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Abstrakt
Tato diplomová práce se zabývá dotováním grafenu nízkoenergiovými elektrony.

Na křemíkový substrát pokrytý vrstvou SiO2 jsou pomocí litograficky vyrobené
masky nadeponované kovové kontakty z titanu a zlata. Grafen vyrobený pomocí
metody depozice z plynné fáze je přenesen na substrát a slouží jako vodivé spojení
kovových elektrod, které vytvářejí kolektor a emitor. Na křemík je ze spodu přive-
deno napětí, které tak vytváří spodní hradlo. Takto vytvořený grafenový tranzistor
je ozařován nízkoenergiovými elektrony, které mění dotování grafenu. Z polohy
maxima v závislosti odporu grafenu na hradlovém napětí lze vyčíst typ dotování.
Toto maximum udává napětí, při kterém Fermiho meze grafenu prochází Diracovým
bodem v pásové struktuře grafenu. Velikost hradlového napětí, primární energie
elektronového svazku a proud svazku jsou tři parametry, které mají velký vliv na
změny dotování. Při ozařování transistoru dochází ke změně typu dotování právě
tehdy, když odpor grafenu v závislosti na hradlovém napětí dosáhne maxima. Vývoj
této změny je zkoumán pro různé energie a proudy primárního svazku v závislosti na
hradlovém napětí i v čase. Typ dotování je také prozkoumán při zastavení ozařování
v různých fázích smyčky hradlového napětí. Dopování grafenu nízkoenergiovými
elektrony je popsáno v teoretickém modelu.

Summary
This diploma thesis studies the remote doping via the low-energy electrons irra-

diation. Silicon with a SiO2 layer is used as a substrate. Metal Au/Ti contacts are
deposited on Si surface using the lithographic mask. Graphene grown by the chem-
ical vapour deposition is used as a conductive connection between the prefabricated
metal electrodes that creates source and drain. Back gate electrode is realized by
applying voltage to Si. The dependence of graphene resistance on the gate voltage
is used to specify the doping type of graphene. We have studied the influence of
the beam current, beam energy and gate voltage on the graphene doping type. Ad-
ditionally the time evolution of graphene transport properties was also measured.
Finally, the processes happening inside of the substrate are theoretically described
in a doping model.
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1. INTRODUCTION

1. Introduction

Graphene is a single layer of graphite that is still one of the most interesting
materials used in various branches due to its unique chemical and mechanical prop-
erties such as a high charge carrier mobility [1]. As the industry is evolving and
the semiconductors cannot satisfy the high demands on the functionality and low
dimensionality at the same time, a new ways of progress are being discovered, like
using of the graphene in electronics. Its great electronic properties make it promis-
ing for a use in this industry when a reliable and controlled method of fabricating a
large scale quality graphene is developed.

Graphene transistors were already introduced and their properties are being
studied by many research groups. It was discovered that charge cumulation in these
transistors can be affected by a remote source of radiation, like UV light, lasers,
electrons or X-rays. X-ray irradiation was under scope of Procházka et al. [2, 3]
as they introduced a description of the processes occurring during and after the
irradiation of the graphene. However, to our knowledge the low-energy electrons
were used as a source for remote doping of graphene only by Mareček [4].

This thesis focuses on the possibilities of the remote doping of graphene via the
low-energy electron irradiation and the influence of the beam energy, beam current
and the intensity of external electric field on the doping. When the silicon with a
layer of SiO2 is used as a substrate for graphene transistor fabrication, the influence
of the charged defects in the oxide is important for the explaining of the doping
mechanism. Due to the lack of previous research, the focus is also put on a theoretical
doping model. It describes the processes occurring in the transistor during and after
irradiation. While the e− beam is turned on, the excitons are created within the
oxide and the charge is driven by the external electric field. After turning on of the
irradiation, the neutralization of the charged defects becomes dominant.

Understanding the doping mechanism makes it possible to change the doping
type and the extent of doping to a desired level. This ability can be beneficial
for a use of graphene (and possibly other materials) as an active substrate. These
materials might be modified remotely, which could be used to induce the catalytic
reactions or to control the molecular self-assembly of the structures located on it.
In order to explore these possibilities the primary research of beam influence on
graphene doping needs to be done.
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2. Graphene

Graphene is a two-dimensional (2D) allotrope of carbon atoms arranged in a
hexagonal lattice. This material was first predicted in theory, because it was thought
that 2D crystal cannot exist at room temperatures on its own due to the thermal
oscillations of the lattice that would be bigger than the distance between the carbon
atoms in the crystal lattice [5, 6]. In 2004 found Novoselov and Geim an effective way
to produce relatively large isolated graphene flakes through graphite exfoliation [7].
This breakthrough raised an interest in research of this unique material in particular
its properties, preparation techniques and potential applications [1, 8, 9].

2.1. Crystallography

The hexagonal graphene structure can be seen as a lattice with a basis of two carbon
atoms A and B per unit [10], as it is shown in Figure 2.1a. The lattice vectors of
the primitive unit cell are [11]

~a1 =
3

2
a~ex +

√
3

2
a~ey (2.1)

~a2 =
3

2
a~ex −

√
3

2
a~ey, (2.2)

where a is lattice constant, ~ex and ~ey are the unit vectors and ~a1 and ~a2 are the
lattice vectors.

Figure 2.1: a) Graphene lattice structure with lattice vectors ~a1 and ~a2. Blue area
depicts Wiegner-Seitz primitive cell. b) The first Brillouin zone in the reciprocal
space with its lattice vectors ~b1, ~b2, the corners of the Brillouin zone K and K ′, the
center of the edge M and the center of the cell Γ [11].
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2. GRAPHENE

The reciprocal lattice vectors are given as [10]

~b1 = 2π
~a2 × ~n
|~a1 × ~a2|

=
2π

3a
~ex +

2π√
3a
~ey (2.3)

~b2 = 2π
~n× ~a1
|~a1 × ~a2|

=
2π

3a
~ex −

2π√
3a
~ey, (2.4)

where ~b1 and ~b2 are base vectors in the reciprocal space and ~n is a unit vector
perpendicular to the plane given by ~ex and ~ey.

The Brillouin zone is given by the vectors ~b1 and ~b2 shown in the Figure 2.1b.
There are four significant points that can be defined. Point Γ is the center of the
Brillouin zone, M is the center of the edge and K and K ′ are the corners of the
Brillouin zone where the valence and conductive band of the graphene connect.

2.2. Graphene properties

Graphene hexagonal lattice is shown in Figure 2.2. Carbon atoms have valence
orbitals in the state of sp2 hybridization and have four valence electrons. Three
electrons are used on bonding carbon atoms together by a strong σ bond created by
the head-on overlap between atomic orbitals. The distance between two neighbour-
ing atoms is 0.142 nm. The fourth electron is responsible for a weak out-of-plane π
bond, which is also exerted in graphite, where the layers are bonded together by a
weak van der Waals force [3].

Properties of the material are related to its structure as can be seen in comparison
of graphene and another carbon allotrope: diamond. Both materials consist of
carbon atoms, but they have a different orbital hybridisation, sp3 in diamond and
sp2 in graphene. This means that there are only σ bonds between the carbon atoms
in diamond. As a consequence, diamond is a good insulator, whereas the delocalized
electrons engaging in π bonding make graphene conductive.

The thermal stability of the graphene was puzzling, because graphene appeared
to be the 2D material with a high crystal quality, but at the same time both theory
and experiment showed that a perfect 2D crystals cannot exist in a free state [12].
In 2007 Meyer et al. [12] showed that graphene is not perfectly flat, but corrugated
and it makes the structure stable. These waves are much bigger than the distance
between atoms and their height reaches 0.2 nanometres [12].

Charge carrier mobility is an important property for electronic applications. It
depends on the temperature and also on the used substrate. The ordered structure of
graphene with basis of two inequivalent carbon atoms with a strong σ bond between
them allows the conduction of the electric current to be almost dissipationless. For
a crystallographic lattice containing only a small amount of adsorbed molecules
and dissipation centres a ballistic transport occurs and the mean free path of the
charge carriers is large. This means that charge carriers can travel a distance of few
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2.3. BAND STRUCTURE

Figure 2.2: Graphene lattice structure. [1]

micrometers [13] without scattering [3]. For graphene on Si/SiO2 Bolotin et al. [9]
showed the largest reported value of electron mobility (more than 200 000 cm2 V−1

s−1) of any kind of semiconductor material [1].
Graphene has many more excellent chemical and mechanical properties, such

as high light transmittance (∼ 98%) and great impermeability to most of the gases
[1, 8]. It is also possible to change the resistivity of graphene by adsorbing molecules
on its surface [3]. The combination of the unique properties in a single material
makes graphene valuable for various fields of application, like gas sensors [14], flexible
electronics, transparent protective coating and efficient transistors [8].

2.3. Band structure

The conventional semiconductors have an energy gap between valence and conduc-
tion band and their conductivity arises due to the presence of partially filled states
present in these bands. In contrary the electronic structure of graphene is quite
different, since there is no band gap between the valence and conductive band as
they are in a direct contact in a points K and K ′ at the borders of Brillon zone
called Dirac points. In a close space to these points a linear band dispersion takes
place. This gapless electronic structure is protected by the high symmetry honey-
comb structure.

The lack of gap makes it challenging to use graphene in electronic industry, but
there are ways leading to a band gap opening. Among these ways belong the the use
of bilayer graphene, graphene nanoribbons, carbon nanotubes [15, 16, 17], graphene
oxide [17, 18] or chemical doping [19]. Chemical doping is based on the modification
of the graphene structure caused by the doping atoms. This change should be similar
to the one caused by a presence of localized defects or deformation [15, 20]. In the
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2. GRAPHENE

case of bilayer graphene the gap between the bands starts to open up with an applied
electric field and the dispersion becomes parabolic [16, 21, 22].

Figure 2.3 shows schematics of the band structure of graphene. Mathematically
can this structure be described as [10]

E±(k) = ±t
√

3 + f(k)− t′f(k), (2.5)

where t is the nearest-neighbour hopping energy (hopping between different sub-
lattices), t′ is the next nearest-neighbour hopping energy (hopping in the same
sublattice) and the f(k) is defined as

f(k) = 2 cos(
√

3kya) + 4 cos

(√
3

2
kya

)
cos

(
3

2
kxa

)
, (2.6)

where kx and ky stands for the x and y parts of the wave vector ~k.
The plus and minus sign in Equation 2.5 applies to the conduction (upper) and

valence (lower) band.

Figure 2.3: Graphene energy-dispersion versus the wave vector ~k=(kx, ky). Dirac
cones are located at both K and K’ points of the Brillouin zone [3].

