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Summary

For some years now the unique electronic properties of graphene have attracted interest in
this material. There are many research areas that involve it, from high-speed electronics
to sensors. The latter together with molecular electronics promise the creation of graphene
sensors capable of identifying individual molecules. This is the sector in which this thesis
work belongs, in which graphene is analyzed as a possible sensor for the aflatoxin molecule.

In the first part the main characteristics of graphene are reviewed, with its physical
structure, the particular electronic band structure, the transport behavior, the density
of the states, its finite-dimensional structures, the presence of defects and the doping.
The aflatoxin molecule is described with its peculiarities and the reasons for its danger.
Finally, the characteristics of the adsorption process and the use of graphene as a sensor
are indicated, selecting some related research and works.

In the second part, graphene is investigated as a possible sensor for the aflatoxin
molecule. Through simulations of the Quantum ATK software package, the adsorption
of the molecule on graphene is first analyzed by investigating the adsorption energy for
various geometric configurations and then graphene is examined as a sensor by analyzing
its sensitivity and selectivity.

The result obtained is that graphene has a good sensitivity with respect to afla-
toxin, identifiable through a variation of the current in the presence and absence of the
molecule, but it is not very selective, as a very similar behavior is observed with some
other molecules.

2



Acknowledgements

I would like to thank M.Eng. F. Mo and M.Eng. C.E. Spano for their suggestions and
indications during the thesis work.

I would like to thank Prof. G. Piccinini and Prof. M. Graziano for having me in their
working group.

I would like to thank my family and loved ones for the support they have gave me.

3



Contents

List of Tables 6

List of Figures 7

I Part one 9

1 Introduction 11
1.1 Organization of this work . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2 Graphene 15
2.1 Physical structure, properties . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2 Band structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.1 Dirac equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.3 Transport and current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.3.1 Transport at low bias . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.3.2 Density of states and electron carrier density . . . . . . . . . . . . . 24
2.3.3 Graphene nanoribbons . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.4 Defects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.5 Doping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Aflatoxin 29

4 Adsorption 33
4.1 Adsorption on graphene . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

5 Graphene sensor 37

II Part two 41

6 Simulations: Methodology, computational methods 43

7 Simulations: Aflatoxin adsorption on graphene 47
7.1 Adsorption: Simulation results and analysis . . . . . . . . . . . . . . . . . 47

4



8 Simulations: Graphene sensor device 53
8.1 Sensor: Simulation results and analysis . . . . . . . . . . . . . . . . . . . . 53

8.1.1 Configuration 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
8.1.2 Configuration 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
8.1.3 Passivated nanoribbon . . . . . . . . . . . . . . . . . . . . . . . . . 67
8.1.4 Selectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

9 Conclusions 77

5



List of Tables

6.1 ATK-DFT Calculator settings for adsorption simulations . . . . . . . . . . 44
6.2 ATK-DFT Calculator settings for equilibrium simulations . . . . . . . . . . 45
6.3 ATK-DFT Transmission Spectrum settings . . . . . . . . . . . . . . . . . . 46
6.4 ATK-DFT Device Density of States settings . . . . . . . . . . . . . . . . . 46
6.5 ATK-DFT IV curve settings . . . . . . . . . . . . . . . . . . . . . . . . . . 46
7.1 Adsorption energies of the eight configurations . . . . . . . . . . . . . . . . 50
7.2 Adsorption energies relative to the adsorption site . . . . . . . . . . . . . . 51
8.1 Adsorption energies of configuration of H2O on graphene . . . . . . . . . . 70
8.2 Adsorption energies of configuration of Na2HPO4 on graphene . . . . . . . 71
8.3 Adsorption energies of configuration of NaCl on graphene . . . . . . . . . . 72
8.4 Adsorption energies of configuration of KCl on graphene . . . . . . . . . . 73

6



List of Figures

2.1 Graphene layer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2 The honeycomb lattice of graphene. Unit cell composed of one atom of A

(red) and one atom of B (black) . . . . . . . . . . . . . . . . . . . . . . . . 17
2.3 Graphical representation of the two lattices, direct and reciprocal . . . . . 17
2.4 Band structure 2D of graphene pure . . . . . . . . . . . . . . . . . . . . . . 18
2.5 3D electronic band structure of graphene pure obtained by tight-binding

model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.6 Representation of the band structure of graphene at low energies, near the

Dirac point. The cone shape underlines the linear trend of the energy with
respect to the wave vector. . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.7 Band structure of graphene near the Dirac points; in the middle there is
pure graphene; on the left there is graphene doped p-type; on the right
there is graphene doped n-type . . . . . . . . . . . . . . . . . . . . . . . . 27

3.1 Aflatoxin B1 molecule . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.2 Structural formula of aflatoxin B1 . . . . . . . . . . . . . . . . . . . . . . . 30
7.1 Graphene layer used for the adsorption processof AFB1 . . . . . . . . . . . 47
7.2 Configurations studied for the adsorption of aflatoxin on graphene . . . . . 48
7.3 Minimum distance between graphene and aflatoxin atoms after the relax-

ation process of the system geometry for configuration 1. . . . . . . . . . . 49
7.4 Adsorption sites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
8.1 Device used for simulation with aflatoxin in configuration 1. View: per-

spective. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
8.2 Device used for simulation with aflatoxin in configuration 1. View: front. . 54
8.3 Device used for simulation with aflatoxin in configuration 1. View: from

above. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
8.4 Device Density of states . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
8.5 Comparison of equilibrium transmission spectra as a function of energy

between graphene with aflatoxin and graphene alone . . . . . . . . . . . . 57
8.6 Comparison between Transmission Spectrum of ideal graphene device +

AFB1 in blue, Transmission Spectrum of relaxed graphene device + AFB1
in black and DOS of AFB1 in red, where the two peaks HOMO and LUMO
of AFB1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

8.7 Comparison between the current in the graphene and the current in the
graphene + AFB1 in configuration 1 . . . . . . . . . . . . . . . . . . . . . 58

7



8.8 (a) Current variation (∆ID) in graphene and graphene + aflatoxin in con-
figuration 1; (b) Percentage of current variation (∆ID%) in graphene and
graphene + aflatoxin in configuration 1. . . . . . . . . . . . . . . . . . . . 59

8.9 Transmission spectrum of the device with and without AFB1 at the bias
voltage of 1.2V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

8.10 Projected Device Density of States at 1.2 V bias voltage. . . . . . . . . . . 61
8.11 Electron localization function . . . . . . . . . . . . . . . . . . . . . . . . . 62
8.12 Transmission Pathways . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
8.13 Eigenstates of device graphene + AFB1 . . . . . . . . . . . . . . . . . . . 64
8.14 Current in graphene and in graphene + aflatoxin in configuration 2. . . . . 65
8.15 Current in graphene, in graphene + aflatoxin in configuration 1 and in

graphene + aflatoxin in configuration 2. . . . . . . . . . . . . . . . . . . . 66
8.16 Zoom around 1.2 V of current in graphene, in graphene + aflatoxin in

configuration 1 and in graphene + aflatoxin in configuration 2. . . . . . . . 66
8.17 Passivated graphene device used for simulation with aflatoxin in configura-

tion 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
8.18 Current in passivated graphene and in passivated graphene with aflatoxin

in configuration 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
8.19 Configuration D of H2O . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
8.20 Configuration A of Na2HPO4 . . . . . . . . . . . . . . . . . . . . . . . . . 71
8.21 Configuration A of NaCl . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
8.22 Configuration A of KCl . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
8.23 Current in Graphene + AFB1 in configuration 1, Graphene + H2O, Graphene

+ NaCl, Graphene + KCl, Graphene. . . . . . . . . . . . . . . . . . . . . . 74
8.24 Zoom of the current around the voltage of 1.2 V for Graphene + AFB1 in

configuration 1, Graphene + H2O, Graphene + NaCl, Graphene + KCl,
Graphene. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

8



Part I

Part one

9





Chapter 1

Introduction

Aflatoxins are a set of mycotoxins which are produced by some fungi of the Aspergillus
flavus and Aspergillus parasiticus type which contaminate some types of agricultural prod-
ucts and are more common in hot and humid areas of the world. They are toxic, car-
cinogenic, mutagenic and immunosuppressive. Aflatoxin B1 turns out to be the most
dangerous. The danger to human and animal health derives mainly from the ingestion
of contaminated food. From this danger derives the importance of being able to identify
their presence. Today, the detection of aflatoxins is still an open field, in which we observe
the development of techniques and methods in the research and laboratory phases with
the promise that in the near future they will be able to overcome the difficulties of today’s
methods. Indeed, the latter normally used for detection of aflatoxin require the use of a
laboratory, expensive instrumentation, complex processes, specialized personnel and long
response times. For example, extraction, clean up and subsequent separation techniques
are used for the identification and measurement of the molecule, with high costs. There is
a need for fast-response, easy-to-use and cost-effective detection methods to readily ensure
food safety at various stages, from production to storage and distribution. Nanomaterials
appear to be a promising answer. Nanomaterial sensor seem capable of detecting the
molecule in a simpler way, with high sensitivity and high selectivity.[1] [2]

Numerous biosensors have been studied with this aim. Today nanomaterials com-
bined with biosensors are used to improve sensitivity, preparation time and molecule
detection. [1] Metal nanomaterials can be combined with different type biological macro-
molecules such as antibodies, aptamers, enzymes by improving the adsorption character-
istics. [3] Metal oxide and hydroxides nanomaterials allow to improve the performance of
biosensors.[4] [5] Among the disadvantages we find the use of toxic nanomaterials and the
high manufacturing costs.

The use of nanomaterials through molecular electronics allows for reusable sensors,
operating on site and in real time with automatic measurement. Important advantages
that push research in this direction. Developments in molecular electronics have allowed
for improved research into single molecule detection. [6] [7] The use of materials such
as graphene, carbon nanotube fullerenes are introduced. Carbon-based nanomaterials
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Introduction

exhibit excellent electrical and adsorption properties, biocompatibility, and the possibility
of functionalization. An example is an ultrasensitive electrochemiluminescence (ECL)
sensor for aflatoxin M1. [2].

The study of a sensor for aflatoxin B1 with the use of graphene fits into this scenario
of molecular electronics.

In frame of this thesis, I investigate graphene as a possible sensor for the aflatoxin B1
molecule through the use of DFT simulations with software QuantumWise ToolKit (ATK).
In order to reach this result, I aim to analyze the adsorption phase of the molecule on
graphene in various geometric positions. Then I plan to verify the sensitivity of the sensor
to the molecule in various configurations and finally to investigate the selectivity of the
sensor with respect to other molecules present in the environment.

