
Politecnico di M ilano

School of Industrial and Information Engineering

Master of Science in Materials Engineering

and Nanotechnology

Functional CVD Graphene

for
Sensing Applications

Candidate Supervisors

Tiziana Bardelli Prof. Carlo E. Bottani
ID n. 799139 Dr Antonio Lombardo

Academic Year 2013–2014



Acknowledgments

First of all, I am really grateful to Prof. Carlo E. Bottani and Prof. Andrea

Ferrari for giving me the opportunity to have this fantastic experience at the

Cambridge Graphene Centre. These months in Cambridge highly enriched

my knowledge and gave me a really useful life experience.

I would like to acknowledge the help of all the people who assisted me

throughout this research project. In particular, I want to thank Dr Antonio

Lombardo, my tutor, for assisting me step by step through all my project

and sharing with me all his experience in the research field.

A big thanks also to Ugo Sassi, my desk-mate, for supporting me in

all this work and training me on the growth of CVD graphene. Thanks to

Dr Antonio Lombardo, Ugo Sassi, Domenico De Fazio, Matteo Barbone,

Dr Anestis Katsounaros and Silvia Milana for training and helping me on

the use of all the processes useful in the project, the Raman Spectrometer,

the AFM, the Probe Station, the procedure to transfer graphene and many

others.

Furthermore, I want to mention Anna Katharina Ott, Dr Ilya Goykhman,

Dr Matteo Bruna, Dr Chang Goo Kang, Dr Alan Colli, Dr Mari Ijas, Gio-

vanni Vescio, Dr Nicolas Decorde, Dr Panagiotis Karagiannidis, Lucia

Lombardi, Flavia Tomarchio, Anna Eiden, Dr Valentin Wittwer, Dr Felice

Torrisi, Dr Daniel Popa, Dr Anna Motta and all the people of the Cambridge

Graphene Centre. Thanks to all these brilliant students and researchers

for creating an inspirational and pleasant working environment, and for

sharing with me their professional and academic experiences.

Thanks also to Marcello for being my personal computer supporter.

ii



ACKNOWLEDGMENTS iii

This project for me is not only a eight months experience in Cambridge

but it is also the end of the work done in my last five years studying

engineering, thus I would like to thank all the people that went along

with me. Marco as big support in my first years in Milan. Lidia, Andrea,

Francesco, Marco, Ambra, Alessandro, Francesco and Simone as great

classmates. Lidia, Samantha, Mari, Giovanni, Hugo, David, David and

Dan for making my life in Cambridge full of wonderful experiences and

Claudio for being a great friend always ready to challenge, comfort and

support me during these months. Lastly Giorgia, Valeria, Valentina as best

friends ready to follow and support me everywhere.

Finally, the most important thanks has to be done to my family, my

grandparents Pasqua and Giovanni, my sister Eleonora and in particular to

my parents Daniela and Corrado for morally and economically supporting

me in these twenty four years of my life.



Contents

Acknowledgments ii

List of Figures vi

List of Tables xiii

Abstract xiv

Sommario xvi

1 Introduction 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Structure of the thesis . . . . . . . . . . . . . . . . . . . . . . 3

2 Graphene 4

2.1 Structure and properties . . . . . . . . . . . . . . . . . . . . . 4

2.1.1 Electronical properties . . . . . . . . . . . . . . . . . . 4

2.1.2 Optical properties . . . . . . . . . . . . . . . . . . . . 8

2.1.3 Mechanical properties . . . . . . . . . . . . . . . . . . 8

2.1.4 Chemical properties . . . . . . . . . . . . . . . . . . . 9

2.2 Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2.1 Micromechanical cleavage . . . . . . . . . . . . . . . . 11

2.2.2 Chemical vapour deposition . . . . . . . . . . . . . . 13

2.2.3 Liquid phase exfoliation . . . . . . . . . . . . . . . . . 17

2.3 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3.1 Electronics . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3.2 Photonics . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.3.3 Composite materials, paints and coating . . . . . . . 20

2.3.4 Graphene for sensors and bioapplications . . . . . . 21

iv



CONTENTS v

3 Procedure and Instrumentations 23

3.1 CVD growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.1.1 Growth steps . . . . . . . . . . . . . . . . . . . . . . . 25

3.2 Optical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.3 Raman analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.4 Transfer procedure . . . . . . . . . . . . . . . . . . . . . . . . 36

3.5 Electrical measurements setup . . . . . . . . . . . . . . . . . 41

3.5.1 Sheet resistance . . . . . . . . . . . . . . . . . . . . . . 44

3.5.2 Contact resistance . . . . . . . . . . . . . . . . . . . . 45

3.5.3 Mobility . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.6 Devices fabrication . . . . . . . . . . . . . . . . . . . . . . . . 50

3.6.1 Design . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.6.2 Contacts fabrication . . . . . . . . . . . . . . . . . . . 52

3.6.3 Channels definition . . . . . . . . . . . . . . . . . . . 55

4 Experiments and Results 58

4.1 Optimization of CVD growth . . . . . . . . . . . . . . . . . . 58

4.1.1 Standard monolayer recipe . . . . . . . . . . . . . . . 59

4.1.2 New recipe developing . . . . . . . . . . . . . . . . . 62

4.1.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . 80

4.2 Electrical measurements results . . . . . . . . . . . . . . . . . 81

4.2.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . 93

5 Conclusions and future work 96

Bibliography 101



List of Figures

2.1 Graphene. a) Schematic of a graphene monolayer. Adapted

from [12]. b) Lattice structure of graphene, made out of two

interpenetrating triangular lattices. a1 and a2 are the lattice

unit vectors, and δi, i = 1, 2, 3 are the nearest-neighbour

vectors. Adapted from [11]. . . . . . . . . . . . . . . . . . . . 5

2.2 Energy band diagram of graphene with a zoom in of the

energy bands close to one of the Dirac points, showing the

linear dispersion of graphene. Adapted from [11]. . . . . . . 6

2.3 Approximation of the low energy bandstructure as two cones

touching at the Dirac point. The position of the Fermi level

determines the nature of the doping and the transport carrier.

Adapted from [13]. . . . . . . . . . . . . . . . . . . . . . . . . 7

2.4 Schematic illustration of the main graphene production tech-

niques. a) Micromechanical cleavage. b) Anodic bonding.

c) Photoexfoliation. d) Liquid phase exfoliation. e) Growth

on SiC. Gold and grey spheres represent Si and C atoms,

respectively. At elevated T, Si atoms evaporate (arrows),

leaving a carbon-rich surface that forms graphene sheets. f)

Segregation/precipitation from carbon containing metal sub-

strate. g) Chemical vapour deposition. h) Molecular Beam

epitaxy. i) Chemical synthesis using benzene as building

block. Adapted from [3]. . . . . . . . . . . . . . . . . . . . . . 12

3.1 CVD furnace. It is visible a quartz chamber and a blue

device. In the chamber the gases flow under the action of

a pump. The blue device heat up the chamber and can be

moved sideways. . . . . . . . . . . . . . . . . . . . . . . . . . 25

vi



LIST OF FIGURES vii

3.2 Quartz tube with copper sample inside. The pre-treated

surface is the upper part of the sample. . . . . . . . . . . . . 26

3.3 Copper foils. a) Optical image of the copper foil before

annealing. b) Optical image of the copper foil after a growth

process with annealing of 30 minutes at 1000 ◦C. . . . . . . 27

3.4 Standard CVD process: the chamber is heated up to 900 −

1000 ◦C, it is kept at constant temperature during the anneal-

ing and the growth and then it is cooled down. . . . . . . . 28

3.5 Raman Scattering. a) Stokes. An incoming photon ωL excites

an e − h pair. This pair decays into a phonon Ω and another

electron-hole pair e − h′. The latter recombines, emitting a

photon ωSc. b) Anti-Stokes. The phonon is absorbed by the

e − h pair. c) Rayleigh and Raman scattering in resonant and

non resonant conditions. Adapted from [60]. . . . . . . . . . 31

3.6 Photoluminescence. a) Sketch of a photoluminescence pro-

cess. An electron and a hole recombine radiatively at a

wavelength typical of the material electronic structure. b)

Photoluminescence background. The intensity of the back-

ground depends on the exciting wavelength but the PL peaks

position, plotted on an absolute energy scale, does not (un-

like in Raman scattering). . . . . . . . . . . . . . . . . . . . . 33

3.7 Raman spectra of graphene on copper. a) Spectrum ac-

quired with a 514 nm wavelength laser. The photolumines-

cence background completely overlaps the Raman peaks of

graphene. b) Spectrum extracted with a 457 nm wavelength

laser. The photoluminescence background is shifted with

respect the graphene peaks, thus they can be clearly detected. 34

3.8 Single layer graphene Raman spectrum. The two most in-

tense features are the G peak at 1580 cm−1 and the 2D band

at 2700 cm−1. Other slightly intense peaks are the 2D’ at

≈ 3200 cm−1, the D+D” at ≈ 2450 cm−1 and the D peak at

1350 cm−1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.9 Evolution of the 2D band as a function of layers for 514 nm

excitation. Adapted from [61]. . . . . . . . . . . . . . . . . . 35

3.10 Raman spectrometer used to perform the measurements.

The red line shows the path of the laser. . . . . . . . . . . . . 37



LIST OF FIGURES viii

3.11 Transfer procedure: copper sample fixed on PET foil with tape. 38

3.12 Transfer procedure: copper etching in ammonium persulfate

solution. a) Sample just laid on the surface. b) Sample after

≈ 2 hours etching. Some holes start to be seen. c) Sample

after ≈ 4 hours etching. Only few copper spots are left. d)

Sample etched. The foil is completely transparent. . . . . . . 39

3.13 Raman spectra captured with 457 nm wave length laser on

sample T01. Up) Raman spectra before transfer, on copper

surface. Down) Raman spectra after transfer, on Si − SiO2

substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.14 Raman spectra captured with 457 nm wave length laser on

sample T07. Up) Raman spectra before transfer, on copper

surface. Down) Raman spectra after transfer, on Si − SiO2

substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.15 Standard configuration of the electrodes in a four-probe

measurement. (Adapted from [64]) . . . . . . . . . . . . . . . 45

3.16 TLM method. Total resistance Rtot versus the channel length

L. The y-intercept gives the total contact resistance. . . . . . 47

3.17 Schematic view of the transistor structure: the metallic elec-

trodes (yellow) on top of graphene (black) are the transistor’s

source and drain, and the Si substrate (dark blue) covered

by SiO2 (pink) acts as the gate. Adapted from [66] . . . . . . 48

3.18 Typical current-voltage trans-characteristic for graphene tran-

sistors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.19 Sketch of the device used for the four-probe measurements.

On the left all the device, on the right a zoom of the channels.

All the sizes are in µm. . . . . . . . . . . . . . . . . . . . . . . 51

3.20 Sketch of the device used for TLM measurements. On the

left all the device, on the right a zoom of the channels. All

the sizes are in µm. . . . . . . . . . . . . . . . . . . . . . . . . 51

3.21 Summary of process used to create the metallic electrodes. 1.

Preparation of the substrate. 2. Deposition of the sacrificial

layer. 3. Patterning the sacrificial layer, creating an inverse

pattern. 4. Deposition of the target material. 5. Resist lift-off.

6. Final pattern. . . . . . . . . . . . . . . . . . . . . . . . . . . 53



LIST OF FIGURES ix

3.22 Optical images of the structure after lithography. The darker

part is the developed one, where the polymer has been

dissolved. The yellow shadow visible all around it is due to

a partial exposition of the edges of the pattern to the e-beam

and thus a beginning of developing. . . . . . . . . . . . . . . 54

3.23 Evaporation chamber ready for the evaporation of chromium

and gold. Forward the chromium coated tungsten wire,

behind the alumina coated tungsten wire basket. . . . . . . 55

3.24 Optical images of the structures after evaporation and lift-off.

The metal pattern follows perfectly the structures previously

designed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.25 Sketch of the patterns needed for the etching. The graphene

has to be removed from all around the pads, leaving only a

rectangle in the centre to define the channels. . . . . . . . . . 56

3.26 Optical images of the structure after the second lithography.

The central part, in which the graphene does not have to be

removed, is covered with the PMMA layer. . . . . . . . . . . 57

4.1 Sample T01. Time and temperature used to grow standard

monolayer graphene. . . . . . . . . . . . . . . . . . . . . . . . 60

4.2 Sample T01. Optical image of single layer graphene on

Si − SiO2 substrate, grown with the standard monolayer

recipe described in Table 4.1. . . . . . . . . . . . . . . . . . . 61

4.3 Sample T01. Raman spectra acquired with 514 nm wave

length laser on Si − SiO2 substrate. Single layer graphene

grown with the standard monolayer recipe described in Table

4.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.4 Sample T02. Time and temperature used to grow the graphene

layer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.5 Sample T02. Optical image of graphene layers on Si − SiO2

substrate, grown with the recipe described in Table 4.2. . . . 63

4.6 Sample T02. Raman spectra acquired with 514 nm wave

length laser on Si − SiO2 substrate. Surface grown with the

recipe described in Table 4.2. . . . . . . . . . . . . . . . . . . 64

4.7 Sample T03. Time and temperature used to grow the graphene

layer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65



LIST OF FIGURES x

4.8 Sample T03. Optical image of graphene layers on Si − SiO2

substrate, grown with the recipe described in Table 4.3. . . . 66

4.9 Sample T03. Raman spectra acquired with 514 nm wave

length laser on Si − SiO2 substrate. Surface grown with the

recipe described in Table 4.3. . . . . . . . . . . . . . . . . . . 67

4.10 Sample T04. Time and temperature used to grow the graphene

layer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.11 Sample T04. Optical image of graphene layers on Si − SiO2

substrate, grown with the recipe described in Table 4.4. . . . 68

4.12 Sample T04. Raman spectra acquired with 514 nm wave

length laser on Si − SiO2 substrate. Surface grown with the

recipe described in Table 4.4. . . . . . . . . . . . . . . . . . . 69

4.13 Sample T05. Time and temperature used to grow the graphene

layer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.14 Sample T05. Optical image of graphene layers on Si − SiO2

substrate, grown with the recipe described in Table 4.5. . . . 71

4.15 Sample T05. Raman spectra acquired with 514 nm wave

length laser on Si − SiO2 substrate. Surface grown with the

recipe described in Table 4.5. . . . . . . . . . . . . . . . . . . 72

4.16 Sample T06. Time and temperature used to grow the graphene

layer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.17 Sample T06. Optical image of graphene layers on Si − SiO2

substrate, grown with the recipe described in Table 4.6. . . . 74

4.18 Sample T06. Raman spectrum acquired with 514 nm wave

length laser on Si − SiO2 substrate. Surface grown with the

recipe described in Table 4.6. . . . . . . . . . . . . . . . . . . 75

4.19 Sample T07. Time and temperature used to grow the graphene

layer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.20 Sample T07. Optical image of graphene layers on Si − SiO2

substrate, grown with the recipe described in Table 4.7. . . . 77

4.21 Sample T07. Raman spectra acquired with 514 nm wave

length laser on Si − SiO2 substrate. Surface grown with the

recipe described in Table 4.7. . . . . . . . . . . . . . . . . . . 77

4.22 Sample T08. Time and temperature used to grow the graphene

layer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79



LIST OF FIGURES xi

4.23 Sample T08. Optical image of graphene layers on Si − SiO2

substrate, grown with the recipe described in Table 4.8. . . . 79

4.24 Sample T08. Raman spectra acquired with 514 nm wave

length laser on Si − SiO2 substrate. Surface grown with the

recipe described in Table 4.8. . . . . . . . . . . . . . . . . . . 80

4.25 CRX-VF probe station. a) View of the chamber open. Six

ultra stable micromanipulated probe arms are placed around

the sample holder. b) Sketch of the vertical section of the

chamber. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.26 Sketches of the tips arrangements to perform the measure-

ments. Left) two-probe arrangement: the two tips are placed

on two pads connected to two adjacent contacts. Right)

four-probe arrangement: four tips are placed on the pads to

control four adjacent contacts. The current is injected via the

outer electrodes (Force) and the potential is measured via

the inner ones (Sense). . . . . . . . . . . . . . . . . . . . . . . 82

4.27 Graphical representation of two-probe and four-probe mea-

surements between two contacts: the inverse of the slope of

the two-probe measure (the lowest curve) is the total resis-

tance Rtot, the inverse of the slope of the four-probe measure

(the highest curve) is the resistance of the channel Rgr. The

contact resistance Rc and the unit length contact resistance

Ruc can be calculated according Eq. 3.8 and Eq. 3.10. . . . . 84

4.28 Graphical representation of a TML measurement. The to-

tal resistance on each channel is plotted versus the relative

channel length. A linear fitting is not appropriate for this set

of data. The TLM measurement is based on the assumption

that the different channels have the same properties except

for the length, while the resistance of adjacent channels in

this case is quite different. . . . . . . . . . . . . . . . . . . . . 87



LIST OF FIGURES xii

4.29 Sample T01: Graphical representation of a gate voltage de-

pendent measurements on the ”standard” graphene. Up)

Current IDS versus the gate voltage VG measured before an-

nealing. Only the first part of the transfer characteristic is

visible, the Dirac point is located at voltage higher than 40

V. Down) Current IDS versus the gate voltage VG measured

after annealing. All the transfer characteristic is visible, the

Dirac point is located around 11-13 V. . . . . . . . . . . . . . 89

4.30 Sample T07: Graphical representation of a gate voltage de-

pendent measurements on the optimized graphene. Up)

Current IDS versus the gate voltage VG measured before an-

nealing. The Dirac point is located at voltage around 27-30

V. Down) Current IDS versus the gate voltage VG measured

after annealing. The Dirac point is located around 3-5 V. . . 90

5.1 Illustration of a graphene channel sensor. a) Schematic of the

device. b) Graphene surface after functionalization. c) At-

tachment of the analyte and subsequent detection by change

in the resistivity of the channel. Adapted from [4] . . . . . . 100



List of Tables

4.1 Recipe to growth single layer graphene. . . . . . . . . . . . . 59

4.2 Sample T02 growth recipe. . . . . . . . . . . . . . . . . . . . . 62

4.3 Sample T03 growth recipe. . . . . . . . . . . . . . . . . . . . . 65

4.4 Sample T04 growth recipe. . . . . . . . . . . . . . . . . . . . . 66

4.5 Sample T05 growth recipe. . . . . . . . . . . . . . . . . . . . . 70

4.6 Sample T06 growth recipe. . . . . . . . . . . . . . . . . . . . . 73

4.7 Sample T07 growth recipe. . . . . . . . . . . . . . . . . . . . . 76

4.8 Sample T08 growth recipe. . . . . . . . . . . . . . . . . . . . . 78

4.9 Sample T01. Data extracted from the two-probe and the

four-probe measurements. . . . . . . . . . . . . . . . . . . . . 85

4.10 Sample T07. Data extracted from the two-probe and the

four-probe measurements. . . . . . . . . . . . . . . . . . . . . 86

4.11 Sample T01. Data extracted from the gate voltage dependent

measurements: maximum mobility µFE extracted with Eq.