The wave vector ~k close to the Dirac point can be described as ~k = ~K + ~q with
|~q| � | ~K|. Then a simplified relation is obtained

E± = ±vf h̄|~q|, (2.7)

where ~q is the momentum measured relatively to the Dirac point and vf is the Fermi
velocity given by

vf =
3ta

2h̄
∼= 1 · 106 ms−1 (2.8)
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2.4. GRAPHENE PREPARATION

Energy dependence on the wave vector is linear instead of the usual quadratic

E =
|~p|2

2m∗
=

(h̄|~k|)2

2m∗
, (2.9)

where m∗ is the effective mass of the charge carriers and ~p is the momentum.
The charge carrier properties imitates almost perfectly the properties of the

relativistic particles with a zero invariant mass. These electrons are called Dirac
fermions and their behaviour is similar to the behaviour of photons with energy
given as

E = h̄c|~k|, (2.10)

where c is the speed of the light in vacuum. Instead of the Schrödinger equation
a Dirac equation needs to be used to describe the movement and interactions of
the Dirac fermions in crystallographic lattice. In comparison to photons, graphene
electrons have charge and can be affected by the magnetic or electric field [10].
These properties can be used to do relativistic experiments, like studying Klein
paradox [23].

2.4. Graphene preparation

Many graphene fabrication methods were introduced since its discovery in 2007,
however, they are not suitable for a large scale production and that hinders the
industrial application of graphene. Amongst the main fabrication techniques belong
reduction of graphene oxide [24], thermal decomposition of SiC, chemical vapour
deposition (CVD) [25] and mechanical exfoliation [1]. These methods, except the
CVD, will be described briefly in the next subsections. The CVD will be introduced
more thoroughly, because it was used to prepare the graphene in my experiments.

2.4.1. Mechanical exfoliation

Mechanical exfoliation, also known as micromechanical cleavage or the Scotch tape
method is the first known method of graphene preparation that was used by Geim
and Novolelov in 2007 [26] to fabricate the first graphene structures. This method is
very simple and requires only an adhesive tape and a graphite sample, for example
highly oriented pyrolytic graphite (HOPG) used by Geim et al. in 2007 [26]. The
tape is used to peel off the graphite flakes from the sample surface and then by
continuous repeating of this process on the flakes, the single layer structure can be
obtained [27]. The tape can be either dissolved in a solution and the graphene layer
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2. GRAPHENE

is collected from it by the desired sample [26], or the tape is placed directly on the
target sample and graphene is transferred during the tape mechanical removal [3].

One of the main advantages of this method is the ability to produce a quality
graphene structures without defects with size reaching a few tens of micrometers
[28]. This makes mechanical exfoliation one of the often used methods of graphene
fabrication [1].

2.4.2. Reduction of graphite oxide

Another way to produce graphene is via graphite oxide, normally produced by Hum-
mers method [29]. Graphite is intercalated by an oxidant, sulphuric acid which
results in an increase of the distance between the graphene sheets. This helps to
stabilize and disperse the sheets in the water [3, 30]. Graphene is then obtained
from the suspension by the reduction process.

This method is very demanding in safety precautions, because chemicals not
friendly to the environment are used (like sodium nitrate), there is a risk of explo-
sion during processing at high temperatures and the used sodium nitrite produces
toxic nitrous gas. Another disadvantage is that even though this is a low-cost method
with a high scalability, the oxidation introduces defects to the graphene sheets mak-
ing it unsuitable for the application, where the properties of pristine graphene are
paramount [1]. Even though some progress to improve this method was made, like
eliminating the use of sodium nitrite [31], there is still a long way to go before the
reduction of graphite oxide might be used for a large scale production, like reducing
the waste material and the use of toxic chemicals.

2.4.3. Thermal decomposition of SiC

A promising method to create a large scale uniform graphene for technological ap-
plication is the thermal decomposition of SiC [32]. SiC is inserted into the ultra high
vacuum (UHV) and etched at high temperature (∼ 1550◦C) in hydrogen atmosfere
to clean the surface. This creates the terraces (Figure 2.4) on the surface with a size
depending on the etching temperature and duration of the process. The next step
is the growth itself. Prepared sample is annealed at high temperatures (∼ 1650◦C)
in Ar atmosphere. Si diffuses from the bulk to the surface and when separated, it
is taken away by the Ar flow and graphene layer is created. The terraced surface is
of great importance as it creates preferential sites for Si reduction, which is highly
dependent on the original polytype of the SiC and also on the wafer cut [33].

The quality and the size of the graphene layers are affected not only by the
growth process parameters, but also by the SiC substrate itself. The size of graphene
domains depends on the basal plane used, for Si-terminated plane there are only
small domains 10 − 100 nm and for C-terminated plane there are larger domains
∼ 200 nm in diameter [34]. Also regions with a different film thickness coexist
at the surface, because the Si sublimation is happening until the growth process
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2.4. GRAPHENE PREPARATION

is terminated. This makes graphene on SiC problematic for the use in electronic
applications due to the presence of areas that vary in a band gap size all over the
surface.

An advantage of this mathod is that SiC is an insulator so the need to transfer the
graphene after fabrication is eliminated. Thanks to the bond between the SiC and
graphene it is not even convenient to perform the transfer on a different insulator as
it would be quite difficult. For experiments without a specific demand on the type
of an insulator used is the thermal decomposition of SiC a good fabrication method.

Figure 2.4: Terraces on the SiC surface after etching in hydrogen imaged by the
atomic force microscope.

2.4.4. Chemical vapour deposition

Chemical vapour deposition is a method suitable for fabricating a large scale and
high-quality graphene on the metal surfaces [35]. The scheme of the process is
depicted in Figure 2.5. Metal foil is heated in the hydrocarbon atmosphere, usually
CH4 due to its low decomposition rate, which allows the carbon atoms to create the
quality graphene layer. CH4 is decomposed at the metal surface at the temperatures
around 1000◦C. Graphene is then transferred to the insulating substrate. Even
though the CVD graphene is large-scale, the quality is lower in comparison to the
exfoliated graphene. Also while transferring, graphene can be easily damaged or
folded.

Metal substrates play a role of a catalyst, which decreases the activation energy
needed to create the graphene. Many compounds can be used as a substrate (Cu,
Ni, Pt, Co,. . .), but they have a different catalytic influence on the process [36].
Important aspect is recrystallization of the metal surface at high temperatures,
while it causes changes in the surface morphology, and carbon solubility in each
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2. GRAPHENE

metal. Carbon diffuses into the metal and with decreasing temperature segregation
occurs and additional graphene layers grow. The lowest carbon solubility has Cu,
which makes it the most often used metal [3, 21].

The growth of graphene starts at active sites, like defects and edges of the sub-
strate grains. Each graphene grain is growing in a different planar orientation re-
gardless each other and in the end of the growth process they connect with each
other. The size of these grains is what determines the quality of the structure, be-
cause the boundaries between them affect the electric properties negatively [3, 37].
The size of grains can be larger than a millimetre [38].

Figure 2.5: Transfer process of the graphene grown on the Cu foil by CVD. a)
graphene grown on the Cu foil, b) protective layer of PMMA spin coated on one
side of the Cu foil, c) graphene on the other side of the foil is etched away in an
oxygen plasma, d) Cu foil is dissolved in a Fe(NO3)3 · 9H2O, e) rest of the structure
is inserted into a water by the Si substrate to wash the Cu etchant, f) PMMA layer
is etched in acetone so only a graphene layer is left [4].

To obtain a high-quality structures, the metal substrate must be clean. The
metal foil is cleaned electrochemically and annealed for a long time to get rid of the
most residual defects that would act as excessive nucleation sites during the growth
process. The annealing is performed in the hydrogen atmosphere and leaves the
surface flattened and without oxides. Hydrogen is also important for the growth
itself, because it dissociates on the surface while creating an active sites for the
decomposition of CH4 and also making it easier. Without hydrogen it is very rare
for CH4 to decompose on the Cu surface [39]. Altering the flow, temperature and
the pressure of the gasses allows the growth process to be controlled [3, 4].

The last step of the process is the graphene transfer to an insulator, usually Si
wafer with a SiO2 layer of thickness 280 nm. Cu foil has graphene layer from both
sides. Better side is chosen and covered with polymethylmethacrylate (PMMA) by
spin coater in order to protect the layer from the damage. The uncovered layer is
etched in oxygen plasma. Now the foil is inserted into Fe(NO3)3 · 9H2O to etch the
Cu so only graphene with PMMA remains. Time of etching depends on the thickness
of the Cu foil and the concentration of the solution. Structure is then inserted into
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2.4. GRAPHENE PREPARATION

a few water baths to get rid of the residual etchant. The number of baths should be
chosen wisely due to the possibility of damaging the graphene during each transfer.
Graphene is taken from the solution directly by the insulator and the whole sample is
dried at 50◦C so the graphene structure sticks to the substrate. PMMA is dissolved
in acetone bath.

The transfer from the Cu foil can be also done without the PMMA layer, so
the graphene is not affected by it, but at the same time it is easier to damage the
structure mechanically during the transfers.
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3. TRANSISTOR

3. Transistor

Transistor is a device composed of semiconductor material designed to amplify
or switch electronic signals. Its invention and first observation of transistor effect in
1947 [40] became an important event for electronic industry. The inventors received
a Nobel prize in physics in 1956. Nowadays it is a key component in most of the
electronic devices.

3.1. FET

Transistors can be divided into two main groups: unipolar and bipolar. Both have
three contacts brought to the semiconductor forming three electrodes called source,
drain and gate. In bipolar transistors are all these electrodes conductively connected
and they affect each other.

In unipolar transistors, also called field-effect transistors (FET), the current goes
through a channel created between the source and the drain. Gate is usually sepa-
rated from the semiconductor by a different material and only a voltage brought to
the gate affects the current going through the channel.

FETs can be divided into many groups according to the functionality or me-
chanical design. The most frequent division is based on the type of gate separation
from the semiconductor. Among these are FETs with the gate separation fabricated
from an non-insulated structures made of a p-n junction or Schottky junction. In
opposition there are transistors with gate electrode separated by the insulating layer
like oxide (metal-oxide-semiconductor field-effect transistor, MOSFET) or oxide and
silicon nitride [41].

MOSFET structure is shown in Figure 3.1. Semiconductor (Si, Ge,. . .) is lightly
p-doped and two highly n-doped islands are implemented into it. These two islands
create source and drain and they are connected by an n-doped material called chan-
nel. The whole substrate is covered with an insulating oxide with only two metal
terminals for source and drain. A thin metal layer is deposited so that it is aligned
with the channel and separated from it by oxide. This metal layer becomes a gate
that is electrically insulated from the other two electrodes by the oxide layer.

Positive voltage brought to the drain results in a current going through the
channel towards the source. The value of the current depends on the thickness of
the channel and can be influenced by the gate voltage. The negative gate voltage
induces an electric field that pushes the electrons from the channel into the substrate
making the area depleted of electrons at the expanse of the channel thickness. It
results in a decrease of the current flowing between the source and the drain. By
choosing the right gate voltage the current can be switched off entirely.