1.1 Organization of this work
My thesis work is divided into two parts. In the first part I summarize important the-
oretical concepts on graphene, aflatoxin, adsorption and graphene sensor. In the second
part I submit the analyzes and the results of the simulations. In the following I present a
brief description of the topics of the various chapters.

Part I

• In chapter 1 we have seen a description of the general scenario in which this thesis
work is located, the motivations and the importance in the realization of a sensor
for aflatoxin B1.

• In chapter 2 I will present the main characteristics of graphene and its physical
structure. I will describe its electronic properties, band structure and how it is
obtained. I will talk about the characteristics of its transport phenomena, current,
conductance and low bias behavior; its density of states and electron carrier density.
Then a word on nanoribbon formation. Finally I will describe the presence of defects
in the graphene layer and the presence of doping.

• In chapter 3 I will present the main characteristics of aflatoxin, I will explain what
it is, how it is produced and how it spreads; its presence in agricultural products
and animal feed; its danger to human health and therefore the need to detect and
manage it.

• In chapter 4 I will talk about the adsorption process, a phenomenon that involves
the surface of materials. It is divided into physisorption and chemisorption based on
the type of interactions that are created. Then I will present the characteristics of
this process on graphene presenting some research in addition.

• In chapter 5 I will focus on graphene used as a sensor. I will describe its properties
and some research works based on it.

12



1.1 – Organization of this work

Part II

• In chapter 6 I will describe the methodological steps followed and the computational
methods used for the simulations and I will show the tables with their parameters.

• In chapter 7 I will analyze the simulations related to the adsorption of AFB1 on the
graphene: eight different configurations of the molecule on the graphene layer, their
adsorption energies, to find the most stable configuration. Then I will investigate
the variation of the adsorption energy with respect to the adsorption site on the
graphene.

• In chapter 8 I will present the simulations using a device made with graphene channel
and with electrodes in graphene also. I will investigate the sensitivity of the sensor
through the variation of the current in the presence and absence of AFB1. I will
do this with AFB1 in the two most stable adsorption configurations. Then I will
analyze the sensitivity by replacing the graphene in the channel with a passivated
nanoribbon. Finally I will analyze the sensitivity of the sensor with respect to other
molecules that may be encountered in the workplace of device.

• In chapter 9 I will summarize the work done and I will draw conclusions. Also I
will present some ideas for solving the problems encountered and possible future
research.

13
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Chapter 2

Graphene

2.1 Physical structure, properties
Graphene has attracted the attention of researchers and the scientific community for
its exceptional thermal, mechanical and electronic properties. As far as the electronic
field great hopes are placed in its possible use in devices and applications concerning
nanoelectronics.

Figure 2.1: Graphene layer.

Graphene is a material composed of a single layer of carbon atoms bonded together
by strong covalent bonds and forming a hexagonal honeycomb lattice. Carbon atoms
have an electronic structure of 2s2 2px 2py. The distribution of a single electron around
the nucleus is described through a wave function called orbital. When these elementary
orbitals interact with those of other atoms, molecular orbitals are formed. In the case of
carbon, the four valence electrons of the carbon atom tend to bond with those of other
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Graphene

carbon atoms to form crystals. The interaction between the atomic orbitals of an atom
with those of the closest atoms creates the formation of new molecular orbitals called
hybrids. The different types of hybridization leads to the formation of different carbon
allotropes (fullerene, carbon nanotubes. . . )[8].

In graphene the carbon atoms form covalent bonds arranged in a single plane. One s
orbital and two p orbitals interact to form 3sp2 hybrid orbitals. These orbitals give rise to
three bonds called σ which are stronger than traditional covalent bonds and are positioned
parallel to the plane of union of the nuclei of carbon atoms. The electron distribution
of such bonds is localized along the plane of the atoms. The only remaining electron of
the four starting valence electrons, goes to occupy the orbital 2pz, which turns out to
be perpendicular to the plane that joins the atoms together. These orbitals form bonds
called π. Thanks to the particular structure, graphene presents extraordinary properties.
The formation of sigma bonds, the result of hybridization, parallel to the graphene plane,
give strength and flexibility to the material resulting in a high breaking strength and
a high Young’s modulus. The electrons of the σ bonds are localized. As far as the
electronic properties are concerned, they are due to the π and π∗ (antibonding) orbitals
obtained from the hybridization of the pz bonds which are perpendicular to the plane
of the graphene and give rise to an electronic gas capable of moving along the graphene
plane, resulting in a large electrical conductivity.[8] [9]

2.2 Band structure
The construction of the graphene band structure is the starting point for understanding
the extraordinary properties of this material. The carbon atoms in graphene are arranged
in a hexagonal lattice. But not all carbon atoms are equal to each other, in fact if one
takes two atoms bonded to each other one can easily see that what each of them sees on
the left and right is different. Consequently, a single carbon atom cannot be used as a
unit cell of the lattice. However, if we consider the structure of graphene as composed of
two triangular sublattices (A and B) interpenetrated to form the hexagonal honeycomb
lattice, we realize that each A atom is linked only to B atoms and vice versa. We can then
take as a unit cell the one formed by two atoms, one belonging to A and one belonging to
B and adjacent to each other (Figure 2.2). There are therefore two π electrons per unit
cell (one for each atom) which contribute to the electronic properties of graphene [10].

The mathematical construction of the reciprocal lattice allows us to study the proper-
ties of graphene with greater understanding. We perform a transformation from the real
lattice to the reciprocal lattice, also called k-space. Every point in the Brillouin zone in the
reciprocal lattice can be reached through the wave vector k. The reachable points within
this zone correspond to the states allowed in the dispersion relation. So, the Brillouin
zone contains all the energy solutions allowed by the crystalline solid.

The relationship between real lattice space and reciprocal lattice space is the same as
between time and frequency, which can be expressed by the sum of the Fourier components.
To pass from the real space to the reciprocal space we express the primitive vectors of the
reciprocal lattice as a function of the primitive vectors of the real lattice. [8]

In the figure (2.3) representing the real or direct lattice, the primitive vectors a1 and
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2.2 – Band structure

Figure 2.2: The honeycomb lattice of graphene. Unit cell composed of one atom of A
(red) and one atom of B (black)

(a) Direct lattice (b) Reciprocal lattice

Figure 2.3: Graphical representation of the two lattices, direct and reciprocal
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d3 = −a1 + d1 = 1
2

3
− a0√

3
, a0

4
The reciprocal lattice is also a hexagonal honeycomb lattice but rotated 90o degrees

from the real lattice. Its primitive vectors are b1 and b2

b1 = 2π

a0

3 1√
3

, 1
4

b2 = 2π

a0

3 1√
3

, −1
4

There are three points of high symmetry resulting from the reciprocal lattice. Γ-point
is the central point of the Brillouin zone, K-point (including K and K’) are the corners of
the Brillouin zone and M-point midpoints of the sides of the Brillouin zone. The K-points
are those of greatest interest, they are the points where the conduction and valence bands
touch. [11]

Starting from first principles it is possible to calculate numerically the band structure
of graphene shown in figure 2.4. The various energy branches are due to the outermost
electrons of the σ and π bonds of the carbon atoms.

Figure 2.4: Band structure 2D of graphene pure

We can also look for an analytical solution for the electronic band structure of graphene
by exploiting models that make some approximations. The starting point is the Schrödinger
equation. The resolution of its time-independent equation. This equation is a description
of the system under study:

HΨ(k, r) = E(k)Ψ(k, r) (2.1)
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2.2 – Band structure

where H is the Hamiltonian operator, representing the total energy of the system and
is composed of the sum of the terms of kinetic energy and potential energy. For an electron
in a periodic solid it can be written as:

H = h̄2

2m
∇2 +

NØ
i

U(r − Ri) (2.2)

In the equation of Schrödinger, H acts on the wave function Ψ of the electron and
allows to obtain the energy values allowed to the electron in the system. Substituting
(2.2) into (2.1), we get a second order partial differential equation. We need to find
a wave function solution of this equation that satisfies Bloch’s theorem in a crystalline
solid. To satisfy the Bloch conditions the wave function must satisfy the equation of waves
traveling in a lattice:

Ψ(r + R) = eik·RΨ(r) (2.3)

and the boundary conditions:

Ψ(r) = Ψ(r + S) = eik·SΨ(r) (2.4)

therefore: eik·S = 1
To solve this problem, the most used technique exploits the tight binding model. This

model exploits the linear combination of atomic orbitals. More precisely the 2pz atomic
orbitals. This model:

• assumes that the outermost electrons of atoms are mainly located at their respec-
tive atomic nuclei, can consequently be described by their atomic orbitals, and are
therefore characterized by their discrete energy levels

• in the solid, however, the atoms are not isolated, so the atomic orbitals of the
electrons of the closest atoms overlap, consequently the discrete energy levels broaden
to the creation of almost continuous energy bands, composed of a certain number of
states which satisfy the Pauli exclusion principle. So only the interactions between
nearest neighbors are considered.

The use of atomic orbitals in the description of electrons is an approximation because
there is an overlap of wave functions, so the results obtained must be confirmed by ex-
perimental tests or more precise ab initio calculations. However, this technique allows to
obtain an analytical description of the band structure and is of great help for the study
of electronic properties. Through analytical calculations with the use of the tight binding
model, the formula for the description of the band structure of graphene is obtained [8]:

E(k) = ±t

ó
4 cos2

3
a0ky

2

4
+ 4 cos

3
a0ky

2

4
cos

3√
3a0kx

2

4
+ 1 (2.5)

where t is a parameter estimated as 3.15 eV and it features the nearest neighbor inter-
actions. [12] In the figure (2.5) there is a graphical 3D representation.
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Figure 2.5: 3D electronic band structure of graphene pure obtained by tight-binding
model.

As we have already anticipated when speaking of the reciprocal lattice, the conduction
and valence bands degenerate in six points, where they come into contact, corresponding
to the corners of the hexagon representing the Brillouin zone. These six points are divided
into two groups, K and K’, called valleys. Points K and K’ are essentially equivalent for
most purposes. These points are called Dirac points. [8]

2.2.1 Dirac equation
Near the Dirac point the charge carriers in graphene behave as if they were massless
relativistic particles, so very often to derive the material properties the starting point is
the Dirac equation which can be written in the form:

E

;Ψ
Θ

<
=

5(mc2 + U)I cσ⃗ · p⃗
cσ⃗ · p⃗ (−mc2 + U)I

6 ;Ψ
Θ

<
(2.6)

Starting from this equation (2.6) and using a non-relativistic approximation we obtain
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2.3 – Transport and current

E(Ψ1) = [H1](Ψ1) (2.7)

where Ψ1 is composed from two component, up-spin and down-spin, of electronic wave
function and H1 is a matrix. From this equation the band structure of graphene can be
obtained. [10]

2.3 Transport and current
To understand the phenomenon of transport in graphene we can start from the general
model for calculating the current in a nanoscale device. This model tells us that the
current can be described by the equation [13]:

I = 2q

h

Ú
T (E)M(E)(f1 − f2) dE (2.8)

where:

• T (E) is the Transmission Probability and it indicates the probability with which an
electron at energy E injected from contact 1 of the device manages to reach contact
2.

