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Transistors à e�et de champ à base de graphène imprimés : con-

trôle chimique et électrochimique des propriétés électroniques

du graphène et applications en bio-détection

Résumé

Le graphène est un matériau bidimensionnel ayant des caractéristiques physico-chimiques

remarquables, notamment une sensibilité élevée à son environnement électronique.

Parmi les di�érentes applications du graphène, son utilisation comme matériau sen-

sible dans des transistors à e�et de champ (GFET) est très étudiée, en particulier à

des �ns de biodétection. Dans ce travail de thèse, nous avons cherché à élaborer un

GFET par la technologie originale de l'impression numérique à jet d'encre et de tester

les performances de ce dispositif en tant que biocapteur. Pour faire cela, une encre

aqueuse à base d'une dispersion de �ocons d'oxyde de graphène (GO) a été formulée

puis imprimée sur des structures lithographiées de type transistor à e�et de champ.

Grâce à ce dispositif fonctionnant en milieu électrolytique, nous avons montré que le

degré de réduction électrochimique du GO permettait de contrôler e�cacement les pro-

priétés de transport de charges dans le matériau réduit (mobilité et taux de dopage du

rGO) et qu'un contrôle additionnel pouvait être obtenu via un dopage induit par une

couche de molécules riches en groupements de type donneurs électroniques, adsorbées

sur les �ocons de rGO.

Ces GFETs à grille électrolytique, fonctionnels en milieu aqueux, ont ensuite été

appliqués au suivi du métabolisme d'un organisme aquatique, à savoir une cyanobac-

térie. Notre dispositif électronique montre une sensibilité élevée aux variations du taux

d'oxygène induit par l'activité photosynthétique de la cyanobactérie, avec un facteur

d'ampli�cation du signal électrique mille fois plus important que celui obtenu avec

un dispositif équivalent, à base de semi-conducteur organique. Nous avons également

montré que ce dispositif GFET pourrait être potentiellement utilisé dans le cadre de

contrôles environnementaux, par exemple pour détecter la présence de polluants dans

les eaux.

Mots clés : impression à jet d'encre, transistor à e�et de champ à grille électrolytique

à base de graphène, transport de charge, fonctionnalisation moléculaire, biocapteur.



Printed graphene �eld-e�ect transistors: chemical and electro-

chemical control of graphene's electronic properties and appli-

cations in biosensing

Abstract

Graphene is a two-dimensional material with remarkable physicochemical characteris-

tics. In particular, graphene is highly sensitive to its electronic environment. Among

di�erent applications of graphene, its use as a sensitive material in the �eld-e�ect tran-

sistors (GFET) is widely studied, especially for biodetection purposes. In this work,

we sought to develop a GFET using original digital printing technology and test the

device performance when working as a biosensor. To achieve this, an aqueous ink based

on graphene oxide (GO) �akes dispersion was formulated and printed on lithographed

�eld-e�ect transistor structures. Thanks to this device, able to work in an electrolyte,

we have shown that the electrochemical reduction degree of GO allowed e�cient control

of the charge transport properties in the reduced material (control of both the mobility

and the doping rate of rGO). Moreover, the electron-rich molecules adsorbed on the

rGO �akes were shown to induce additional doping e�ects.

These electrolyte-gated GFET devices, operating in an aqueous medium, were then

used for life-cycle monitoring of an aquatic organism, the cyanobacteria. Our device

shows very high sensitivity to variations in oxygen levels induced by cyanobacteria's

photosynthetic activity with ampli�cation of electric signal a thousand times greater

than that obtained with an equivalent device, based on the organic semiconductor.

We have also demonstrated that this GFET device could potentially be used in the

framework of environmental monitoring, for the detection of water pollutants in water.

Keywords: inkjet printing, graphene-based electrolyte-gated �eld-e�ect transistor,

electronic transport, molecular functionalization, biosensor.
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Introduction

The revolutionary work of Novoselov and Geim on two-dimensional materials, awarded

by the Nobel prize for graphene discovery in 20041, initiated many theoretical and ex-

perimental research works on graphene-based materials. Graphene's remarkable prop-

erties such as high charge mobility, excellent electrical conductivity at ambient condi-

tions, chemical inertness and high surface area are just some of its particular aspects

attracting scienti�c attention. Considering their uniqueness, graphene-based materials

are promising for enhancing the performance of energy storage devices such as Li-ion

batteries, supercapacitors and photovoltaic cells.2;3. Besides, graphene's unique opti-

cal properties could also be used in transparent conductive electrodes (components of

touch-screen displays), light-emitting devices, photodetectors and other optoelectronic

devices.4

The chemical structure of graphene and its unique electronic band structure enable

the control of graphene's electronic properties by means of covalent and non-covalent

functionalization approaches. Additionally, graphene integration in devices such as

�eld-e�ect transistors (GFETs) enables not only to control its electronic properties, but

also to measure and record every change in its electronic environment through modu-

lation of an external electric �eld. Moreover, GFETs are nowadays one of the promis-

ing approaches toward a great platform for sensing applications. Indeed, graphene's

sensitivity to local changes in its electronic environment is very auspicious for the

development of e�cient (bio)sensors. In particular, electrolyte-gated graphene based

�eld-e�ect transistor (EG-GFET) con�guration is very convenient for bio-sensing ap-

plications, since it allows for aqueous working environment and low operating voltages.

This goes hand in hand with fragile biological samples, physiological processes in living

microorganisms and can be even adapted for wearable electronics.5 Using the inkjet

printing technique, fabrication of such types of devices can be accessible even outside

of conventional cleanroom procedures, thus enabling low cost and time e�ective device

production.

In this work, we wanted to take advantage of graphene's sensitivity and to com-

bine it with practical aspects of the inkjet printing technique for the development

of reliable biosensors. To do so, the challenge of printing inks containing graphene

should be overcome. Graphene-based material containing oxygen groups, graphene

23



24 Introduction

oxide (GO) known as highly-solution processable material, was used in this work for

the formulation of a printable ink. For the integration and study of GO in GFETs,

we developed an in-situ approach to obtain conductive, reduced-graphene oxide (rGO)

directly on the bottom-contact transistor structure. Prior to the application of our

device for sensing purposes, we needed to get a more in-depth insight into rGO's in-

trinsic electronic properties and the ways to master them. Our characterizing tool, the

EG-GFET con�guration was shown as the most eligible, as it is compatible with our

initial goal: biosensing on rGO. Finally, we show an application of EG-GFET for life

cycle-monitoring of photosynthetic organisms.

