hole
concentration in the graphene layer and an forward shift of the charge neutrality
point. Moreover, during the fabrication process of a graphene eld e ect transis-
tor (GFET), whose properties are discussed in more detail in section 3.1, molecules
could be adsorbed on the surface channel or at the interface of the graphene and
silicon oxide layer. This leads to a forward shift of the Dirac point and a reduction
in quality of the graphene device. Therefore polymethyl methacrylate, also known
as PMMA, is often used as GFET coverage to prevent further adsorption of certain
molecules and the resulting forward shift of the charge neutrality point.

There is also a way to undo this forward shift by annealing the graphene. This is a
process of heating up a material until it reaches a temperature at which the physi-
cal or chemical properties of the material change. This temperature is maintained
for a suitable amount of time inside an oven, after which it is cooled down again to
room temperature. It causes the graphene to return its original pristine situation.
Annealing the graphene leads to a more or less homogeneous carrier concentration
across the sample, which results in a reduction of the width of the peak around the
Dirac point [3].

Another feature that is often observed when carrying out eld e ect characteriza-
tion is hysteresis. It means in simple words that there is alag in input and outputin a
system when the direction is changed. Hysteresis in graphene is the result of charge
carries that are trapped and de-trapped between the graphene layer and the silicon
oxide layer. The amount of freely moving electrons is therefore reduced which re-
sults in a decrease of the electron concentration in graphene. The charge neutrality
point is then moved to a more positive gate voltage [25], [23], [22].

2.2 Avalanche photodiode

During the experiment a scintillator will be used that absorbs the energy of incom-
ing electrons and re-emits that energy by the form of light. A multi-pixel photon
counter (MPPC) will then be lined up to detect the photons coming from the scin-
tillator. The basic element, named a pixel, of the MPPC consists of several avalanche
photodiodes (APDs) and quenching resistors connected in parallel. A schematic
structure of the corresponding circuit is shown in gure 2.3.
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2.2. AVALANCHE PHOTODIODE

Figure 2.3: Schematic structure of the circuit of an MPPC pixel [9].

A huge number of these pixels are electrically connected and arranged in two di-
mensions. A closer look on the operation principles of the APD, the main part of a
MPPC pixel, will be given below.

2.2.1 PN junction

An avalanche photodiode is a semiconductor photodiode detector that, in this case,
uses silicon as the semiconductor in the device to convert light into electricity via
the photoelectric e ect. Intrinsic crystalline silicon is its most pure state without any
doping. It has a steady equilibrium in which neither the positive nor the negative
charge carriers have the upper hand. The resistance of intrinsic silicon is too high
to operate as a photodiode, so therefore a PN junction needs to be formed in the
silicon lattice. It needs to be partially doped with donors to obtain this junction.
Donors are atoms of group V of the Periodic Table, which have 5 valence electrons
in their outermost shell. This part of the semiconductor then becomes n-type and
is called an N region, in which the electrons are the majority charge carriers. The
donor atoms form bonds with the silicon atoms and will settle in the lattice struc-
ture. However, one of the electrons of the donor atom will remain because of the
fact that silicon has only 4 valence electrons compared to the 5 valence electrons of
the donor atom. This electron will be donated to the conduction band.

An adjacent part of the material then needs to be doped with acceptors. These are
atoms with three electrons in their outermost shell, which are coming from group
[l of the Periodic Table. As a result, positively-charged holes become the majority
carriers in this part of the silicon crystal. The outermost shell of the acceptor atom
contains one valence electron less than silicon. The acceptor atom will still settle in
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2.2. AVALANCHE PHOTODIODE

the lattice structure, but has to introduce a hole in the valence band to do so. The
dopant atoms now mainly provide the charge carriers in their part of the lattice.
This is what is called an extrinsic semiconductor. They typically have a much lower
resistance than the intrinsic ones as an increase in majority carrier concentration
causes a decrease of the resistance of the silicon. This is because the electrons and
holes share the same conduction and valence bands and can move freely through
the crystal. This process can be strengthened by applying an electric eld across
which the charge carriers will drift.

In the resulting PN junction will start to ow a di usion current; electrons ow
from the N region towards the P region and recombine with holes and vice versa.
As a result a region between the two sides called the depletion layer, which is de-
pleted from majority carriers, occurs. The majority carriers that drift away leave a
donor or acceptor ion behind, which results in a positively-charged depletion layer
near the N region and a negatively-charged depletion layer near the P region. This
charge di erence forms an electric eld across the depletion layer pointing towards
the negatively-charged part of the depletion layer near the P-region. It therefore
opposes the di usion current which eventually results in an equilibrium. In this
equilibrium the electric eld cancels the di usion current, which results in no net
carrier ow. A PN junction in its equilibrium is schematically shown in gure 2.4.