• M(E) is the number of modes, and it indicates the number of channels conducting
at a given energy E

• f1 is equilibrium Fermi function at the contact 1, the source.

• f2 is equilibrium Fermi function at the contact 2, the drain.

In using this formula, we assume that current flows through independent energy con-
ductive channels. The formula can be used for any applied bias voltage, but as this
voltage increases, the energy channels may no longer be independent and therefore this
model would lose its validity. Instead in a situation of near equilibrium transport, for low
bias, and with the same temperature of the two contacts, the current formula can be sim-
plified by approximating the difference between the Fermi functions of the two contacts
with the Taylor series expansion

(f1 − f2) ≈ − ∂f

∂EF
∆EF

where:

f = f(E, EF ) = 1

1 + e
E−EF

kBT

is the equilibrium Fermi function

and with ∆EF = −qV substituting into the equation (2.8) we get [13]:

I =
52q2

h

Ú
T (E)M(E)

3
− ∂f

∂E

4
dE

6
V (2.9)
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where the term in brackets is the conductance:

G = I

V
= 2q2

h

Ú
T (E)M(E)

3
− ∂f

∂E

4
dE (2.10)

Transport: diffusive, ballistic, quasi-ballistic

As we said T(E) represents the probability of transmission along the conductive channel
and is given by the formula:

T (E) = λ(E)
λ(E) + L

(2.11)

where L is the length of the transport channel, λ is mean free path of the charge
carriers and T(E) being a probability must be a number between 0 and 1.

We have 3 different types of possible transport: diffusive, ballistic, quasi-ballistic. All
can be studied through this current model by changing the transmission probability [13].

Diffusive: the length of the channel is much greater than mean free path

L ≫ λ =⇒ T (E) = λ

L
≪ 1

the probability of transmission of an electron from contact 1 to contact 2 of the device is
much less than 1 mainly due to scattering phenomena.

Ballistic: the conductive channel is very short compared with the mean free path

L ≪ λ =⇒ T (E) → 1

an electron entering the channel passes through it without undergoing scattering phenom-
ena

Quasi-ballistic: the channel length and mean free path are of comparable size

L ≈ λ =⇒ T (E) < 1

Modes of conduction

As we have said, M(E) represents the number of modes that contribute to transport
within the channel. Its formula changes according to the geometry of the device, whether
in 1, 2 or 3 dimensions. For graphene, a 2D material we have:

M(E) = 2|E|W
πh̄vF

(2.12)

where W is the width of the conductive channel of the device under study. So, in
graphene the number of modes is linear with respect to energy and with respect to the
width of the transport channel. [13]
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2.3.1 Transport at low bias
Of significant interest is the behavior of electrons in the vicinity of the energy where the
conduction and valence bands meet. As it can be seen from the figure (2.5), the two bands
touch each other in six vertices of the Brillouin zone. But only two of them are distinct,
while the others can be reached through reciprocal lattice vectors. This energy level under
charge-neutral conditions is the Fermi energy level. All electronic states below this level
are full and all states above are empty. The points of contact are called Dirac points or
points of neutrality (Fig. 2.6). Near these points, therefore at low energies, the linear
trend of the dispersion relation can be seen

E = ±h̄vf |k| = ±h̄vf

ñ
k2

x + k2
y (2.13)

where k is wavevector in two dimensions (x and y) of charge carriers relative to Dirac
points, h̄ is the reduced Planck’s constant and vf is the Fermi velocity:

vf =
3 1

h̄

4 3
∂E

∂k

4
(2.14)

At low bias transport we note that this speed is constant, independent of k, has a value
of about 1 x 108 cm/s and for this very high value it has aroused considerable interest in
high-speed electronics.

Figure 2.6: Representation of the band structure of graphene at low energies, near the
Dirac point. The cone shape underlines the linear trend of the energy with respect to the
wave vector.

Linear trend up to about ±0.6 eV. At higher energies, the deviation of the behavior
compared to the linear trend is no longer negligible.

The linear trend is representative of massless particles, particles with zero effective
mass. To describe such particles, the Dirac equation is used rather than the Schrödinger
equation. [13] [8]
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2.3.2 Density of states and electron carrier density
Now we calculate the density of states (DOS) and the density of charge carriers in the
material. Graphene is a two-dimensional material. Given the dispersion relation, the
total number of states available at a certain energy E is given by the number of states
within the circle of radius k in the k-space, corresponding to the energy E. Its variation
in correspondence with a variation dE of the energy is given by the ratio between the
variation of the area dS in the k-space due to the variation dk and the area occupied by
a single state. We can thus write:

ρ(E)dE = p
dS

(2π)2

A

(2.15)

where for graphene p = 4 for spin degeneracy and for valley degeneracy (K and K’),
A is the area of the lattice.

The increase in area dS due to a very small change dk holds 2πkdk, from which we
get the density of states, number of states per unit of energy per unit area:

ρ(E) = 2
π

----k ∂k

∂E

---- (2.16)

Then substituting eq.(2.15) we get the equation of DOS for low energy for graphene
[8]:

ρ(E) = 2
πh̄2v2

f

|E| (2.17)

This means that the density of states (DOS) in graphene increases linearly with the
absolute value of the energy, unlike conventional semiconductors in which the dispersion
relationship is parabolic and therefore the density of states remains constant regardless of
the energy. Although the density of states goes to zero at zero energy, there are no band
gaps. Graphene is also different from metals; in fact, the latter have a high density of
states at the Fermi energy.

The number of electrons is given by the number of states occupied per unit area at a
given temperature. Given a temperature T, the probability of occupation of the states is
obtained through the Fermi-Dirac distribution:

f(E, µ) = 1

1 + e
E−µ
kBT

The density of electrons at equilibrium:

ne =
Ú ∞

0
ρ(E)f(E, Ef ) dE (2.18)

In the case of graphene substituting the eq.(2.17) found earlier for the density of states
we get:

ne = 2
πh̄2v2

f

Ú ∞

0

E

1 + e
E−Ef
kBT

dE (2.19)
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For pure graphene the intrinsic carrier density is:

ne = πk2
BT 2

6h̄2v2
f

≈ 9 ∗ 105T 2 [electrons/cm2] (2.20)

For symmetry in the band structure, we have the same value for the holes. It can be
noted the dependence on the square of the temperature, different from that which occurs
with traditional semiconductors. [8]

2.3.3 Graphene nanoribbons
From a graphene layer of infinite size, we pass to graphene layers of finite size which are
called nanoribbons. Based on the type of edge obtained from the cut, they are divided
into armchair or zigzag. The dangling bonds of the edge carbon atoms are passivated.
They are structures with a width of less than 100 nm, in which the transport properties
are influenced by the thickness of the structure itself.

The band structure is obtained by solving the Hamiltonian considering the confinement
due to the presence of the edges. Depending on the number of atoms in the width, the
behavior of the nanoribbon can be metallic, or have a band gap. [11]

2.4 Defects
We studied graphene as a pure material, with no defects in its physical structure. However,
in the construction of a layer of graphene due to the manufacturing process, growth or
separation, defects can be created inside it. These defects can degrade the performance
of the material, or they can create new chemical and physical properties that can be
exploited by new devices. We know that graphene has exceptional electronic properties.
These properties arise from the electronic structure around the Fermi energy. The number
and placement of electronic states near this energy level are responsible for the material’s
properties. The defects, as well as the edges in the nanoribbons, can give rise to new
localized electronic states in the vicinity of the Fermi energy, thus capable of changing the
properties of the material. These new states increase the density of the states around the
Fermi energy and therefore there is an increase in electrons at these energy levels. These
electrons are free to interact with the surrounding molecules thus increasing the adsorbing
power of the graphene. This same phenomenon can be exploited in the use of electrodes
and in catalysis.

Depending on the type of defect, other phenomena can arise to change the properties
of the graphene. Below we indicate the main classified defects. [12]

The Stone-Wales defect is due to the transformation of four neighboring hexagons in
the graphene structure into two pentagons and two heptagons maintaining the same num-
ber of carbon atoms and without the introduction of dangling bonds. It is a topological
defect characteristic of carbon materials with sp2 bonds. While being a two-dimensional
defect, which remains in the plane of the graphene layer, its presence increases the prob-
ability of the graphene layer transforming into non-planar structures. Studies have been
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done which report that the presence of Stone-Wales defects displaces atoms close to the
defect itself from the plane, which in turn propagate this displacement [14]. The forma-
tion of such defect requires non-equilibrium conditions that provide the energy necessary
for its formation. At room temperature it therefore needs external energy to form, but
once formed, it is quite stable and requires some additional energy to return to the ini-
tial condition of pure graphene. The effect on the properties of graphene is due to the
introduction of a shift of the Fermi energy in the band structure and a variation of the
density of the states. These variations result in a change in the transport properties and
increased reactivity of the carbon atoms that bind pentagons and heptagons. This latter
property leads to the formation in these areas of more reactive adsorption sites for external
molecules.

A single vacancy defect is due to the lack of a carbon atom in the graphene lattice
with the formation of two rings, one composed of nine atoms and the other of five. Two
of the dangling bonds join other atoms while one remains free, becoming the seat of a
localized electron density, which leads to an increase in the adsorption capacity of single
molecules. This defect needs a lot of energy to form and relatively less for the reverse
transformation. From the point of view of properties, it is able to create a band gap in
graphene, transforming it into a semiconductor . It can also give rise to ferromagnetic
behavior [15]. Due to the low energy needed to eliminate the single vacancy, a carbon
atom can easily move to fill the single vacancy causing a shift in the vacancy itself. Due
to these movements, multiple vacancy defects can occur due to the contact of the single
vacancy. Other types of structural defects can occur with the lack of more carbon atoms.
If the defects are approached, they can create lines of defects that can be dominant in the
transport characteristics of the graphene.