The possibility of terminating the electric current between the source and drain
makes MOSFET suitable for the use in digital circuits, where two states are used:
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3.2. GFET

Figure 3.1: MOSFET scheme with three electrodes: source S, drain D and gate G.
Current going through the channel is affected by the voltage UGS between the source
and the gate. Acquired from [42].

logical high when the current is flowing between the electrodes and logical low when
the current is cut off. Switching between these two states is very fast and it makes
MOSFET suitable for a fast processing of the binary code. That is the reason why
transistors are used in integrated circuits for processors and memory storages.

3.2. GFET

To improve the electronic devices the components needs to get smaller with higher
efficiency. However, for a size of transistor of a few nanometres the quantum be-
haviour takes place and the functionality of the transistors is compromised. Also
the fabrication of such a small devices is complicated and needs to be very precise,
because even a small deviation during the fabrication affects the properties of the
component. The next step in transistor improvement might be done by implement-
ing graphene into transistors due its high charge carrier mobility. Transistors with a
graphene layer used as a channel are called graphene field-effect transistors (GFET).

The design of GFET is very similar to the one of MOSFET. It consist of sub-
strate, graphene layer and three conductive contacts. Silicon with a 280nm dielectric
layer of SiO2 is usually used as a substrate. Graphene is put on the dielectric layer
and serves as a conductive connection between the two contacts that forms source
and drain. Silicon is connected with the third contact creating a back gate electrode.
This setup is often used in experiments, however for application it is not suitable
due to the large parasitic capacitance present during experiments with this GFET
design [43].
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The charge carrier mobility of graphene is higher than the mobility of any semi-
conductor due to which graphene seems to be suitable for an application in high-
frequency (HF) transistors. Even a low-quality graphene layer with a low mobility
of charge carriers (∼ 103 cm2V−1s−1) can amplify the current to the frequencies of
100 GHz. MOSFET used under the same conditions could not reach the result of
GFET [44], which only supports the idea of using graphene in transistors.

GFET is a good amplifier, however transistors are mainly used in logical circuits,
which presents an issue for GFET. The use of transistors in logical circuits is based
on the possibility to turn on and off (or almost off) the current going through the
device making the on/off ratio of these currents the key parameter. However, pristine
graphene has a finite mobility in order of 4e2/h due to the absence of the band gap
in the electronic structure [45]. This makes GFETs with a pristine graphene unfit
for the use in logical circuits due to the small value of current ratio caused by the
inability to terminate the current in the graphene. Nevertheless, it is possible to
modify graphene in a way that band gap is opened (as was discussed in section 2.3)
and after these modifications the use of GFET in logical circuits might be possible.

GFETs have unique current-voltage characteristic. Concentration and type of
the charge carriers is influenced by the potential difference between the channel
and the gate electrode. Positive high voltage causes accumulation of electrons in
the channel. Negative voltage has opposite effect on the transistor: the holes are
accumulated in the channel. This behaviour separates the dependence of current
on voltage to two branches divided by a Dirac point. The exact position of this
point depends on the difference of the graphene and gate electrode work function,
the type and concentration of the charge carriers on the top and the back side of
the multilayer graphene channel and also on the graphene doping [16].

The chemical doping of graphene can also improve the on/off current ratio. It is
based on the interaction between the graphene and adsorbed species of a different
chemical composition. Chemical doping can be divided into doping via substitution
of the carbon atoms and doping via adsorption on the graphene surface [46, 47].

Substitution of the carbon atoms is usually performed by an element with a
different number of valence electrons. For example by boron with three valence
electrons that makes the graphene p-doped or by nitrogen with five valence electrons
that makes the graphene n-doped. The substitution disturbs the graphene structure,
the carbon atoms hybridization respectively, and the electronic band structure is
modified. Also charge carrier mobility is decreased and the gap between the valence
and conduction band occurs/is enhanced [46].

Doping via adsorption of the molecules on the graphene surface is a nondestruc-
tive and usually even reversible process [47]. The direct charge transfer between
the graphene and the adsorbed dopant results in a doping via electrons due to the
difference in chemical potentials on the interface. That is caused by the relative
position of the Fermi level of graphene compared with a highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) [48]. Electrons
are transferred from the graphene to a dopant if LUMO energy level is beneath the
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Fermi level of graphene. Dopants behave as acceptors and creates the p-type con-
ductivity in graphene. The second option is for HOMO energy level being above the
Fermi level of graphene. In that case dopants behave as donors and dope graphene
layer with electrons, causing the n-type conductivity to occur. The basic scheme of
graphene doping via adsorbates is shown in Figure 3.2.

A huge progress in improvement of graphene transistors has been made since the
first fabrication of graphene in 2004. However, some complications arose like the
inability to turn off the current. To improve the current control of the GFETs a
guided and efficient method of band gap creation in graphene should be introduced.

Figure 3.2: Scheme of the p-type and n-type adsorbate energy levels with a graphene
electronic structure. Relative position of the graphene Fermi level to the highest
occupied and lowest unoccupied molecular orbitals of the adsorbates is displayed.
Acquired from [46].

3.2.1. Fabrication of GFET

Fabrication of the graphene field-effect transistor combines electron lithography,
metal deposition and CVD growth of graphene. All these methods were performed
at CEITEC Brno.

Silicon wafer with a 280 nm thick layer of SiO2 is used as a substrate. The surface
of the substrate is cleaned with acetone and then with isopropyl alcohol (IPA).

Electron lithography is now used to create a mask on the surface. First, the
substrate is annealed on the hot plate for 30 minutes at 180 ◦C to get rid of the
water adsorbed from the atmosphere. Then an positive resist is spin-coated on the
surface (Figure 3.3a). Wafer is inserted into a spin-coater and rotated. Resist is
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applied to the center of the spinning wafer using pipette and the resist layer is
created. Thickness of the layer depends on the speed of rotation and the resist
itself, particularly on the resist type and its concentration. Concerning the speed of
rotation, with higher speed the thinner resist layer will be formed and with lower
speed the layer will be thicker. Substrate is then put on the hot plate again for
30 minutes at 180 ◦C to bake the resist.

The substrate is now exposed to the laser beam in an UV Direct Write Laser
system DWL 66 FS. The scanning head is controlled by the computer where the
requested design of the mask is uploaded and the desired parts of the sample are
irradiated (Figure 3.3b). Photons travel into the sample and interact with the resist
atoms. The area outside of the primary region of exposure can be also affected
due to the light scattering. This so called proximity effect [49] results in a possible
variation of the final structure from the primary design. However, our design have
relatively large structures and this effect has negligible influence on our devices.

Figure 3.3: Schematics showing the lithographic process of mask creation and metal
deposition on the Si/SiO2 sample. a) layer of PMMA is spin coated on the sample,
b) desired parts of the positive resist are irradiated by a laser and c) the sample is
put into developer that gets rid of the irradiated parts of the positive resist. d) The
Ti and Au layers are then deposited on the sample and e) the rest of the resist with
metal on top is cleaned during the lift-off process so f) only metal deposited directly
on the substrate remains [48].

Wafer is then inserted in the developer where the unwanted parts of the resist
are cleaned. The resist solubility in developer is affected by the laser exposure.
Depending on the type of resist, the exposure may either reinforce or weaken the
irradiated parts of the resist. This property divides the resists into positive one
(weakened after exposure) and negative one (reinforced after exposure). The devel-
oper cleans the irradiated parts of the positive resist from the sample. Concerning
the negative resist the developer cleans the parts not exposed to the irradiation. In
my fabrication process of the GFETs the positive resist was used (Figure 3.3c).

Metals are deposited on the wafer with the resist mask, particularly 3 nm of Ti
and 45 nm of Au (Figure 3.3d). Substrate is then etched for a few hours to get rid of
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Figure 3.4: The design of the Au/Ti electrodes on the Si/SiO2 with marked param-
eters of distance L between the ending parts of electrodes of width W.

the rest of the resist, so called lift-off (Figure 3.3e). The metal is removed with the
underlying resist layer; only the parts deposited on the wafer remains (Figure 3.3f).
The sample is put into acetone bath and IPA bath to clean the residual impurities
from the surface followed by dry out of the sample in a nitrogen flow.

This design is small enough for more samples to be created on one wafer. Wafer
is precut according to the markers implemented into the mask design by laser cutter
and each sample is separated manually.

Figure 3.5: GFET placed onto chip expander created by SEANT. Capton and Cu
doublesided tape is used to hold the GFET. Conductive connection between the
transistor and the electrodes of the female connectors is realized by Ag paste.

Graphene grown using the CVD method described in section 2.4.4 is directly
taken from the last water bath by the sample with Au/Ti contacts. Design of these
contacts is shown in Figure 3.4. Graphene should cover at least one of the three
pairs of electrodes to create a conductive connection. The width of the ending parts
of electrode is W = 400 µm and the distance between the ending of each pair is
L = 100 µm. For the setup of our experiment only one pair of electrodes is needed.
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Three pairs are used for an easier placement of the graphene layer on the substrate,
because the substrate is usually hydrophobic and the graphene layer is drifted with
the water from the sample while being taken out of the water bath.

Sample is now placed on the chip expander created by SEANT with the dou-
blesided Cu tape and capton doublesided tape (Figure 3.5). The expander has
female contacts for a dismountable connection between the expander and the sam-
ple holder. Each female connector is connected to the electrode on the side of the
chip, with which the lithographic structure is conductively connected by the Ag
paste.

3.2.2. Measurement of the electronic properties

Transport properties of graphene in FETs are measured in clean room 518 at the
Institute Physical Engineering (IPE). The fundamental measurement setup is shown
in Figure 3.6. Metal electrodes on the GFET surface create source and drain between
which the current flows through the graphene channel. The current is dependent on
the gate voltage that is applied from the back side.

Figure 3.6: Setup of the electrical circuit used to measure transport properties of
graphene layer that was used as a channel in the GFET. Frequency of the lock-in
amplifier was always set to 1.333 kHz, the current flowing between source and drain
of the GFET is given by voltage set to 1 V and time constant was set to 300 ms.
Acquired and modified from [6].

The voltage applied on the graphene layer (determines the value of the cur-
rent) was always set to 1 V. Signal goes through 10 MΩ resistor, lock-in amplifier
and through the sample to the grounding potential. Resistance of 10 MΩ is much
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higher than the one of graphene layer so in combination with the voltage 1 V of the
graphene layer it determines the value of the current flowing through the sample.
The change in gate voltage is controlled by the current flowing from the source,
which is connected with a 1 MΩ resistor. Current values in nA correspond to the
voltage values in V. Measurement is controlled via LabView script.

3.2.3. Calculation of the charge carrier mobility

One of the parameters used to determine the quality of the graphene layer is the
charge carrier mobility. We can calculate it using the results of the experimental
setup described in 3.2.2, where the dependence of the resistivity on gate voltage is
measured.