The contents of this thesis are structured as follows. To give an insight into

graphene's state of the art, in Chapter 1, we will see some of graphene's main pro-

duction techniques, properties and the ways to control them, as well as the main

characteristics of GFETs toward their applications in the (bio)sensing �eld.

The main experimental methods and protocols will be presented in Chapter 2.

In Chapter 3, we will discuss the elaboration of printed GO �lms and the control

of GO's electronic properties in EG-GFET con�guration. Through electrochemical

and molecular approaches, we will see how the electronic properties of GO change

with di�erent reduction degree and how the two-dimensional self-assemblies of original

aromatic molecules can in�uence the doping e�ects in reduced graphene oxide (rGO).

The application of rGO EG-FET will be presented in Chapter 4 where the photo-

synthetic activity of cyanobacteria was followed in order to obtain information about

the presence of water pollutants in the environment.

One part of the experimental work was performed in Canada, as a side project car-

ried out through an international scienti�c collaboration, in which graphene was used

as an active material of back-gated GFET structures for the detection of biomarkers

related to sepsis. This project and the main results will be presented as an Appendix

to the main text.
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Chapter 1

State of the art

This chapter aims to introduce the reader to the state of the art of graphene-based

materials and their applications. Among numerous ways to produce graphene-based

materials, some of the most important, widely used methods will be presented herein.

We will take a deeper look at the physical properties of graphene before reviewing the

applications. As the work of this thesis is based on the study of a graphene-based

material, in particular a reduced graphene oxide in the �eld-e�ect transistor (FET)

con�guration, the working principle of FETs as well as the speci�cities of graphene-

based FETs will be discussed. Also, control of the graphene's electronic properties

through molecular functionalization will be presented. Finally, some of the recent

work concerning the use of FETs in the sensing applications will be reviewed.

1.1 Graphene and carbon based materials

Graphene has been extensively studied in the last years due to its remarkable prop-

erties. According to IUPAC recommendations from 1994, the term graphene should

be employed to describe 'the individual carbon layers in graphite intercalation com-

pounds'.6 For the �rst time ever, a graphene layer of atomic thickness was isolated

from highly oriented pyrolytic graphite (HOPG) by Novoselov et al. in 2004.1 HOPG

was mechanically exfoliated by repeated peeling with an adhesive tape. Since then,

the rise of graphene in di�erent range of applications has been growing fast. Graphene

is one of the allotropic forms of carbon. The electronic con�guration of carbon with

6 electrons allows for sp2 or sp3 hybridization. Carbon being a structural element of

two dimensional (2D) graphene plane, its atoms are sp2 hybridized forming hexagonal

arrangements, the so-called 'honeycomb' lattice (Figure 1.1).

27



28 CHAPTER 1. STATE OF THE ART

Figure 1.1: Single layer of graphene with the representation of sp2 orbitals forming
σ bonds and pz unhybridized orbitals forming π bonds.7

Thanks to the π − π electronic conjugation, graphene exhibits great electrical

conductivity. Thanks to its valency, carbon is capable of forming di�erent stable

forms which can be classed into three groups: zero-dimensional (0D) fullerenes, one-

dimensional (1D) nanotubes and two-dimensional (2D) referring to graphene.8 Figure

1.2 represents all carbon ordered structures, including graphene.

Figure 1.2: Allotropic forms of crystallized carbon: a) graphite, b) diamond, c)
buckminsterfullerene (C60), d) 1D nanotube, e) graphene.8

Graphite (Figure 1.2 a.) itself is nothing more than a bunch of stacked graphene

layers weakly connected by Van der Waals forces with interlayer spacing of 0.34 nm9;10.

The di�erence between graphite and diamond (Figure 1.2 b.) is the arrangement of

carbon atoms. Diamond possesses a tetrahedral lattice with overall sp3 hybridization,

while graphite has an overall sp2 hybridization.11 Fullerenes (Figure 1.2 c.) are 'close

caged molecules' of carbon which are geologically most abundant.12 Carbon nanotubes

(Figure 1.2 d.) and fullerenes both require high energies of formation to overcome the

formation of graphite.
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When it comes to research work with graphene, the production step is very impor-

tant to obtain a good quality material. The good news is that there are many di�erent

ways and techniques to produce this amazing material, according to the researchers'

needs, which will be discussed in the following section.

1.2 Graphene production

Graphene production techniques can be grouped into two main categories: top-to-

down and bottom-to-up.13 Top-to-down methods refer to graphite as the starting "top"

material to obtain a single layer graphene ("down").

Figure 1.3: Di�erent ways to produce graphene: a) top-down and b) bottom-up
methods; c) Micromechanical exfoliation, d) Anodic bonding, e) Photoexfoliation, f)
Sonication, g) SiC growth, h) Precipitation from metallic substrate, i) CVD, j) Molec-
ular beam, k) Chemical synthesis from carbon precursors.13
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This can be done by exfoliation (mechanical, electrochemical, liquid-phase, photo-

exfoliation). On the other hand, bottom-to-up methods involve the use of carbon

precursors (liquid, solid, gas precursors)14 for establishing the graphene structure on

the chosen type of substrate. Figure 1.3 shows the main fabrication methods and some

of them will be described in the following subsections.

1.2.1 Graphite exfoliation

Micromechanical exfoliation of graphite (graphene's "mother" material) is probably

one of the cleanest and easiest methods for graphene production, since it does not

involve the use of any harsh chemicals and expensive apparatus, but just an adhesive

tape. This method was �rst reported by Novoselov.1 Graphene layers obtained by this

technique are of the best quality. On the other hand, the yields of graphite exfoliation

can be really low which makes this method inappropriate for mass production. In

addition, �nding a single layer for the design of a conductive channel with the desired

dimensions can be time consuming.