Another type of defect is due to the presence of a carbon atom external to the graphene
layer which is positioned on the bond between two carbon atoms belonging to the graphene
layer itself. A strong interaction is created between the carbon adatom and the neighboring
atoms. It turns out to be a defect able to migrate easily on the graphene layer and in
particular conditions it can favor the curvature of the graphene layer. [16]

Finally, the edges of the graphene layer can lead to the formation of line defects. In fact,
the dangling bonds that are not passivated through the hydrogen bind to other carbon
atoms giving rise to defects similar to those seen previously. This phenomenon is present
both for graphene layers in armchair configuration and in those in zigzag configuration.
[12]

2.5 Doping
Doping of graphene arouses much interest as it is possible to appropriately modify the
electronic characteristics of the material. Pure graphene has no band gap, there is contact
between the conduction and valence bands at the Dirac points, the Fermi energy level
coincides with the energy level equal to zero. However, when a doping is carried out by
replacing, for example, a carbon atom of graphene with an atom of another element, the
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electronic band structure of the graphene layer is modified, and an energy gap can be
formed between the bands of conduction and valence. Depending on the type of atom
introduced, an n-type or p-type semiconductor graphene can be obtained. The Fermi
energy level moves up the conduction band in the presence of a n-type graphene or moves
down the valence band in the presence of a p-type graphene (Fig. 2.7). Many theoretical
and experimental studies have been done to study the functionalization of graphene with
the aim of obtaining the desired electronic characteristics for nanoelectronics devices and
sensors. [12] [17] [18] [19]

Figure 2.7: Band structure of graphene near the Dirac points; in the middle there is pure
graphene; on the left there is graphene doped p-type; on the right there is graphene doped
n-type

Several processes for obtaining doping of graphene have also been studied. There are
two approaches that can be followed to obtain doping. The first is ex situ treatment in
which the graphene is synthesized by itself and then the diffusion of external atoms on the
graphene is carried out. This method allows a better control of the parameters related to
the doping levels. For example, the replacement of graphene carbon atoms with atoms of
other elements by bombarding graphene with high energy atoms and ions in a pulsed laser
deposition chamber, forming vacancies and filling these vacancies with atoms of desired
elements through dopant deposition. [18]

The second method is in situ treatment in which the synthesis of graphene is done
directly together with the doping atoms.

The doping process is also important in sensing applications. In fact, the introduction
of an impurity atom that replaces a carbon atom in the graphene layer can cause a
charge transfer between that atom and the neighboring carbon atoms or vice versa. If
the charge moves from the impurity atom to the graphene, the graphene results with a
greater number of negative charges free to move and therefore a greater ability to attract
external molecules to itself. In the same way, the doping atom can also become positively
charged and be a possible adsorption site for the molecules.

Nitrogen, boron, phosphorus, oxygen and silicon are among the most studied doping
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elements of graphene. For example, if a carbon atom in graphene is replaced with a nitro-
gen atom, an element which belongs to group 15 and to the p-block, a very electronegative
element, in the periodic table, a greater interaction with external molecules can be ob-
tained. In fact, the outermost electrons of nitrogen add to the delocalized electrons of
carbon, leading to an increase in the negative charge and therefore a more probable strong
interaction with any adsorbate. The key points are the difference in electronegativity be-
tween the carbon atoms and the dopant atom and the deformation of the graphene layer
near the heteroatom with the formation of defects, caused for example by the different
size of the atoms of different elements. These two characteristics lead to a change in the
distribution of the local electron density with the formation of sites more suitable for the
adsorption of the molecules. [12]
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Chapter 3

Aflatoxin

Aflatoxins are a group of mycotoxins produced by fungi of the Aspergillus flavus and
Aspergillus parasiticus species. They were discovered in 1960 in England following an
outbreak that killed thousands of turkeys. To date there are almost twenty compounds
that fall under the name of aflatoxin [20] but six are considered the main ones, the afla-
toxins A1, B1, G1, G2, M1, M2. The letters B and G derive from the blue and green
colors of fluorescence that aflatoxins emit when hit by ultraviolet light. The M instead,
refer to milk, which is the first product in which they were detected and are hydroxylated
metabolites produced by type B aflatoxins.

Among these the most widespread and dangerous is aflatoxin B1 (figures 3.1 and 3.2).

Figure 3.1: Aflatoxin B1 molecule
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Figure 3.2: Structural formula of aflatoxin B1

Aflatoxins contaminate a large number of agricultural products such as corn, rice,
cocoa beans, spices, nuts. The main causes of contamination are the use of inadequate
agricultural practices that increase the contact of products with the soil, damage caused
by insects to the surface of agricultural products and the storage of products in humid and
unventilated conditions. Through these conditions there is an increase in the formation
of fungi and molds from which aflatoxins can be produced. [20]

Another big problem is the presence of aflatoxins in animal feed. The concentration
of aflatoxin increases along the production and marketing chain. Contaminated feed is
ingested by animals. Aflatoxin B1 is transformed into its hydroxylated metabolite M1
which remains present in animal products such as milk. So, the consumption of milk and
dairy products like cheeses then become dangerous for human health.[20]

Human exposure to aflatoxins derives mainly from the ingestion of contaminated food,
even if one can be exposed to the risk of inhalation in closed places due to the presence of
the molecule in the air. From a human health point of view the International Agency for
Research on Cancer (IARC) has classified all four aflatoxins as group 1 carcinogens. M1
belongs to group 2 [21] [22] [23]. In particular Aflatoxins B1 is very dangerous substance
that exhibit high toxicity for humans and animals with genotoxic, carcinogenic and im-
munosuppressive effects. It is highly mutagenic and carcinogenic, it is in fact able to bind
to the bases of DNA, modifying them. The main organ involved in intoxication is the
liver and depending on the type of exposure to aflatoxin, time and concentration, there
may be acute toxicity (aflatoxicosis), edema, haemorrhagic necrosis of the liver, lethargy.
Toxicity leads to hepatocellular damage and can result in acute hepatitis, fibrosis and
other diseases. [24] [25]

In favorable climatic conditions, the spores of the Aspergillus fungus spread and are able
to germinate, producing aflatoxins. Such conditions are hot, humid weather that favors
the growth of mold and fungi, or extremely dry weather.[26] They are spread all over
the world but due to their environmental conditions their presence is greater in African
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and Asian countries, in tropical and subtropical climates. However, their presence is also
growing in Europe, and in the coming years it could increase due to the ongoing climate
change. Recent studies based on predictive models have documented the increase in their
diffusion in Europe following a two-degree increase in average temperature, a scenario
considered more likely for the next few years [27].

Therefore, due to its danger to humans and its widespread diffusion in various parts
of the world, the monitoring and management of aflatoxins is increasingly important.
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Chapter 4

Adsorption

A molecular gas sensor is a device whose properties change in the presence of a gas
molecule, compared to the characteristics it possesses in the absence of that molecule.
Due to the interaction of the molecule with the conductive channel of the device, a change
of a specific quantity is obtained, for example the electrical conductivity through the
device. For a change in device characteristics to occur there must be some interaction
between the device channel and the gas molecule. It is therefore necessary to introduce
the concept of adsorption, i.e., the process by which a connection is created between the
gas molecule and the surface of the device. [12]

The adsorption process is due to the surface energy, a quantity that quantifies the
breaking of the intermolecular bonds in the creation of a surface. In fact, the atoms on
the surface are not completely surrounded by other atoms of the adsorbent but are free
to interact with other atoms and molecules. The atoms on the surface have higher energy
than those inside the solid and this excess energy constitutes the surface energy. Due to
this lower stability due to the higher energy, the surfaces are not motionless zones but
are ready to react through processes that reduce their energy such as passivation and
adsorption phenomena.[28]

Adsorption is a process that only involves the surface of the device. The adsorbate (the
gas molecule) binds to the surface of the material of which the sensor channel is composed
through several possible chemical interactions. In the case where the interaction is the
van der Waals forces or the presence of electric dipoles in the adsorbate, we have what
is called physisorption, if the interaction is due to a covalent or ionic bond, we have a
chemisorption. [28]

When it comes to adsorption, this process is divided into two categories, physisorption
and chemisorption. In the first case we speak of physical adsorption because the inter-
action that takes place is of a physical, mechanical nature, while in chemical adsorption
there is the formation of actual chemical bonds. The division between physisorption and
chemisorption is not sharp and separate but there is a transition from one phenomenon to
another. This gradual transition can occur differently depending on the chemical species
involved. [29]
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Physisorption or physical adsorption is an adsorption phenomenon mainly due to van
der Waals forces. The effect of these forces is modified by additional electrostatic com-
ponents such as polarization and field dipole which can be especially important in the
adsorption of polar molecules. The interactions that take place between the two species
are small, rapid and reversible. They mainly occur at low temperatures. There is no
charge transfer, but they can cause a polarization of the adsorbed molecule. The ad-
sorption energy is low and so is the heat released during its formation. In physisorption
there is no directionality in the interactions between the adsorbed and the surface and
therefore neither specific site of adsorption. Chemisorption is instead a phenomenon that
leads to the formation of strong chemical, ionic and covalent bonds. Chemical bonds are
directional, so the interactions that form between molecule and surface have a precise di-
rection, orientation and position. Between the elements involved there is a strong sharing
of the electronic charge or a strong transfer of the charge itself. It is usually a slow and
irreversible process which can take place in a wide range of temperatures. During this
process, a dissociation of the adsorbed species can also occur. The phenomenon leads to
a total energy of the adsorbent plus adsorbed system decidedly lower than that given by
the sum of the two isolated species, therefore during the formation a high increase in heat
can be observed due to adsorption.[30]

The nature of the adsorbent surface is important, since in the presence of a non-polar
surface the van der Waals forces are dominant, therefore the interaction with the molecule
will be considerably influenced by characteristics such as the presence and size of pores
on the surface or the size and polarizability of the adsorbed molecule. If the surface is
composed, for example, of carbon atoms, it could oxidize and become partly polar. With
a polar surface the interacting forces can become much larger. [30]

In chemistry, adsorption is measured through isotherms, which allow us to calculate the
quantity of the molecule adsorbed on the adsorbent. Calculations are made at constant
temperature and as a function of concentration or pressure. There are various models of
isotherms including the first discovered and one of the most famous is that of Langmuir.

Adsorption energy is the energy released by the system during the adsorption process.
Typical values for adsorption energy are 10 kJ/mol for physisorption and 120 kJ/mol for
chemisorption. In general, we talk about physisorption with values ≤ 30 kJ/mol and
chemisorption with values ≥ 100 kJ/mol. [28]. A resulting system with total energy less
than the sum of the energies of the two starting isolated systems is a more stable system,
the adsorption energy is negative. If the energy is negative and its absolute value is large,
the stability of the system will be greater. Its value reflects the strength of adsorption. A
positive value indicates a repulsive force and therefore an overall unstable system, while
a negative value indicates that the overall system is more stable than the two individual
isolated systems and the more negative the value, the stronger the adsorption is.