3.11 and Dirac point position. . . . . . . . . . . . . . . . . . . 91

4.12 Sample T07. Data extracted from the gate voltage dependent

measurements: maximum mobility µFE extracted with Eq.

3.11 and Dirac point position. . . . . . . . . . . . . . . . . . . 92

xiii



Abstract

Graphene is a monolayer of carbon atoms arranged into a two-dimensional

honeycomb lattice, characterised by excellent optical, electronic and me-

chanical properties, such as high charge carrier mobility and optical trans-

parency, in addition to flexibility, mechanical robustness and environmental

stability.

Graphene is suitable for a large range of applications among which func-

tional nanodevices for bio and gas sensing, due to its electronic structure

and high surface to volume ratio that can lead to a very high sensitivity.

Several techniques have been developed for the production of graphene

layers with different properties, in particular Chemical vapour deposition

(CVD) is emerged as ideal process for large-scale applications.

In this work CVD growth of graphene has been investigated and opti-

mized in order to achieve a novel functional material with high chemical

reactivity and electrical conductivity, to be used for sensing application.

Particular treatments are often required to deposit specific functional

groups, able to interact with a desired chemical specie on the surface.

Since graphene’s basal plane is hydrophobic and chemically inert, these

treatments are difficult on a flat surface and always disrupt graphene’s

electrical conductivity. The presence of edges and defects on the surface

can help the process, because of the increase of the reactivity of a defected

layer with respect to a continuous one.

This work aims to the synthesis of a bilayer graphene consisting of a

bottom continuous layer covered by top discontinuous one, consisting of

small ”islands”. The bottom layer ensures high conductivity, while the

top offers a large number of edges and therefore is highly suitable for

functionalization.

xiv
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Starting from the parameters normally used for the growth of polycrys-

talline single layer graphene on Cu foils, the effect of pressure, temperature,

growth time and gas flow ratio have been investigated and optimized in

order to obtain a densely packed amount of small islands to maximize the

amount of available edges.

The optimized functional material has been investigated by optical

and Raman analysis. Optical analysis allowed the visualization of the

morphology of the surface and Raman analysis proved the quality of the

graphene in the different areas.

The material has been also integrated into back-gated field effect tran-

sistors to investigate its conductivity, the charge carrier mobility and the

contact resistance. Two sets of such devices, one with the standard CVD

monolayer and one with the ”functional” layer have been simultaneously

characterised in order to compare the electrical properties of the two sur-

faces.

The ”new” graphene showed an high enhancement in reactivity. Contact

resistance almost one order of magnitude less than the standard monolayer

has been measured. A slightly change in the electrical performance has

been also found, sheet resistance is increased and mobility is decreased.

The presence of the islands rises the number of edges, thus increases the

reactivity, but also enhances the scattering of the electrons through the

channel. Furthermore, the bottom continuous layer was found less doped

and less effected by the environment. The islands act as a screen to shield

the effect of the environment and partially protect the bottom one.

The more attractive applications for this material are in the field of

sensors. The combined properties of the two layers offer the possibility

of high sensitive and selective detectors. The highly conductive bottom

layer can accurately sense the effect of exposure to specific molecules that

react with the chemical species added with functionalization while the

top reactive layer can help the functionalization process and enhance the

selectivity, shielding the effect of other substances of the environment.

The devices investigated in this work are being tested for chemical

functionalization in order to assess their suitability for detection of human

chorionic gonadotropin, a cancer risk biomarker.



Sommario

Il grafene è un materiale bidimensionale costituito da uno strato mono-

atomico di atomi di carbonio disposti ai vertici di esagoni regolari. Tra le

sue ottime proprietà ottiche, elettriche e meccaniche mostra alta trasparenza,

elevata mobilità, flessibilità e una buona stabilità alla condizioni ambientali.

Date le sue peculiarità, la sua struttura elettronica e il suo elevato

rapporto superficie-volume, può essere sfruttato per svariate applicazioni

tra le quali nanodispositivi come biosensori e sensori gas ad alta sensibilità.

Negli anni sono state sviluppate diverse tecniche per la produzione di

grafene, tra le quali la deposizione chimica da fase vapore (CVD) ha ottime

potenzialità nella produzione di grafene su larga scala.

In questo progetto la crescita di grafene CVD è stata investigata ed

ottimizzata per ottenere un materiale ad alta reattività chimica e buona

conduttività elettrica ottimo per la realizzazione di sensori.

Spesso nella realizzazione di sensori sono necessari specifici trattamenti

superficiali, in cui particolari gruppi funzionali vengono connessi alla su-

perficie per renderla più sensibile alla presenza di specifiche molecole

nell’ambiante. Essendo un materiale idrofobico e chimicamente inerte,

questo processo è molto difficile da attuare su una superficie perfettamente

regolare e riduce molto la conducibilità elettrica del grafene. La presenza

di difetti e discontinuità potrebbe rendere molto più agevole la funzion-

alizzazione, in quanto aumenta il numero di legami liberi del sistema,

migliorandone la reattività.

L’obiettivo di questo progetto consiste nella sintesi di una superficie mul-

tistrato di grafene con uno strato inferiore continuo e una strato superiore

discontinuo composto da una serie piccole isole densamente impaccate. La

parte inferiore assicura la conducibilità, mentre la presenza delle isole au-

xvi
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menta il numero di legami liberi, utili per effettuare la funzionalizzazione.

Utilizzando la procedura standard per la crescita di grafene su rame,

è stato investigato l’effetto di alcuni parametri - pressione, temperatura,

tempo di crescita e rapporto tra i flussi di gas - in modo da ottimizzare la

formazione di una superficie coperta da un alto numero di isole.

Per caratterizzare le superfici cosı̀ ottenute sono stati utilizzati il mi-

croscopio ottico e la spettroscopia Raman. Tramite l’analisi ottica è stata

identificata la morfologia del campione mentre con la spettroscopia Raman

è stata verificata l’effettiva qualità della struttura.

Il materiale ottenuto è stato integrato in un transistor ad effetto di

campo a tre terminali, per investigarne la conducibilità, la mobilità e la

resistenza di contatto. Due set di dispositivi, uno sul grafene standard e

uno sul nuovo materiale funzionale, sono stati costruiti simultaneamente

in modo da poterne comparare le proprietà.

È stato ottenuto un notevole aumento di reattività nel nuovo materiale.

La resistenza di contatto è diminuita di quasi un ordine di grandezza

rispetto al grafene standard. Le proprietà elettriche sono leggermente

peggiorate, in quanto la resistività di superficie è aumentata e la mobilità è

diminuita. Lo strato discontinuo migliora molto la reattività nel materiale,

data la presenza di un alto numeri di legami incompleti, ma nello stesso

tempo aumenta le interazioni degli elettroni all’interno del canale. In più,

il materiale è molto poco dopato e in generale meno affetto da variazioni

dell’ambiente circostante. Lo isole schermano parzialmente l’interazione

con l’esterno, proteggendo lo strato inferiore.

Date le sue qualità questo materiale è molto adatto per la produzione

di sensori. La combinazione delle proprietà dei due strati è ottimale per la

costruzione di sistemi ad elevata sensitività e selettività. Lo strato inferiore

conduttivo è molto sensibile alla presenza di specifiche molecole interagenti

con le specie chimiche aggiunte durante la funzionalizzazione mentre lo

strato superiore permette la funzionalizzazione, data la sua alta reattività,

e aumenta anche la selettività del sistema schermando l’effetto delle altre

sostanze presenti nell’ambiente.

È in corso di realizzazione una funzionalizzazione chimica dei disposi-

tivi sviluppati in questo progetto, per testarne il loro possibile utilizzo nel

rilevare la presenza di gonadotropina corionica, ormone specifico associato

ad un alto rischio di cancro.



Chapter 1

Introduction

Since 2010, when the two scientists Andre K. Geim and Konstantin S.

Novoselov were awarded the Nobel Prize in Physics, graphene has received

even growing attention from both the industrial and the scientific com-

munities. The unique combination of properties of single layer graphene

sheets, such as high mechanical strength, high elasticity and thermal con-

ductivity, very high room temperature electron mobility and tunable optical

properties, raised a great interest in the scientific community, especially

in the areas of materials, physics, and chemistry. Different, but similarly

fascinating properties are exhibited also by double, few, and multi-layers

graphene [1].

Several production techniques have been developed to obtain graphene

of different dimensions, shape and quality according the requirements of

specific applications [2]. Nanoelectronics has the most demanding require-

ments, with low defect density single crystals, printable electronics can

tolerate lower quality, e.g. lower mobility graphene, while other applica-

tions, such as biosensors, may require defective graphene [3].

Chemical vapour deposition (CVD) techniques are emerging as ideal

processes for large-area graphene films for large-scale applications. Starting

from few layers graphene growth on Ni and Co substrates, the first real

uniform large area graphene on metal has been grown on polycrystalline

Cu foil in 2009 [3]. Since then, the growth has been deeply studied and it is

currently a research topic.

The exceptional electronic and thermal properties of graphene are par-

ticularly suitable for a range of new applications from flexible electronics

1



CHAPTER 1. INTRODUCTION 2

to functional nanodevices, such as biosensors, gas sensors and high perfor-

mance transistors. Graphene devices and sensors promise to be a disruptive

technology in next generation electronics and healthcare diagnostic appli-

cations, due to graphene’s exceptional electronic properties and extreme

surface to volume ratio which offer greatly enhanced sensitivity [4].

1.1 Motivation

The aim of this work is to investigate and optimize graphene CVD growth

parameters in order to achieve a novel functional material combining high

conductivity, field effect and chemical reactivity to be used for sensing

application.

Graphene’s basal plane is hydrophobic and chemically inert [5] and

requires specific treatments, such as partial oxidation [6], reaction with salts

[4] or surface silanization [7] in order to deposit functional groups such

as hydroxyl or carboxyl [6] groups. Functionalization however disrupts

graphene’s electrical conductivity as a consequence of the localization of

the π electrons [8]. On the other end, graphene edges have a much higher

chemical reactivity than the basal plane and can be easily functionalized

with different functional groups [9].

This work aims to the synthesis of a bilayer graphene made of a bottom

continuous layer covered by top discontinuous ones, consisting of small

”islands”. The bottom layer ensures high conductivity, while the top offers a

large number of edges and therefore is highly suitable for functionalization.

The combined properties of the two layers offer therefore the possibility of

sensitive detectors, as the highly conductive bottom layer can accurately

sense the effect of exposure to specific molecules.

This work starts from the parameters normally used for the growth of

polycrystalline single layer graphene on Cu foils. The effect of pressure,

temperature, growth time and gas flow ratio have been investigated and

optimized in order to obtain a densely packed amount of small island, thus

maximizing the amount of available edges.

The optimized functional material has been investigated by optical and

Raman analysis and it has been also integrated into back-gated field effect

transistors to investigate its conductivity, the charge carrier mobility and
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the contact resistance.

1.2 Structure of the thesis

The dissertation is organised as follows:

Chapter 2 reviews structure and properties of graphene, giving an overview

of the main production method and the current applications.

Chapter 3 describes the growth of the graphene, the procedure to transfer

it on desired substrates and all the technological step required to

build the structure needed to measure the electronical properties. All

the used instrumentations are explained in details.

Chapter 4 shows all the results obtained about the optimization of the

CVD growth and the further electrical characterization.

Chapter 5 presents the conclusions, summarizing the main achievements

and outlining possible future developments.



Chapter 2

Graphene

2.1 Structure and properties

Graphene is a monolayer of sp2 hybridised carbon atoms, arranged in

Bravais lattice with two atoms per basis, also known as honeycomb lattice

[10, 11] and can be thought of as composed of benzene rings stripped out

from their hydrogen atoms (Figure 2.1). In-plane σ bonds result from the

sp2 hybridization of the s, 2px and 2py orbitals and connect each atom

with its three nearest neighbours, with a bond length of 1.42 Å [11]. The

σ bonds are responsible for the robustness of the lattice structure in all

allotropes. Due to the Pauli principle, these bands have a filled shell and,

hence, form a deep valence band. The fourth carbon valence electron is in

the 2pz orbital. The 2pz orbitals are orthogonal to the graphene plane and

form the π bonds, which form a distributed electron cloud. Since each pz

orbital has one extra electron, the band is half filled [11].

2.1.1 Electronical properties

The hexagonal honeycomb lattice of graphene, with two carbon atoms per

unit cell, leads to a rather unique band structure. Its electronic structure

can be described using a tight-binding Hamiltonian [13].

The pz electrons, which form the π bonds, can be treated independently

from the other valence electrons. Within this π-band approximation the

dispersion relation restricted to the first nearest neighbour interaction bring

to the formation of two non interacting bands π and π∗.

The π states form the valence band and the π∗ states the conduction

4
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a b

Figure 2.1: Graphene. a) Schematic of a graphene monolayer. Adapted from
[12]. b) Lattice structure of graphene, made out of two interpenetrating
triangular lattices. a1 and a2 are the lattice unit vectors, and δi, i = 1, 2, 3
are the nearest-neighbour vectors. Adapted from [11].

band. These two bands touch at six points, the so-called Dirac points.

Symmetry allows these six points to be reduced to a pair, K and K′, which

are independent of one another. If we limit ourselves to low energies,

which are the most relevant in electron transport, the bands have a linear

dispersion, in contrast with the usual quadratic energy-momentum relation

obeyed by electrons at band edges in conventional semiconductors. The

band structure can be viewed as two cones touching at EDirac (Figure 2.2).

This is because the orthogonal π and π∗ states do not interact, so their

crossing is allowed. The fact that these bands touch at EDirac indicates that

graphene has zero band gap, and it is therefore usually described as a

zero-gap semiconductor. Since the band structure is symmetric about the

Dirac point, electrons and holes in pure, free-standing graphene should

have the same properties [13]. The full derivation of the electronic band

structure is omitted here, but a detailed description can be found in [11].

Graphene’s charge carriers exhibit very high carrier mobility, up to

∼ 106 cm2/Vs in suspended devices [14]. For samples deposited on a

substrate, mobility is reduced due to scattering, caused by surface rough-

ness, charge trapped, defects etc. On the most commonly used substrate,

oxidized silicon wafers, graphene shows charge carrier mobilities up to

a few thousands cm2/Vs at room temperature [11] due to scattering and

charge inhomogeneity.

Because of the linear low-energy spectrum, charge carrier transport in
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Figure 2.2: Energy band diagram of graphene with a zoom in of the energy
bands close to one of the Dirac points, showing the linear dispersion of
graphene. Adapted from [11].

graphene is ampibolar [13], i.e. majority charge carriers can be continuously

”tuned” between electrons and holes by applying an electric field by a

suitable gate [10]. Gate bias shifts the Fermi level EF either above or below

the Dirac point, resulting in electron or hole transport respectively [13]

(Figure 2.3). As the Fermi level is shifted by the gate, the density of states

(DOS) and therefore the carrier density are changed [13]. The Fermi energy

can be shifted away from the Dirac point, either by applying a gate voltage

or by doping.

The sheet resistance of graphene is determined by the response of elec-

trons to the electric fields. Theoretically, it reach value about few hundreds

of Ω/sq, but can be highly increased (up to 105
Ω/sq) in presence of

defects: interflake junction or grain boundaries act as tunnelling barriers

and obstruct the movement of the electrons [15].