Electrochemical exfoliation involves the use of graphite as a working electrode (WE)

in electrochemical setups. The graphite source can be in the form of a graphite rod,

foil/�lm or an HOPG crystal.15 The essential process for this type of exfoliation is

reduction and oxidation at the cathode and anode in an electrolyte to ensure the

presence of charged ions.16;17 The graphite electrode is oxidized and attracts the counter

ions coming from the electrolyte, which intercalate in the graphite structure separating

the graphene layers, as represented in Figure 1.4.

Figure 1.4: Representation of the electrochemical exfoliation mechanism.18

The choice of the electrolyte as well as the potential applied may be crucial for

good exfoliation. The electrochemical exfoliation is usually performed in ionic liquids
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or aqueous acids (H3PO4 or H2SO4).19 Graphite exfoliated in ionic liquids mainly leads

to low yields of graphene with graphene �akes of small lateral size, often functionalized

with ionic liquids (disrupting the graphene structure). Better quality graphene with

larger lateral size can be obtained by graphite exfoliation in aqueous acids, but graphite

may be over-oxidized by acids. Depending on the potential applied between a WE

and counter electrode (CE), which can be positive or negative, cathodic and anodic

exfoliation can be distinguished. The exfoliation process is very fast (few minutes) and

with high yields, but the main inconvenience of this method is a high level of defects

produced in graphene layers.20

However, for the exfoliation of graphite we should keep in mind that the sources of

natural graphite are limited, as this material is listed on the European list of scarce

materials.21

1.2.2 Chemical vapor deposition (CVD) graphene

The principle of CVD technique is the decomposition of the carbon precursors using

high temperatures and metallic surfaces, acting as catalysts for graphene growth. The

CVD growth of graphene was demonstrated on di�erent metallic surfaces like Rh22;23,

Cu24;25, Ni26;27, Fe28;29, Co30;31. The main advantages of the CVD technique are the

large scale graphene domains as well as the compatibility of CVD methods with indus-

trial technologies.32 One of the most widely used hydrocarbon precursor is methane

(CH4) which, in the case of non-catalytic thermal decomposition, requires the use of a

very high temperature (1200 °C) due to strong C-H bonding (440 kJ mol−1).33 Due to

the catalytic behavior of metallic surfaces, the temperature of decomposition can be

lowered to less than 900 °C. The supporting surface on which the graphene is grown

was observed to have an important in�uence. Comparing Cu to Ni, growth kinetics

and reaction mechanisms of graphene are not the same. The main reason lies in the

solubility of carbon: copper is known to have very low carbon solubility (< 0.001

atomic %) while carbon solubility in nickel is far more important (> 0.1 atomic %).34

In the case of Cu, there is a negligible carbon dissolution in the bulk, resulting in

a self-terminating graphene monolayer, once the surface passivates (no metal surface

available for the growth).35 In Ni and other metal surfaces mentioned above, higher

carbon solubility leads to the graphene growth by bulk di�usion mechanism. Higher

carbon solubility also means that the growth kinetics is more di�cult to control, re-

sulting in a non-controlled number of graphene layers.

For further use, such as electronics, CVD graphene needs to be transferred on an

insulating surface like SiO2. In the case of graphene grown on Cu foils, copper needs

to be etched �rst. Copper etching solutions are often acidic solutions of FeCl3 or HCl.

Once the metal is etched, polymers such as polymethyl methacrylate (PMMA) can
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be used as graphene supporting layer and easily dissolved in acetone once graphene is

transferred onto the desired substrate. Polymer-free methods are described as well.36

As graphene transfer includes several steps, sources of contaminations which could

degrade the graphene quality are not negligible. For example, Fe and Cl ions from

etching solutions or Cu atoms from the substrate as well as PMMA residues from the

transfer step could stick on the graphene surface. Moreover, the transfer process may

introduce structural defects such as cracks, holes and wrinkles.

As the obtained product is a large-scale graphene layer, further 'graphene pattern-

ing' is a necessary step, especially in the fabrication of �eld-e�ect transistors where

conductive channel has to be with well-de�ned dimensions to avoid any current leak-

age. For this step, oxygen plasma etching is a widely used technique.37;38

Possibly the main disadvantage of CVD is the risk of contamination during the

transfer process as well as the harsh growth conditions.

1.2.3 Graphene on SiC

Commercially available silicon carbide (SiC) substrates can also be used for graphene

growth. The principle of this method, schematically represented in Figure 1.5, is the

thermal decomposition of SiC at high temperatures (≈ 1400 °C) under ambient or

vacuum pressure.39

Figure 1.5: Schematic representation of SiC decomposition. Adapted from39.

High temperatures are necessary since the Si-C bond is very strong (≈ 276 kJ mol−1)

and a high amount of energy is needed to break this bond, allowing the evaporation of

Si atoms.40 Once Si atoms are evaporated, residual carbon atoms will rearrange into

the graphene lattice on the surface. Graphene grown on SiC can be directly used for

nanoelectronic applications since its 2D planar structure enables the use of conven-

tional top-down lithography.41 Compared to the CVD technique, no further transfer

of the graphene layer is needed thus avoiding potential contaminations. However, this

technique has some disadvantages as well, such as costly single crystal SiC substrates,
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electronic properties potentially a�ected due to underlying SiC and small domain size

with more defects compared to exfoliated graphene.42

1.2.4 Solution processed graphene

Manipulation of graphene can be much easier when it is solution-processed. This

opens the door to the use of graphene in liquid-based deposition techniques such as

drop casting and inkjet printing, among others. To do so, good dispersing solventsa are

essential. Graphene is known to be a hydrophobic material, making the dispersions in

water quite impossible.

However, Bepete et al. reported a stable additive-free dispersion of single layer

graphene in water, by mixing the negatively charged graphene in tetrahydrofuran

(THF) and degassed water and by evaporating the organic solvent as the �nal step.43.