In the description of the adsorption process we can find ourselves faced with three
situations, with all the possible intermediate variations. As we bring the molecule closer
to the adsorbent surface, thus decreasing the distance, we can have:

• a weak chemical bond (van der Waals forces) which finds its minimum in adsorption
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energy (maximum adsorption) at a certain distance between the two substances
involved, the bond energy is small, as is the attractive force between them. As the
distance decreases further, the force becomes repulsive. Instead, by increasing it, the
attractive force slowly decreases.

• a strong chemical bond (ionic or covalent bond) is created between the two sub-
stances. Depending on the distance between the two substances, a global minimum
is found for the energy of the system of large absolute value corresponding to a strong
attractive force. Further decreasing the distance increases the repulsive forces.

• between the two substances, depending on the distance between them, a local mini-
mum of energy is formed at a greater distance due to the phenomenon of physosorp-
tion. As the distance decreases, an energy barrier is encountered. The height of this
barrier can vary from very high to zero. If this barrier is overcome by further decreas-
ing the distance, a global minimum of energy is obtained due to the phenomenon
of chemisorption. By further decreasing the distance, the repulsive forces dominate.
The barrier can be overcome for example if the adsorbate molecule approaches the
adsorbent surface with sufficient thermal energy to overcome the barrier and form a
strong chemical bond. [31] [32] [28]

In general, the adsorption process changes according to the position of the molecule
on the surface, i.e., the binding energy changes by moving the molecule from one site to
another. This means that there is a potential barrier along the surface that the molecule
must overcome in order to move from one location to another. If the temperature is high
enough the adsorbate can have enough energy to move as a gas along the surface of the
adsorbent. If the potential barrier is not uniform on the surface, zones of different diffusion
of the molecules and the formation of adsorbed islands may occur. The adsorption of a
molecule on a surface also depends on the kinetic energy with which the molecule arrives.
If, for example, the speed is too high in contact with the surface, the interaction forces
are not able to hold the adsorbate which therefore moves away. [28]

4.1 Adsorption on graphene
Graphene is a material capable of easily adsorbing external molecules, thanks to the
sp2 hybridized bonds which leave the electrons of the pz orbitals basically free to bind
to atoms and molecules outside the graphene layer. Its electronic properties are also
sensitive to these molecules in the surrounding environment and is thus able to detect
their presence. In fact, very often in the presence of a target molecule a change in its
electronic and magnetic characteristics can be identified. This change is similar to that
obtainable through doping of graphene itself. So high hopes are placed on this material
for the design of future sensors sensitive to single molecules. Many studies have been done
on the adsorption process of various types of molecules on graphene.

The adsorption of atoms and molecules on graphene can change depending on the
orientation of the molecule relative to the graphene. But also based on the adsorption site
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on the graphene: on the top of carbon atom, on the top of carbon-carbon bond or at the
center of hexagon. The adsorption site is usually more important for smaller molecules.
Studies carried out lead to the conclusion that in the case of physorption of molecules on
graphene, the orientation of the molecule is important, less important is the adsorption
site. The molecules also have a tendency to form clusters, which may be important when
considering the concentration of the adsorbate. [33] [34]

Studies reveal that a strong change in graphene characteristics in the presence of
an adsorbed can be obtained when new external electronic states are introduced. This
can occur in the case of the formation of a covalent bond that changes the electronic
structure of graphene with the formation of new electronic states. Or in the case of open
shell molecules that have partially occupied valence orbitals and have electronic states
with energy close to the Dirac point of graphene. In this case there is a charge transfer
mechanism between the molecule and graphene. If the HOMO level (highest occupied
molecular orbital) of the adsorbed is higher than the Dirac point of the graphene, electrons
will flow from the adsorbed to the graphene. If the LUMO level (lowest unoccupied
molecular orbital) is lower than the neutrality point of graphene, there will be a transfer
of charge from the graphene to the molecule. This mechanism can also be used for the
doping of graphene itself. Examples of this phenomenon have been presented with the
NO2 molecule.[33] [35]

In the presence of some molecules, pure graphene does not have large adsorption ca-
pacities. Examples are carbon monoxide and carbon dioxide, molecules responsible for
air pollution and around which numerous studies have been carried out to identify them
and limit their damage to the environment and humans. The CO molecule adsorbed on
the pristine graphene causes a slight distortion of the graphene near the adsorption site,
and the molecule in turn experiences a slight change in the length of its carbon-oxygen
bond compared to that found in the isolated molecule. The adsorption energy is negative
but small, indicating a weak physisorption process due to van der Waals forces. The final
distance in stable configuration is about 3.5 Å. A similar trend is obtained for the CO2
molecule. Instead, the analysis of the adsorption with respect to graphene with various
types of doping shows higher adsorption values indicating the great potential of graphene
functionalization. [36] [37]

Research have been done on the adsorption of different molecules on graphene, analyz-
ing their characteristics and comparing them with those obtained with doped graphene.
All this to find the best graphene structure for the single molecule. For example, the
ethylene oxide molecule was investigated through density functional theory calculations,
studying geometry optimization and absorption energy and carrying out various analyzes
on pure graphene and on doped graphene silicon, aluminum, boron. The results obtained
are better in the presence of aluminum doped graphene and with silicon doped graphene.
Very often in research an improvement of the characteristics is obtained through some
doping of the graphene compared to pure graphene. [38]
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Chapter 5

Graphene sensor

The gas sensor is an electronic device capable of detecting gas molecules. Its operating
principle is based on the change, in the channel, of one of its characteristics in the presence
or absence of the gas molecule to be identified. The channel is an area of the sensor, the
part sensitive to the gas molecule. These sensors can be of various types, based on the
variation of different characteristics. The main properties of a good sensor are: high
sensitivity, high selectivity, independence from temperature, low working temperature,
rapid response, low consumption of adsorbed molecules. In particular for its particular
characteristics, great interest is directed to sensors with a channel made of graphene.

Graphene thanks to its particular properties could be used in various applications of
sensing. For example, as photoelectric sensors, thanks to its great transparency it can be
used as photoconductive sensors or in photovoltaic cells; it can be used as a photodetector
and for other applications because it is capable of absorbing a wide range of frequencies
ranging from ultraviolet to terahertz. As electric field sensor, in which the density of
graphene carriers is modified by the application of an electric field. As mechanical sensors
in which a change in mass or strain detector can be detected; indeed, an asymmetric force
applied to graphene is able to open a band gap and thus be detected with a sensor [39].
But also, magnetic field sensor, electrochemical sensors, and of course chemical sensors
[40].

There are several methods of identifying molecules on graphene: change in electrical
resistance and in electrical current but also changes in electrical resistivity frequency
changes of surface acoustic waves. But most base their operation on the variation of
graphene’s conductivity in the presence or absence of the target molecule.[9]

For those sensors in which the sensing property is a variation of the conductivity, there
are two main factors which lead to its variation, and therefore to the variation of the
current: the concentration of charge carriers and the mobility of the carriers. Regarding
the former, the adsorption of the molecule causes a variation of the charge carriers on
the surface of the graphene and since the conductivity is proportional to the density of
the charge carriers, a variation of the latter causes a variation of the conductivity. For
the second, the conductivity is also proportional to the mobility, and therefore to the
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scattering phenomena, with the adsorption of the molecule there could be an increase in
scattering and a reduction in mobility.[41] [42] [9]

We know that graphene has a particular band structure which, for low energy levels,
therefore near the neutrality points, has a linear trend. The adsorption of a molecule can
create a doping of the graphene which will therefore lead to an increase in carriers, holes
if it is an acceptor and electrons if it is a donor. For this reason, the ability of graphene
as a gas sensor results highly sensitive towards different types of molecules.

There are various reasons why graphene is an excellent candidate for constituting the
channel of a sensor.

1) It is composed of only carbon atoms; therefore, the valence electrons are not in-
volved in chemical bonds and are free to interact with other molecules, suggesting good
interactions with them. Indeed, being made from a planar layer of atoms with sp2 hy-
bridized bonds, the electrons belonging to the pz orbitals perpendicular to the plane of the
graphene are free to interact. Moreover, each atom of the structure can interact directly.

2) The operation of the graphene sensor is therefore based on the change of its electrical
conductivity and therefore of its resistivity in the presence of the target molecule absorbed.
When the target analyte is adsorbed on the graphene surface, there is a change in the
concentration of local carriers in the graphene. The molecule acts as a charge donor or
acceptor, there may be a transfer of charge between the molecule and the surface which
leads to a change in the conductivity and therefore in the resistance of the sensor.

3) Since graphene is a planar set of carbon atoms linked together through covalent
bonds and forming a planar layer of atoms, it is a two-dimensional crystal and therefore the
contact surface between the adsorbate (molecule) and adsorbent (graphene) is maximized
compared to the overall volume of graphene, i.e., there is a high surface/volume ratio. This
means that the entire volume of graphene is exposed to the adsorbate presumably leading
to a stronger and therefore more easily measurable response. The possibility of building
arrays of such sensors leads to an increase in the available contact area between graphene
and adsorbate, obtaining greater sensitivity for a reduced exposure time, which is very
important especially in the presence of toxic gases, also present in low concentrations.

4) Through nano sensors made of graphene it is possible to identify individual gas
molecules, which is not possible with traditional solid-state sensors. The sensitivity of
graphene is due to its characteristic of being a material with low electronic noise which
therefore makes it possible to detect changes even in the presence of single molecules. In
fact, the high conductivity of graphene with a metallic conductance even with a charge
density close to zero leads to a low noise even at the limit of absence of charge carriers.
Furthermore, there is a low excess noise due to thermal switching thanks to the few defects
usually present in graphene.

All of these features make graphene-based sensors ideal candidates for detecting single
gas molecules with high sensitivity.[12]

It is important to underline the importance of the quality of the graphene layer. Fab-
rication techniques are continuously improving to achieve single layers of high-quality
graphene. The presence of defects in fact changes its electronic structure and therefore
its properties and performance.
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Graphene sensor

Today it is essential to use software tools that allow you to evaluate the functionality
and performance of a sensor before physically realizing it. Research and design via com-
puter allow you to have economic and time advantages. Today, methods based on density
functional theory (DFT) are very popular. However, some precautions must be followed in
using this approach, especially with graphene. Some studies have revealed the importance
of choosing the type of functional and the parameters to be used to take into due account
the action of the van der Waals forces. For example, they are important in the adsorption
processes on graphene, where changing combinations can lead to differences and errors in
the calculation of distances or adsorption energies. [43], [44]

For example, a theoretical study was done on the use of a pristine graphene for the
identification of propane and butane gas molecules. The starting materials were a layer of
pristine armchair graphene nanoribbon and the molecules of propane and butane. Simula-
tions were made with QuantumWise Atomistix ToolKit (ATK) software to investigate the
possibility of graphene to detect molecules and the variation of the current in the sensor in
the presence and absence of targets. Changes in the density of states, transmission spec-
trum and current were detected in the presence and absence of the molecule. Graphene
was found to be very sensitive to the presence of gases and was able to detect their pres-
ence through the change in current compared to that obtained with pure graphene alone
[45].