The sheet resistance is related to the density of state of the material, thus,

since the DOS of graphene can be tuned by doping, the sheet resistance

can slightly change depending on the environment [15].
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Figure 2.3: Approximation of the low energy bandstructure as two cones
touching at the Dirac point. The position of the Fermi level determines the
nature of the doping and the transport carrier. Adapted from [13].

In technology, graphene is part of a more complex structure and is

used under conditions that are dictated by the application. Under such

realistic conditions, electronic transport is subject to a variety of scattering

interactions [16]. Graphene field effect transistors (FET) are currently

among the most renowned graphene devices for electronic. A FET is a

three terminals device, with two of them (source and drain) separated by a

channel and the third one (called gate) under it and insulated with a thin

dielectric layer [17].

The operation of graphene devices is not only dependent on the electri-

cal properties of the graphene material used, but is also strongly affected by

what happens in other parts of the device. Specifically, carriers have to be

injected into a graphene channel and then collected through metal contacts.

These contacts generate potential energy barriers that have to be circum-

vented and can profoundly affect the performance of graphene devices

leading, for example, to the doping of graphene underneath the metal [13].

Enhanced carrier injection is experimentally achieved in graphene devices

in Ref. [18] by forming cuts in the graphene within the contact regions.

These cuts facilitate bonding between the contact metal and carbon atoms

at the graphene cut edges, maximizing the current injection.

The electronic structure and properties of multi-layer graphene depend

on the number of layers and their stacking. The most stable stacking in

graphite is the so-called ABA stacking, or Bernal stacking, where half of
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the atoms of a given layer are directly over those of the layer below and the

other half are over the centres of the hexagons. In an AB bilayer the rather

strong interaction between the layers forms a unique band structure with a

four atom unit cell [13].

2.1.2 Optical properties

Light transmittance through free-standing graphene can be derived using

the Fresnel equations for a thin film [19].

Because of its linear energy spectrum, single monolayer graphene trans-

mits ∼ 97% of the incident light and absorbs ∼ 2.3%, independent of its

wavelength from ∼ 300 to 2500 nm. The reflectivity of one layer, on the

other hand, is < 0.1% in the visible region, rising to ∼ 2% for 10 layers [20].

Furthermore, the absorbance of multi-layer, up to 6 sheets, at energies above

∼ 0.5 eV is additive, thus the optical contrast can be useful to distinguish

the number of layers [20].

Given its thickness, graphene exhibits a strong light absorption. For

comparison, a film of InGaAs would require a thickness of 20 nm to absorb

the same amount of light (at 1.55 µm) [13].

Graphene is easily optically identified, despite its atomic thickness, if

placed onto appropriate substrates, consisting of a spacer (typically SiO2)

and a reflecting surface (typically Si) [20, 21]. By adjusting either the spacer

thickness or the light wavelength it is possible to maximize the optical

contrast [20, 21]. The contrast is the result of light interference in the

trilayer structure formed by graphene, spacer and reflecting surface and

linearly scales with the number of layers [20, 21]. A better explanation of

the reasons than lead to this phenomena will be given in section 3.2.

2.1.3 Mechanical properties

Graphene is considered one of the strongest and stiffest material known, it

can sustain strain up to 10% without plastic deformations [22].

Monolayer graphene is a true 2D material, so its strain energy density

is normalized by the area of the graphene sheet rather than by the volume.

Therefore, its behaviour under tensile loading is properly described by a
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2D breaking stress σ2D and elastic constants E2D with units of force/length

[23].

Elastic stiffness for monolayer graphene E2D of 340± 50 N/m and intrin-

sic breaking strength σ2D
int of 42± 4 N/m have been measured and simulated

in Ref. [23]. These correspond to a Young’s modulus E = 1.0 ± 0.1 TPa,

assuming an effective graphene thickness of 0.335 nm and to an intrinsic

breaking stress σint = 130 ± 10 GPa at a strain of ǫint = 0.25. These values

are very close to the ones obtained theoretically by Griffith in his studies

about the breaking strength of brittle materials in which σint ∼ E/9 [23].

Besides its extraordinary strength, graphene also exhibits unusual me-

chanical properties. Unlikely other materials, graphene shrinks with in-

creasing T at all values of T [24]. Also, graphene exhibits simultaneously

high pliability (folds and pleats are commonly observed) and brittleness (it

fractures like glass at high strains) [24].

Equally unprecedented is the observation that the one atom thick film

is impermeable to gases, including helium [24].

The intrinsic strength serves as a benchmark for structural and mechan-

ical applications, although the strength of macroscopic graphitic materials

is still limited by the presence of defects and grain boundaries [23].

2.1.4 Chemical properties

Graphene has a wide open double-sided surface that can undergo a broad

class of organic reactions analogous to unsaturated systems in organic

molecules. For chemists, graphene is an analogue of a giant aromatic ”poly-

molecule” possessing high electrical conductivity, mechanical strength and

optical absorption properties [25].

Graphene can adsorb and desorb various atoms and molecules (for

example, NO2 , NH3 , K, and OH). Weakly attached adsorbates often act as

donors or acceptors and lead to changes mostly in the carrier concentration,

leaving graphene highly conductive. Thermal annealing or chemical treat-

ment allows the reduction of graphene to its original state with relatively

few defects left behind [24].

The surface chemistry of graphene can be also modified by chemical

functionalization and it can be used to tailor the chemical specificity and

the electronic properties of the surface [4].
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The functionalization of graphene can be performed by covalent and

non-covalent modification techniques [8].

Covalent functionalization involves the acid oxidation of graphene or

graphite followed by a reduction process. The oxidation imparts oxy-

genated species like carboxyl, epoxy and hydroxyl on the material, generat-

ing graphene or graphite oxide (GO) [25].

The presence of oxygenated groups on the basal plane of graphene

disrupts the π-conjugation, thus GO is insulating. Also after reduction

the graphene sheet exhibits resistivity several times larger than that of

unprocessed graphite [25]. In addition, GO is a non-stoichiometric mate-

rial because the density of oxygen groups cannot be precisely controlled,

which means that functionalization chemistry based on coupling chem-

istry to the oxygenated groups will inevitably lead to non-stoichiometric

functionalization [25].

The non-covalent interactions are based on van der Waals forces or π-π

stacking of aromatic molecules on the graphene plane. The advantage is

that this does not disrupt the extended π conjugation on the graphene

surface, unlike covalent functionalization which creates defects on the

graphene sheet [25].

The covalent modification of graphene can be achieved in different

ways among which nucleophilic substitution, electrophilic addition and

condensation [8]. The structural alteration can take place at the end of the

sheets and/or on the surface. Surface functionalization is associated with

rehybridization of one or more sp2 carbon atoms of the carbon network

into the sp3 configuration accompanied by simultaneous loss of electronic

conjugation [8].

The main reactive sites in the nucleophilic substitution reaction are the

epoxy groups of GO. An amine (−NH2) functionality, for example, bearing

a lone pair of electrons, attacks the epoxy groups of the GO. In comparison

to other methods, nucleophilic substitution occurs very easily, also at room

temperature and in an aqueous medium. Instead, electrophilic substitution

reactions with graphene involve the displacement of a hydrogen atom by

an electrophile [8].

A condensation reaction is a chemical reaction in which two molecules

(functional groups) combine to form one single molecule with a loss of

entropy. In the case of graphene, condensation occurs with isocyanate,
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diisocyanate, and amine compounds through the formation of amides and

carbamate ester linkages [8].

In order to obtain functionalized graphene from functionalized GO,

reduction is an essential step. All reducing agents that are generally used

for the reduction of organic ketones, carboxylic acids, and epoxy functional

groups can be used in the reduction of pure GO or functionalized GO. A

lot a these chemicals are hazardous to human health and the environment,

thus some alternative methods, as acetic acid and HCl reduction, have been

recently proposed [8].

Geometrically strained regions in the graphene lattice are areas of

preferential reactivity because of the displacement of electron density above

the plane of the ring. Engineering strain in a periodic manner on the surface

lattice to control reactivity is a potential way of achieving stoichiometric

functionalization of graphene [25]

Due to the two-dimensional nature of graphene sheets, the edge regions

play an important role in the electronic structure of the molecules. Edges

are preferred sites for functionalization, due to their higher reactivity with

respect to the basal plane. In particular, they can manifest as either zig-zag

tracks or arm-chair tracks. In the zig-zag edges, the attainment of aromatic

sextets is frustrated in the majority of the rings, hence such a structure

is thermodynamically unstable compared to the arm-chair edges, thus it

can be expected that the zig-zag edges will display higher reactivity as

compared to the arm-chair edges [25].

2.2 Production

Several production techniques are available for the fabrication of graphene,

as shown in Figure 2.4. The most currently used are Micromechanical cleav-

age (MC), Chemical vapour deposition (CVD) and Liquid phase exfoliation.

2.2.1 Micromechanical cleavage

Micromechanical cleavage (MC) is based on the splitting of strongly layered

materials into individual atomic planes by means of adhesive tape. MC

was the method used by Novoselov et al. to isolate single layer graphene
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Figure 2.4: Schematic illustration of the main graphene production tech-
niques. a) Micromechanical cleavage. b) Anodic bonding. c) Photoexfolia-
tion. d) Liquid phase exfoliation. e) Growth on SiC. Gold and grey spheres
represent Si and C atoms, respectively. At elevated T, Si atoms evaporate
(arrows), leaving a carbon-rich surface that forms graphene sheets. f) Segre-
gation/precipitation from carbon containing metal substrate. g) Chemical
vapour deposition. h) Molecular Beam epitaxy. i) Chemical synthesis using
benzene as building block. Adapted from [3].

and investigate their electronic properties [26].

Natural or highly oriented pyrolitic graphite (HOPG) is firstly repet-

itively cleaved in order to expose a flat and clean surface. Then another

tape is used to extract part of the graphite from the bulk and obtain a

thin, flat graphite flake. This flake is then cleaved several times in order

to uniformly distribute graphite on the tape. Then an oxidized silicon

substrate is placed on the tape, bringing its flat surface in contact with

the graphite. The thickness of the oxide is chosen to ensure good optical

contrast, therefore either 100 or 300 nm are used [20, 21]. When the tape is

removed, graphitic flakes are transferred onto the substrate because of Van
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der Walls interactions.

MC is now optimized to yield high quality layers, and samples up to

about 1 mm have been obtained [24]. The size of the extracted layers is

limited by the single crystal grains in the starting graphite. Despite low

yield, samples produced by MC are still the best in terms of structural

and electronic quality, providing defect-free single crystals [3] and does

not require complex or expensive equipment. Therefore MC is still and

is like to remain the method of choice to investigate new physics and

proof-of-concept devices [3] but is not good for mass production.

2.2.2 Chemical vapour deposition

Although micromechanical exfoliation of graphite still gives the best sam-

ples in terms of purity, defects, mobility and optoelectronic properties

[26], large-scale assembly is needed for the widespread application of this

material.

Chemical vapour deposition (CVD) is a process widely used in the

semiconductor industry to grow high quality single layer graphene with

large area [27]. Graphene monolayer film is grown on various substrates by

feeding a source gas (containing carbon atoms) at a suitable temperature.

The process parameters such as temperature, pressure and source gas flow,

have a key role in the resulting structure of the monolayer film in terms

of thickness (to obtain from one layer to few layers) and defects. There

are different types of CVD, the most used for graphene are thermal and

plasma enhanced (PECVD) [3].

The growth of thin graphitic films on metals has been studied since the

sixties primarily targeting the understanding of the catalytic and thermionic

activity of the metal surfaces in the presence of carbon [3].

Carbide formation is one of the main obstruction in the graphene

growth, acting as competitive process. Metals like Ti, Ta, Hf, Zr and

Si, form thermally stable carbides thus are not ideal as grown substrate,

moreover, all have a large (> 20%) lattice mismatch with graphene [3].

Non-carbide forming metals like Cu, Ni, Au, Pt and Ir are preferred [28].

One of the first investigation in the growth of graphitic layers was

performed on Co, Pt and Ni by [29] in 1974. They observed single layer

graphene by Auger analysis at T > 1000 K, followed by graphite formation
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upon cooling. During high T annealing, carbon diffuses into the metal until

it reaches the solubility limit (few atomic percent). Upon cooling, carbon

precipitates forming first graphene, then graphite [29]. The graphite film

thickness depend on many parameters among which the type of metal, the

solubility of carbon in that metal, the T at which the carbon is introduced,

the thickness of the metal and the cooling rate [29].

After the discovery of the many interesting properties of graphene in

2004, the focus on the growth of single layer sheets increased.

Low pressure chemical vapour deposition (LPCVD) on Ir single crystals

using an ethylene precursor was found to yield graphene structurally

coherent. Because of the difficulties in transfer and the high cost of the

Ir, attention shifted to Ni [30] and Co [31], metals compatible with silicon

processing and less expensive than Ir. However, growth on these metals

involves carbon precipitation and yields few layers graphene [30, 31, 32].

There are two different mechanisms for the formation of graphene

depending on the metal substrates used. For metals with relatively high

carbon solubility, such as nickel (∼ 1.3 atom% at 1000 ◦C), the dissolved

carbon atoms at high temperature can precipitate out to form multiple layer

graphitic films on the metal surface upon cooling, as a result of carbon

supersaturation in the solid [30, 32].

On the other hand, low carbon solubility metals (e.g. copper, platinum)

show predominately uniform monolayer graphene growth due to a self-

limiting effect [28].

Actually, if the graphene is not directly produced on the metal surface

by the reaction and deposition of the precursor at the growth T, but grows

by carbon segregation from the metal bulk, as in the case of Ni, the process

cannot be completely considered a CVD growth [3].

The first real CVD growth of uniform, large area (∼ cm2) single layer

graphene on a metal surface was achieved on polycrystalline Cu foils,

exploiting thermal catalytic decomposition of methane and low carbon

solubility [32]. Cu substrate catalyzes the cracking of the carbon source,

giving rise to a self-limited process. Growth mostly ceases as soon as the

Cu surface is fully covered with graphene [28, 33].

Growth of graphene on Cu was then scaled up by increasing the Cu foil
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size (30 inches) [34], trying to understand the growth mechanism and to find

the best growing conditions to create a almost defect-free large area sheet

with high electronical performances [35]. Films with µ ∼ 7350 cm2/Vs at

6 K were produced by [34], and large grain graphene (∼ 20 − 500 µm)

with µ ranging from ∼ 16, 400 to ∼ 25, 000 cm2/Vs at room temperature

after transfer to SiO2 was reported in [36, 37].

The current understanding of the growth mechanism is as follows.

Carbon atoms, after decomposition from hydrocarbons, nucleate on Cu, and

the nuclei grow into large domains [37, 35]. The nuclei density is principally

a function of T and pressure and, at low precursor pressure (mTorr) and

T > 1000 ◦C, very large single crystal domains, (up to ∼ 0.5 mm) are

observed [37, 35].

The layer grown by CVD usually shows several domains, with different

orientation separated by grain boundaries. The dimension of the domains

depends mainly on the growth conditions.

Graphene preferentially nucleates along linear axes, which could be

due to the initial graphene nucleation occurring more frequently at step

edges, folds, or other imperfections in the copper foil that are linear in

character [38].

The electronic properties of graphene are highly influenced by the final

structure of the layer. An higher number of grain boundary lead to a

lower mobility because the movement of the electrons is obstructed by the

presence of defects in the theoretical honeycomb lattice [39].

There are some difficulties when growing graphene on most metal sub-

strates, especially Cu, because of the difference in thermal expansion

coefficient between Cu and graphene, of about an order of magnitude. The

thermal mismatch gives rise to a significant wrinkle density upon cooling

[33]. These wrinkles are defective, and may also cause significant device

degradation through defect scattering [37].

Also multi-layer graphene films with specific stacking orders have at-

tracted enormous attention due to their tunable electronic structures [40].

Consequently, method to develop growth procedures for multi-layer graphene

with controlled thickness that are compatible with manufacture technolo-

gies, started to be studied.
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Ref. [41] demonstrated that the self-limiting effect of graphene growth

on Cu foil can be broken by using high H2:CH4 ratio in a low-pressure

CVD process to enable the continued growth of bilayer graphene.

Methods to produce large area graphene films with precise thickness

control has been demonstrated in few works [42, 43, 41, 44, 45, 46, 38].

The number of layers was controlled precisely by regulating the flow

ratio of CH4 and H2 , the reaction pressure, the temperature and the

reaction time [42].

Graphene with 1-7 layers have been synthesized on Cu substrates by

Ref. [42]. Although the detail mechanism of formation remains unclear,

the number of layers of graphene should be determined by the diffusion

rate of carbon atoms, which is mainly affected by the concentration of the

available carbon atoms on the Cu surface.

As the growth pressure increases, thicker graphene films grow on the

Cu surfaces. Specifically, bi, tri, and tetra layers graphene films have been

grown by Ref. [43] at CH4 pressure of 3.6, 5.2, and 9.6 Torr, respectively.

In general, low pressure is favourable to the formation of few layers (1-3)

of graphene whereas atmosphere pressure is suitable for the formation of

multi-layer (3-7) [42].