Figure 3.7: The setup of the graphene sample for the measurement of the charge
carrier mobility using a model of a planar capacitor.

Figure 3.7 shows a sample, where bulk Si is covered with a SiO2 layer of thickness
280 nm. There are Au/Ti contacts on the surface that are connected by a graphene
layer. This sample can be assumed to be a planar capacitor with a SiO2 dielectric
layer of thickness d between the planes. Capacity C of the capacitor is then

C =
Q

VG
= ε0εr

S

d
, (3.1)

where ε0 is vacuum permittivity, εr is relative permittivity (for SiO2 is εr = 3.75),
Q is charge, S is area of the smaller electrode and VG is gate voltage. For a number
of particles N with elementary charge e we can write the amount of charge in
the graphene layer as Q = Ne. After inserting into equation (3.1) and a slight
modification a formula for charge carrier density n is obtained as

n =
N

S
=
ε0εr
ed

VG. (3.2)

The capability of the material to conduct electric current is given by electrical con-
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ductivity σ and it is dependent on the charge carrier density and their mobility µ
in the bulk

σ = neµ. (3.3)

Another material property is electrical resistivity. It indicates how much the material
prevents the flow of electrical current. The relation between electrical conductivity
and electrical resistivity ρ can be expressed as

σ =
1

ρ
. (3.4)

Looking at the Figure 3.7 the resistivity of the graphene layer that connects two
Au/Ti contacts can be calculated from the resistance measured during the flow of
the known electrical current through it. The resistance also depends on the design of
the contacts particularly distance between them and the width of the ending parts.
By knowing these parameters electrical resistivity can be calculated from

ρ = R
W

L
, (3.5)

where W is the length of the contact, L is the distance between the contacts and R is
the measured electrical resistance that can be calculated using Ohm’s law R = V/I
for the electric current I flowing through the graphene and the voltage V between
the Au/Ti contacts.

The measured output is the dependence of the graphene resistance on the gate
voltage. This can be transformed into the dependence of the conductivity on the
charge carrier density by using all the equations introduced in this section except
the Equation 3.3 that is used afterwards to calculate mobility from the tangent of
the linear part of the conductivity versus the charge carrier density dependence.

The ideal sample has linear dependency of the conductivity on the gate voltage
and the Dirac point located at VG = 0 as depicted in the Figure 3.8a. In this case the
Fermi level in the graphene band structure is aligned with the Dirac point (Figure
3.8b). A non-zero value of the applied gate voltage results in the cumulation of the
charge carriers in the graphene, which induces the change of conductivity. The type
of the charge carriers depends on the relative value of the gate voltage compared to
the voltage where the Dirac point is located. When positive voltage VG is applied
to the GFET with pristine graphene electrons become the charge carriers, for a
negative voltage VG applied, holes become the charge carriers.

The real samples have the Dirac point in the non-zero values of the VG due to
the graphene doping or because of the presence of adsorbed molecules on the surface
as was discussed in section 3.2. Here the type of the charge carriers also depends
on the relative value of the gate voltage to the voltage position of the Dirac as it
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separates the region of n and p doping. For the VG higher than the gate voltage of
the Dirac point VG,Dirac electrons are the charge carriers and for the VG < VG,Dirac

the holes become the charge carriers.

Figure 3.8: a) The dependence of pristine graphene conductivity on gate voltage.
Zero conductivity is at gate voltage of 0 V. For positive gate voltage are electrons the
charge carriers and for negative gate voltage are holes the charge carriers. b) Band
structure of graphene with Fermi level at the Dirac point corresponds to the Dirac
point at zero gate voltage as shown in a).
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4. Electron beam

A group of electrons going in the same direction is forming an electron beam.
The main parameters of the beam are energy of the electrons and emission current.
Nowadays is electron beam used mainly in scanning electron microscopes (SEM) or
transmission electron microscopes (TEM) to image the surface structures (SEM) or
the whole volume of the thin specimen (TEM).

The sources can be divided into thermoemission, Schottky and autoemission
type according to the way the electrons are pulled from the cathode. In thermoe-
mission source is the cathode heated, in autoemission are the electrons pulled out
by applying an electric field to the cathode and Schottky combines the previous two
methods. The main parts of the source are a cathode, usually tungsten wire or LaB6,
cathode cap, to which is applied a negative voltage, Wehnelt cylinder and an anode.
After leaving the cathode, electrons are pulled towards the anode by the potential
difference, that also gives them their final energy. Wehnelt cylinder is used to shield
the electrons that deviate too much from the main direction of the beam. Then the
beam can be modified (direction, spot size) by the electromagnetic lenses. The parts
through which the electrons travel should display low amount of potential scattering
centres; this is realized by high vacuum (HV) or ultra high vacuum (UHV).

4.1. Beam-specimen interaction

The interaction between the electron beam and the specimen can proceed in several
ways. The elementary processes are elastic and inelastic scattering [50]. When the
beam penetrates into the sample the electrons start to lose their energy gradually
with every interaction. It means that there is a finite range R the electrons are
capable to reach. The value of R is 10 nm−10 µm depending on the primary
electron energy Ep and the target density ρd according to the equation estimating
the finite range in nm [51, 52]

R = 115×
E1.35

p

ρd
, (4.1)

where Ep is in keV, ρd in g/cm3.
Even though the primary electrons penetrate to a certain depth of the specimen,

the signals they create might not be able to escape the sample and the information
they carry is not detected. To describe the volume from which the electrons are
capable of escaping a parameter called escape depth Xs is introduced. It can be
estimated in nm from [51, 52]

Xs = 50.4×
E1.35

p

ρd
, (4.2)

23



4.1. BEAM-SPECIMEN INTERACTION

where the Ep is in keV and ρd is in g/cm3.
Figure 4.1 shows a pear-shaped volume created by the electrons penetrating into

the specimen and interacting with the atoms in the sample. A different processes
origin in a different region of this information volume.

Figure 4.1: Interaction pear-shaped volume of electrons penetrating into the speci-
men with a different signals created in a different parts of the volume [53].

The secondary electrons (SE) are created by the inelastic collisions. They are
emitted from the atom orbitals in the material as an ionization product of the
material-radiation interaction. If an energy high enough to overcome the work func-
tion of the atom is transferred, the SE are emitted. However, only SE from an area
close to the surface are able to escape from the sample.

Backscattered electrons (BSE) are the primary electrons that were scattered
elastically in the sample. They suffer just a small loss of energy, which makes their
signal distinguishable in the spectra. Usually, the largest information depth for these
electrons is half of the electron range. Electrons penetrating deeper than that are
not able to escape from the sample which makes them undetectable as a BSE.

Auger electrons (AE) are created when a hole in an inner atomic shell is created
by primary electron and subsequently filled by another electron from an outer shell.
As a result of energy conservation a different electron is emitted at the same time.
These electrons are able to escape the sample without a loss of kinetic energy only
from a layer near the surface, usually few nanometres thick.

The characteristic X-rays are created as a de-excitation energy is released when
an electron from an upper shell fills the vacancy in an inner shell. This process
takes place only in regions where the energy of the penetrating electron exceeds the
ionization energy of the inner shell involved. In other words characteristic X-rays
are created in the regions where primary electrons are able to transfer a high enough
energy to excite the electron that leaves the vacancy for the future filling.
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The continuum X-rays are created as the primary electrons are decelerated due
to the collisions and the energy is released as a photons. This makes it dependent
on the energy of primary electrons.

Generation of the electron-hole pair can occur in the semiconductors as a result
of the inelastic scattering and by applying the electric field a charge separation takes
place. These minority carriers can diffuse and with the increasing distance x is their
concentration n decreasing exponentially, n ∝ (−x/L), where L is the diffusion
length usually of the order 1− 100 µm [50].

The recombination of the electron-hole in semiconductors can also result in an
emission of the light quanta, called cathodoluminiscence [50].

4.2. Doping model

As FETs form the heart of the electronic industry an enormous amount of ef-
fort has been spent on understanding their properties in order to help their fu-
ture development. It was found that defects in the dielectric layer can be ion-
ized due to their charge trapping behaviour, which makes the FETs (especially
GFETs [54, 55]) sensitive to ionizing radiation [56]. Ionization can be performed by
hole or electron injection, X-ray irradiation [2] and also by visible or UV radiation
[57, 58, 59, 60, 61, 62, 63, 64]. Here, two processes occurs: either the excited charges
are transferred from the photoabsorbing medium to graphene [57, 58, 59, 60] or the
donor-like traps in gate dielectric are ionized making it positively charged. This
charge is responsible for the increase of the electron concentration in graphene due
to the capacitive coupling [61, 62, 63, 64]. All in all the “remote gating” has a min-
imal impact on the charge carrier mobility of graphene [62, 64, 65], which is a huge
advantage over the direct graphene doping by adsorption that causes a decrease of
the charge carrier mobility [66].

Irradiation of GFETs by electron beam has been studied mainly for high energy
electrons with energies in units to hundreds of keV [67, 68], low energy electrons
were used by Mareček [4]. However, a detailed explanation of the material doping
process induced by electron beam irradiation have not been reported yet.

To understand the doping process qualitatively a closer look at the dielectric
material in GFET needs to be taken. The processes will be explained on the GFET of
our design with remote doping realized by X-ray source [2], because the experiments
performed by Mareček [4] suggest that the doping via X-rays and via low-energy
electrons induce the same processes inside of the GFET. The difference in the source
type is the number of parameters that can be varied.

In general, GFET is irradiated by a source and hole-electron pairs are distributed
throughout the dielectric [69]. By applying external electric field, the hole-electron
pairs are separated and the charge carriers either recombine or most of them drift ac-
cording to the field direction and their charge either to the Si/SiO2 or SiO2/Graphene
interface as depicted in Figure 4.2a,b. Due to the much higher mobility of electrons
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than holes, the electrons are able to reach the given interface in picoseconds whereas
holes make it in micro- to milliseconds.

Figure 4.2: Electron-hole pairs are created throughout the SiO2 dielectric layer
and after applying of an external electric field the charge carriers drift in a certain
direction. a) Positive gate voltage drives electrons to the Si/SiO2 and holes to the
SiO2/Graphene interface. b) Negative gate voltage drives holes to the Si/SiO2 and
electrons to the SiO2/Graphene interface. c) Donor-like defects localised in SiO2

and processes leading to their charging.

SiO2 contains donor-like N0
D and acceptor-like N0

A defects. Donor-like defects are
neutral or positively charged (Figure 4.2c). Neutral state occurs when the defect is
occupied with electron and positively charged state arises when electron is released
(photoexcitation [61, 63, 64]) or, equivalently, when hole is captured (ionization [70]).
Procházka et al. [2] suggested that according to their research the N+

D ionization
is caused by diffusing holes trapping rather than direct defect photoexcitation. For
acceptor-like defects is the process similar, either they capture electron and become
negatively charged or they become neutral after releasing of an electron or when the
hole is captured. Either way, capturing of electrons by charged defect states is a
very slow process due to the small cross section and it is the reason why the charge
is not neutralized during the irradiation [69].