Furthermore, n-methyl-2-pyrrolidone (NMP), dimethyl sulfoxide (DMSO) and dimethyl-

formamide (DMF) were also found to be good candidates. NMP yields dispersions of

graphene in the range of concentrations of 0.01− 2 mg mL−1.44

Li et al. reported graphene sheets suspended in DMF used in the Langmuir-

Blodgett technique.45 The treatment used in this work comprised few steps: exfo-

liation of graphite at 1000 °C in forming gas atmosphere, intercalation of graphite

with tetrabutylammonium hydroxide (TBAOH) along with the treatment in oleum

and polyethylene glycol (PEG) based surfactant. However, these harsh treatments

resulted in C-O residuals demanding further annealing step (800 °C in H2).

Making a processable graphene dispersion also requires the use of a sonication

bath, where the sonication step could be very time consuming. Khan et al. reported

the sonication of graphite powder for 460 h in NMP.46 Graphene sonication for long

hours is not desirable for further applications, since a high number of defects could be

introduced which could alter graphene's intrinsic properties. The use of a high-shear

mixer could signi�cantly reduce the sonication times.47

One can also use graphene's hydrophobic character to promote its interactions with

completely or partially hydrophobic molecules like ionic liquids, macromolecules and

surfactants, which can help to improve its dispersibility in water or in organic sol-

vents.48 Nevertheless, in most cases graphene dispersions need the use of some harsh

and toxic solvent to improve the dispersibility, or some additives which are di�cult to

remove afterwards. On the other hand, chemical modi�cations of graphene through the

introduction of polar oxygen groups on its basal plane can be advantageous in terms

of its dispersibility in water, since the material becomes more hydrophilic. This leads

to the use of the well-known graphene derivate: the graphene oxide (GO).

aAlthough graphene is not dissolved but rather dispersed in a solution, the term "solvent" will be
used in the text.
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1.2.5 Graphene oxide

Graphene oxide is considered as one of the precursors for obtaining graphene. One can

describe the surface of graphene oxide as a graphene layer 'decorated' with di�erent

oxygen groups. Although graphite oxideb was prepared for the �rst time in 1800's49, its

exact atomic structure remains unknown to this day. The main bottleneck is its non-

stoichiometric structure as well as the lack of instrumental technique sensitive enough

to quantify and characterize its structure.50 However, chemical groups present on the

surface of GO can be identi�ed by techniques including solid state nuclear magnetic

resonance (NMR), Raman spectroscopy and X-ray photoelectron spectroscopy (XPS).

The Lerf-Klinowski model (Figure 1.6) is one of the most commonly used schematic

model of GO. This model is based on 13C NMR results.51.

Figure 1.6: Lerf-Klinowski model representing the presence of di�erent oxygen groups
on the surface of graphene oxide.52

As observed in Figure 1.6, the main covalently bonded oxygen groups present on

the GO surface are: epoxide (C�O�C), hydroxyl (C�OH), carboxyl (COOH) and

carbonyl (C��O) groups.

GO can be obtained by three di�erent methods or by variations of these methods52:

Staudenmaier's53, Brodie's49, or Hummers method54. Hummers method is one of

the most used methods and involves the use of sulfuric acid (H2SO4), sodium nitrate

(NaNO3) and potassium permanganate (KMnO4). Improved and modi�ed versions of

Hummers method, in terms of production cost and yields, were reported.55;56

The presence of oxygen groups on GO's surface has its pros and cons. They render

GO more hydrophilic and dispersible in water, compared to graphene. Thanks to this,

GO can be further manipulated with more ease. On the other hand, the presence

of oxygen groups on GO disrupts the graphene's planar structure, changing its sp2

hybridization into sp3. Oxygen groups can be considered as scattering centers for

charge carriers, disturbing their percolation pathways and making GO an insulating

bN.B. Graphite oxide is graphite intercalated with oxygen groups. Graphene oxide can be obtained
by further exfoliation (e.g. sonication) of graphite oxide.
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material. This is the main reason why GO's application as the active element in

electrical devices is limited.

Why then is GO called "graphene's precursor"? Initial sp2 hybridization can be

recovered by a reduction step. This reduction step contributes to the elimination of

oxygen groups resulting in di�erent forms of GO: the reduced graphene oxide (rGO)

which is a conductive material. In the following subsection, the reduction of graphene

oxide will be discussed.

1.2.6 Reduction of graphene oxide

Reduced graphene oxide (rGO) is often regarded as an equivalent to graphene. How-

ever, one should note that the behavior of rGO is not completely comparable to that

of pristine (perfect, ideal) graphene. Elimination of oxygen groups also means an in-

troduction of possible defects into the graphene's lattice. Raman spectroscopy is a

powerful tool to distinguish the presence of defects in graphene-based materials. The

D band in Raman spectra is assigned to the presence of defects and the G band is a

typical band of graphitic materials. As shown in Figure 1.7, GO reduction leads to an

increase in the D band intensity corresponding to the presence of defects introduced

during the reduction step.

Figure 1.7: Raman spectra of GO and electrochemically reduced GO (ERGO).57

One should note that the removal of all oxygen groups is hard to achieve. Some

of the oxygen groups have the tendency to remain, as di�erent functional groups bind

to GO with di�erent a�nities. Edge groups (carboxyl groups) are known to remain,

while those on the basal plane are more easily removed (hydroxyl and epoxide groups).

The remaining groups can alter the initial properties of graphene, in terms of electrical

conductivity, doping levels, band gap, etc. As graphene obtained by reduction often

contains oxygen groups, it is better to use the term reduced graphene oxide rather than

just graphene.58.
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Successful GO reduction can be easily visualized since an e�ective color change

follows the reduction process. Figure 1.8 shows the optical images of GO/rGO �lm

(deposited onto a polyethylene terephthalate (PET) substrate), solution, and sheets

deposited on SiO2.

Figure 1.8: Optical images of GO/rGO a) �lm on the PET substrate, b) solution
and sheets on SiO2 substrates c) before and d) after reduction.59;60;61.