Graphene grows from multiple growth centres and the crystals sub-

sequently merge seamlessly, as indicates the polycrystalline nature of the

films usually grown. In Ref. [43] the graphene thickness is defined at the

initial stage. The islands maintain their thickness and stacking order while

the edges propagate laterally on the Cu surface. Multi-layer graphene seeds

form when carbon atoms are supersaturated in the surface of the Cu [43].

In the other hand, in Ref. [38] few layers graphene consisting of ap-

proximately 5-10 layers in the central region and thinning out toward the

edges of the domain have been grown. The central part of the domain

contains more layers than the outer regions. This indicates that the number

of graphene layers diminishes closer to the graphene grain boundary in a

step pyramid type structure [38].

Graphene with controllable number of layers has also been reported

on Ni-Cu alloy substrates by tuning of the growth conditions, but the

uniformity of the bilayer graphene was limited due to the non uniform
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alloy composition [47].

2.2.3 Liquid phase exfoliation

Liquid phase exfoliation (LPE) consists in the exfoliation of graphite in

a liquid environment exploiting ultrasound [3]. The exfoliation is con-

trolled by hydrodynamic shear-forces, associated with cavitation, i.e. the

formation, growth, and collapse of bubbles or voids in liquids due to pres-

sure fluctuations [48]. After exfoliation, the solvent-graphene interaction

needs to balance the inter-sheet attractive forces. Solvents ideal to disperse

graphene are those that minimize the interfacial tension between the liquid

and graphene flakes, i.e. the force that minimizes the area of the surfaces

in contact [3].

The most suitable solvents for the dispersion of graphene are those with

surface tension in the region of ∼ 50 mJ/m2 [49, 50]. Water’s surface ten-

sion (∼ 72 mN/m) is too high for the dispersion of graphene and graphite

[3, 50]. Therefore linear chain surfactancts or polymers are required to

prevent re-aggregation of exfoliated flakes.

The sonication process produces flakes of different thickness. In order

to obtain dispersions enriched in monolayers, a ”purification” process

is required. This is usually achieved by ultracentrifugation either in a

uniform medium (sedimentation based-separation, SBS) or in a density

gradient medium (density gradient ultracentrifugation, DGU) [3]. High

concentration of monolayers (up to ∼ 70%) with flake lateral size of ∼

30 − 200 nm, or lower concentration (∼ 33%) but larger flake size (∼ 1 µm)

are achieved with different solvent [51, 49].

LPE is cheap and easily scalable, and does not require expensive growth

substrates. It is an ideal mean to produce inks, thin films, and composites

[52]. The resulting material can be deposited on different substrates (rigid

and flexible) by drop and dip casting, rod coating, spray coating and inkjet

printing [3, 49, 48]. Therefore LPE is the method of choice to produce

inexpensive large conductive films consisting of a percolating path of small

flakes [3].
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2.3 Applications

Graphene properties such as high carrier mobility, broadband light absorp-

tion, mechanical strength, high conductivities and impermeability to gases

make it highly attractive for numerous applications. For example the com-

bination of transparency, conductivity and elasticity will find use in flexible

electronics, whereas transparency, impermeability and conductivity will

find application in transparent protective coatings, barrier films, sensors

and many others.

2.3.1 Electronics

Transparent conductive coatings are widely used in electronic products

such as touch screen displays and e-paper and require a low sheet resistance

with high transmittance (of over 90%) depending on the specific application.

Graphene meets the electrical and optical requirements and an excellent

transmittance of 97.7% perlayer, although the traditionally used indium tin

oxide (ITO) still demonstrates slightly better characteristics, with a sheet

resistance less than 100 Ω/sq and an optical transparency of ∼ 90% [13].

Graphene also has outstanding mechanical flexibility and chemical

durability, very important characteristics for flexible electronic devices,

in which ITO usually fails. Moreover, the fracture strain of graphene is

ten times higher than that of ITO, meaning that it could also successfully

be applied to bendable and rollable devices also if the contact resistance

between the graphene electrode and the metal line of the driving circuitry

is still a problem [2].

Graphene based transistors (GFET) have developed rapidly and are now

considered an option for post-silicon electronics.

The basic of the ”switching” in GFET is the tuning of the density of state

applying a gate voltage. However, unlike transistors made of conventional

semiconductors with a band gap, a GFET does not turn off completely, even

though the DOS is zero at the neutrality point. A residual conductivity is

always present, thus this material is not suitable for logic application in

which on/off ratio of at least 106 is required.

The chemical functionalization of graphene offers an alternative ap-

proach to the control of its electronic properties. The hydrogenation of
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graphene, which involves the change of electronic structure from sp2 to sp3,

results in a conversion from a metallic graphene to an insulator [25].

If graphene is covalently bonded to electron-withdrawing oxygen func-

tionalities, p-doping can be induced. Similarly, if it is functionalized by

electron-donating nitrogen functionalities, n-doping can be achieved. With

precise control of the interface between p-doped and n-doped graphene

regions, it is possible to selectively engineer a graphene p-n junction by

chemical doping [25].

Graphene has been considered and intensively researched also for high

frequency transistor applications [53, 2]. However, it has to compete against

more mature technologies such as compound semiconductors (III-V materi-

als).

In the low cost sector liquid-phase exfoliation produces such graphene

coatings without the use of expensive vacuum technology. Although the

resistance of these films is on the high side, they still perform well enough

for smart windows, solar cells and some touch screen applications [2].

Finally graphene’s electrical and thermal conductivities as well as its

excellent barrier properties might push this material towards being used as

interconnects as well as for thermal dissipation in integrated circuits [2].

2.3.2 Photonics

Conversion of light into electrical signals is essential for a variety of ap-

plications, ranging from imaging to high-speed communication, medical

diagnostic and photovoltaics.

Graphene strongly interacts with light and is therefore an excellent

candidate for several photonic and optoelectronic applications. Graphenes

unique gapless electronic bandstructure allows charge carrier generation

upon light absorption over a very wide energy spectrum, including ultravi-

olet, visible, infrared and THz [13, 2].

Graphene shows remarkable light absorption, with each layer absorbing

2.3% of the incoming light, exhibiting an absorption coefficient one to three

orders of magnitude higher than technologically relevant materials such as

InGaAs, GaAs or Ge [13].
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Furthermore, graphene optical properties can be tuned by electrostatic

doping. Several mechanisms determine the generation of free charge

carriers upon light interaction, including photovoltaic, photo-thermoelectric,

bolometric effects and plasma wave-assisted absorption. This in turn allows

the realization of a variety of photodetectors, able to respond to light

ranging from deep UV to far IR (THz) [54].

Graphene detectors offer different advantages over current technologies:

their response is extremely fast, graphene allows tunable spectral selectivity

and graphene field-effect transistors allow room-temperature detection of

THz radiation, at the moment lacking of fast solid state detectors.

Given that graphene absorbs 2.3% of the light different strategies have

been used to improve the sensitivity of graphene-based detectors. These in-

clude the integration of graphene into optical microcavities, planar photonic

crystal cavities and optical waveguides [54].

Schottky junctions formed between graphene and semiconductors have

also been successfully applied (under reverse bias) as photodetectors, where

the semiconductor absorbs the light and graphene acts as optically trans-

parent charge carrier collector. Hybrid systems, consisting of an absorbing

layer (such as colloidal quantum dots) deposited on graphene, have shown

very efficient conversion on light into electrical signals [54].

Ultrafast passively mode-locked lasers have been used for various appli-

cations. They usually use saturable absorbers to cause intensity modulation

by selectively transmitting high-intensity light only. Compared with the

widely used semiconductor saturable absorbers, graphene absorbs a signifi-

cant amount of photons per unit thickness and therefore reaches saturation

at a lower intensity over a wide spectral range [2].

Finally different studies demonstrate the possibility to use graphene as

THz genetarots. Using a pulsed excitation of single-layer graphene or using

multi-layer graphite under a femtosecond laser pulse field it is possible to

generate carriers that will be accelerated to generate the THz wave. THz

generators can be used in various applications such as medical imaging,

chemical sensors, and security devices [2].

2.3.3 Composite materials, paints and coating

Graphene-based paints can be used for conductive ink, antistatic, electro-

magnetic interference shielding, and gas barrier applications. Graphene is
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highly inert, and so can also act as a corrosion barrier against water and

oxygen diffusion. Given that it can be grown directly on the surface of

different metals, it could form a protective conformal layer, also on complex

surfaces [2].

The mechanical, chemical, electronic and barrier properties of graphene

along with its high aspect ratio make graphene attractive also for appli-

cations in composite materials [23]. Graphene can contribute gas and

moisture barrier properties, electromagnetic shielding, electrical and ther-

mal conductivity, and a strain monitoring capability to the surrounding

polymer matrix. As an additive to a composite matrix polymer it might

increase the operating temperature level of composites, reduce moisture

uptake, induce antistatic behaviour, give lightning strike protection and

improve composite compressive strength [2].

2.3.4 Graphene for sensors and bioapplications

Graphene, being a two-dimensional fabric and a surface without bulk, can

be extremely sensitive to the environment [24]. His resistivity, in presence

of different chemical species, can considerably change. Thus, graphene is

ideal for sensing applications.

The major advantage of graphene sensors is their multi-functionality. A

single device can be used in multidimensional measurements: from strain

and gas environment to pressure and magnetic field [2].

Graphene has a number of properties which make it potentially promis-

ing also for bioapplications. Its large surface area, chemical purity and

the possibility of functionalization provide opportunities for drug delivery

and might lead to fast and ultrasensitive measurement devices, capable of

detecting a wide range of biological molecules.

The interaction between the functional groups of biomolecules and

pristine graphene is unfavorable due to the absence of hydrophilic groups.

On the contrary, functionalized graphene interacts very easily with the

biomolecules compared to pure graphene [8]

One of the most promising applications of functionalized graphene is

the fabrication of sensors to diagnose diseases. These sensors are based

upon the large surface area of graphene and the fact that molecules are

sensitive to particular disease indicators and can attach to the carbon atoms
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in graphene. It has been found that the functionalized graphene-based

biosensors can successfully detect glucose, NADH, cholesterol, hydrogen

peroxide, and other molecules [8].

Its unique mechanical properties suggest also tissue engineering appli-

cations and regenerative medicine [2].

The biocompatibility of graphene with microorganisms and living cells

need to be explored. Several research efforts have been focused to analyse

the biocompatibility of GO and graphene with microorganisms [8].

Most of the applications of graphene in electronic devices rely on lateral

conduction of carriers in high quality two-dimensional sheets. Differ-

ent kinds of graphene-based materials derived from various preparation

methods rather than the pristine graphene have been widely used in elec-

trochemical biosensors, because it is difficult to make practical electrochem-

ical electrodes from single-layer, high-purity graphene. The mostly used

graphene-based materials, typically GO, are available in bulk quantities.

These chemically modified graphene contain certain amounts of defects

and oxygen-containing functional groups, which are deleterious to the

two-dimensional electrical conductivity. However, it is well-known that

heterogeneous electron transfer in the electrochemistry of carbon nano-

materials occurs at the edge planes and defects, and is sluggish at the

basal plane of graphene sheets. Thus, the structural defects of chemically

modified graphene can be beneficial for electrochemistry, as these are likely

to be the major sites for rapid heterogeneous electron transfer. Further-

more, the presence of functional groups facilitates the functionalization

with various biomolecules for biorecognition events. The combination of

these mentioned excellent properties with high surface to volume ratio and

easy availability enables graphene as an attractive transducer material for

electrochemical biosensors [55].



Chapter 3

Procedure and

Instrumentations

This chapter reports the experimental procedures used to produce and

characterize single and multi-layer graphene grown by thermal CVD. Start-

ing from the known conditions (temperature, pressure, growth time and

gases flow ratio) used for the growth of polycrystalline single layer films,

this work investigates the tuning of such parameters in order to engineer

graphene surface properties, by growing a two layers structures. Graphene

layers are grown onto copper substrates at high temperature and subse-

quently transferred onto oxidized silicon wafers by means of a sacrificial

polymer layer.

Graphene layers are characterized by optical microscopy and Raman

spectroscopy to assess uniformity, structural and electronic properties and

process residuals.

The growing parameters are optimized to achieve a double layer struc-

ture, consisting of a bottom continuous layers (ensuring high conductivity)

and a top discontinuous layer (closely packed small islands).

Surface-optimized graphene along with ”standard” single layer graphene

are integrated into field effect transistors in order to further investigate the

material in terms of conductivity and charge carrier mobility.

Metal electrodes are fabricated by electron beam lithography patterning,

followed by thermal evaporation and lift-off. Channels are subsequently

defined by another electron beam lithography and plasma etching.

Output and trans-characteristics of optimized and standard graphene

23
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transistors are acquired and sheet resistance, charge carrier mobility and

contact resistance are identified for a large number of devices.

3.1 CVD growth

Graphene is grown by thermal CVD using a Graphene Square CVD reac-

tor. This consist of a sealed chamber with precise control of temperature,

pressure and flow rate of gas species used for the process. Under specific

conditions of temperature, pressure and flow rate gas molecules are catalyti-

cally decomposed on a copper substrate and carbon atoms are deposited on

the surface. Different conditions and growth time lead to the deposition of

materials with different properties. The gases used for graphene deposition

are methane (CH4) as source of carbon atoms and hydrogen (H2), in an

inert atmosphere.

The substrate used in this work is a 25 µm thick copper foil with high

purity (99,8%). It was chosen for the growth of single layer graphene,

because it combines catalytic activity and low carbon solubility, yielding to

growth self-limited to single layer [28].

The machine used is shown in Figure 3.1. It contains a quartz chamber

where the substrate is inserted placed in a transparent tube and the gases

flow under the action of a pump. The electric heater (blue device in Figure

3.1) heats up the chamber by means of resistors that emit radiant energy by

Joule effect. The peculiarity of this furnace is the fact that the heater can be

moved sideways to allow a fast cooling down, important in the growth on

single layer graphene.

Graphene growth is a catalytic process, involving hydrocarbon decom-

position and surface diffusion. Due to strong C-H bonds in methane

molecule (440 kJ/mole), its thermal (non-catalytic) decomposition would

occur at very high temperatures (1200 ◦C) [56]. At a constant temperature,

the methane decomposition rate on an ideal flat copper surface is uniform.

However, the sheet used in this process is not monocrystalline. It shows

a high density of atomic steps and grain boundaries even after anneal-

ing. These sites have much higher chemical activation energy than the

flat regions of the surface, thus they represent nucleation centres and the

decomposition rate of hydrocarbons on them is higher. This phenomenon

implies that the graphene film tends to have lower number of layers away
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Figure 3.1: CVD furnace. It is visible a quartz chamber and a blue device.
In the chamber the gases flow under the action of a pump. The blue device
heat up the chamber and can be moved sideways.

from the nucleation centres. Furthermore, since the growth starts from

different copper site, graphene grows in grain with different orientations

[56].

The graphene growth rate and number of layers are determined by the

diffusion rate of carbon atoms which, in turn, is influenced by the tempera-

ture and the density of carbon atoms on the surface. High diffusion rate

and high carbon concentration result in few layer or multi-layer graphene.

Therefore, to control the number of graphene layers and growth rate, the

concentration of the carbon atoms on the surface has to be controlled with

high accuracy. Since this parameter depends on the partial pressure of the

hydrocarbon gas at a given temperature, controlling it is a critical factor for

the growth of graphene [56].

The surface treatment of the foil is another critical parameter that affects

the growth of graphene. Before starting the process, an accurate cleaning

of the copper surface is necessary to increase the process reproducibility.

3.1.1 Growth steps

The growth procedure consists in these main steps:

• The Cu substrate has to be cut with a cutter, trying to obtain a wrinkle-

free surface. The smoother is the surface, the higher is the quality of
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the grown graphene. The sample dimension is limited by the quartz

tube diameter. The two surfaces of the Cu sheets do not have the

same properties, due to a pre-treatment performed by the producing

company. For this reason, it is important the sheet orientation during

the growth process, and thus the samples cannot be flipped.

• The substrate is cleaned by acetic acid. The immersion of the Cu

foil in acetic acid for 10 minute removes the upper oxide layer and

other impurities on the surface. After that, the sample is washed in

de-ionized water and blow-dried using a nitrogen flow.

• The Cu sheet is inserted in a quartz transparent tube of 3 cm internal

diameter (Figure 3.2). The Cu foil can be positioned in the tube either

flat or rolled. In the second case with the pre-treated surface on the

inner part.

Figure 3.2: Quartz tube with copper sample inside. The pre-treated surface
is the upper part of the sample.

• The chamber is cleaned before inserting the tube. This procedure

require a flow of hydrogen and methane at low pressure and room

temperature.

• The chamber is vented and the tube is loaded in it. The tube has to be

placed on a side of the chamber with the heater placed exactly above

it. This configuration leaves space to move the heater from the tube if

a fast cooling down is required.

• The pump is activated and, once the desired pressure has been

reached, the temperature cycle is set by programming a Yokogawa

controller.

Hydrogen (and argon when necessary) is flowed through the chamber

according the desired recipe and the heat process starts. From room

temperature the chamber in heated to a temperature of 1000 ◦C and
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then this value is kept constant until the end of the process. The total

amount of time depend on the type of layer that has to be grown.