Donor-like defects are situated primarily 4-8 nm below the SiO2/Graphene in-
terface [61, 69], which leads to the accumulation of net positive charge in gate oxide.
This creates net potential barrier that prevents electrons from entering the oxide
and neutralizing the defects and it can persist for a long time [61, 64].

If the external electric field is applied while the transistor is irradiated, which
disturbs the equilibrium of the charged defects processes (neutralisation, excita-
tion) is altered. Positive gate voltage makes the electrons drift towards Si/SiO2

and holes in the opposite direction due to which the region of donor-like defects
near the SiO2/Graphene interface is depleted from electrons. This decreases the
recombination rate of holes, while even more holes drifts into this region due to the
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direction of external electric field [70]. This huge amount of holes in the region with
donor-like defects leads to the increase of hole capture rate and the increase of N+

D

concentration. This results in a faster build-up of the positive barrier. For negative
gate voltage the electrons are driven towards the SiO2/Graphene interface and the
holes drift the other way towards Si/SiO2 interface, which leads to the opposite
effect than in case of positive gate voltage. The potential barrier created by N+

D is
partially decreased and transformed into a potential well. Electrons drifting to this
area are accumulating near this well and compensate the positive charge until the
equilibrium level is reached [2]. Importantly, the change of gate voltage that causes
increase and decrease of potential barrier affects the doping of graphene as will be
shown in experimental part of this thesis.

4.2.1. Charged defect neutralization

The defects charged during irradiation are neutralized when the source is terminated.
It is exerted in a graphene resistance dependence on the time logarithm that becomes
linear after a while as was described by Procházka [3] for SiO2 charged defects after
X-ray irradiation. As the homogeneous distribution of the defects in SiO2 is assumed,
the neutralization of the charged defect by the surface charge happens after a time
period

τ(x) = τ0 exp(αx), (4.3)

where x is the depth taken from the surface, where the charge is located, τ0 is
the time constant linked to the surface charge and α is constant related with the
probability of charge tunnelling through the material. After the time t the the charge
in the depth x is decreased to e−t/τ(x) of its initial value. For a layer of thickness
d with the highest probability of neutralization (4-8 nm) and the charged defect
density N can the total charge of SiO2 be calculated as

σT(t) =

d∫
0

−qNe−t/τ(x) dx. (4.4)

The initial charge can be obtained by calculating the integral in Equation 4.4 for
t→ 0 as σT(0) = −qNd, where q is the elementary charge.

The combination of the above mentioned considerations lead to equation, which
can be solved by establishing a substitution and by using an exponential integral.
This solution describes the total charge present in SiO2 in time t

σT(t) = σi

(
ln
τd
τ0

)−1 [
Ei

(
− t

τ0

)
− Ei

(
− t

τd

)]
, (4.5)

where beside the exponential integral Ei only initial charge σi and time constants
τ0 = τ(0) and τd = τ(d) occur. According to equation 4.5 the dependence of charge
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versus time on logarithmic scale exhibits linear behaviour after a certain amount of
time. This threshold time arises sooner for lower values of τ0.

With lower values of τ0 the faster the charge dependence on logarithmic time
becomes linear. Considering the other time constant τd = τ(d), lower values are
related to a faster charge neutralization in SiO2.

Experimental results obtained after X-ray irradiation correspond to the model
calculated from the Equation 4.5 [3]. The linear part of both results can be approx-
imated by a linear dependence that applies when the relation between the constants
τ0, τd and the time t is τ0 < t < τd.

In the further experiments this neutralization model can be tested by applying
on the time scope of the graphene resistance after the beam irradiation.
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5. Testing of GFETs in ambient
conditions

Fabrication of graphene field-effect transistors was performed according to the
procedure described in section 3.2.1. The functionality of the transistors needs to be
examined before we proceed with the experiments. The design of metal contacts on
the Si wafer is most likely not causing any troubles, while the created structures are
not reaching the laser resolution limit in DWL. The biggest challenge is to obtain
a good intact graphene layer due to the number of steps made during the CVD
process and the growth itself. The functionality of the device might be also cor-
rupted during the placement of GFET onto the chip expander. Anyway, important
question is whether the transistor works or not. To receive an answer, GFET on the
chip expander is integrated into a circuit according to Figure 3.6 and the graphene
resistance dependence on the gate voltage is measured.

5.1. GFET without passivation layer

Ten individual substrates with metal contacts were created during the same fabri-
cation process; to each substrate a graphene sample fabricated by the same CVD
process was transferred on. GFETs were placed on the chip expanders and the re-
sistance dependence on gate voltage was measured on air in the clean room 518 of
Institute of Physical Engineering for each transistor. Gate voltage was changed in
a loop starting at 0 V. Voltage was then decreased to -10 V, followed by an increase
to 10 V and the loop was closed by a decrease of the gate voltage back to 0 V. This
small loop can be used to find only a very damaged samples, usually a loop between
-20 V to 20 V was used to determine the functionality of GFETs. Promising samples
were measured for a loop between -80 V to 80 V as the resistance will be studied in
this gate voltage region during irradiation experiments. Step was always 1 V.

Only two out of the ten samples appeared to be suitable for further experiments.
One of these samples was GE01, whose dependence of resistance on gate voltage is
depicted in Figure 5.1a. In this case the resistance increases with the increasing gate
voltage and even though the resistance maximum is not observed in the measured
region, it is obvious that the graphene is p-doped. Charge carrier mobility was
calculated for the two functional samples GE01 and GE05 according to the process
introduced in section 3.2.3. Mobility for GE01 was calculated as 1 873 cm2 V−1 s−1,
for GE05 it was 541 cm2 V−1 s−1, which is significantly lower. This difference might
have been caused during the GFET fabrication or when the transistor was attached
onto the chip expander.

Other samples proofed themselves unfit for future usage due to the unpredictable
resistance jumps or the poor signal-to-noise ratio that was present all the time during
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the measurement. Example of the unusable sample (GE02) is given in Figure 5.1b
in comparison with working device GE01 shown in Figure 5.1a.

Figure 5.1: The dependence of resistance on the gate voltage measured for two rep-
resentative samples. a) Sample GE01 works well, b) sample GE02 shows behaviour
of sample unsuitable for future experiments.

5.2. GFET with passivation layer

The functional samples selected in the previous section are prone to adsorption of the
molecules under ambient conditions. For experiments performed in UHV this process
is slower, but there are still molecules of the residual atmosphere contaminants that
adsorbs on GFET. A passivation layer is deposited on the GFET in order to prevent
the graphene from adsorption of these residual particles and to prolong the durability
of the sample. This layer also protects the GFET from the possible damage sustained
during a long term experiments with the e− beam. Electrons are decelerated as they
penetrate through the layer and only the low-energy electrons reach the graphene.
This is important since the irradiation by high-energy electrons does not exhibit any
effect on the graphene doping. This means that only a low energy electrons have an
impact on it (will be discussed in section 7.3).

The Al2O3 layer of thickness 15 nanometres is deposited on the GFET in atomic
layer deposition (ALD) system Ultratech/CambridgeNanoTech Fiji 200 placed in
CEITEC. ALD method is one of the CVD deposition techniques that allows a con-
trolled deposition of an ultra thin layers. Its precision is secured by cyclic deposition,
where the sample is heated to a few hundreds of ◦C and then the first precursor con-
taining metal is introduced into the chamber. After a short time the chamber is
pumped down so only a metal monolayer is created on the sample. The next step is
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the exposure of the sample to the oxidizing precursor, like water or oxygen plasma,
and the monolayer of target material is grown.

The functionality of the GFETs with Al2O3 was tested the same way as in the
previous section 5.1. The dependence of resistance on the gate voltage for the gate
voltages between -80 V to 80 V is depicted in Figure 5.2a for GE01 and in Figure 5.2b
for GE05. Both samples are slightly n-doped. Dirac point is at gate voltage of -14 V
for GE01 and at -7 V for GE05 as the particles of residual atmosphere are adsorbed
on the surface, but do not have huge impact on the doping since the passivation
layer was added. There is a significant difference in the resistance values for these
two functional GFETs, which is the result of a different charge carrier mobilities or
a different contact connection in the circuit. Nevertheless both samples are suitable
for further experiments.

Figure 5.2: The dependence of resistance on the gate voltage measured for two
functional samples with a layer of Al2O3 15 nm thick. a) Sample GE01 have not
been damaged during the ALD deposition. It became slightly n-doped and the
position of Dirac point is -14 V. b) Sample GE05 shows similar behaviour as GE01.
It is slightly n-doped with Dirac point at -7 V.
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6. Beam-controlled transport
properties

After the selection of the functional devices, the e− beam is used during all the
experiments. Electrons can be sent to the sample with various energies or beam
current, which all together with the gate voltage have an impact on the GFET
doping. The influence of the beam parameters is going to be explored thoroughly
in this chapter.

GFET sample GE01 is placed in the XPS chamber of the UHV complex in
the clean room 518 at the Institute of Physical Engineering. The pressure in the
chamber is kept in order of 10−7 Pa. UHV is needed in order to use electron beam
as the probability of collision of electron and the residual particles is reduced. As
an electron source is used EKF 0.1 to 5 keV 1000 Electron Source from Omicron
Nanotechnology that is attached to the XPS chamber. Electrons are emitted from
the LaB6 crystal by thermoemission and the minimal spot size of the electron beam
can be set to 1 µm. Beam energy and current that determines the number of
electrons in the beam can be altered manually by user.

Sample inside the chamber is implemented into the circuit for transport proper-
ties measurement the same way as on air.

6.1. Doping control via gate voltage

Graphene doping prior and after electron beam irradiation can be different depend-
ing on the beam parameters and irradiation cycle. Primary electrons penetrate into
the GFET during the beam irradiation and may induce the creation of electron-hole
pairs throughout the oxide layer, which in combination with a certain intensity and
polarity of the electric field can result in the change graphene doping. In other
words, while changing the gate voltage during the irradiation the relative position
of Fermi level to the Dirac point in graphene band structure is varied and when the
Fermi level excesses the Dirac point, the doping, and therefore the dominant charge
carriers, are switched.