Figure 2.4: PN-junction in equilibrium [18].

The equilibrium in a PN junction can be disturbed by for instance the photoelectric
e ect; an incident photon carrying an energy that is greater than the bandgap en-
ergy of the semiconductor, 1.14 eV in the case of silicon, can promote an electron in
the valence band to the conduction band. In gure 2.5 this process is visualized.
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2.2. AVALANCHE PHOTODIODE

Figure 2.5: Visualization of the silicon band gap [9].

The excited electron and the hole that is left behind in the valence band form an
electron-hole pair. If the electron-hole pair is formed inside the depletion layer, the
electron will move towards the N side and the hole towards the P side due to the
present electric eld. If a current loop between the P and N side is formed, the
accumulated charge carriers start owing and induce a current through the loop.

If an electron-hole pair is formed outside the depletion layer they will recombine

soon after due to the lack of electric eld outside the depletion layer.

2.2.2 Reverse bias voltage

One could prevent the recombination of electron-hole pairs formed outside the de-
pletion layer by increasing its depth. If a reverse bias voltage is applied, the electric
potential on the N side is set higher than the electric potential on the P side and as
a result, the depth of the depletion layer will increase the amount of electron-hole
pairs inside this layer. Consequently, the electric eld in the depletion layer will
become stronger. Charge carriers will therefore gain more kinetic energy before a
possible collision with an atom in the lattice. If the kinetic energy becomes bigger
than the bandgap energy of silicon, a collision of that carrier with an atom could
cause the formation of another electron-hole pair. This could lead to a rapid in-
crease in the amount of carriers, which is named an avalanche. The exact amount of
increase is expressed by a quantity called the gain. A relation between the applied
reverse bias voltage and the gain of a typical APD is given in gure 2.6.
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2.3. FIELD EFFECT TRANSISTOR

Figure 2.6: Plot of the gain of an APD versus the reverse bias voltage V [9].

Between 50 en 100V the graph approximately has a linear slope. The gain and
applied reverse bias voltage therefore have a10V relationship. From 100 V onward,
the slope suddenly starts increasing a lot. The value of the reverse bias voltage at
which this happens is called the breakdown voltage Vgr 0f the APD. If the applied
reverse bias voltage is higher than this breakdown voltage, the APD is operating in
Geiger-mode. To eventually stop this discharge, a quenching resistor is connected
in series with the APD, as again can be seen in gure 2.3. If the discharge ows
through this resistor it causes a drop in the operating voltage of the APD [9].

2.3 Field e ect transistor

A eld e ect transistor (FET) is a transistor that controls the current ow in a semi-
conductor by the use of an electric eld. A FET usually has a semiconductor chan-
nel and three terminals: the source (S), drain (D) and gate (G). Through the source
the charge carriers, electrons or holes, enter the channel. The drain is the terminal
through which the charge carriers leave the channel. The current can be controlled
by applying a current to the gate. This current alters the conductivity between
source and drain. This applied potential together with the potential applied across
the source terminals a ect the size of this so-called conductive channel, through
which the electrons ow from source to drain. There are many di erent types of
FETs available. One of them is the graphene eld e ect transistor (GFET), which
is used during the experiments. In section 3.1 a closer look will be taken on this
transistor [4].
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CHAPTER

Materials

During the experiments a few di erent devices were used that need further expla-
nation to fully understand their working mechanisms. These instruments will be
outlined and explained in detail in the sections below.

3.1 Graphene eld-e ect transistor chip

Graphene eld-e ect transistors have the typical eld-e ect transistor look, as ex-
plained in section 2.3, with a very small graphene channel inserted between the
source and drain. The type of GFET that is used in this experiment is called a GFET-
S10, fabricated by Graphenea. The graphene is obtained by chemical vapor depo-
sition (CVD) of a carbon source at very high temperatures. The extracted carbon
atoms are laid down on the substrate and will eventually form the characteristic
hexagonal graphene lattice structure. This layer of graphene is then transferred
from this deposition substrate onto a wafer which in this case is made of silicon
(Si). Metal electrodes are located onto this layer of graphene to serve as the inter-
face between the graphene and the stimulating devices like a power supply. The
contacts of the GFET-S10 devices are gold-based and are indicated in gure 3.1,
which shows the entire cross-section of one GFET-S10 device. The channels in the
GFETs have unprecedented sensitivity because of the structure of graphene, being
one layer of atoms thick. This is a huge benet over the standard FETs, because
most of the channels in those devices are three-dimensional. This could limit the
respond sensitivity of such devices drastically, as a change of the electric charge at
the surface doesn't necessarily mean that it will penetrate further into the channel.
The two-dimensional graphene channel, on the other hand, is always exposed as a
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