The first part of the growth is indicated as ”heating” and consists in the

slow heating (∼ 10 ◦C/min) of the chamber up to the desired temperature

avoiding thermal shocks that might damage the chamber. Usually it take

at least one hour.

The second part is indicated as ”annealing” and it is performed at high

and constant temperature. The main reasons to perform an annealing are:

• Any possible oxide layer is removed from the copper surface, due to

the reducing activity of the hydrogen.

• Copper atoms sublimate, thus the surface become smoother.

• Copper grains grow, thus the number of nucleation site decrease

increasing the homogeneity in the graphene growth process.

Figure 3.3 shows the same Cu foil before and after 30 minutes annealing

at 1000 ◦C.

Figure 3.3: Copper foils. a) Optical image of the copper foil before an-
nealing. b) Optical image of the copper foil after a growth process with
annealing of 30 minutes at 1000 ◦C.

The third part is the ”growth” of the graphene layer. Once the annealing

is complete, methane is added to the flow without changing the temper-
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ature in the chamber. The methane in contact with the copper substrate

dissociates, bringing to the growth of a graphene layer.

The last part is the ”cooling down”. It can be performed as fast as

possible (quenching process), or slowly, depending on the recipe. In the

first case the heater has to be shifted sideway far from the sample. In the

second case the heater is switched off but is kept on the sample, so the

temperature drop is smoother.

The fast cooling down usually is performed when a single layer graphene

is required. Although copper has low carbon solubility, some atoms can

diffuse from the bulk to the surface during the cooling down creating

imperfections in the single graphene layer. An abrupt temperature drop

does not allow the carbon to diffuse through the substrate and thus single

layer is preserved.

A graphical representation of the all process is shown in Figure 3.4.

Figure 3.4: Standard CVD process: the chamber is heated up to 900 −
1000 ◦C, it is kept at constant temperature during the annealing and the
growth and then it is cooled down.

3.2 Optical analysis

One of the key-reason that triggered graphene research is the ease of

optically identifying layers even only one atom thick. Monolayers cannot

be seen in a optical microscope on most substrates (like copper) but they

become visible if placed onto appropriate substrates, usually silicon with a
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carefully chosen thickness of thermally grown SiO2, typically 300 nm [20].

The origin of the contrast which allows detection of a single atomic layer

lies in an interference-like process.

The image contrast δ is defined as the difference between substrate and

sample intensity, normalized to the substrate intensity [20].

When the light impinges on a multilayer, multiple reflections take place.

Thus, the detected signal I results from the superposition of the reflected

field from the air-graphene EG, graphene-SiO2 ESiO2
and SiO2-Si interfaces

ESi [20].

The field at the detector is dominated by two contributions: the reflec-

tion by the graphene layer and the reflection from the Si after transmission

through graphene and after passing through the SiO2 layer twice. Thus,

the intensity at the detector can be approximated as:

I ≈ |EG + ESi|
2
= |EG|

2
+ |ESi|

2
+ 2|EG||ESi|cosφ (3.1)

where φ is the total phase difference that includes the phase change due to

the optical path length of the oxide.

Assuming the field reflected from graphene to be very small, |EG|
2
= 0,

the image contrast δ results from interference with the strong field reflected

by the silicon:

δ =
ISi − I

ISi
≈

−2|EG|cosφ

|ESi
(3.2)

Eq. 3.2 shows that the main role of the SiO2 is to act as a spacer: the

contrast is defined by the phase variation of the light reflected by the Si.

Thus, the contrast for a given wavelength can be tailored by adjusting the

spacer thickness or its refractive index [20].

The contrast strongly depends on the number of layers. For a few layers

(< 6), the samples behave as a superposition of single sheets, while for

thicker samples the behaviour becomes more complex. Darker colours

correspond to thicker samples up to 6 layers then the colour can change

from blue to yellow to grey [20].

Another useful optical technique to analyse the samples is the Dark Field

(DF) microscopy. It is a widely used technique to visualize objects that have
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low contrast in bright-field microscopy, such as surface contamination [57].

In DF microscopy, the central part of the illumination light which ordinarily

passes through and around the sample is blocked by a light stop, allowing

only oblique rays to strike the sample on the microscope slide [57]. If the

oblique rays are scattered by the specimen (for example by crystal steps or

surface contamination), the light will reach the objective and form the DF

image, otherwise the light will miss the objective.

3.3 Raman analysis

Raman spectroscopy is a fast non-destructive characterisation method that

makes use of inelastic light scattering to probe the vibrational and electronic

properties of materials. This technique is particularly useful for organic

materials in general, however it proves to be especially valuable for carbon

allotropes, including graphene. Unlike other characterization techniques,

Raman does not require any sample preparation or specific substrates

and can be performed on functional electronic devices, even during their

operation [58].

Raman scattering is the inelastic scattering of photons by phonons [59].

When a photon impinge on a sample creates a time-dependent perturbation

in the Hamiltonian of the system. Due to the photon fast changing electric

field, only electrons respond to the perturbation. The perturbation intro-

duced by a photon of energy h̄ωL increases the total energy to EGS + h̄ωL,

where EGS is the ground state energy. In general, EGS + h̄ωL does not

correspond to a stationary state, therefore the system is said to be in a

virtual level. In classical language, a virtual level corresponds to a forced

oscillation of the electrons with a frequency ωL. After a small time interval,

the system tends to exit from the non-stationary energy state EGS + h̄ωL,

and moves back to a stable state. One can formally consider the photon

as being emitted by the perturbed system, which jumps back to one of its

stationary states [59].

The photon scattering process can be either elastic or inelastic. In the first

case, called Rayleigh scattering, the frequency of the emitted photon is the

same as the incident one and the main effect is that the photon changes its
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propagation direction. Instead in a Raman process the scattering is inelastic

and the photon can either reduce or increase its energy. Raman scattering

happens always with a much lower probability than Rayleigh scattering

[59].

When the photon loses part of its energy in the interaction process,

it exits the sample with a lower energy h̄ωSc. This corresponds to the

Stokes (S) process. Since the sample has to return to a stationary state,

the energy loss must correspond to a phonon energy h̄ωL − h̄ωSc = h̄Ω.

If the incoming photon finds the sample in an excited vibrational state,

and after the interaction the system returns to its ground level, the photon

can leave the sample with an increased energy h̄ωSc = h̄ωL + h̄Ω. This

corresponds to the Anti-Stokes (AS) process [60]. Figure 3.5 shows a sketch

of the process.

Figure 3.5: Raman Scattering. a) Stokes. An incoming photon ωL excites an
e − h pair. This pair decays into a phonon Ω and another electron-hole pair
e − h′. The latter recombines, emitting a photon ωSc. b) Anti-Stokes. The
phonon is absorbed by the e − h pair. c) Rayleigh and Raman scattering in
resonant and non resonant conditions. Adapted from [60].

Given that S is the most probable, the vast majority of Raman spectra in

literature are S measurements plotting the intensity of the scattered light as

a function of the difference between incident and scattered photon energy,
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the so called ”Raman shift” [59]. Even though the Raman shift units should

be those of energy, it is historically plotted in cm−1. This can be converted

in meV using the relation 1 meV = 8.0655 cm−1.

The S/AS ratio depends on the sample temperature, and is a very

popular method to monitor it. Since, in order for an AS process to take

place the system must be in an excited vibrational state in the first place,

this may occur through thermal excitation [59].

When EGS + h̄ωL does not correspond to a stationary state the Raman

scattering is called non-resonant. If the excitation is selected to match a

specific energy level, then the process is called resonant, and the intensities

are strongly enhanced, as a result of the greater perturbation efficiency

[60, 59].

The peculiar band structure of graphene, with the absence of a band

gap makes all wavelengths of incident radiation resonant, thus the intensity

of the Raman spectrum is enhanced and contains information about both

atomic structure and electronic properties [60].

The Raman spectrum of graphene, similar to other carbon-based materi-

als, consists of only few prominent features. It is the shape, position and

intensity of these peaks that contains the information (e.g. doping, defects,

strain, disorder, chemical modifications, edges) and therefore accurate data

interpretation is essential [60, 61].

Excitations used for Raman spectroscopy are typically in the IR to UV

spectral range [60]. The wavelengths used in this work are 514 nm on the

Si − SiO2 substrate and 457 nm on the copper one. The reason that leads to

use the green laser (514 nm) on the silicon substrate is that this wavelength

matches with the interference condition required to enhance the contrast of

the graphene (see section 3.2) and thus the emitted light is more intense.

Concerning the copper substrate another emitting phenomena has to

be consider, the photoluminescence. In a photoluminescence (PL) process

an electron and a hole recombine radiatively, i.e. emitting a photon, at

a wavelength typical of the material electronic structure. When the laser

impinge on the sample multiple recombinations may lead to a PL broad

background. The intensity of the background depends on the exciting
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wavelength but the PL peaks position, plotted on an absolute energy scale,

does not (unlike in Raman scattering) [59]. Figure 3.6 shows an example of

PL background.

Figure 3.6: Photoluminescence. a) Sketch of a photoluminescence process.
An electron and a hole recombine radiatively at a wavelength typical of
the material electronic structure. b) Photoluminescence background. The
intensity of the background depends on the exciting wavelength but the
PL peaks position, plotted on an absolute energy scale, does not (unlike in
Raman scattering).

Copper substrate, excited with a green laser, has a strong photolumines-

cence that overlaps the Raman peaks of graphene and makes difficult the

interpretation of the spectra, thus a blue laser (457 nm) is preferred. Figure

3.7 shows the spectra of graphene on copper both with 514 nm and 457 nm

wavelengths.

The typical spectrum of a single layer graphene looks like Figure 3.8.

The two most intense features are the G peak at 1580 cm−1 and the 2D

band at 2700 cm−1 [61]. In monolayer, not doped graphene the 2D peak

is a sharp peak roughly four times more intense than the G peak. Other

slightly intense peaks are present: the 2D’ at ≈ 3200 cm−1, the D+D” at

≈ 2450 cm−1 and the D peak at 1350 cm−1. This last peak is due to the

presence of defects and edges in the structure, thus it is a index of the
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Figure 3.7: Raman spectra of graphene on copper. a) Spectrum acquired
with a 514 nm wavelength laser. The photoluminescence background com-
pletely overlaps the Raman peaks of graphene. b) Spectrum extracted with
a 457 nm wavelength laser. The photoluminescence background is shifted
with respect the graphene peaks, thus they can be clearly detected.

homogeneity of the structure.

Figures 3.9 plots the evolution of the 2D band as a function of layers for

514 nm excitation. These immediately indicate that a bilayer has a much

broader and up-shifted 2D band with respect to graphene. It has four

components, two of which, have higher relative intensities than the other

two. A further increase in layers leads to a significant decrease of the

relative intensity of the lower frequency 2D peaks. For more than five

layers the Raman spectrum becomes hardly distinguishable from that of

bulk graphite [61].

These spectra are all extracted measuring perfectly Bernal stacked layers

obtained from exfoliated graphite. However, not all multilayers are Bernal

stacked, also turbostratic structure (not aligned superposed layers) are

present, thus it is possible to observe more complex 2D peak shapes than

those described so far, for example, in samples grown by chemical vapour

deposition (as the samples in this work). Turbostratic graphite has a single

2D peak, but its full width at half maximum (FWHM) is 50 cm−1, almost

double that of the 2D peak of graphene and up-shifted of 20 cm−1 with

often a first order D peak [60].
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Figure 3.8: Single layer graphene Raman spectrum. The two most intense
features are the G peak at 1580 cm−1 and the 2D band at 2700 cm−1. Other
slightly intense peaks are the 2D’ at ≈ 3200 cm−1, the D+D” at ≈ 2450 cm−1

and the D peak at 1350 cm−1.

Figure 3.9: Evolution of the 2D band as a function of layers for 514 nm
excitation. Adapted from [61].
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The position and the intensity of the G and the 2D peaks are also in-

fluenced by the doping level of graphene. The G peak sharpens for both

electron and hole doping, while the 2D peak shows a different response to

holes and blue-shifting of electrons, thus G and 2D peaks have different

doping dependence and the 2D/G height ratio can be a sensitive parameter

to monitor it [58].

The Raman spectrometer used to perform the measurements is shown in

Figure 3.10. The laser, emitted by a Ar-Kr ion laser, passes through different

filters and is focused under an optical microscopy. The beam interacts with

the material and photons containing the information about the sample are

emitted. The produced beam contains both elastic and inelastic photon

scattering processes, thus the beam is directed through a notch filter to

eliminate the elastic component to have a more accurate analysis of the

data. The beam then runs into a diffraction grating that spits the different

wavelengths and collected them in a CCD camera that counts the number

of the different photons emitted.

3.4 Transfer procedure

In this section, the technique used to transfer the CVD graphene samples

from the copper substrate (where graphene is grown) onto arbitrary ones is

described. It consists in the deposition of a protective layer of poly methyl

methacrylate (PMMA) on the graphene layer, followed by the etching of

the copper in an acid solution. The PMMA/graphene film is then manually

transferred onto the desired substrate and finally, PMMA is removed by

organic solvent. Since are used an acid solution to dissolve the substrate

and a solvent to remove the polymer, this is usually referred as ”wet

transfer”.

During the CVD growth, graphene deposits on both sides of the Cu

substrate, but not with the same quality. The inner surface has better

catalytic properties and moreover, during the growth, the external side

might touch the quartz tube obtaining a lower quality graphene.
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Figure 3.10: Raman spectrometer used to perform the measurements. The
red line shows the path of the laser.



CHAPTER 3. PROCEDURE AND INSTRUMENTATIONS 38

The first step is to spin coat a layer of PMMA on top of the high quality

side. Spin coating is a procedure used to deposit a uniform thin film on flat

substrates. A small amount of coating material is dropped on the centre

of the substrate. This is then rotated at high speed in order to spread the

coating material by centrifugal force. The coating material usually contains

the film material blended with a volatile solvent that largely evaporates

during the rotation. The higher is the angular speed of spinning, the thinner

is the film. The final thickness depends also on the viscosity of the solution.

The spinning is performed using a PET foil to support the substrate. The

copper sample is cut in the desired dimensions, keeping the higher quality

graphene on top. It is then placed on the PET foil and fixed on it with some

tape (Figure 3.11). The PET foil is then placed on the spinner and rotated

for 40 s at 4000 rpm. The coating material used is PMMA 950 A4. The name

indicates the molecular weight of the polymer 950K and the percentage of

it (4%) diluted in Anisole.

Figure 3.11: Transfer procedure: copper sample fixed on PET foil with tape.

After that, in order to remove the low quality graphene from the back

surface, an etching step is required. It has been chosen to use the reactive

ion etching (RIE), a technique that uses chemically reactive plasma to

remove material deposited on a surface. The plasma is generated under low

pressure by an electromagnetic field. High-reactive radicals are accelerated

towards the surface and react with it.

To do this procedure, the copper foil is carefully detached from the

PET support and placed in the vacuum chamber with the backside on top.
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A cycle with plasma oxygen at 150 mTorr of pressure for 30 s at 30 W is

performed.

The Cu foil is then etched using a solution of ammonium persulfate

in de-ionized water. The sample is laid on the surface of the aqueous

solution, with the PMMA layer on top, and kept floating until the copper

foil is completely dissolved. Figure 3.12 shows different etching steps.

At the beginning the solution is colourless. After few hours some holes

start to be visible on the copper foil and the solution acquires a light blue

shade. At the end of the process the copper foil is completely removed

and the solution is blue. The darker is the blue shade, the higher is the

concentration of copper atoms in solution.

Figure 3.12: Transfer procedure: copper etching in ammonium persulfate
solution. a) Sample just laid on the surface. b) Sample after ≈ 2 hours
etching. Some holes start to be seen. c) Sample after ≈ 4 hours etching.
Only few copper spots are left. d) Sample etched. The foil is completely
transparent.

There is a trade-off between the etchant concentration and the total

time needed for the etching. A strong acid solution dissolves quicker the

copper foil but also can act on the graphene layer lowering the quality.

Thus, higher quality graphene is obtained keeping the sample in a low

concentrate solution for long time.
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As soon as the copper is completely etched the sample has to be re-

moved from the solution to avoid further action of the acid on the graphene

foil.

The etching time depends also on the size of the copper foil. The bigger

is the sample, the longer is the etching time since the amount of copper to

dissolve is higher.

In order to have a good graphene layer the etching has to last at least

5-6 hours. A recipe is presented here as reference: a sample with a surface

area of 4 cm2 needs 1.8 g of ammonium persulfate dissolved in 150 ml of

de-ionized water and the complete etching is obtained in 6 hours.

Once the copper is completely dissolved the sample is rinsed in de-

ionized water for 15 min to remove the residual etchant. The transparent

foil floating in the solution is really fragile and can be easily damaged.

Thus, the operation to take it from the etchant solution, called ”fishing”,

is extremely delicate. It is performed with a piece of PET, earlier cleaned

with acetone and IPA, immersed in the acid solution and approached to

the transparent layer. Once, due to adhesion force between the graphene

and the PET, one side of the graphene foil sticks on the PET, the plastic foil

is slowly extracted from the water with the graphene layer laid on top as

smoothly as possible. The PET foil is then slowly immersed in de-ionized

water, where the graphene foil detaches and floats on the surface. This step

can be repeated few times, using clean water every time, for additional

cleaning.