After reduction, the dark-brown GO �lm (Figure 1.8 a.) becomes a �lm with a

metallic luster, indicating improved re�ection of the incident light.59 Solution-processed

yellow-brown GO (Figure 1.8 b.) turns into a dark-brown rGO solution, with increased

precipitation due to the hydrophobic character of rGO. In the case of GO/rGO on the

SiO2 substrates (Figure 1.8 c. and d.), the contrast with the substrate is higher for

conductive rGO than for insulating, practically transparent GO sheets. In the next

section, some of the reduction methods frequently used in the GO treatment will be

described.

Chemical treatment

Chemical treatment involves the use of chemical agents able to remove the oxygen

groups present on GO's surface. The advantage of these methods is the low cost for

high-volume production of chemically modi�ed reduced GO.62 Furthermore, subse-

quent processing is accessible, since the chemical reduction is a solution-based method.

Some of the chemical reagents used for this purpose are: hydrazine, dimethyl hydrazine,

NaBH4, hydroquinone.63 The use of pure hydrazine64 with heating step which promotes

the reduction reaction or use of hydrazine vapors65 are widely used techniques for GO
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reduction. However, hydrazine is known as highly toxic for human health and the envi-

ronment and should be handled with great precaution. With this in mind, researchers

tried to replace hydrazine with eco-friendly and less hazardous chemicals.

An important component of healthy human nutrition was shown as a promising can-

didate for GO reduction: ascorbic acid (vitamin C). Fernandez-Morino et al. compared

the e�ciency of di�erent reducing agents (potassium hydroxide, pyrogallol, sodium

borohydride, hydrazine monohydrate) with ascorbic acid.66 A maximum decrease in

oxygen groups on GO were observed when using ascorbic acid or hydrazine, compared

to other agents. Electrical conductivities of rGO in both cases were also compara-

ble, making ascorbic acid as e�cient as hydrazine with the main advantage of being

innocuous.

The main drawback of this method is the di�culty in removing chemical reagents

after the reduction step, as residual chemical reagents can alter the rGO's proper-

ties. Other eco-friendly methods for GO reduction are thermal and electrochemical

reduction.

Thermal treatment

Exposure of GO to elevated temperature (1600 − 2000 °C) under inert atmosphere

(argon �ow) was shown to successfully eliminate the oxygen groups.67 There is an

e�ective rearrangement of di�erent C�O groups into the graphene-like initial structure.

Also termed "chemical disproportionation", this treatment results in CO and CO2 by-

products.68 During the release of CO2, graphene sheets su�er from structural distortion

and damage. Decomposition of chemical groups also a�ects and removes carbon atoms

from the GO plane, leaving defects in the lattice.59

Electrochemical treatment

Electrochemical reduction is probably one of the most convenient methods for GO

reduction, since it does not involve the use of harsh chemical agents nor high temper-

atures, unlike the thermal reduction method. Production of rGO by this method can

be performed using a one-step or a two-step approach.69

In a one-step approach, reduction is performed in a conventional three-electrode

electrochemical cell, from the collodial dispersion of GO in water in the presence of

an electrolyte (usually phosphate-bu�ered saline: PBS). During the reduction process,

a thin �lm of GO is deposited on the working electrode surface (usually macroscopic

glassy carbon or gold electrode).

A two step approach requires previous deposition of GO on the surface of the

desired electrode using deposition methods like dip-coating or drop-casting. The elec-

trochemical reduction step is performed using cyclic voltammetry (CV), linear sweep
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voltammetry or by chronoamperometry.

Guo et al. performed the reduction of GO obtained by exfoliation of graphite

oxide.70 GO deposited on the surface of a glassy carbon electrode (GCE) was reduced

by performing cyclic voltammetry in PBS. The cathodic peak at ≈ −1.2 V, as observed

in Figure 1.9, suggests the reduction of oxygen groups since the water reduction is

expected to occur at more negative potentials.

Figure 1.9: Cyclic voltammogram of GO reduction on the surface of a GCE in PBS.70

The highly negative potential was necessary to achieve the successful reduction of

oxygen-containing groups. The reduction current was observed to decrease with each

cycle, which was an indication of fast and irreversible reduction process.

One of the main limitations of this method is the very low yield of produced rGO

(solely on the electrode's surface). The thickness of the �lm is di�cult to control as well

and may vary from one experiment to another (depending on the deposition technique

used), which means that GO which is far from the electrode surface will be partly

reduced or not at all. Furthermore, obtained rGO is hard to handle for further use.

In-situ electrochemical reduction techniques are very practical, inexpensive and

could be adapted according to research needs. This is convenient in transistor con-

�guration, since the transistor's electrodes could be used as electrodes for the GO's

reduction.

Orgiu and co-workers demonstrated an in-situ method for obtaining rGO directly

on the bottom contact structure of a �eld-e�ect transistor.71. By applying a voltage

between pre-patterned source-drain gold contacts they achieved selective reduction of

GO, making it possible to engineer rGO layers on the nanoscale directly on the device,

avoiding the post-patterning step. The same group also demonstrated the possibility

to locally pattern rGO using a tip of conductive atomic force microscopy (C-AFM).72

Samori et al. performed an in-situ GO electrochemical reduction using the short-
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circuited source-drain gold contacts as the working electrode and an outer Au plate as

a counter/reference electrode, schematically represented in Figure 1.10.5

Figure 1.10: (a) Electrochemical reduction setup. (b) Optical image of rGO/GO �lm
with the respective values of electrical resistivities. (c) rGO on the �exible substrate.5

By performing a few voltammetric cycles (1-4) from 0 to −2.8 V in bidistilled

water, the rGO thin �lm was obtained on the interdigitated transistor's structure. The

method was feasible on both rigid (SiO2, Figure 1.10 b.) and �exible substrates (PET,

Figure 1.10 c.).

Faucett et al. conducted a study of the GO voltage-induced reduction process

across gold electrode pairs.73 By applying a bias of 5 V, an in-situ study using optical

microscopy revealed a time-dependent growth of rGO �laments across the electrode

gap. As shown in Figure 1.11, the growth of rGO �lm was found to occur on the

opposite side of the applied electrical �eld.