The possibilities of doping changes controlled by the gate voltage is explored
in this section. The transistor is irradiated by an electron beam during the gate
voltage loop change within between the -80 V and 80 V. Graphene resistance is then
displayed in dependence of gate voltage as shown in Figure 6.1. Resistance reaches
its maximum at 12 V. This means that the type of charge carriers (and doping)
is switched in the gate voltage regions before and after the resistance reaches its
maximum. Turning off the irradiation at the certain gate voltage should then allow
us to regulate the doping of graphene.
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Gate voltage is changed in the same loop as before with the extreme values
being ±80 V (0 V→ −80 V→80 V→0 V). Electron beam is always turned on at
the beginning of the loop with the energy value being 100 eV and beam current set
to 480 nA. Irradiation is terminated when the gate voltage reaches a certain value
marked by red circles in Figure 6.1. The measurement of the whole voltage loop is
then performed without the irradiation to determine the doping level of graphene.
The part of the loop with the beam turned on is increased by 20 V with each
measurement.

Figure 6.1: Dependence of resistance on gate voltage measured during the irradiation
of electron beam with energy 100 eV and beam current 480 nA. Voltage is changed
from 0 V to -80 V then to 80 V and back to 0 V as indicated by the green arrows
with numbers that marks the sequence of changes. Irradiation always started at
the beginning of the loop and was stopped at the voltage values marked by the red
circles.

Resistance curve of graphene was measured prior any irradiation: graphene was
n doped with the Fermi level reaching Dirac point at -42 V as it is shown by the red
curve in Figure 6.2a. The irradiations are then performed in sequence with (gradual)
change of the stopping point. After the irradiation cycle is over, the resistance is
measured without the electron beam in order to observe the doping of graphene.
The resulting dependencies are displayed in Figure 6.2a,b. Resistance obtained in
each measurement was normalized in order to obtain the comparable results. The
y-axis caption marks each line by the stopping gate voltage value, at which the
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6.1. DOPING CONTROL VIA GATE VOLTAGE

irradiation was turned off and the letters ‘a’ and ‘b’ clarify the order of the gate
voltage settings to this value, because during the loop change of gate voltage each
value is set twice, during the increase and decrease of the gate voltage.

The doping is changed from n to p immediately after the first irradiation that
was started at 0 V and stopped at -20 V. Negative gate voltage secures the positive
charge accumulation in the graphene and it becomes p doped with the Dirac point
located somewhere at positive gate voltage higher than 80 V. The doping stays
unchanged for the next irradiations. As was discussed earlier the doping is switched
at the gate voltages separated by the resistance maximum. Doping change occurs
for our beam parameters at 12 V (Figure 6.1) so no doping change is expected for
the irradiations of the gate voltage region between -80 V and 0 V. This is consistent
with the results in Figure 6.2a. Measurements with the irradiation turned off from
−20 V during the gate voltage decreased (marked by −20 Va) to 0 V during the
gate voltage increase (marked by 0 Va) show p doped graphene.

The first change is observed after the irradiation is turned off at 20 V (during
voltage increase). The positive gate voltage causes the negative charge tu cumulate
in the graphene and the area of the donor-like defects in the oxide layer becomes
filled with holes and thus the positive potential barrier is slowly build up. Doping of
graphene then changes from p to n as the Fermi level of graphene has already crossed
the Dirac point. This doping change is expected due to the maximum resistance
gate voltage being 12 V (Figure 6.1) for the used beam parameters.

For the next irradiations the resulting doping should be n. The irradiation ceased
at 40 V (during voltage increase) made the graphene p doped instead of awaited n
type doping. Dirac point is located at the voltage of 3 V. A small fluctuation of the
beam current occurred during this irradiation and that might have influenced the
switching voltage. In other words, the beam parameters changed and it probably
affected the GFET doping so the resistance maximum was at higher voltages than
previously observed 12 V and termination of the beam irradiation at 40 V came
sooner than the resistance reached its maximum so the doping remained p.

From termination points of electron beam at 60 V (during voltage increase) to
20 V (during voltage decrease) no change in graphene doping occurred and it stayed
n doped. The resistance curves depicted in Figure 6.2b are not as smooth as others.
The apparent signal noise was probably caused by a slight change of the contact
connection in the UHV chamber due to its sensitivity to any disturbance. The last
irradiation was performed during the whole gate voltage loop change and resulted
in the p doped graphene due to the second crossing of the resistance maximum.

These experiments proved the possibility of the graphene doping control by the
gate voltage. Irradiations were performed by the beam with the constant parameters.
In the next sections the influence of beam energy and beam current on the doping
will be explored.

34



6. BEAM-CONTROLLED TRANSPORT PROPERTIES

Figure 6.2: Dependence of resistance on gate voltage measured after the irradiation
for a different parts of gate voltage loop. Red line depicts the graphene doping
prior this experiment. a) shows measurement for stops from -20 V to first 20 V,
b) for stops from first 40 V till the end of the loop. The y-axis caption describes
the voltage, at which the irradiation was stopped and the letters ‘a’ and ‘b’ stands
for the first and second time the voltage was set to that value during the loop, i.e.
when the value was reached.
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6.2. Irradiation impact on Fermi level

Transport measurements are performed prior, during and after the electron beam
irradiation. From the measurements with the irradiation turned off the doping level
of graphene can be determined by the relative position of the resistance maximum
representing the Dirac point.

For the turned-on irradiation of electron beam during the gate voltage loop
measurement shows the trend of the dependence of resistance on gate voltage similar
to the measurements without irradiation as can be seen in Figure 6.3 to compare,
black line depicts the measurement of gate voltage loop without the irradiation. The
similarity of both these dependencies makes it easy to misinterpret the information
given by it. The resistance maximum in the dependency with the beam turned
on marks the gate voltage at which the Fermi level crosses the Dirac point while
quickly changing the doping from n to p or p to n, respectively. This is supported
by the doping changes observed in the previous section (6.1), where the irradiation
was stopped before and after the resistance reached its maximum and the dopining
switch was observed. Procházka [3] observed the same effect for the GFET irradiated
by X-rays.

Figure 6.3: Dependence of resistance on gate voltage for measurement with (red)
and without (black) the irradiation of the sample by electron beam.
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6.3. Influence of the beam energy

The influence of gate voltage on the graphene doping was already shown so now the
focus will be given to the impact of the different electron energies. The graphene
transistor is placed in the UHV chamber and irradiated by the electron beam during
the gate voltage sweep (0 V→ −80 V→80 V→0 V) with a different energies of the
electron beam. Beam current is set to 260 nA during all measurements.

Graphene was n doped prior any irradiation. Now, the graphene resistance
dependence on gate voltage is measured for a beam energies from 75 eV to 250 eV
with a step difference 25 eV between each measurement (Figure 6.4a). Maximum
resistance marks the gate voltage where the Fermi level crossed the Dirac point.
This maximum was observed in the measured range only during the irradiation by
electrons with energy of 75 eV, where the position of peak is 6 V. For the irradiation
with energies over 100 eV the resistance only increases with the maximum at the
gate voltage outside the measurable range.

The energy used to irradiate the device was decreased since the doping switch
occurs only for beam energies around 75 eV. The new energy range is set from 70 eV
to 98 eV with a step of 4 eV between each measurement and the result is depicted
in Figure 6.4b. When the irradiation starts and the gate voltage is decreased to
-80 V, the graphene becomes p doped. The subsequent increase of gate voltage
eventually leads to dominant charge carrier change. The gate voltage at which the
resistance maximum is measured is increasing with the higher beam energies used
during irradiations. For 94 eV the maximum is not present in the measured range
and the doping type stays unchanged. This peak evolution is shown in Figure 6.4c.

The resistance dependencies for the irradiation energy lower than 125 eV contain
a second peak that is measured at negative gate voltages. The gate voltage where
the peak is present during each measurement is observed in dependence on the used
beam energy and displayed in Figure 6.4d for the high-energy irradiations and in
Figure 6.4e for the low-energy irradiations.

6.3.1. Discussion

The main peak occurs only at positive gate voltages (as displayed in Figure 6.4b,c),
meaning there is no doping transition. One of the reasons behind this might be
the influence of the external electric field on the charged particles in the device.
Negative gate voltage induces electric field in SiO2 in the direction Graphene side.
Charge carriers in the oxide are then drifted to the certain interface according to
their charge: electrons towards the SiO2/Graphene and holes towards the Si/SiO2.
As the negative charge is cumulated near the SiO2/Graphene interface, the positive
charge is build up in graphene and that only enhances its p doping. For the positive
gate voltage the field is reversed and the doping change may occur depending on
the beam parameters.
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Figure 6.4: Dependence of resistance on gate voltage for a different electron energies
from a) 75 eV to 250 eV and b) 70 eV to 98 eV. Beam current was always set to
260 nA. c) Dependence of gate voltage where the main peak was measured on the
beam energy that was used during the sweep. d) Dependence of gate voltage where
the secondary peak was measured on the beam energy that was used during the
sweep. e) Dependence of gate voltage where the secondary peak was measured on
the beam energy that was used during the voltage sweep.

The processes steering the evolution of the resistance maximum observed in Fig-
ure 6.4b are still not clear, however we present two possible explanations of the
result. One is the influence of the primary electron velocity. Taking into account
the existence of Al2O3 layer electrons penetrating into the sample continuously loose
their kinetic energy due to the internal collisions until they get to a certain depth
without the energy needed to contribute to another exciton creation. For lower pri-
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mary energies the electrons would cumulate near the graphene layer and enhance
the transition of doping type. Primary electrons with higher energies would then
penetrate deeper into the sample and reach the depth, where the electron-hole pairs
created by them starts to drift according to the external field. An increase of field
intensity then makes the area of donor-like defects in SiO2 depleted of electrons
and the positive potential barrier is built up. This barrier then helps to slow down
the beam electrons and keep them near the SiO2/Graphene where created exciton
induces the change of graphene doping. Higher beam energies would need the elec-
tric field to be stronger in order to keep them near graphene and thus the doping
transition would occur at higher gate voltages applied.

Second possible explanation of the graphene doping behaviour for various beam
energies is the efficiency of exciton creation depending on the primary beam energy.
There the electrons with lower energy might be more efficient in creating the excitons
that are drifted according to the electric field direction and enhance the charge
cumulation. Doping would then occur at lower gate voltages for lower beam energies.
If the primary high-energy electrons are not that efficient in creating excitons, the
doping change takes more time due to the low number of excitons present in the
device and it is expressed as higher VG at which the resistance maximum is observed.

The presence of the second peak in Figure 6.4b arising around the gate voltage
values of -25 V is still not satisfactorily clarified. It arises for low-energy irradiations
and keeps quite stable position with the increase of beam energy (Figure 6.4e). For
higher energies the peak moves to lower gate voltage values and disappears from
the measured region completely for irradiation by beam energies 150 eV and higher
(Figure 6.4d). Comparing the peak position for 75 eV irradiation from Figure 6.4a
and 74 eV irradiation from Figure 6.4b, the difference of 14 V is observed. For these
measurement the sample was irradiated for a different total time and charging effect
might have played a role in the movement. The observation of its behaviour might
be a subject of the next research.