After the last cleaning process, the Si − SiO2 substrate is used instead of

PET to fish the graphene foil. Before the fishing procedure, the Si − SiO2

substrate has to be shaped and cleaned. First, the substrate is cut in the

desired dimensions, then it is immersed for few minutes in acetone first

and then in IPA, using an ultrasonic bath to make sure that all the dirtiness

on the surface detaches. Once it is cleaned, the fishing procedure can be

performed as described before.

The resulting sample is then placed on a vertical support and left to

dry in air for at least 8 hours. The sample is laid vertically to increase the

water flow and avoid the formation of blisters between the substrate and
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the graphene. Faster dry with either an air flow or a higher temperature is

discouraged since it could damage the graphene layer.

Finally, the sample is immersed in acetone to dissolve the PMMA layer.

The rate of dissolution follow a decreasing exponent law: in the first few

minutes most of the PMMA is removed but to eliminate the last part of the

polymeric cover up to several days can be required.

The light blue spots sometime visible on the optical image of the

graphene layers are PMMA residuals due to the wet transfer technique just

described.

Optical image and Raman analysis are the two main instruments used

to check the quality of the final transferred layer and in which amount the

transfer procedure modifies the graphene properties.

To prove the success of the transfer, Raman analysis are performed

before and after the procedure. Figures 3.13 and 3.14 show the spectra

obtained with a 457 nm laser on copper and on the silicon substrate of two

samples used in this work.

As can be seen, excepting for the photoluminescence background of

the copper, the spectra before and after the transfer have the same features,

with no enhancement of the D peak, indicating that the transfer procedure

does not induce additional structural defects.

3.5 Electrical measurements setup

In order to assess the suitability of the graphene films grown by CVD for

sensing applications, their electrical properties are measured by integrating

the films into field-effect transistors. Such devices are fabricated both using

standard and optimized graphene to compare their properties. Electrical

measurements in both two and four probe configuration allowed extraction

of sheet resistance, charge carrier mobility and contact resistance.

The total resistance of a sample can easily be determined with a two-

point probe measurement: two tips are used to inject a current I trough

the sample and measure the resultant electrical potential distribution V.



CHAPTER 3. PROCEDURE AND INSTRUMENTATIONS 42

1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400
0

1000

2000

3000

4000

5000

6000

7000

In
te

n
s
it
y
 (

a
. 

u
.)

Raman shift (cm
-1
)

 Point 1

 Point 2

 Point 3

1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400

0

4000

8000

12000

16000

20000

24000

28000

32000

36000

40000

44000

In
te

n
s
it
y
 (

a
. 

u
.)

Raman shift (cm
-1
)

 Point 1

 Point 2

 Point 3

Figure 3.13: Raman spectra captured with 457 nm wave length laser on
sample T01. Up) Raman spectra before transfer, on copper surface. Down)
Raman spectra after transfer, on Si − SiO2 substrate.
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Figure 3.14: Raman spectra captured with 457 nm wave length laser on
sample T07. Up) Raman spectra before transfer, on copper surface. Down)
Raman spectra after transfer, on Si − SiO2 substrate.
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Assuming an Ohmic behaviour, the total resistance Rtot between the two

tips can be calculated as:

Rtot =
V

I
(3.3)

Rtot can be considered as a sum of different components:

Rtot = Rgr + 2Rc + 2Rm (3.4)

where Rgr is the resistance of the channel, Rc is the resistance associated

with the metal-graphene interface and Rm is the resistance due to the metal

[62].

The resistance of a single contact would be Rm + Rc. However, in

most situations, the resistivity of the metal in the contact is so low that

Rc >> Rm, so Rm can be ignored.

3.5.1 Sheet resistance

Sheet resistance is typically used to characterize electrical properties of thin

films.

When the sample dimensions are known, measurements of Rgr allow

to determine the sample’s resistivity ρ [63]:

Rgr =
V

I
=

ρ L

w h
(3.5)

where L is the length of the channel, w the width and h the thickness of

the film.

For thin conducting films, h is often unknown, and thus the only

parameter that can be directly determined is the sheet resistance Rs of the

film, defined as [63]:

Rs =
ρ

h
(3.6)

Thus,

Rgr = Rs
L

w
(3.7)
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The measurement unit of Rs is ”ohms per square” (Ω/sq), and repre-

sents the resistance of a squared sample of the material, regardless of the

dimensions.

Today, four-point probe technique is the most used technique for the

testing of thin films [63].

The classic arrangement of a four-probe measurement requires four

needle-like electrodes in a linear arrangement. The two outer electrodes

are used to inject the current while the voltage drop is measured with the

two inner electrodes. Figure 3.15 shows the standard configuration of the

electrodes.

Figure 3.15: Standard configuration of the electrodes in a four-probe mea-
surement. (Adapted from [64])

By using separate electrodes for the current injection (Force) and for

the determination of the electric potential (Sense), the contact resistance

between the metal electrodes and the material will not affect the measured

results [64]. The sensing electrodes have a very big internal resistance

in order to stop the passage of the current through them, thus the inner

voltage measured is only due to the channel resistance Rgr.

3.5.2 Contact resistance

The metal-graphene contact resistance is usually measured using a combi-

nation of two and four-probe measurements or using the transfer length

method (TLM) [65].

Since Rtot and Rgr can be evaluated respectively with two-probe and

four-probe measurements, the first approach to calculate the contact resis-

tance Rc come from Eq. 3.4. Considering Rm negligible:
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Rc =
Rtot − Rgr

2
(3.8)

Another method to calculate the contact resistance is the transfer length

method (TLM). The value extracted with this method includes all the

parameters that are not affected by the channel length [62].

The TLM is based on the equation below:

Rtot = Rs
L

w
+ 2Rc (3.9)

where Rtot is the total resistance, Rs the sheet resistance in the channel and

L and w are the length and the width of the channel, respectively.

If resistors of several different lengths are constructed, keeping all other

parameters the same, the total resistances of each can measured and plotted

versus the channel length. In the limit of a zero-length resistor, the residual

resistance is just twice Rc, thus the contact resistance can be extracted by

the y-intercept of the plot [62]. A graphical representation of the method is

shown in Figure 3.16.

The contact resistance thus calculated depend on the dimensions of the

contacts themselves. To normalize the values and make them comparable

to each other the unit length contact resistance Ruc can be calculated as

[65]:

Ruc = Rc w (3.10)

where w is the width of the channel.

3.5.3 Mobility

Among the several methods to evaluate the charge carrier mobility in

graphene, the simpler one measures the field-effect mobility by means of a

field-effect transistor (FET).

A FET is a three terminals device, with two of them (source and drain)

separated by a channel and the third one (called gate) under it and insulated

with a thin dielectric layer. Figure 3.17 shows the standard configuration.

The operation of a conventional FET relies on the modulation of the

channel conductivity, and thus the drain current IDS, with a voltage signal
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Figure 3.16: TLM method. Total resistance Rtot versus the channel length L.
The y-intercept gives the total contact resistance.
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VG applied between the gate and the source [17].

Figure 3.17: Schematic view of the transistor structure: the metallic elec-
trodes (yellow) on top of graphene (black) are the transistor’s source and
drain, and the Si substrate (dark blue) covered by SiO2 (pink) acts as the
gate. Adapted from [66]

The standard measurement is performed keeping the source-drain

voltage VDS constant and sweeping the gate voltage VG. The typical current-

voltage trans-characteristic for graphene transistors is shown in Figure 3.18.

The carrier density and the type of carrier (in graphene electrons or holes)

in the channel are governed by the potential difference between the channel

and the gate. Positive gate voltage promote an electron accumulation in the

channel (n-type channel), and negative gate voltage lead to a p-type channel

with an excess of holes between source and drain. This ambipolar field

effect gives rise to the two branches of the trans-characteristic separated

by the so called Dirac point which corresponds to the neutrality point in

which the Fermi level is found in absence of doping [17].

The field effect mobility can be extracted from the trans-characteristic

with the following mathematical expression [67]:

µFE =
∆IDS

∆VG

L

w COX VDS
(3.11)

where IDS and VG are respectively the drain current and the gate voltage,

thus ∆IDS
∆VG

is the slope of the curve in Figure 3.18. This formula is based

on the formation of a capacitor between the graphene and the silicon back
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gate and it is more accurate in the proximity of the Dirac point, where the

maximum slope is found. L and w are the channel length and width while

VDS in the fixed drain voltage. COX is the gate capacitance per unit area

defined as [68]:

COX =
ǫ0 ǫr

d
(3.12)

where ǫ0 is the vacuum permittivity, ǫr is the relative permittivity of the

SiO2 and d is the thickness of the SiO2.

3.6 Devices fabrication

To fabricate the devices, initially dimensions and shape of the structures

have to be designed in order to ensure accurate measurement of the desired

properties. Then, few technological steps are required to make the contacts

and define the channels to obtain the final structure.

3.6.1 Design

Two different structures have been designed. One for two and four-probe

I-V measurements and one for the TLM technique. The two configurations

are shown in Figure 3.19 and Figure 3.20.

To perform an electrical measurement several metallic contacts have been

realized in order to define different micrometric channels on the structure.

Since the dimension of the tips used for the measurements is also about few

micrometers it is impossible to contact directly the metal strips between

the channels. Thus, every contact has to be connected with an external pad.

All the connections for the two devices are shown in the left part of Figures

3.19 and 3.20.

To perform a four-probe measurement four contacts are needed. The

device contains 10 contacts in order to allow measurements on different

channels in the same device. The right part of Figure 3.19 shows a zoom of

the contacts. The channels have width w = 40 µm and length L = 5 µm.
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Figure 3.19: Sketch of the device used for the four-probe measurements.
On the left all the device, on the right a zoom of the channels. All the sizes
are in µm.

Figure 3.20: Sketch of the device used for TLM measurements. On the left
all the device, on the right a zoom of the channels. All the sizes are in µm.
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The TLM measurement needs different channels with increasing length

and properties as more homogeneous as possible. The device has been thus

designed with 11 contacts with increasing length from 0.5 µm to 5.5 µm.

The right part of Figure 3.20 shows the contacts configuration.

3.6.2 Contacts fabrication

An evaporation process is used to deposit the desired metallic structure on

the samples. Since the evaporation is not a selective process and the metal

deposits on all the surface of the samples, the definition of the pattern

has to be done with a lithography. A summary of the process is shown in

Figure 3.21.

The lithography has been done with an Nanobeam NB1 electron-beam

system. The e-beam lithography consists in scanning a beam of electrons

focused on a surface covered with an electron sensitive film, called resist,

along a predefined pattern. The electron beam changes the solubility of

the resist enabling selective removal of either the exposed or non-exposed

regions of the resist by immersing it in a solvent (developing).

A spin coating (a technique already explained in section 3.4) is used to

deposit the resist on the samples. The deposition of a first layer of PMMA

495 A4 is followed by a second layer of PMMA 950 A2 for a total thickness

of about 200 nm. The double structure is used to facilitate the resist lift-off.

Exposition of PMMA to the electron-beam decreases the polymer molec-

ular weight, thus increases the solubility of the exposed part that will be

removed during the developing.

Once the resist is deposited, the e-beam system is set to write the pattern

previously designed. The writing needs few hours.

Then, the samples are extracted from the e-beam chamber and developed

in a mixture of de-ionized water and isopropyl alcohol (IPA) for few

seconds. In this process the polymer previously exposed dissolves while

the rest of the layer remains intact.

Optical images of the resultant structures after the developing are shown

in Figure 3.22. The darker part is the developed one, where the polymer
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Figure 3.21: Summary of process used to create the metallic electrodes.
1. Preparation of the substrate. 2. Deposition of the sacrificial layer. 3.
Patterning the sacrificial layer, creating an inverse pattern. 4. Deposition of
the target material. 5. Resist lift-off. 6. Final pattern.
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has been dissolved. Yellow shadows are visible all around it, this is due to

a partial exposition of the edges of the pattern to the electrons and thus a

partial developing.

a b

Figure 3.22: Optical images of the structure after lithography. The darker
part is the developed one, where the polymer has been dissolved. The
yellow shadow visible all around it is due to a partial exposition of the
edges of the pattern to the e-beam and thus a beginning of developing.

The next step is the metal deposition in an evaporator. Thermal evapora-

tion is a common method of thin-film deposition. The source material is

evaporated in a vacuum chamber. It allows metal vapour particles to travel

from the source to the target object, where they condense back to a solid

state.

The metallic particles reach the substrate and condense all over the

surface, partially covered with the polymer. At the end of the deposition,

the polymer is removed from the substrate. Thus, only the metal deposited

in the pattern previously developed will remain on the substrate.

The contacts are made with 80 nm of gold, since it is a noble and very

conductive metal. A very thin layer (2 nm) of chromium is previously

deposited on the graphene to improve the adhesion between the gold and

the substrate. Both layers are deposited at pressure around 10−7 mbar. As

metal sources are used a chromium coated tungsten wire and an alumina

coated tungsten wire basket filled with gold. By passing a large current

through the tungsten wire, chromium and gold are heated up until they

reach their evaporation temperature. A picture of the chamber ready for
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the process is shown is Figure 3.23.

Figure 3.23: Evaporation chamber ready for the evaporation of chromium
and gold. Forward the chromium coated tungsten wire, behind the alumina
coated tungsten wire basket.

After the evaporation the samples are put in high purity acetone to

dissolve the residual polymer. The whole process lasts at least 10 hours.

When the polymer is completely dissolved the metal deposited on it is

usually floating in the solution and has to be careful removed with tweezers.

After checking the result the samples are washed in high purity IPA and

dried with a flow of nitrogen. All this process is called lift-off.

Optical images of the final structures are shown in Figure 3.24. The

metal pattern follows perfectly the structures previously designed.

3.6.3 Channels definition

Once the contacts are deposited, part of the graphene between the pads has

to be removed, leaving only the defined channels. Without this procedure,

the graphene layer surrounds the metallic structure and thus a voltage

applied between two metallic pads will induce current through the whole

substrate.

In order to remove selectively the graphene a second lithography is

needed, followed but a reactive ion etching (RIE).
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a b

Figure 3.24: Optical images of the structures after evaporation and lift-off.
The metal pattern follows perfectly the structures previously designed.

The second lithography is performed with PMMA 495 A8 as single layer

resist. Double layer is no more required since the lithography is followed

by an etching instead of a deposition. The patterns to write with the

electron-beam are shown in Figure 3.25. The graphene has to be removed

from all around the pads, leaving only a rectangle in the centre to define

the channels.

Figure 3.25: Sketch of the patterns needed for the etching. The graphene
has to be removed from all around the pads, leaving only a rectangle in the
centre to define the channels.

As before, the resist is deposited with a spin coater, then the samples are

placed in the e-beam chamber and the system is set to write the patterns.
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Once the patterns are written the samples are immersed in the water-

IPA solution to develop for few seconds. Optical images of the resultant

structures are shown in Figure 3.26.

a b

Figure 3.26: Optical images of the structure after the second lithography.
The central part, in which the graphene does not have to be removed, is
covered with the PMMA layer.

After that, the samples are put in the RIE chamber in order to remove

the graphene. A cycle with plasma oxygen at 150 mTorr of pressure for

2 min at 25 W is performed.

The samples are then immersed in high quality acetone for at least 10

hours to remove the residual polymer and finally washed in high purity

IPA.

At this point, the samples are ready to be characterised with the proce-

dure described in section 3.5.
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Experiments and Results

The results of the CVD growth and the following electrical measurements

will be shown is this chapter.

In the first section the recipes developed to optimize the CVD growth

will be explained in details, showing optical and Raman analysis of all the

samples obtained. Once the surface topography has been optimized for

maximum edge density, the optimized graphene, has been integrated into

field-effect transistors and its electrical properties have been investigated.

As comparison all the electrical measurements have been done also on a

sample made with standard monolayer graphene.

In the second section the data obtained from the electrical measurements

will be shown and analysed. The two samples will be compared and an

explanation of the different properties of them will be provided.

4.1 Optimization of CVD growth

Starting from a recipe to grow single layer graphene, new recipes have been

investigated to understand how the growth parameters can modify the

surface. The goal was to increase the chemical reactivity of the layer keeping

the same electronic performances. This is made possible by growing a

two-layer material, consisting of a continuous bottom layer covered by a

discontinuous layer consisting of closely packed islands.

58
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4.1.1 Standard monolayer recipe

Sample T01

Single layer continuous graphene films are required for a variety of ap-

plications that require large-area graphene. This work starts from the

conditions normally used to grow polycrystalline continuous films on Cu

foils, here indicated as ”standard” graphene. This ”standard” material will

be used as reference for comparing structural and electrical properties of

the optimized graphene.

The recipe to grow monolayer graphene is described in table 4.1 and

the process is summarized in Figure 4.1.