Figure 1.11: In-situ optical microscopy of rGO progressive growth across gold elec-
trode pairs. The arrows show the electric �eld's direction.73

Also, the growth progressed with increased reduction time. The gap between the

two electrodes was completely �lled with rGO �lm after 10 minutes of applied bias.

The authors also showed that the rGO growth was conducted by the electrical �eld,

regardless of the geometry of electrodes used. This work demonstrates that the reduc-

tion process of GO is very time-dependent. Moreover, the rGO's electrical properties

could be easily triggered in an environmentally friendly way.
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The advantage of electrochemical reduction methods compared to other aforemen-

tioned reduction methods is the better control of the reduction process. As previously

mentioned, complete removal of oxygen groups from the GO surface is hard to achieve

and it is still a topic of research. For further applications of rGO in electronic devices,

understanding of the reduction process is crucial.

The work of this thesis partly relies on an electrochemical reduction of GO into

rGO for some further applications, which will be discussed later in Chapter 3. In the

following section, we will take a closer look at graphene's peculiar properties.

1.3 Physical properties of graphene

Why does graphene attract such scienti�c attention? The answer can be found in its

unusual mechanical, optical, thermoelectrical, thermal and electrical properties. More-

over, graphene's stability in two dimensions de�es the solid physics theorem de�ned

by Mermin-Wagner, according to which long-range order in 2D crystal lattice cannot

existc at any �nite temperature.74;75

Novoselov et al. have investigated di�erent 2D materials isolated from the most

strongly layered materials which remained stable under ambient conditions and with-

out any degradation during a long period of time (weeks).76 Among investigated 2D

materials (Bi2Sr2CaCu2Ox, MoS2, NbSe2, BN and graphite) graphene exhibited the

best electrical conductivity with a charge mobility up to 5000 cm2 V−1s−1. Lee et

al. investigated the mechanical properties of free standing graphene membranes under

nanoindentation using an AFM tip.77 Their experimental results showed graphene as

the strongest material ever measured, with a Young's modulus of 1 TPa and break-

ing strength of 42 N m−1 which demonstrates at the same time its intrinsic strength.

Compared to steel, graphene has 200 times greater breaking strength. What is the se-

cret of all these amazing properties? The answer lies in graphene's peculiar electronic

properties.

Electronic band structure as well as the Brillouin zone of graphene were described

in 1946 by Wallace using the band theory of solids under the nearest neighbor tight

binding approximation.78 Graphene's honeycomb lattice can be observed as two inter-

penetrating triangular lattices with carbon atoms in their bases, represented in Figure

1.12 (left).79

cN.B. Perfect 2D sheets of graphene are always placed on a rigid substrates, thus the overall
system is 3D.
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Figure 1.12: Left: Graphene's lattice structure with its parameters. Right: Lattice
in reciprocal space, �rst Brillouin zone with the lattice vectors (b1, b2). K and K ′ are
high symmetry points located at the edges of the Brillouin zone centered in Gamma.79

Each carbon atom possesses three neighboring carbon atoms, which is the case for

each sub-lattice (A and B) leading to overall sp2 hybridization. Lattice unit vectors

are de�ned as:
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The reciprocal lattice vectors (Figure 1.12, right) are:
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In the reciprocal space, the �rst Brillouin zone of hexagonal shape (Figure 1.12,

right) is described by three points: Γ representing the center of the Brillouin zone, K

and K ′ which are the high symmetry points located at the edges, the so-called "Dirac

points".

Figure 1.13 represents the calculated band structure of graphene. One can notice

that in each Dirac point the conduction band meets the valence band, thus leading to

a zero-energy gap between them. This particularity de�nes graphene as a semi-metal.

Besides, there is a linear energy dispersion in graphene in the Dirac points' vicinity,

within an energy range of roughly 1 eV.80 In this region, the e�ective mass of charge

carriers (electrons and holes), which is proportional to the inverse of the energy band

curvature, is thus theoretically null. The behavior of charge carriers can be described

here as massless fermions which propagate at velocities close to that of light.81
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Figure 1.13: Graphene's band structure represented with corresponding energy and
momentum axes. The Dirac cones at the edges of Brillouin zone are shown enlarged.82

These relativistic particles obey the Dirac energy dispersion law:

E = ± ~ vF |k −K| (1.4)

where vF is the Fermi velocity (vF ≈ 106 m s−1) and ~ is the reduced Planck constant.83

Jin et al. investigated the GO's band gap behavior at di�erent oxidation rates84.

The graphite precursor was oxidized using the Brodie's modi�ed method for di�erent

durations (ranging from 5 to 60 minutes) and then exfoliated by sonication to obtain

GO. Obtained band gap values (calculated from UV-visible spectra) were shown to

vary from 1.7 eV to 2.1 eV for 5 and 60 minutes of oxidation, respectively, as shown in

Figure 1.14.

Figure 1.14: Variation of GO's band gap as a function of oxidation time.84

The band gap presents a strong relation with the atomic O/C ratio (quantity of
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oxygen groups). Also, the more GO was oxidized, the more sp3 hybridization was

observed. Theoretical calculations by Lian et al. demonstrated that the band gap

values are also a�ected by the respective oxygen groups' adsorption position on GO.85

These results show that the GO's electronic properties are strongly correlated to the

synthesis conditions (GO's oxidation degree). The position of Fermi level for pristine

graphene represents the energy position of the Dirac point which is around −4.5 eV.86

Knowing that the density of states near the Fermi level's position is very low, graphene

is susceptible to change its electronic properties (hole transport vs. electron transport)

due to several factors81: intrinsic structural defects (e.g., vacancies, grain boundaries,

wrinkles) or extrinsic impurities, chemical doping caused by the intercalation or ad-

sorption of ions or molecular species of high charge density and electronic corrugations,

i.e. local variations in the charge density (evidenced by scanning tunneling microscope,

STM87).