Theoretical studies have been done to investigate doped graphene as a single molecule
sensor. It has been seen that if the doping molecules are open shell a strong doping is
obtained and the molecule is a strong acceptor; the doping is instead weak in the presence
of closed shell molecules [40], [46].

39



40



Part II

Part two

41





Chapter 6

Simulations: Methodology,
computational methods

The idea of this thesis work is to investigate graphene as a possible material for the
realization of a sensor for the aflatoxin B1 molecule. Being the first phase of research, the
analyzes are done through the use of software tools for simulations.

Methodology

The methodology I followed in the analysis of graphene as a sensor for aflatoxin is
composed by these steps:

• The choice of graphene as the constituent material of the channel has already been
motivated in the previous chapters, due to its important electrical properties, ad-
sorption capacity of external molecules and high sensitivity. The investigation of the
pure material, if it leads to positive results, avoids further design and manufacturing
steps such as doping, thus saving costs and time.

• I analyzed the adsorption process of the aflatoxin B1 molecule on the graphene layer.
I investigated the adsorption energies of eight different geometric positions of AFB1
with respect to graphene, identifying the most stable configuration.

• The device type chosen for the simulations is a two-terminal device. For the analysis
of the characteristics in the first phase of study, to see if the initial promises can be
kept, it is better to consider the simplest device both in a simulation phase and in a
possible real manufacturing phase. Also, in this case there is a costs and time saving.
Only in a later step and perhaps to improve performance can a three-terminal device
such as a transistor be used.

• I verified the sensitivity of the conductive channel to the target molecule. I analized
the change of the density of states and of the transmission spectrum at equilibrium
in the presence and in the absence of the adsorbed molecule. I checked the sensor’s
ability to detect the molecule by changing the current flowing through it in the
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presence and absence of the analyte. I saw if that difference is big enough to be
detected in eventual real device. I investigated the possible reasons for current
reduction in the presence of AFB1.

• I verified the selectivity of the sensor, i.e., the ability to identify the target molecule
and at the same time be inhibited in relation to the other molecules in the surround-
ing environment.

Computational methods

The software tool used in all simulations is QuantumWise ToolKit (ATK) software by
Synopsys. It is a platform composed of a set of tools that integrate for modeling at the
atomic scale. It has several simulation engines using for example Hamiltonians of the
tight binding model or density functional theory (DFT). The latter is the methodology
used in my simulations. It is widely used in general for ab initio electronic structure and
atomistic calculations and allows to obtain an approximate but computationally efficient
solution of the many-body problem.[47]

For the simulations of relaxation, optimization of the geometry and calculation of
the total energy for the isolated graphene, the isolated molecules and the graphene plus
molecule systems, the parameters indicated in the table (6.1) were used.

LCAO CALCULATOR
LCAO Basis Set Exchange correlation: GGA

Functional: PBE
van der Waals correction: Grimme DFT-D3
Pseudopotential: PeseudoDojo
Basis set: Medium

Table 6.1: ATK-DFT Calculator settings for adsorption simulations

All other parameters have been left by default, unless otherwise indicated.
I chose the PseudoDojo pseudopotential with basis set Medium in order to balance

the accuracy of the results with the computational time and the necessary RAM. Exper-
imental tests based on the atoms of the elements of graphene and aflatoxin B1, carbon,
hydrogen and oxygen, indicated PseudoDojo Medium a good compromise between these
characteristics. [48] [49]

In the calculation of the total energy of the system composed of graphene and external
molecule, I enabled the van der Waals correction Grimme D3 which allows to better take
into account the van der Waals forces in the presence of the semi local exchange correlation
functional (GGA and PBE). Furthermore I enabled counterpoise correction which allows
to compensate the superposition error (BSSE) thus allowing to obtain a more correct
value of the total energy of the system. [48]

The table (6.2) shows the parameters used in the equilibrium simulations, while in
tables (6.3) and (6.4) there are those used for the calculations of the transmission spectra
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and the device density of states. Finally, the table (6.5) shows the parameters used in the
analysis of the IV curves.

LCAO CALCULATOR
LCAO Basis Set Exchange correlation: GGA

Functional: PBE
van der Waals correction: Grimme DFT-D3
Pseudopotential: PeseudoDojo
Basis set: Medium

Numerical
Accuracy

Density mesh cut-off: Default setting
Occupation method: Fermi-Dirac
Broadening: 1000 K
k-points: [9.0,9.0,201.0] Å

Iteration
Control

Default settings

Algorithm Default settings
Contour
Integral
Parameter

Default settings

Poisson
Solver

Solver Type: Conjugate gradient
Boundary conditions: A direction: Dirichlet
B direction: Periodic boundary condition
C (transport) direction: Dirichlet

Electrode
Parameters

Default settings

Table 6.2: ATK-DFT Calculator settings for equilibrium simulations

Unless otherwise indicated, these parameters were used for all the simulations so that
the results were as comparable as possible.

In the simulations with the passivated graphene layer, in the Poisson Solver I set
equal to Dirichlet all the boundary conditions to account for the passivation of the edges,
while in the other simulations I assumed the graphene layer to continue to infinity in the
transversal direction (B periodic).

As we will see later on in the study of selectivity, sometimes these parameters together
with those of the IV curves have not led to convergence for some molecules other than
AFB1, therefore there are no values in correspondence with some bias voltages.
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Transmission Spectrum Analysis
Energy range E1 = -1.5 eV

E2 = +1.5 eV
Points: 301

k-point sampling Density: ka = 27
kb = 27

Energy zero
parameter

Average Fermi level

Infinitesimal 1e-06 eV
Self-energy
calculator

Recursion

Table 6.3: ATK-DFT Transmission Spectrum settings

Device DOS Analysis
Energy range E1 = -1.5 eV

E2 = +1.5 eV
Points: 301

k-point sampling Density: ka = 15
kb = 15

Contributions All
Energy zero
parameter

Average Fermi level

Infinitesimal 1e-06 eV
Self-energy
calculator

Recursion

Table 6.4: ATK-DFT Device Density of States settings

IV curve Analysis
Energy range E1 = -1.5 eV

E2 = +1.5 eV
Points: 301

k-point sampling Density: ka = 15
kb = 15

Infinitesimal 1e-06 eV

Table 6.5: ATK-DFT IV curve settings
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Chapter 7

Simulations: Aflatoxin
adsorption on graphene

7.1 Adsorption: Simulation results and analysis
In this chapter I present the analysis and the results obtained regarding the adsorption
process of the aflatoxin B1 molecule on a graphene layer. The graphene layer used for the
simulations is shown in the figure (7.1) and is a rectangle of 40 hexagons (8 hexagons x
5 hexagons). I chose this size because AFB1 could be adsorbed in any rotation without
going outside the edges of the graphene.

Figure 7.1: Graphene layer used for the adsorption processof AFB1

I rotated AFB1 in eight different geometric positions relative to the graphene. They
have been chosen so as to bring the greatest number of atoms of the molecule closer to the
graphene layer. The figure (7.2) shows the eight configurations studied. Configurations 2
and 4 differ respectively from 1 and 3 for a rotation of the aflatoxin of 90o degrees in the
graphene plane.

In all configurations, I placed the AFB1 at an initial minimum distance of about 2 Å
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(a) Configuration 1 (b) Configuration 2

(c) Configuration 3 (d) Configuration 4

(e) Configuration 5 (f) Configuration 6

(g) Configuration 7 (h) Configuration 8

Figure 7.2: Configurations studied for the adsorption of aflatoxin on graphene
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from the graphene. Then I allowed the system to relax unconstrained to reach the most
stable configuration.

During the relaxation process, there was a gradual arrangement of the various atoms.
In all eight configurations the final minimum distance was greater than the initial minimum
distance (about 2 Å). This indicates that at 2 Å the repulsive forces were greater than the
van der Waals interaction forces. The configuration 1, the one which, as we will see later,
will turn out to be the most stable, we have a final minimum distance between graphene
and aflatoxin of 2.77 Å (figure 7.3).

Figure 7.3: Minimum distance between graphene and aflatoxin atoms after the relaxation
process of the system geometry for configuration 1.
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Adsorption Energy

The adsorption energy, as explained in chapter 4, is the energy that is obtained during
the process of adsorption of a molecule onto a surface. The resulting system (graphene +
aflatoxin) is stable if the adsorption energy is negative, i.e., if the total energy of the final
system is less than the sum of the energies of the two starting isolated systems. The final
system is more stable if the adsorption energy is more negative (negative and in larger
modulus). Into formulas:

EADS = EGR+AF B1 − (EGR + EAF B1) (7.1)

where:

• EGR+AF B1 is the total energy of the system composed of the graphene which has
adsorbed the aflatoxin.

• EGR is the total energy of isolated graphene.

• EAF B1 is the total energy of isolated aflatoxin.

The table (7.1) shows the adsorption energies of the eight configurations calculated
through the equation (7.1).

Configuration EADS (kJ/mol)
1 -112.4508
2 -109.9585
3 -103.6685
4 -102.8059
5 -32.3996
6 -46.7020
7 -48.8199
8 -32.5058

Table 7.1: Adsorption energies of the eight configurations

We can see that all the studied configurations have negative adsorption energy and
therefore they are all stable configurations. However, the first four have much higher
energy in modulus than the last four. The first four have the largest number of aflatoxin
atoms that are able to interact with the carbon atoms of graphene. For these four con-
figurations the modulus energy exceeds 100 kJ/mol , so there is a good interaction force
between aflatoxin and graphene in these cases. Configuration 1 is the most stable with
an adsorption energy of −112.4508 kJ/mol. The two most stable configurations will be
used in the next chapter for the simulations in which I will investigate the characteristics
of the sensor. I have decided to study the second one in addition because the energies
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are similar. In the real case any perturbation in the ambient could allow the molecule to
move and be absorbed in one or the other configuration.