Heating

Temperature: 55 min up to 900 ◦C
20 min up to 1000 ◦C

Gas flow: H2 20 sccm

Pressure: ≈ 190 mTorr

Time: 1 h and 15 min

Annealing

Temperature: 1000 ◦C

Gas flow: H2 20 sccm

Pressure: ≈ 190 mTorr

Time: 30 min

Growth

Temperature: 1000 ◦C

Gas flow: H2 20 sccm
CH4 5 sccm

Pressure: ≈ 290 mTorr

Time: 30 min

Cooling down

Temperature: from 1000 ◦C to 25 ◦C

Gas flow: H2 20 sccm

Pressure: ≈ 190 mTorr

Time: few hours

Table 4.1: Recipe to growth single layer graphene.
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Figure 4.1: Sample T01. Time and temperature used to grow standard
monolayer graphene.

The growth of monolayer graphene requires a pressure in the range

of hundreds of mTorr, gas ratio CH4:H2 = 1:4 and a growth time of 30

minutes. The amount of H2 flowing during the annealing is set to be

consistent with the value needed for the growth. During the annealing

process high temperature and a reducing atmosphere are the important

conditions while the gases concentration has limited effect on the final

result.

The heating process is divided in two different steps with different

heating rate due to thermal inertia of the heater. Indeed, if a high rate

is used, the system might reach a temperature higher than the set-point,

leading to partial melting of the copper foil. To avoid that, it is a good

practice to divide the heating in two steps, with reduced rate in the second

one. Firstly the temperature is increased up to 900 ◦C with a rate of

16 ◦C/min, then it is set to reach the steady state value of 1000 ◦C with a

rate of 5 ◦C/min.

Optical image and Raman spectra of the graphene layer transfered on

Si − SiO2 substrate are shown respectively in Figure 4.2 and 4.3.

The optical image shows a perfectly smooth and homogeneous graphene

layer. The Raman analysis performed on three different points of the sur-
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Figure 4.2: Sample T01. Optical image of single layer graphene on Si − SiO2

substrate, grown with the standard monolayer recipe described in Table
4.1.
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Figure 4.3: Sample T01. Raman spectra acquired with 514 nm wave length
laser on Si − SiO2 substrate. Single layer graphene grown with the standard
monolayer recipe described in Table 4.1.
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face (see Figure 4.3) proves that the graphene is single layer (see section 3.3

for the complete analysis explanation).

4.1.2 New recipe developing

Several growths have been performed for different values of the main

parameters - pressure, temperature, growth time, gases ratio - in order to

grow a second, discontinuous graphene layer. This improves the adhesion

properties and enhance the chemical reactivity, because of the large amount

of edges available.

The samples have been obtained adapting some recipes found in litera-

ture ([45, 42, 46]) with the capability of the available furnace.

Sample T02

The first recipe is the one described in Ref. [46], adapted as reported in

Table 4.2:

Temperature: 1000 ◦C

Gas flow: H2 10 sccm

CH4 30 sccm

Pressure: ≈ 1 Torr

Time: 210 min

Table 4.2: Sample T02 growth recipe.

Heating and annealing process are the same as in the standard mono-

layer procedure, keeping an H2 flow of 10 sccm during the all process. A

graphical representation of the new process is shown in Figure 4.4.

Increasing the CH4 flow from 5 sccm to 30 sccm the density of carbon

atoms on the copper top surface increases. In the same way, increasing

the growth time from 30 to 210 min, surface exposure to the methane flow

increases. Thus, the presence of few layers graphene spots is expected. Fur-

thermore, increasing the pressure increases the probability of the nucleation

of few layers graphene [43].

An optical image of the sample obtained with this recipe, after the

transfer on Si substrate, is shown in Figure 4.5.
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Figure 4.4: Sample T02. Time and temperature used to grow the graphene
layer.

Figure 4.5: Sample T02. Optical image of graphene layers on Si − SiO2

substrate, grown with the recipe described in Table 4.2.
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The image 4.5 shows a light brown background with dark spots on

top. There are regions with high concentration of dark spots randomly

distributed, other with a more regular pattern and others with a much

lower spot density. The spots size is less than 1µm. The Raman analysis

performed in different points of the light brown background of the sample

(lower part of Figure 4.6) proves that it is single layer graphene. Instead,

Raman spectrum of the dark spots (upper part of Figure 4.6) shows the

typical configuration of a few layer graphene spectrum. This is consistent

with the optical contrast as higher optical contrast is due to a higher number

of layers (see section 3.2).

It is impossible to estimate the exact amount of layers: the surface is

too heterogeneous to use only the optical contrast and the single spot is

smaller than the area of the laser thus the spectrum is mediated on all the

laser area (a superposition of single and few layers graphene).
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Figure 4.6: Sample T02. Raman spectra acquired with 514 nm wave length
laser on Si − SiO2 substrate. Surface grown with the recipe described in
Table 4.2.
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Sample T03

Another recipe has been developed starting from the process described in

Ref. [45]. The growing parameters are itemized in Table 4.3:

Temperature: 1000 ◦C

Gas flow: H2 2 sccm

CH4 35 sccm

Pressure: ≈ 1 Torr

Time: 120 min

Table 4.3: Sample T03 growth recipe.

Heating and annealing process are the same as in the previous recipes,

keeping an H2 flow of 2 sccm during the all process. A graphical represen-

tation of the new process is shown in Figure 4.7.

Figure 4.7: Sample T03. Time and temperature used to grow the graphene
layer.

The CH4:H2 ratio is increased from 6:2 to 35:2 and the growth time is

decreased from 210 to 120 min.

An optical image of the obtained sample after the transfer is shown in

Figure 4.8.

The image shows again a light brown background with dark spots

randomly distributed on the surface. The spots distribution is more ho-

mogeneous, but their dimension is still small and with varying thickness.

Raman analysis proves that the light brown part is again a monolayer
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Figure 4.8: Sample T03. Optical image of graphene layers on Si − SiO2

substrate, grown with the recipe described in Table 4.3.

graphene, while the dark spots are composed of few layers. Figure 4.9

shows spectra of light brown points and dark spots. Also in this case the

spots are smaller than the area of the laser used for the Raman analysis,

thus the spectrum is a superposition of single and few layers graphene.

Sample T04

The growth parameters used in the following recipe are reported in Table

4.4:

Temperature: 1000 ◦C

Gas flow: H2 2 sccm

CH4 35 sccm

Pressure: ≈ 1 Torr

Time: 210 min

Table 4.4: Sample T04 growth recipe.

The only difference with the previous one is the growth time (increased

from 120 to 210 min). A graphical representation of the process is shown

in Figure 4.10.
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Figure 4.9: Sample T03. Raman spectra acquired with 514 nm wave length
laser on Si − SiO2 substrate. Surface grown with the recipe described in
Table 4.3.

Figure 4.10: Sample T04. Time and temperature used to grow the graphene
layer.



CHAPTER 4. EXPERIMENTS AND RESULTS 68

As a consequence, an increase of the spots size is expected. An optical

image of the obtained surface after the transfer is shown in Figure 4.11.

Figure 4.11: Sample T04. Optical image of graphene layers on Si − SiO2

substrate, grown with the recipe described in Table 4.4.

The sample shows dark spots of the same dimension, but with an en-

hancement in their density. The light brown background is still visible, even

if completely covered by dark spots distributed with a lower homogeneity

than the previous case. Local regions with different colours are visible, the

darker is the region the higher is the number of layers. Raman analysis

shows the presence of few layer graphene everywhere. The spots density is

too high to focus the laser only on the light brown background, thus the

spectrum is a superposition of single and few layers graphene. Figure 4.12

shows different spectra of the surface. In the darker regions spectrum the

2D peak is larger, as expected in a few layers graphene. Furthermore, the

D peak is broad, indicating the presence of amorphous carbon. Not all the

carbon has been bonded to give the sp2 structure of graphene, some atoms

are deposited on the surface with a random structure.

Sample T05

Different examples in literature show that multi-layer graphene can be

grown increasing the pressure in the chamber from hundreds of mTorr to

hundreds of Torr [43, 42, 38].
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Figure 4.12: Sample T04. Raman spectra acquired with 514 nm wave length
laser on Si − SiO2 substrate. Surface grown with the recipe described in
Table 4.4.
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This furnace has been designed for growing monolayer graphene, there-

fore it has a good control on pressure in the range of mTorr, with a fixed

velocity pump and a fine regulation valve. The maximum change due to

the valve position is only few percentage of the plateau level, thus the only

way to rise the pressure up to tens of Torr is to perform the growth in an

inert atmosphere of argon.

The first recipe has been developed starting from the process described

in Ref. [42]. Temperature and gases flow follow the recipe used to grow

bilayer graphene. The pressure value in the chamber is obtained as a

consequence from those parameters.

The growing parameters are itemized in Table 4.5:

Temperature: 940 ◦C

Gas flow: Ar 300 sccm

H2 30 sccm

CH4 10 sccm

Pressure: ≈ 7 Torr

Time: 5 min

Table 4.5: Sample T05 growth recipe.

The chamber is heated directly to 940 ◦C in 75 min, followed by 30 min

of annealing. Argon starts to flow with H2 from the beginning. A graphical

representation of the process is shown in Figure 4.13.

In order to increase the final amount of carbon on the surface, some

changes have been applied also to the cooling down procedure. Once the

growth step is completed, the heater is switched off but it is not moved

aside as in the previous cases. Thus, the temperature decrease slowly.

An optical image of the obtained surface after the transfer is shown in

Figure 4.14.

The result is not as expected and the surface is inhomogeneous. The

Raman spectrum of the light brown background, shown in the lower

part of Figure 4.15, has a really low intensity with a very high D peak.

From this signal it is possible to infer the nature of the deposited material:

not a continuous graphene layer but few graphene spots surrounded by
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Figure 4.13: Sample T05. Time and temperature used to grow the graphene
layer.

Figure 4.14: Sample T05. Optical image of graphene layers on Si − SiO2

substrate, grown with the recipe described in Table 4.5.
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Figure 4.15: Sample T05. Raman spectra acquired with 514 nm wave length
laser on Si − SiO2 substrate. Surface grown with the recipe described in
Table 4.5.
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amorphous carbon. The brown spots (upper part of Figure 4.15) are single

graphene layers.

Sample T06

In the following recipe, temperature and CH4:H2 gases ratio are kept at the

same level as before while the Ar flow is increased in order to reach the

pressure used in Ref. [42] to grow bilayer.

The resultant recipe has the parameters itemized in Table 4.6:

Temperature: 940 ◦C

Gas flow: Ar 600 sccm

H2 30 sccm

CH4 10 sccm

Pressure: ≈ 11 Torr

Time: 5 min

Table 4.6: Sample T06 growth recipe.

Heating, annealing and cooling down are kept as in sample T05. A

graphical representation of the process is shown in Figure 4.16.

An optical image of the obtained surface after the transfer is shown in

Figure 4.17.

The surface grown is again not as expected. A single layer of graphene

is grown on the surface but a lot of holes are visible. Raman analysis proves

the absence of graphene in the lighter part of the surface and the presence

of a high defected single layer in the other part. Figure 4.18 shows the

spectrum of the part with graphene: a really pronounced D peak is visible.

Different reasons have been identified as causes of the surface weakness.

First at all, the argon atoms flowing in the chamber wear away the surface.

Few layers graphene growth is enhanced, due to the higher pressure, but

part of the carbon is subsequently removed from the surface. The resulting

surface is not compact and it is easily damageable. Furthermore, the

temperature used in these last two recipes is lower. This implies a reduced

catalytic activity of the surface and thus a reduction in the growth rate.
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Figure 4.16: Sample T06. Time and temperature used to grow the graphene
layer.

Figure 4.17: Sample T06. Optical image of graphene layers on Si − SiO2

substrate, grown with the recipe described in Table 4.6.
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Figure 4.18: Sample T06. Raman spectrum acquired with 514 nm wave
length laser on Si − SiO2 substrate. Surface grown with the recipe described
in Table 4.6.
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Sample T07

The next recipe uses the parameter taken from Ref. [42] but with a final

temperature increased from 940 ◦C to 1000 ◦C.

The parameters are itemized in Table 4.7:

Temperature: 1000 ◦C

Gas flow: Ar 300 sccm

H2 30 sccm

CH4 10 sccm

Pressure: ≈ 7 Torr

Time: 5 min

Table 4.7: Sample T07 growth recipe.

A graphical representation of the process is shown in Figure 4.19.

Figure 4.20 shows the optical image of the resultant growth.

Figure 4.19: Sample T07. Time and temperature used to grow the graphene
layer.
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Figure 4.20: Sample T07. Optical image of graphene layers on Si − SiO2

substrate, grown with the recipe described in Table 4.7.
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Figure 4.21: Sample T07. Raman spectra acquired with 514 nm wave length

laser on Si − SiO2 substrate. Surface grown with the recipe described in

Table 4.7.
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The higher temperature changed completely the result. A homogeneous

single layer graphene completely covers the surface, and presents few dark

spots on top. The spot size is higher than the previous one and the colour

is more homogeneous. Raman spectra on the lighter and the darker part

are shown in Figure 4.21.

Sample T08

In this recipe has been used the CH4:H2 gases ratio suggested by Ref. [45],

as in sample T03, adding an argon flow to increase the pressure. The

growing parameters are itemized in Table 4.8:

Temperature: 1000 ◦C

Gas flow: Ar 300 sccm

H2 2 sccm

CH4 35 sccm

Pressure: ≈ 7 Torr

Time: 30 min

Table 4.8: Sample T08 growth recipe.

Heating, annealing and cooling down are kept as in sample T03. A

graphical representation of the process is shown in Figure 4.22.

Figure 4.23 shows the optical image of the graphene obtained.

The surface looks compact and completely covered with a single layer

graphene. Uniformly distributed spots, with the presence of only few

darker regions, are visible on top of it. Figure 4.24 shows the different

Raman spectra of the surface.
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Figure 4.22: Sample T08. Time and temperature used to grow the graphene
layer.

Figure 4.23: Sample T08. Optical image of graphene layers on Si − SiO2

substrate, grown with the recipe described in Table 4.8.
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Figure 4.24: Sample T08. Raman spectra acquired with 514 nm wave length

laser on Si − SiO2 substrate. Surface grown with the recipe described in

Table 4.8.

4.1.3 Conclusions

Among the developed recipes, sample T07 and sample T08 provide the best

material for sensing applications. Both have a homogeneous single layer

graphene partially covered with few layers graphene flakes with a size of

about 1µm.

In this way, the top layer shows large amount of edges which are

chemically reactive and are preferential sites for functionalization while

the bottom continuous layer ensures electrical conductivity, essential for

sensing applications.

A surface with high heterogeneity of course can lead to an even higher

surface area, but at the cost of disturbing the properties of the single layer.

Furthermore, the higher is the heterogeneity of surface the higher is the

properties variability inside the sample.

Although CVD graphene is intrinsically heterogeneous, a material as
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more homogeneous as possible is required to perform the characterization

steps. For those reasons, the sample T07 is preferred to T08, since it shows

a higher homogeneity on both spatial distribution and thickness of the

flakes.

4.2 Electrical measurements results

Once optimal growing conditions have been identified, the optimized

material has been integrated into field-effect transistors. For comparison,

both ”standard” (Sample T01) and optimized (Sample T07) graphene have

been investigated.

The electrical measurements have been performed with a Lake Shore

CRX-VF probe station. It has a closed chamber with a control system for

pressure and temperature, and six ultra stable micromanipulated probe

arms, each providing precise 3-axis control to land the probe tips accurately

on the device. A picture of the chamber open with the sketch of the vertical

section is shown in Figure 4.25.

  a   b

Figure 4.25: CRX-VF probe station. a) View of the chamber open. Six ultra
stable micromanipulated probe arms are placed around the sample holder.
b) Sketch of the vertical section of the chamber.

The samples have been placed on the sample holder and fixed on it

using silver paint (a metallic paste that once deposited creates a conductive

surface). The silver paint fixes the sample on the plate but also electrically

connects the substrate to the plate, allowing the Si to be used as back gate
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for the I-V measurements. Then the chamber is closed and pumped down.

The measurements are done at a temperature of 25 ◦C and pressure

of 10−6 mbar. An annealing, consisting of heating the chamber up to a

temperature of 100 ◦C for 4 hours, is performed to allow the samples to

release the moisture that might be present on them. The I-V measurements

are performed on ”standard” and optimized graphene both before and

after the annealing procedure. Since the water molecules can act as doping

agent, a change in the trans-characteristic is expected.

Figure 4.26 shows the tips arrangement to perform the measurements.

On the left the two-probe setting and on the right the four-probe setting

(the two setups have been described in section 3.5).

In the two-probe arrangement the two tips are placed on two pads

connected to two adjacent contacts, in order to apply voltage to a single

channel for every measure. The same arrangement is used also for the TLM

devices.

In the four-probe one, the tips are placed on the pads to control four

adjacent contacts. The current is injected via the outer electrodes (Force)

and the potential is measured via the inner ones (Sense).

Figure 4.26: Sketches of the tips arrangements to perform the measure-
ments. Left) two-probe arrangement: the two tips are placed on two pads
connected to two adjacent contacts. Right) four-probe arrangement: four
tips are placed on the pads to control four adjacent contacts. The current is
injected via the outer electrodes (Force) and the potential is measured via
the inner ones (Sense).
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In the two-probe and the four-probe measurements the input signal is

an increasing voltage between the forcing probes from 0 to 10 mV and the

current is measured and stored.