The defects can be intentionally introduced by di�erent methods: bombardment

of graphene's surface with electron/ion beam, hydrogenation, �uorination, oxidation

(hybridization changes from sp2 to sp3).88

Furthermore, the charge carrier density can be additionally modulated by using

an external magnetic or electric �eld. The metallic behavior of graphene is shown

to be present even at high magnetic �elds and at low charge carrier concentrations

(near charge neutrality point).89 From quantum hall measurements, the charge carrier

densities and charge carrier mobilities can be calculated with the values ranging from

1011 − 1013 cm−2 and up to 104 cm2 V−1 s−1, respectively.90

The research group awarded for the graphene discovery, also showed that the

graphene's conductivity and Fermi level position can be modulated using capacitive

e�ects.91

Figure 1.15: Electrical resistivity (ρ = 1
σ
) of graphene as a function of applied gate

voltage recorded in multiterminal Hall bar device on SiO2/Si substrate. Insets show
the respective Fermi level positions.92
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This was performed by variation of the applied gate voltage in a �eld-e�ect device.

As observed in Figure 1.15, the highest resistivity was obtained at zero gate voltage

(VG = 0 V). Polarizing the gate electrode positively or negatively leads to a lowering

of the graphene's channel resistivity. Concerning the Fermi level, its position coincides

with the Dirac point position when no gate voltage is applied (VG = 0 V). On the

contrary, when applied gate voltage was varied (VG > 0, VG < 0), the position of the

Fermi level was observed to vary too. These amazing properties of graphene opened

another �eld of research which is the study of graphene in �eld-e�ect transistors con�g-

uration. Some of the latest research work in this �eld will be discussed in the following

section.

1.4 Graphene �eld-e�ect transistors (GFETs)

The working principle of a �eld-e�ect device is based on the electronic properties control

of the transistor's active material (representing the device channel) upon modulation of

the electric �eld, performed by gate polarization. Novoselov et al. �rst demonstrated

the working principle of the Graphene Field-E�ect Transistor (GFET).1 Considering

the peculiar properties of graphene, which we have discussed, it is not surprising that

its use in electronic devices such as GFET is one of the "hot topics" across the sci-

enti�c community. Graphene's chemical structure makes it sensitive to any change in

its electronic environment (e.g., change of pH, binding of molecules). The possibility

of modulating graphene's conductivity through an external electric �eld, which could

originate from a charged molecule, is considered as a reliable mechanism for sensing

applications.93 As the work in this thesis is based on the study of graphene's prop-

erties in a �eld-e�ect transistor con�guration, we will take a look at di�erent GFET

structures, their working principles as well as the applications of GFETs in the sensing

�eld.

1.4.1 GFET structures

A �eld-e�ect transistor consists of three electrodes: source, drain and gate. The dis-

tance between source and drain (S/D) electrodes de�nes the transistor's channel length.

The channel is physically decoupled from the gate electrode by a dielectric layer. The

study of graphene's electronic properties can be performed in di�erent FET con�gu-

rations. Figure 1.16 shows di�erent GFET con�gurations when the dielectric is in the

solid state.
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Figure 1.16: Structures of graphene-based �eld-e�ect transistors: a) back-gate, b)
top-gate and c) dual-gate structure.

Back-gate structure. In the �rst back-gated GFET, doped Si/SiO2 was used as the

substrate where SiO2 acted as the dielectric. The polarization of graphene was per-

formed by applying a voltage on the doped Si substrate, located beyond the graphene/SiO2

supporting layer. Figure (1.16 a.) shows the scheme of a back-gate structure. The

thickness of SiO2 used in the back-gate con�guration is usually in the range of 90−300

nm. Due to the important thickness of the dielectric and its low dielectric permittivity,

one should apply signi�cant gate voltages (several tens of volts) to polarize graphene.

The main drawback of the back-gate structure is the occurrence of a leakage gate

current. Since the whole substrate is polarized, any contamination (e.g., improper

graphene channel shaping; residual graphene at the substrate edges) could result in a

gate current leakage. That means that the gate current could mask the current coming

from the drain if the device is not properly fabricated.

Top-gate structure. The �rst top-gated GFET (Figure 1.16 b.) was described by

Lemme et al. in 2007.94 In this work, Ti/Au electrodes (de�ned by e-beam lithography)

were used as the S/D contacts along with the gate on the top of the graphene layer,

supported by SiO2 substrate. The gate was composed of SiO2, Ti and Au. When

the device was probed with a back gate, the charge carriers mobilities were estimated

to be µh = 4790 cm2 V−1 s−1 and µe = 4780 cm2 V−1 s−1 for holes and electrons,

respectively. On the other hand, the charge mobilities recorded in the case of a top-

gate structure had lower respective values of µh = 710 cm2 V−1 s−1 and µe = 530 cm2

V−1 s−1. The presence of "standard" gate on graphene was found to reduce both holes

and electrons mobilities, probably due to decreased overlap of π orbitals in graphene.

Xia et al. proposed the use of an organic seed layer (a derivative of polyhydroxystyrene)

between the graphene and a dielectric, to decrease scattering and preserve the intrinsic

properties of graphene.95

Dual-gate GFETs. The combination of a back-gate and a top-gate (Figure 1.16

c.) was reported as well.96 Huard et al. used PMMA as a dielectric layer for the top

gate along with the Ti/Au contacts and the doped Si substrate as a back gate.97 As

they reported, a tunable potential barrier in graphene was created, where the back-
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gate voltage was able to tune the charge carriers in the bulk of the graphene sheet. In

contrast, the top-gate voltage tuned the surface charge carriers, located just beyond

the gate.

Electrolyte-gated GFET (EG-GFET). The con�guration mainly used in this thesis

is the electrolyte-gated graphene �eld-e�ect transistor con�guration (EG-GFET). In

a liquid-gated con�guration, the graphene and the metallic gate are separated by an

electrolyte. Here, the electrolyte covering the surface of graphene acts as a dielectric

and replaces a solid one. When a potential is applied to the gate, graphene is polar-

ized through the means of interfacial capacitances. The charge behavior during the

polarization process can be described using a Helmholtz model. More precisely, as

schematically represented in Figure 1.17, when a positive potential is applied to the

gate, the accumulation of negative charges coming from the di�use layer will take place

at the gate surface, forming the so-called Helmholtz layer.

Figure 1.17: Schematic representation of an EG-GFET con�guration and the forma-
tion of two electrical double layers.