Before moving on to the device, I did a further study regarding the adsorption site of
aflatoxin on graphene, to see its influence on the adsorption energy. I took configuration
1, the most stable one and I moved the aflatoxin to three different graphene sites. The
three sites on graphene are identified with the letters A, B, C:

A: above a carbon atom
B: above a bond between two carbon atoms.
C: on the center of a hexagon
and they are shown in the picture (7.4).

Figure 7.4: Adsorption sites

As can be seen from the results shown in the table (7.2), there is not a significant
variation in the adsorption energy with respect to the adsorption site. The variation
between the three positions is negligible.

Configuration EADS (kJ/mol)
A -112.4508
B -112.4961
C -111.8989

Table 7.2: Adsorption energies relative to the adsorption site

In conclusion I can say that the aflatoxin molecule binds to graphene. In four of
the configurations analyzed, the interactions are quite strong. The adsorption energy
strongly depends on the relative orientation between AFB1 and graphene while it is almost
independent of the adsorption site.
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Chapter 8

Simulations: Graphene sensor
device

8.1 Sensor: Simulation results and analysis
For the study of transport phenomena, I used a larger graphene layer composed of 91
hexagons, 7 along the transversal direction and 13 along the transport direction. This
is to keep the aflatoxin as far away as possible from the influence of the edges of the
graphene and to keep the aflatoxin away from the electrodes in the transport direction. I
have left a certain margin of safety (a certain distance) in these directions increasing the
number of atoms in graphene. But I did not increment more to not increase too much the
computational times and RAM memory occupation.

Before starting the transport simulations, I relaxed the geometry of the system graphene
plus aflatoxin. I apply this to all the configurations analyzed below.

8.1.1 Configuration 1
The first configuration studied corresponds to configuration 1 of adsorption of aflatoxin
on graphene, i.e., the one with the highest adsorption energy, i.e., the one most likely to
be obtained during the adsorption phenomenon. The device used for the simulations is
shown in the figure (8.1) in its perspective view, in the figure (8.2) in its front view, and
in figure (8.3) in its view from above. In the latter figure the graphene layer is represented
using the stick model in order to highlight the aflatoxin molecule.

53



Simulations: Graphene sensor device

Figure 8.1: Device used for simulation with aflatoxin in configuration 1. View: perspec-
tive.

Figure 8.2: Device used for simulation with aflatoxin in configuration 1. View: front.
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8.1 – Sensor: Simulation results and analysis

Figure 8.3: Device used for simulation with aflatoxin in configuration 1. View: from
above.

After analyzing the adsorption of aflatoxin on graphene and concluding that a good
interaction force is formed between them, I need to see if the molecule will be identifiable
in the sensor. To do this I begin to analyze the density of states and the transmission
spectrum.

Figure (8.4) shows the device density of states of graphene with (a) and without (b)
aflatoxin. Note the difference between the two graphs. The presence of aflatoxin results
in a change in the electronic states of graphene. We note the introduction of two peaks
with negative energy at about -1.1 eV and -1.2 eV and a lowering of the peak that the
DOS of graphene alone had at about 1.4 eV.

The transmission spectrum of the device allows us to analyze the contributions to the
total transmission of charge carriers for different energy values. As can be seen from
Figure (8.24), there is a change in these spectra in the presence and absence of aflatoxin.
So, we expect that somewhere in the bias voltage there is a current difference between the
device with and without AFB1.

In the analysis of the transmission spectra, I also went to see the contribution of HOMO
and LUMO of aflatoxin. In figure (2.6) the HOMO and LUMO values can be seen in red,
the transmission spectrum of the device in blue with the ideal graphene layer, not relaxed,
i.e., it is not given the possibility to change the distances between its atoms during the
phase of relaxation with AFB1 and in black the transmission spectrum of the device with
the relaxed graphene layer. It can be seen that the peaks in the transmission spectra
correspond to HOMO and LUMO of AFB1. The only unmatched peak is seen in relaxed
graphene at about 0.8 eV. Such peak is not present in ideal graphene, so I assume it is
due to the change in distance between atoms in the relaxation phase as it is not present
if the graphene layer remains ideal.
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(a) Device Density of states of graphene without aflatoxin

(b) Device Density of states of graphene with aflatoxin

Figure 8.4: Device Density of states
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Figure 8.5: Comparison of equilibrium transmission spectra as a function of energy be-
tween graphene with aflatoxin and graphene alone

Figure 8.6: Comparison between Transmission Spectrum of ideal graphene device + AFB1
in blue, Transmission Spectrum of relaxed graphene device + AFB1 in black and DOS of
AFB1 in red, where the two peaks HOMO and LUMO of AFB1.
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The figure (8.7) shows the I-V characteristics of the sensor in the absence and in the
presence of AFB1 in configuration 1. The two currents are different in some bias points
taken into consideration.

Figure 8.7: Comparison between the current in the graphene and the current in the
graphene + AFB1 in configuration 1

The figure (8.8) shows the current difference value between the sensor in the absence
and in the presence of AFB1 in configuration 1. The current variation is evaluated using
the formula:

∆ID = ID,GR − ID,GR+AF B1 (8.1)

while for the percentage variation of the current I use the formula:

∆ID% = [(ID,GR − ID,GR+AF B1)/ID,GR+AF B1] · 100 (8.2)

where ID,GR indicates the current in the graphene without aflatoxin and ID,GR+AF B1
the current in the graphene sensor with the presence of aflatoxin. Therefore, a posi-
tive/negative value of ∆ID corresponds to a decrease/increase of the current due to the
presence of aflatoxin. A positive value indicates an increase in current in the absence of
AFB1 compared to the value with the presence of AFB1. Therefore, as can be seen in
correspondence with the simulated voltage values, the sensor with aflatoxin mainly leads
to a reduction in the transmitted current.
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(a)

(b)

Figure 8.8: (a) Current variation (∆ID) in graphene and graphene + aflatoxin in con-
figuration 1; (b) Percentage of current variation (∆ID%) in graphene and graphene +
aflatoxin in configuration 1.

The response of the sensor depends on the value of the applied voltage. In the presence
of aflatoxin, we obtain a reduction of the current for the bias points 0.8 V, 1.2 V and 1.6 V.
There is a peak in the current difference in correspondence with the voltage of 1.2 V.
That means there is a high sensitivity of the sensor to aflatoxin in this bias point. The
corresponding current difference value is 3.167 µA. From the analysis of the percentage
variation of the current, a maximum percentage variation of 10,48 % can be seen, always
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in correspondence with the voltage value of 1.2 V. This bias value has the greatest current
difference both in absolute value and in percentage, obtaining the best response from the
sensor. It is the point of greatest sensitivity. Both the voltage of 1.2 V and the current
difference of 3.167 µA are measurable values and compatible with the operation of an
electronic device. In general, in a real device, in the final choice of the bias voltage for a
sensor must also be taken into account the selectivity of the sensor. The selectivity could
be higher at other bias points. In the sequel we will analyze the problem of selectivity.

Figure (8.9) shows the difference between the transmission spectra at 1.2 V of the device
with and without aflatoxin. We can see that the transmission spectrum of graphene alone
varies across jumps as the energy varies. This is because as the energy increases, the
modes involved in the conduction increase. When a new mode occurs, there is an increase
in transmission by a fixed amount. As we know from the theory recalled in chapter
2, the number of modes depends linearly on the energy. Same thing for the density of
states. The DOS in graphene also grows linearly with energy, unlike materials with a
parabolic dispersion relationship where the DOS remains constant. In this figure we can
see within the bias window the transmission spectrum is larger in the absence of the
molecule, resulting in a higher current.

Figure 8.9: Transmission spectrum of the device with and without AFB1 at the bias
voltage of 1.2V

The current in graphene depends on the conductivity of the charge carriers, therefore on
their number and their mobility. The reduction of the current in the presence of AFB1 can
be due either to a transfer of charge between the molecule and graphene or to scattering
phenomena which decrease the transmission. To better understand the mechanisms that
lead to the reduction of current in the presence of the molecule some other analyses have
been done.
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From the Projected device density of states, calculated at 1.2 V bias voltage, the
localization of the electrons in the aflatoxin molecule can be deduced. In the PDDOS
(figure 8.10) there are narrow peaks at determined energy levels, corresponding to the
available states.

(a) PDDOS only graphene

(b) PDDOS graphene + AFB1

Figure 8.10: Projected Device Density of States at 1.2 V bias voltage.

The little broadening (widening of states with respect to energy) indicates that the
electrons remain in that state for a long period of time, therefore they have a long intrinsic
time. Energy and time are linked by an uncertainty relationship, the greater the persistent
time, the smaller the energy broadening will be. This indicates a localization of the
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electrons. Localization also confirmed through the Electron localization function which,
as can be seen in the figure (8.11), highlights the electrons located on the molecule without
delocalization on the graphene layer.

(a) View from above

(b) Front view

Figure 8.11: Electron localization function

62



8.1 – Sensor: Simulation results and analysis

Through the analysis of the transmission pathways, the paths made by the electrons
during transmission can be evaluated. In the figure (8.12) they are represented in the
device with graphene alone (a) and with the presence of aflatoxin (b).

(a) Transmission Pathways with graphene only

(b) Transmission Pathways with graphene and aflatoxin

Figure 8.12: Transmission Pathways
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Arrows indicate the direction of electron transmission from one atomic site to adjacent
ones, and their size indicates the magnitude of that transmission. As can be seen, in
correspondence with the positioning of the molecule there are yellow arrows that go back
to the left, in the opposite direction to the transmission. These arrows are not present in
the graphene-only device. This indicates back reflections in the electron path that could
explain the current reduction.

Finally, figure (8.13) shows the eigenstates related to transmission in the presence of
AFB1. The very light areas near the aflatoxin towards the left of the device indicate
the reflection of the transmission of part of the carriers. It is therefore presumable that
scattering phenomena are present around the molecule.

Figure 8.13: Eigenstates of device graphene + AFB1

Concluding these analyses, I can deduce that aflatoxin behaves as a scattering centre, a
"scatterer", which introduces reflection phenomena probably due to the phase breakdown
of the electrons which are transmitted from source to drain. Here I have considered only
coherent transport so nothing can be said about inelastic scattering, related to incoherent
transport and dissipative phenomena. The reason for this scattering can be an electronic
repulsion between graphene orbitals and AFB1 orbitals. In other words it can be seen as
a steric modification (i.e. a modification of the electronic properties of graphene, of its
orbitals), which, breaking the periodicity of the electronic states of graphene (because a
spatial modification of the orbitals is a modification of their spatial periodicity), decreases
the transmission; like a crystalline defect in a periodic lattice, therefore behaves just like
a scattering center. Hence the reduction of the current in the presence of AFB1.
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8.1.2 Configuration 2
As previously done with configuration 1 of aflatoxin B1, I studied the trend of the current
also in correspondence with configuration 2 of aflatoxin, different from the first due to
a 90o degrees rotation of the molecule in the graphene layer. Its adsorption energy is
comparable with that of configuration 1.