The graphene behaves as a resistor: the current-voltage characteristic is

a straight line. The resistance can be obtained as the inverse of the slope of

the curve; this is the total resistance of the structure Rtot for the two-probe

configuration and the resistance of the channel Rgr for the four-probe one.

Different channels of different devices have been characterised with

those techniques. Once the curves have been obtained, the two-probe and

the four-probe measures on the same contacts have been plotted on a graph

and the data have been analysed with a Matlab script to fit the curves

(linear fit). The contact resistance Rc and the unit length contact resistance

Ruc have been calculated according Eq. 3.8 and Eq. 3.10. An example of

the plots is shown in Figure 4.27.

The sheet resistance Rs is then extracted from the four-probe measure-

ments inverting Eq. 3.7:

Rs = Rgr
w

L
(4.1)

where L and w are the length and the width of the graphene channel

(respectively 5 µm and 40 µm).

Tables 4.9 and 4.10 show all the data extracted respectively on samples

T01 and T07.

The TLM measurements use the same configuration of the two-probe one,

with the two tips placed systematically on all the different adjacent contacts

to measure the resistance of all the graphene channels with increasing

length. A voltage from 0 to 10 mV has been applied and the current has

been measured. The data have then been analysed with a Matlab script to

extract the inverse of the slope (the total resistance Rtot) with a liner fit. The

resistances are then plotted together versus the length of the channels and

the contact resistance Rc has been extracted as explained in section 3.5.2.

Figure 4.28 shows the resistance versus the channel length of one of

the devices. As can be seen, a linear fitting is not appropriate for this set

of data. Analysing the resistance of the channels Rgr in Tables 4.9 and

4.10 a difference up to 200 Ω between adjacent channels can be noticed.
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Figure 4.27: Graphical representation of two-probe and four-probe mea-
surements between two contacts: the inverse of the slope of the two-probe
measure (the lowest curve) is the total resistance Rtot, the inverse of the
slope of the four-probe measure (the highest curve) is the resistance of the
channel Rgr. The contact resistance Rc and the unit length contact resistance
Ruc can be calculated according Eq. 3.8 and Eq. 3.10.
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Table 4.9: Sample T01. Data extracted from the two-probe and the four-
probe measurements.
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Table 4.10: Sample T07. Data extracted from the two-probe and the four-
probe measurements.
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Since the TLM measurement is based on the assumption that the different

channels have the same properties except for the length, this method does

not provide accurate results, although qualitatively correct.
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Figure 4.28: Graphical representation of a TML measurement. The total
resistance on each channel is plotted versus the relative channel length. A
linear fitting is not appropriate for this set of data. The TLM measurement
is based on the assumption that the different channels have the same
properties except for the length, while the resistance of adjacent channels
in this case is quite different.

To measure the trans-characteristic and calculate the mobility of the

devices a four-probe configuration has been used, in order to extract only

the properties of the channel. The gate voltage has been applied controlling

the potential between the sample holder (electrically connected to the

silicon substrate through the silver paint) and the source tip. Three curves

have been obtained for any channel, applying an increasing gate voltage

VG from −40 V to 40 V with a constant source-drain voltage VDS of 10 mV,

20 mV and 30 mV. The plots of the current IDS versus the gate voltage VG

of one measurement before and after the annealing are shown in Figure
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4.29 for sample T01 and Figure 4.30 for sample T07.

In sample T01, before annealing (upper part of Figure 4.29) it is not

possible to see the Dirac point. It is only visible the first part of the trans-

characteristic. The reason is that the graphene, before annealing, is highly

doped thus the Dirac point is shifted to higher voltage that could damage

the silicon dioxide if reached.

The curves after annealing (lower part of Figure 4.29) instead show

a main Dirac point at about 11-13 V but they present another shallow

minimum at lower voltage. This is due to the doping inhomogeneity

of the graphene in the channel that creates an overlap of different trans-

characteristics associated to graphene zones with different properties [69].

In sample T07 (Figure 4.30) all the curves show the Dirac point. Before

annealing it is shifted to higher voltage, since the doping level is higher.

The maximum field effect mobility is extracted from these plots using

Eq. 3.11 reported here as well:

µFE =
∆IDS

∆VG

L

w COX VDS
(4.2)

The maximum slope of the IDS − VG plot, ∆IDS
∆VG

, is calculated using a

Matlab script and it is always located near the Dirac point. The drain

voltage VDS is 10 mV, 20 mV or 30 mV according the measurement. The

length of the channel is L = 5 µm and its width is w = 40 µm. The gate

capacitance per unit area is COX = 12.12 nF/cm2 considering a vacuum

permittivity ǫ0 of 8.854 · 1012F/m, a relative permittivity of the SiO2 ǫr of

3.9 and a thickness of the SiO2 d of 285 nm.

The data extracted from different devices on both samples are shown in

Table 4.11 and Table 4.12.

The mobility has not been calculated in sample T01 before annealing

since the curves obtained are too far from the Dirac point to extract the real

maximum slope.
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Figure 4.29: Sample T01: Graphical representation of a gate voltage depen-
dent measurements on the ”standard” graphene. Up) Current IDS versus
the gate voltage VG measured before annealing. Only the first part of the
transfer characteristic is visible, the Dirac point is located at voltage higher
than 40 V. Down) Current IDS versus the gate voltage VG measured after
annealing. All the transfer characteristic is visible, the Dirac point is located
around 11-13 V.
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Figure 4.30: Sample T07: Graphical representation of a gate voltage depen-
dent measurements on the optimized graphene. Up) Current IDS versus
the gate voltage VG measured before annealing. The Dirac point is located
at voltage around 27-30 V. Down) Current IDS versus the gate voltage VG

measured after annealing. The Dirac point is located around 3-5 V.
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Table 4.11: Sample T01. Data extracted from the gate voltage dependent

measurements: maximum mobility µFE extracted with Eq. 3.11 and Dirac

point position.
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Table 4.12: Sample T07. Data extracted from the gate voltage dependent

measurements: maximum mobility µFE extracted with Eq. 3.11 and Dirac

point position.
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4.2.1 Conclusions

The data extracted can be summarized as following:

• The contact resistance Rc of sample T07 is highly decreased with

respect to the contact resistance of sample T01. While the T01 has

values between 700 and 3000 Ω, the T07 shows a resistance between

60 and 200 Ω.

• Comparing the values of Rc before and after the annealing, it slightly

increases (tens of Ω) in part of the devices of sample T07, while a

higher affect is visible in sample T01, where it increases more than

1000 Ω.

• In term of unit length contact resistance the values found are quite

high with respect the ones reported in literature [65]. Values from

30 to 120 KΩ/sq are extracted in sample T01 and between 3 and 9

KΩ/sq in sample T07.

It is important to consider that the graphene in both the samples is

inhomogeneous. The current injected in the channels could found a

faster path through a zone in which the graphene has locally higher

performance. For this reason, a normalization process using the total

channel dimensions can lead to a wrong evaluation of the properties.

• The resistance of the graphene channels Rgr and thus the sheet

resistance Rs in sample T07 is higher than that in sample T01. Values

of Rgr mainly between 600 and 1000 Ω are found in sample T07 and

values between 200 and 800 Ω are found in sample T01.

• The annealing procedure also affects the resistance of the channel. In

particular, in sample T01, values of sheet resistance Rs between 1400

and 2000 Ω/sq are found before annealing, while values between

3500 and 5000 Ω/sq are found after it. In sample T07, Rs ranges

between 4000 and 6000 Ω/sq before annealing and between 5000 and

9000 Ω/sq after it.

• The maximum field effect mobility ranges between 800 and 1200

cm2/Vs in sample T01 and between 300 and 700 cm2/Vs in sample

T07. It remains more or less unvaried before and after the annealing,

only a slight decrease in detected some devices.
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• The Dirac point in sample T07 initially ranges around 27-30 V and

then shifts to values around 3-5 V after the annealing. In sample T01

initially it is at values higher than 40 V and then shifts to 11-13 V.

Some considerations can be done. The contact resistance is decreased

by the presence of the edges that, as expected, helps the adhesion and the

charge injection between metal and graphene. This behaviour has been

already proved by Ref. [18] in which enhanced carried injection has been

achieved by forming cuts in the graphene within the contact regions. These

cuts facilitated bonding between the contact metal and carbon atoms at the

graphene cut edges, maximizing the current injection.

The decrease of the contact resistance also prove that the new graphene

surface has higher reactivity than the standard monolayer.

The resistance of sample T07 is higher mostly because the graphene is

less doped, as can be seen by the difference in the position of the Dirac

point of the two samples.

The scattering of the electrons, due to the presence of a high number of

edges, leads to a slight decrease in the mobility, which also contributes in

the increasing of the sheet resistance.

In both the samples the resistance after annealing increases because

removing the moisture the doping lever decreases, thus the graphene

becomes less conductive.

The difference in the position of the Dirac point is only about 25 V in

sample T07 while is more accentuated in sample T01. The presence of the

graphene islands in sample T07 acts as a screen to shield the effect of the

environment. The moisture can attach to the more reactive not continuous

layer and leave almost unaltered the properties of the other continuous one.

Due to the screen effect of the top layer, graphene in sample T07 is less

doped already before the annealing. Furthermore, the change in resistance

due to the procedure is less marked in sample T07 than in sample T01 and

no change in mobility is seen.

Another proof of the shield effect is the high change in the contact

resistance of sample T01 after annealing, that cannot be seen in sample

T07. The contact resistance depend as well on the doping level, because the

metal contacts generate a potential energy barriers [13] that change with

the doping level. Thus a low variation in the contact resistance means low

change in the doping level.
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In conclusion, this material meets all the requirements for sensing appli-

cations. It is conductive as a standard single layer graphene, but has a lot

of reactive sites suitable for functionalization.

The reactivity is enhanced by the presence of the edges as can be seen

by the reduced contact resistance, although ultimate proof of the high

reactivity will be given only by functionalization, which is currently being

carried.

The low doping level leads to a more sensible sensor, since the material

can be used where it is more sensitive, i.e. at the maximum slope of the

trans-characteristic, i.e. maximum transconductance.

Furthermore, the shield effect of the top layer can increase the selectivity

of the sensor. The highly conductive bottom layer can accurately sense the

effect of exposure to specific molecules that react with the chemical species

added with functionalization while the top reactive layer can shield the

effect of other substances of the environment.

The combined properties of the two layers offer the possibility of high

sensitive and selective detectors.



Chapter 5

Conclusions and future work

Chemical vapour deposition growth is one of the most promising technique

to produce large area graphene with high electronic properties.

This dissertation reported on the investigation and optimization of

graphene CVD growth parameters in order to achieve a novel functional

material combining high conductivity, field effect and chemical reactivity,

to be used for sensing application.

In this work different protocols have been developed with the aim to

synthesize a bilayer graphene with of a bottom continuous layer covered

by top discontinuous one, consisting of small ”islands”. The bottom layer

ensures high conductivity, while the top offers a large number of edges

and therefore is highly reactive and suitable for functionalization. The

combined properties of the two layers offers therefore the possibility of

assembling detectors, as the highly conductive bottom layer can accurately

sense the effect of exposure to specific molecules.

Overall, the work can be summarized as following:

• Materials production and optimization of growing parameters. Start-

ing from the parameters normally used for the growth of polycrys-

talline single layer graphene on Cu, the effect of pressure, temperature,

growth time and gas flow ratio have been investigated and optimized

in order to obtain an homogeneous bottom layer, with densely packed

amount of small island on top to maximize the number of available

edges.

96
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• Materials characterization. The grown graphene has been transfered

on a Si − SiO2 substrate and the samples have been analysed by

means of optical and Raman analysis. Optical analysis allowed the

visualization of the morphology of the surface and Raman analysis

proved the presence of single or few layers graphene in the different

areas.

• Devices fabrication. Two sets of devices, one with the standard

CVD monolayer and one with the ”functional” CVD layer have been

simultaneously fabricated in order to compare the electrical properties

of the two materials.

• Electrical measurements. Two-probe and four-probe I-V measure-

ments have been performed in order to extract sheet resistance, con-

tact resistance and mobility of the devices.

For the change of the growing parameters the following consideration

can be done.

First at all, a temperature of at least 1000 ◦C is needed to allow the

decomposition of the methane and permit a uniform graphene growth.

Higher methane flow lead to higher concentration of carbon atom on

the surface, thus the formation of few layers graphene is promoted but it is

not a necessary condition for the growth of bilayers. Pressure is another

important parameter to be considered. A higher pressure enhance the

probability of few layers nucleation, with limited effect on the amount of

carbon flow.

The presence of the argon atmosphere helps the multi-layer growth,

increasing the pressure of the chamber, but argon atoms can act as wearing

agent and erode part of the graphene layers already deposited.

Longer growth time does not lead to larger islands size, only their

concentration is partially enhanced. It can also be noted that very long

growth time (more than 3 hours) in presence of high carbon concentration

can induce the deposition of amorphous carbon.

Those consideration confirms the complexity of the growth mechanism,

and the difficulty in controlling it. In addition to the parameters here

taken in consideration, there are many other factors that can be scarcely

controlled. Among the others, the contamination of the chamber, maybe
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due to previous growth, plays an important role. The chamber and the

small tube used to hold the samples are always cleaned before starting a

new process, but the presence of a small contamination is inevitable.

The electric measurements proved the effectively increase in the reactivity

of the rough surface with respect to the flat one. Contact resistance almost

one other of magnitude less has been measured.

Furthermore, the rough surface is less doped and its properties are less

affected by the annealing procedure. The Dirac point shifted only about

20 V and the mobility remained almost unvaried. The presence of the

graphene islands acts as a screen to shield the effect of the environment.

On the other hand, a loss in the electrical performances is found. Sheet

resistance is increased and mobility is decreased. This can be attributed to

the presence of the islands, that, rising the number of edges, enhances the

scattering of the electrons through the channel.

Overall, the data analysed proves:

• The presence of a high quality bottom continuous layer, with low

doping and good conductivity. The top layer provides edges for

functionalization, without losing the overall conductivity of the film.

• The decreasing of the contact resistance, although is still high, respect

the standard CVD graphene. The material is considerably more

reactive. The effect can be compared with the one achieved in Ref.

[18] in which the lower contact resistance has been reached in the

same way by increasing the number of edges, but with the need of a

complex procedure to pattern the contact area.

Future work

This material exhibit high transparency, stretchability and charge carrier

mobility, making it suitable for next generation of stretchable and transpar-

ent electronics.

The combination of high conductivity with the high density of edges

makes it ideally suited for sensing application, accomplishing the goal of

this work.
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A chemical sensor is a device that converts information about the con-

centration of a chemical specie in an electrical signal. Sensors consist of

two elements: a receptor and a transducer. The receptor can be any organic

or inorganic material with a specific interaction with one analyte or group

of analytes. The transducer, instead, converts chemical information into a

measurable signal [1].

Graphene can be used as perfect transducer, due to its electronic structure

and high surface to volume ratio that can lead to a very high sensitivity [7].

In most of the structure a functionalization is needed to tailor the

chemical specificity of the sensor [4]. Specific molecules have to be attached

to the graphene surface, often by means of a chemical reaction.

The presence of defects on the graphene surface in sensor applications

is not disadvantageous, it helps the functionalization procedure since

chemical reactions occur preferentially on edges and defects and not at the

basal plane of the graphene sheet [1].

On the other hand, a graphene surface with a lot of edges is a very

disordered material, thus with very low conductivity. Furthermore, func-

tionalization changes a single layer graphene from conductive to resistive,

since the covalent bonding induces a large amount of sp3 sites into the

graphene lattice [7].

A material with at the same time high conductivity and a lot of edges

available would meet all the requirements to have a very high performances

transducer.

An example of a possible sensor’s structure is shown in Figure 5.1. A

graphene channel, on top of an insulating substrate, is placed between

two electrical contacts. The surface is functionalized and the presence of

the analyte is detected by measuring the change in the resistivity of the

channel.

The surface developed in this work matches all the requirements to have

highly sensitive and selective sensors. The presence of the islands allows

the functionalization process, promoting chemical reaction at their edges,

while the continuous monolayer keeps its conductive properties.
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b c

a

Figure 5.1: Illustration of a graphene channel sensor. a) Schematic of the
device. b) Graphene surface after functionalization. c) Attachment of the
analyte and subsequent detection by change in the resistivity of the channel.
Adapted from [4]

The low doping level of the bottom layer leads to a more sensible

sensor, since the material is used near the maximum slope of the trans-

characteristic, where it is more sensitive.

Furthermore, the shield effect of the top layer increase the selectivity

of the sensor since the highly conductive bottom layer accurately sense

the interaction of specific molecules with the chemical species added with

functionalization while the top reactive layer shield the effect of other

substances of the environment.

A single layer transducer with its entire volume exposed to the sur-

roundings can be obtained, with the advantage to have an almost monolayer

structure in which the electronical properties are already known and the

sensitivity is very high.

The devices investigated in this work are being tested for chemical

functionalization in order to assess their suitability for detection of human

chorionic gonadotropin, a cancer risk biomarker.
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