However, the reason behind the peaks presence was not clarified. It was suggested
that it might be caused by the replenishment of electrons from Si into the SiO2 as
was studied by Yi et al. [52]. They irradiated the Si/SiO2 samples with electrons
and measured the yield of secondary electrons depending on the energy of primary
electrons. In samples with a thickness of SiO2 higher than 79 nm were observed two
peaks in the dependence of the yield on primary energy. For lower primary energies
the range of primary electrons is far from the Si/SiO2 interface and the replenishment
of electrons into the holes that remained after the SE release is quite difficult due
to the SiO2 great insulating properties. When the primary energy is increased, the
primary range reaches the interface and the replenishment of electrons from Si bulk
takes place as the positive charging effect of the SiO2 is reduced and the movement
of SE is easier. We, however, observe the second peak during the irradiation of
beam with a constant energy during each measurement. Further research needs to
be done in order to gain a satisfying explanation of the processes standing behind
this peaks presence.
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Another interesting feature of the measurements from Figure 6.4b is the main
peak onset. For measurements with the resistance maximum located close to the
zero gate voltage the resistance increase is quite steep. As the beam energy is
increased the resistance maximum is observed at higher gate voltages and the onset
changes. Resistance starts to increase slowly and as it gets closer to the maximum,
a rapid increase occurs. This might be caused by the relation between electric field
intensity and the primary energy of electrons. At higher energies the impact of
electrical field on charge particles in the device can be negligible and the resistance
is influenced only by the gate voltage. Increase of the positive gate voltage would
induce the negative charge cumulation in the p doped graphene and the resistance
would increase slowly. From a certain beam energy/gate voltage ratio the beam
effect on doping becomes dominant and induces the switch to n type doping.

Considering the beam energy/gate voltage ratio, low-energy electrons do not
penetrate too deep and stay close to the graphene making the low-intensity electric
field suitable enough to keep the induced charge in the region and the doping switch
arises faster. As the positive gate voltage makes the holes drift in the SiO2/Graphene
interface in the oxide, the influence on the high-energy electrons can be explained.
Electrons penetrate deeper in the device (further away from the graphene) and
create the excitons. For a low-intensity electric field the holes are drifted slowly in
the graphene direction, however, they are located deep in the oxide and they are not
as mobile as electrons. This makes the beam effect on doping not apparent as the
holes are not close enough to the graphene. That is why the slow onset increase of
resistance in Figure 6.4b appears and has the same trend for each measurement: it
behaves as if no charge enhancement happened. As the gate voltage increases, the
holes reach the area with donor-like defects in SiO2 and enhance the build-up of the
barrier occurring as a rapid increase close to the resistance maximum.

6.4. Influence of the beam current

The dependence of graphene doping on the primary electron energy and the gate
voltage during the irradiation was already shown in this chapter. Next parameter
that affects the doping is beam current. The experiment is performed under the
same conditions as for the beam energy measurements, but this time the energy is
set to 80 eV and the beam current is varied for each survey.

Transistor is irradiated by the electron beam with beam current starting at
30 nA. Irradiation makes the graphene immediately p doped as was observed in
section 6.1. Resistance does not reach its maximum in the surveyed region of gate
voltage, thus the graphene stays p doped during the irradiation. Same resistance
behaviour occurs for each measurement with the beam current set to 150 nA or
lower (Figure 6.5). During the irradiation with beam current 180 nA the resistance
maximum occurs at 76 V and with the further increase of the current this event
arises at lower gate voltages (Figure 6.6a). For the last measurement with beam
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Figure 6.5: Dependence of resistance on gate voltage for a different beam currents
from 30 nA to 150 nA. Beam energy was always set to 80 eV.

current set to 450 nA the Fermi level crosses Dirac point at 13 V. Further increase
was not possible for the same accelerating voltage of primary electrons.

Voltage of resistance maximum versus the beam current used during irradiation
is depicted in Figure 6.6b. First, the decreasing trend is linear, then for 300 nA
a rapid voltage decrease occurs and for higher currents the voltage of maximum
resistance vary only by a few volts. This trend may show the dependency of the
doping change on beam current, but it also might have been caused by the electron
source failure and the fluctuation of the emission.

The value of beam current determines the number of electrons in the beam,
which makes the low currents effect on doping negligible due to the small amount of
electrons reaching the device. The change of doping does not occur and the trend
of resistance increased is the same for each of this low-current measurements. Ap-
pearance of the same onset behaviour might have the same reason as was discussed
in section 6.3.1: beam current/gate voltage ratio is not high enough for the beam
effect on the doping to be observed. As the beam current is increased, the number of
electrons injected, and thus the number of created excitons, increases and the lower
external electric field (applied gate voltage, respectively) is needed to change the
graphene doping to n. Beam current of 400 nA and 450 nA has resistance maximum
observed at low positive gate voltages, meaning the effect of e− beam occurs almost
immediately after the electric field polarity is reversed.
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Figure 6.6: Dependence of resistance on gate voltage for a different beam current
from 180 nA to 450 nA. Beam energy was always set to 80 eV. Resistance maximum
marks the voltage, at which the Fermi level crosses the Dirac point.
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7. Time-based study of transport
properties

The behaviour of graphene resistance was examined in dependence of the varied
gate voltage values, which provides a valuable information about the graphene dop-
ing. However, there are processes that are not observed in this kind of experiment,
like the change of doping directly after turning the beam on or after the irradiation
itself when the electrons are no longer added into the system and the neutralization
of the charged defects becomes dominant. Also, processes arising during the experi-
ments are quite fast and for the explanation of the doping mechanism the behaviour
of graphene resistance in time is explored.

The experimental setup remains the same and a different LabVIEW program
measures the resistance dependence on time and allows the manual change of gate
voltage.

7.1. Base doping

To explore the doping behaviour in time it is important to be able to tune the
graphene doping to the same base level prior any measurements in order to receive
a comparable results. Also, this base doping needs to have maximum resistance in
the gate voltage region from -80 V to 80 V due to the better observation of the
doping changes while using lower gate voltages. Doping type p is chosen for our
experiments as the change to n doping is quite fast and it is more difficult than
tuning p type doping.

Figure 7.1: Measured resistance on the gate voltage for base doping of graphene.
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The chosen tuning process begins with the irradiation of the GFET during the
gate voltage loop starting at 0 V, decreasing to -80 V and then increasing to 20 V;
there the irradiation is terminated. Beam energy is set to 80 eV and beam current
to 260 nA. The doping is then examined by the voltage loop measurement and the
result is shown in Figure 7.1. Graphene is p doped with the resistance maximum
located around 25 V. The peak does not have that distinctive maximum as the
resistance does not decrease that fast on the right side from the maximum. It might
be caused by electron scattering, which is more likely to happen on other electrons
and due to the n type doping and positive gate voltage applied the electrons are
cumulated in graphene.

7.2. Gate voltage effect

As the base doping is set the time dependence of resistance may be explored for
various gate voltages. Now, the focus is put on the time evolution of resistance
directly after the irradiation is turned on.

The tuning of the base doping is always followed by the check-control of the
doping via voltage loop measurement and then the time measurement is started. In
the time 10 s the intended gate voltage is applied and after some time given for the
resistance to settle the irradiation is turned on at 60 s. At 110 s is the beam turned
off and the whole measurement is stopped at 180 s. After this the voltage loop is
measured again to find out the doping level established after the irradiation. Beam
parameters were always the same, that means energy of 70 eV and beam current of
240 nA.

The resulting time dependencies are depicted in Figure 7.2a, where an y-offset
is given to each measurement in order to compare the results. The resistance is
increased (decreased) as the positive (negative) gate voltage is applied. In other
words, the charge is cumulated according to the direction of the electric field and
the resistance is either increased as the electrons are cumulated in the p doped
graphene, or decreased as the holes cumulates in p doped graphene and enhance it.

When the resistance settles the irradiation is turned on and either immediate
decrease of resistance occurs or there is a brief increase of the resistance before
the drop. This is a matter of doping prior the irradiation and the voltage applied
during it. Base doping is p with resistance maximum around 23 V and for the
applied voltages lower than that there is the immediate decrease as the p doping
is enhanced. It is shown in Figure 7.2b, where the resistance versus gate voltage
measured in a loop after the time experiment is shown for each time scope by the
same color as the time dependency. There are no immediate resistance changes
after the beam is turned off, which suggests that the doping stays the same and is
not affected by the sudden lack of irradiation. This balance disruption allows the
neutralization of the charged defects to become dominant, but it is not observed as
it takes more time to occur.
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Figure 7.2: a) Time measurement of the graphene resistance, where at 10 s was the
gate voltage applied and from 60 s to 110 s was the irradiation performed. Beam
energy is always set to 70 eV and beam current to 240 nA. The resistance decreased
or increased and dropped directly after the irradiation started depending on the
difference of gate voltage applied and the base position of the Dirac point. b) The
resistance dependence on gate voltage measured in a loop where the graphene doping
level after each time measurement is reviewed.

For applied voltages from -20 V to 10 V during irradiation the resistance maxi-
mum measured afterwards is located at higher voltage than 80 V.

Irradiation with voltages of 30 V and higher caused the resistance to increase
first as the holes started to be less dominant in graphene. The doping is changed
from p to n and the resistance drops as the electrons become the charge carriers
in graphene and the resistance maximum is moved to the negative voltages and is
established. Figure 7.2b shows the n doped graphene after these irradiations.

Special case occurs for the applied voltage of 20 V during the irradiation due
to the proximity of the Dirac point location in the base doping to the gate voltage
applied. The irradiation voltage is slightly lower than the Dirac point and makes
the original p doping switch to n first and then the resistance increases as the Dirac
point is established at 11 V. The lack of distinct resistance maximum prior the
irradiation makes any statements about the correlation between its position and the
gate voltage used during irradiation uncertain. For deeper understanding of this
process a reliable tuning procedure should be introduced and the focus should be
put on the gate voltages in the close proximity of the Dirac point position prior the
measurements.

Nevertheless, these results suggest that the doping level of graphene can be tuned
to desired level according to the applied voltage during irradiation and the voltage
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of Dirac point prior it. When the exact voltage of Dirac point is used, the resistance
maximum should move to 0 V and make the graphene pristine.

One of the main challenge is to set the defined initial state. Even though the
base procedure is always the same, the resulting doping and thus the Dirac point
position varies in order of units to tens of V as can be seen in Figure 7.3. This
movement might be caused by the saturation of the graphene during the long term
measurements or by the electron source that makes the beam current fluctuate
slightly over time, which has an impact on the position of the resistance maximum
and thus the doping itself (Section 6.4). This means that stopping the irradiation
at the same voltage during the sweeps would not be at the same relative position to
the crossing voltage and the resulting graphene doping would be different.

Figure 7.3: The resistance versus the gate voltage measured in a loop to verify
the graphene doping set by the base procedure prior each time measurement. The
doping type is always p, however the Dirac point voltage position is varied each time
regardless of the same tuning procedure.