The trend of the current is very similar to that obtained with the first configuration.
Figure (8.14) shows the current with aflatoxin in configuration 2 compared to the current
with graphene alone.

Figure 8.14: Current in graphene and in graphene + aflatoxin in configuration 2.

While in figure (8.15) the three currents are compared: graphene only, graphene plus
aflatoxin in configuration 1 and graphene plus aflatoxin in configuration 2. In configuration
2 the current is generally slightly higher than that in configuration 1, but the difference
is small. At a voltage of 1.2 V, the current in the second configuration is 0,656 µA greater
than that in the first configuration. This bias point (1.2 V) is also confirmed for this
second configuration as the point of greatest sensitivity for the aflatoxin B1 molecule. In
figure (8.16) the area around 1.2 V is magnified. This similar current trend in the presence
of the two AFB1 configurations is positive as it would facilitate the front-end electronic
design phase of the sensor.
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Figure 8.15: Current in graphene, in graphene + aflatoxin in configuration 1 and in
graphene + aflatoxin in configuration 2.

Figure 8.16: Zoom around 1.2 V of current in graphene, in graphene + aflatoxin in
configuration 1 and in graphene + aflatoxin in configuration 2.
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8.1.3 Passivated nanoribbon
After studying the adsorption of aflatoxin on graphene and having established that graphene
is able to bind to the AFB1 molecule in a stable way and having identified the geometric
configuration that maximizes the adsorption energy, I proceeded to study the transport
properties in order to understand if a graphene sensor was able to detect AFB1. From
what it has been seen previously, such a sensor is able to perform this task. The graphene
layer used in the previous simulations had periodic boundary conditions transverse to the
transport direction in the plane of deposition of the layer itself. The next step to approach
the simulation of a real sensor is to use a finished graphene layer also in the transverse
direction, passivating the remaining free carbon atoms along the edges of the graphene.
I used the same device as previously, so that the results were comparable, with the only
difference being the passivation of the edges. (Fig.8.17).

(a) View: perspective

(b) View: from above

Figure 8.17: Passivated graphene device used for simulation with aflatoxin in configuration
1
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The orientation of the aflatoxin is that of configuration 1, the most stable after the
adsorption process. The white atoms are those of hydrogen. From the trend of the current
graph (figure 8.18) it can be seen that the presence of aflatoxin also in this case leads to a
reduction of the current in the device up to about 1.3 V where instead there is a change
in behavior. For a more precise simulation of a real device, it will be necessary to consider
the real dimensions, because the behavior of the graphene nanoribbon changes according
to its size. Here I limit myself to considering that around 1.2 V there is a maximum in the
current difference which is 2.079 µA. And above 1.3 V the current with aflatoxin increases
and at 1.6 V it exceeds that of graphene alone by 5.613 µA.

Figure 8.18: Current in passivated graphene and in passivated graphene with aflatoxin in
configuration 1
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8.1.4 Selectivity
To be such, a sensor must not only guarantee sensitivity with respect to the target
molecule, but also selectivity with respect to all the molecules that can be found in the
working environment. Selectivity is the property of detecting the target molecule and
minimizing the sensitivity with respect to other molecules, at a given bias voltage. To
investigate this property in the graphene sensor I analyzed its behavior with respect to
some other molecules. A sensor can be used in different environments so it is important
to know in which environmental conditions it will have to work because the molecules it
will have contact with will be different. It could work for example in solution or in atmo-
sphere. Between these two options, both possible, the first seems the most probable as the
first implementation of a sensor for aflatoxin. By making this choice, I investigated the
behavior of graphene with respect to some molecules that could be present in a solution:
H2O, Na2HPO4, NaCl, KCl.

The first step, as in the study of aflatoxin, was to investigate the adsorption process on a
graphene layer for all the molecules. This in order to verify whether the graphene was able
to adsorb the molecules and if so, with what force and in which geometric configuration of
the adsorbate. So I rotated the molecules in various directions on the graphene, I relaxed
the whole system so that it found its equilibrium conformation, I calculated the adsorption
energies of the various configurations through formula (7.1) of section 7, to find the most
stable configuration between the various molecules and graphene. In the simulations,
pseudopotential PseudoDojo with basis set High for Cl and for K was used for better
accuracy with respect to these elements according to the indications present in Quantum
ATK [48] [49]. In the following, the adsorption energies and the most stable configuration
obtained are indicated for each molecule, i.e., with negative adsorption energy but greater
in absolute value.
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1) H2O

The adsorption energies per water molecule are presented in the following table (8.1):

Configuration EADS (kJ/mol)
A -11.1318
B -7.3784
C -8.0712
D -12.0156

Table 8.1: Adsorption energies of configuration of H2O on graphene

The most stable configuration, is the one in which the oxygen atom faces downwards
towards the graphene layer. The molecule initially placed at a distance of about 2 Å, after
the geometric optimization process, found its equilibrium at a distance of about 3.5 Å
from the graphene layer. Figure (8.19) shows the most stable configuration.

Figure 8.19: Configuration D of H2O
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2) Na2HPO4

Na2HPO4 is disodium hydrogen phosphate and is a sodium salt of phosphoric acid. Its
adsorption energies are presented in the following table (8.2):

Configuration EADS (kJ/mol)
A -83.9463
B -63.3259
C -58.8653
D -79.7964
E -81.2196

Table 8.2: Adsorption energies of configuration of Na2HPO4 on graphene

In the following figure (8.20) its most stable configuration is presented, the one in
which the greatest number of atoms are positioned close to the graphene layer. Initially
placed at a distance of 2 Å, this molecule also moves away but remaining at a distance of
3 Å.

Figure 8.20: Configuration A of Na2HPO4
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3) NaCl

NaCl is sodium chloride. Its adsorption energies are presented in the following table
(8.3):

Configuration EADS (kJ/mol)
A -38.5025
B -36.9076
C -28.4417
D -24.0419

Table 8.3: Adsorption energies of configuration of NaCl on graphene

In the following figure (8.21) its most stable configuration is presented.

Figure 8.21: Configuration A of NaCl
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4) KCl

KCl is potassium chloride. Its adsorption energies are presented in the following table
(8.4):

Configuration EADS (kJ/mol)
A -56.2756
B -42.5280
C -26.1636
D -27.7769

Table 8.4: Adsorption energies of configuration of KCl on graphene

In the following figure (8.22) its most stable configuration is presented.

Figure 8.22: Configuration A of KCl

Then I studied the behavior of the current in the presence of these molecules. In the
graphs of the currents with molecules other than aflatoxin, only the points are indicated
where the simulations reached the convergence with the parameters used for the simula-
tions with aflatoxin. Using the same parameters we have a coherent comparison in the
results. I compared them with graphene alone and with graphene plus aflatoxin in con-
figuration 1. The graph in Figure (8.23) shows all the currents obtained in order to be
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able to compare the various trends. While in Figure (8.24) shows the square around the
voltage of 1.2 V.

Figure 8.23: Current in Graphene + AFB1 in configuration 1, Graphene + H2O, Graphene
+ NaCl, Graphene + KCl, Graphene.

Figure 8.24: Zoom of the current around the voltage of 1.2 V for Graphene + AFB1 in
configuration 1, Graphene + H2O, Graphene + NaCl, Graphene + KCl, Graphene.
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From the simulations we can see that the behavior of the water molecule and of potas-
sium chloride is very similar to that of aflatoxin, for all the voltage values taken into
consideration and also in correspondence with the voltage of 1.2V. At this bias point, the
difference between the current with H2O and that with aflatoxin is 0.461 µA, while the
difference between the current with KCl and that with aflatoxin is even 0.046 µA. The
currents are too similar to identify AFB1 with certainty with sufficient reliability. On the
other hand, the difference in current between that in the presence of NaCL and that with
aflatoxin, which is 2.37 µA to 1.2 V, is quite large. In this case the sensor is selective.
Among the molecules considered, the current in the presence of aflatoxin appears to be
the one with the lowest current at the voltage considered of 1.2 V.

So even if the selectivity with respect to other molecules such as NaCl is present,
graphene as a sensor for the aflatoxin molecule fails in the selectivity with respect to H2O
and a KCl, for the molecules I analyzed. Perhaps the current difference of 0.461 µA with
H2O could still be recognized by a sensor, but not that of only 0.046 µA obtained with
KCl. The sensor would not be able to recognize the difference between AFB1 and this
molecule.
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Chapter 9

Conclusions

Graphene is a material with extraordinary properties that have yet to be fully exploited.
Among these is the ability to detect individual molecules.

The research work done in this thesis had the aim of investigating graphene as a
possible sensor for the aflatoxin molecule. In the initial part, some theoretical concepts
and links to other research related to graphene, aflatoxin, the adsorption process and
graphene sensors were provided. Instead, the research work was divided into two parts.

In the first one, the adsorption of the aflatoxin molecule on the graphene was ana-
lyzed to verify if they were able to interact with each other and to find the most stable
configurations of the system composed of the two.

In the second one, the behavior of graphene as a sensor was investigated. Taking the
most stable configurations, the sensitivity was investigated to analyze the current variation
in the presence and absence of aflatoxin. It has been verified to have a good sensitivity
to the molecule. Then I moved to investigate the selectivity. The behavior of the sensor
in the presence of other molecules that could be present in its environment of use was
analyzed. It was seen that the trend of the current in the presence of H2O and mostly
KCl molecules was similar to that in the presence of aflatoxin. Based on my simulations,
the graphene sensor proves to be sensitive to aflatoxin but it has selectivity problems.

Future work could try to improve the selectivity of graphene. For example, by heat-
ing the sensor, molecules with lower adsorption energy than AFB1 should interact with
graphene for a short time compared to aflatoxin (this could be the case of H2O). Instead,
in the case of KCl, one could think a buffer with only H2O and NaCl, therefore without
KCl. Also one could think of exploiting the kinetic energy of the molecules through a flow,
verifying whether with certain speeds the adsorption of AFB1 is obtained and not that of
the other molecules. The general idea to improve the selectivity may be to supply from
the outside the energy to the molecules which decreases their adsorption on the graphene
compared to that of AFB1. Other future works could investigate functionalized graphene,
to try to obtain good sensitivity and at the same time the necessary selectivity.
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