7.3. Electron energy influence

In section 6.3 the doping changes during voltage sweep for various energies were ex-
plored, however the reason behind the interesting behaviour of the graphene doping
remains unclear. Another information might be gained from the time evolution of
the doping influenced by different beam energies.

Tuning of the doping to a certain base value is still necessary prior each time
measurement in order to receive a comparable results. GFET is irradiated by the
electron beam during the voltage sweep with energy of 80 eV and beam current
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310 nA. Beam is terminated at 40 V, which makes the graphene p doped with the
resistance maximum around 20 V. The trend of the tuned doping is almost the same
as the one in Figure 7.1 even though the beam parameters used here deviate slightly
from the tuning procedure in the previous section. This is probably caused by
the electron source, which makes the emission fluctuate during a frequent switches
between the beam turned on and off.

Gate voltage was set to 0 V in order to simplify the experiment as much as
possible and also, because this value does not affect the doping by itself as it lies
in the region p doping, where the resistance maximum is not close. Irradiation is
started at 15 s and terminated at 43 s. Beam current is always set to 260 nA and
the energy is set from 66 eV to 200 eV as depicted in Figure 7.4a. Voltage sweep
is then performed after each time measurement to gain the information about the
change of doping (Figure 7.4b).

For energies lower than 100 eV the irradiation caused a decrease of resistance as
the p doping was enhanced and the position of the Dirac point moved to the voltage
higher than the 80 V. At higher energy of 125 eV the decrease is not steep, but
slow and happens during the whole irradiation time. Resulting doping is p as the
decrease suggests, but the resistance versus gate voltage measured afterwards has
the same trend as the base line with a difference in the maximum resistance position
as it is shifted to the higher gate voltage value. For irradiation with beam energy
200 eV no change of doping occurs.

It seems that the higher energies do not affect the doping at all. This might
mean that the electrons are to fast and do not stay in the region, where they have
an influence on the inner processes, or the ability to induce exciton creation is
suppressed.

The choice of the gate voltage used during these measurements did not allow
the doping to be changed for any energy. Exploring the doping behaviour with
a graphene doped to n prior the irradiations or using a non-zero value of gate
voltage during the time measurements might be also suitable for a future experiment
regarding the explanation of the processes happening inside of the graphene.

7.4. Beam current influence

To finish the observation of beam influence on the graphene resistance (and the dop-
ing itself) the impact of the irradiation with various beam currents on the resistance
is observed in time.

Graphene is always p doped prior the time scope by irradiation during the gate
voltage sweep with the energy of 80 eV and beam current of 260 nA. As the beam
is terminated at 34 V the graphene is p doped with a resistance versus gate voltage
curve similar to the one shown in Figure 7.1. Dirac point is located around the 25 V.

Each measurement takes 65 s, while the irradiation is turned on between 15 s
and 45 s. Beam energy was always set to 100 eV and beam currents were varied
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Figure 7.4: a) Time measurement of the graphene resistance, where the sample was
irradiated from 15 s to 43 s with a beam of different electron energy. Gate voltage
was always set to 0 V and beam current to 260 nA. For energies below 100 eV the
resistance decreases almost immediately after the irradiation started as the p doping
of graphene is enhanced. Energy of 200 eV has no impact on the doping. b) The
resistance dependence on gate voltage measured in a sweep showing the graphene
doping level after each time measurement.

from 160 nA to 500 nA. The gate voltage is set to 0 V during the time measurement
and the resulting scopes are depicted in Figure 7.5a. The doping of graphene was
checked after each time curve in a voltage sweep as shown in Figure 7.5b with the
colors matching the ones of the related time curves.

Irradiation by the beam with a low current does not affect the graphene resistance
as strongly as the beam with higher current values. Beam with 160 nA caused a
slow decrease of resistance, which resulted in a slight p doping enhancement as it
is depicted by the red curves in Figure 7.5a,b. The Dirac point position after the
irradiation appears to be around 40 V.

The resistance drop appearing after the beam is turned on becomes steeper with
the increasing beam current, which enhances the p doping of graphene.

This resistance behaviour is similar to the results observed in section 6.4. With
lower currents the number of electrons injected into the substrate is also lower and
they have only a small impact on the charge carriers inside. As the current and thus
the number of electrons increases, the substrate is flooded with electrons, which
results in a cumulation of holes in graphene and the p doping is enhanced.

Gate voltage during irradiation was selected to be 0 V in order to keep the p
doping of graphene prior the irradiation and observe the impact of beam current
on it. However, no change of doping was measured, which considering that only
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positive current values can be used and that with the increase of the current the p
doping is being enhanced, the change to n dope graphene needs to be based on the
gate voltage choice mainly. Thus time scope of resistance during irradiation should
be done for a gate voltage that is higher than the one, where the Dirac point is
positioned in base doping.

Figure 7.5: a) Time measurement of the graphene resistance, where the sample was
irradiated from 17 s to 43 s with a beam of different beam current. Gate voltage was
always set to 0 V and beam energy to 100 eV. Beam currents from 160 nA to 500 nA
were used. For lower currents the effect on the graphene resistance is weak. With
increasing current the drop of the resistance after irradiation becomes steeper. Base
doping type p is always enhanced by the irradiation. b) The resistance dependence
on gate voltage measured in a sweep showing the graphene doping level after each
time measurement.
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8. Conclusion

Graphene is one of the most interesting materials that were isolated in the last few
years. Its unique properties, such as high electron mobility or gapless band structure,
allows many industry branches to exploit its behaviour. Among these belongs the
electronic industry, where the semiconductors do not keep up with the demands
on the low dimension structures with a high functionality. By using graphene a
great new possibilities are waiting to be explored, like the use of graphene as an
active substrate that can induce some processes like chemical reactions on a places,
where its properties were modified. A potential use is hold by the remote doping by
low-energy electrons, which is explored in this thesis.

In chapter 2 the graphene as a material is introduced with its properties, espe-
cially band structure and the possible ways of graphene fabrication. A focus is given
to the chemical vapour deposition method as it is used to prepare graphene for our
experiments.

The description of functionality and the transistors itself is given in chapter
3, where the focus is put on the field-effect transistors that by using graphene as a
channel between the source and drain electrode are improved to graphene field-effect
transistor. Fabrication of GFETs is process consisting of a few steps. On the surface
of silicon substrate with a SiO2 layer are created contacts by metal deposition of
Au and Ti by using a lithographically created mask. Graphene fabricated by the
CVD method is then transferred on the substrate to create a conductive connection
between the electrodes. Gate is created from the back side of the device by applying
the voltage to the Si. By implementing the GFET into a circuit with a current
source and a lock-in amplifier the resistance of the graphene can be measured. From
a simple model of the planar capacitor the measured resistance dependency on gate
voltage can be used to calculate the charge carrier mobility.

The remote doping is performed via low-energy electrons created by the electron
gun in a UHV. Chapter 4 introduces briefly the beam and the processes occurring
during the beam-specimen interaction. The main part of the chapter is focused
on the doping model that compiles the theoretical explanation of the processes
happening inside of the transistor prior, during and after the irradiation. Theoretical
doping model was backed up by the experimental results with the X-rays [3] as a
source of exciton creation in the oxide layer has not been performed yet, but will be
a subject of exploration in the next experiments.

Similar behaviour of the graphene doping was observed when the source was
changed to the low-energy electrons [4]. This work goes deeper and for that a
functional transistors needs to be used. Chapter 5 describes the selection process of
the working substrates. Those are covered with a layer of Al2O3 that should protect
the graphene from adsorption of the residual molecules in the UHV and also slow
down the electrons so only a really low-energy electrons make it in the bulk.
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8. CONCLUSION

Once the GFET is fully functional it is inserted in the UHV, where the electron
gun is connected and the influence of various parameters on the graphene doping
can be explored as was described in chapter 6. For dependencies of the graphene
resistance on the gate voltage the doping can be specified by the position of the
resistance maximum. Without the irradiation this maximum represents the voltage
position of the Dirac point in graphene band structure as it is the point, where
the doping type changes. While this measurement is performed during the beam
irradiation, the maximum marks the voltage at which the graphene Fermi level
crosses the Dirac point in the graphene band structure and the doping is switched.
Influence of the beam current and energy on the voltage position of the resistance
maximum (doping change) is explored for various values. The doping during the
gate voltage sweep is measured by turning off the irradiation at various gate voltage
values. The behaviour of the doping is explained while using the information from
the doping model introduced earlier, however the beam energy influence is not made
clear, even though the difference of velocities or efficiency of creating excitons is
suggested. For a confirmation or rejection of the all hypothesis presented, further
experiments have to be performed.

While these doping changes happens quite fast a time measurements in chapter 7
can show more information that are suitable for the better understanding of remote
doping. A quite challenging part of this experiments was finding a reliable process
of tuning the graphene doping level to a certain same stage prior each time scope
in order to gain a comparable results. However, there is a room for improvement
the tuning process where the influence of the source emission fluctuations and the
graphene saturation will be considered. A p doping is selected for our experiments
and tuned prior any irradiation and the time scope of the resistance changes influ-
enced by the various gate voltages and beam parameters is explored. For the gate
voltage the doping enhancement or change was dependent on the difference between
the Dirac point voltage position and the gate voltage applied during the time mea-
surement. The special case occurred when these two voltages were close and that
the doping was changed twice. This could be explored in detail while using only
voltages around the Dirac point position.

Various beam energies and beam currents during the time scopes exhibits be-
haviour in agreement with the result presented in chapter 6. These time-based
measurements were performed only for the p doped graphene and gate voltage value
lower than the voltage of the resistance maximum. Without the proper gate volt-
age the doping cannot be changed to n, only enhanced with increasing current and
decreasing energy. For high energies and low beam currents the effect on graphene
doping weakens and for energy of 200 V there is no influence on the doping. This
measurement should be performed again for a different gate voltages applied in order
to explore the doping changes. Exploring the beam effects on the n doped graphene
is another possibility for the future research.

Although there is a plenty of work left before a satisfying explanation of the
graphene doping via low-energy electrons is achieved, we are able to apply the
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doping model on the observed results. We are also able to tune graphene doping
according to our desire to n or p type by varying the beam parameters and the gate
voltage. With a stable conditions the tuning to pristine graphene with the Dirac
point located at 0 V is also possible.
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9. List of used abbreviations

AE Auger electrones

ALD Atomic layer deposition

BSE Backscattered electrones

FET Field-effect transistor

GFET Grapfhene field-effect transistor

HOMO Highest occupied molecular orbital

HOPG Highly oriented pyrolitic graphite

HV High vacuum

IPE Institute of Physical Engineering

LUMO Lowest unoccupied molecular orbital

MOSFET Metal-oxide-semiconductor field-effect transistor

SE Secondary electrones

SEM Scanning electrone microscopy

TEM Transmission electron microscopy

UHV Ultra high vacuum
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