At the same time, the electrons will accumulate in the graphene channel. This gives

rise to the formation of two electrical double layers (EDL): one at the gate/electrolyte

interface (associated to a capacitance named here as C1) and another at the elec-

trolyte/graphene interface (associated to a capacitance C2). The gate/graphene ca-

pacitive coupling, caused by the double layer formation, may be modeled as two plate

capacitors in series:
1

CEDL

=
1

C1

+
1

C2

(1.5)

The distance between the metal (gate or graphene) and the adsorbed ions de�nes

the thickness (d) of the electrical double layer (often called Debye length) and is related

to the CEDL by the following equation:

CEDL =
ε

d
(1.6)
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where ε represents the electrical permittivity of the electrolyte. As observed from

the equation 1.6, the electrical double layer capacitance is not dependent on the gate

potential applied. A voltage drop is considered negligible across the di�usive layer

of electrolyte, while at the gate/electrolyte and electrolyte/graphene interfaces, the

voltage drop is more important, as shown in Figure 1.18.

Figure 1.18: Left: Schematic representation of voltage drop across two interfaces of
an EG-GFET. Right: Capacitor series model used to describe the contribution of each
interface to the capacitive coupling between the gate electrode and the electrolyte due
to the double layer formation.

The modi�cation of one of these two interfaces (e.g., graphene or gate functional-

ization) will result in a signi�cant impact on the e�ective �eld-e�ect. This property of

EG-GFET is largely used in the sensing �eld, which will be discussed later.

The formed double layer is very thin, approximately 1 nm. Compared to back-

gate con�guration, where the interfacial capacitance is in the order of nF cm−2, the

interfacial capacitance in the electrolyte-gated con�guration is much higher: in the µF

cm−2 range. Consequently, the operating voltages for an EG-GFET are in the range of

1 V. Due to the use of low voltages, it is considered that no parasitic electrochemical

processes will take place, leading to purely capacitive interfaces.93

Also, one should keep in mind that the density of states (DOS) near the Fermi level

energy (EF) in graphene is very low compared to the metal where the DOS at EF is

quite large. Consequently, for the charge introduction in graphene, the EF should be

shifted while in the case of metal there is almost no shift in EF.98 This gives rise to

another intrinsic property of graphene itself: the so-called quantum capacitance(CQ).

The quantum capacitance depends on the charge carrier concentration n =
√

e VGS
} vF
√
π

induced by the gate potential and charged impurities99 (e represents electron charge,

VGS is the applied gate-source potential, } is reduced Planck's constant and vF is the

Fermi velocity in graphene |vF| = 1.1× 106 m s−1). While in the case of a back-gated

GFET, the CQ is always neglected (due to the low capacitance of SiO2), in the EG-

GFET the CQ is in the same order of magnitude as the interfacial capacitances and has

to be taken into account when calculating the total capacitance value. Therefore, the
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total capacitance between the gate electrode and the graphene layer in the EG-GFET

con�guration (CTOT) can be calculated by summarizing the two types of capacitances

mentioned:
1

CTOT

=
1

CEDL

+
1

CQ

(1.7)

The main electrical characteristics of graphene in the GFET con�guration will be

discussed in the following subsection.

1.4.2 Electrical characterization of GFETs

The typical measurement of graphene's electrical properties in the �eld-e�ect con�gu-

ration consists in recording the transistor's current when a certain voltage is applied:

current-voltage (I-V) characteristics. Two types of electrical characteristics can be

obtained: the output curves and the transfer curves.

Output characteristics. Output GFET curves represent the drain-source current

(IDS) obtained upon the sweep of drain-source voltage (VDS), for a �xed gate-source

voltage (VGS) value.

Figure 1.19: Output curves (left) recorded at di�erent gate voltages in EG-GFET
con�guration and the corresponding transfer curve (right).100

Figure 1.19 shows an example of the typical output curves (left) and corresponding

transfer curve (right), taken from the literature.100 The observed current change upon

the gate voltage variation is proof of the �eld-e�ect presence in the device. The trend of

current for the output curve follows the transfer curve trend. Output curves are linear

curves with no current saturation observed attesting for the absence of Schottky barriers

at the graphene/electrode interface.100 Compared to MOSFET transistors where two

regimes are observed in the output characteristics (saturation and linear regime), the

GFET transistors have only linear regime which is a consequence of zero band gap in

graphene.
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Transfer characteristics. Graphene FETs are characterized by a unique shape of

the transfer curve, corresponding to the drain-source current recorded upon the sweep

of the gate-source voltage. Drain-source voltage is kept constant while the source is

grounded. The V-shaped transfer curve comprises two branches (Figure 1.19, right),

separated by the minimum current point. The left branch represents the holes as the

main charge carriers in graphene, theoretically obtained when the gate is negatively

polarized. On the other hand, the right branch of the transfer curve represents the

electrons as the channel's main charge carriers (positive gate polarization). Due to the

conical shape of the electronic band structure in graphene, charge �ows subsequently

from holes to electrons, which is indicated as ambipolar behavior. Ambipolar transistor

behavior is a �ngerprint for graphene-based materials. The transition point between the

hole and electron branch is called charge neutrality point (CNP)d, which corresponds

to the channel's minimum conductivity found at the Dirac point in the band structure

of graphene (mentioned above).

ON/OFF ratio. Another consequence of the zero band gap is that the transistor

cannot be turned o�. The minimum current point observed in the transfer curve

represents the transition between two di�erent types of charge carriers. However, when

the ON/OFF ratio has to be de�ned, the current in CNP is taken into account as the

minimum current in the system (IOFF). The maximal current in one of two branches

is taken as ION. The ON/OFF ratio observed on transfer curve in Figure 1.19 (right)

is about 10.

Extraction of charge mobility

The extraction of electrical parameters such as charge carriers mobility is usually per-

formed through Hall measurements (as mentioned) or through measurements in the

FET con�guration, in which we are interested. Di�erent methods based on the FET

measurements exist, such as the transfer length method (TLM) or direct transconduc-

tance method (DTM). Zhong et al. investigated and compared these methods.101 The

TLM method was shown as one of the most accurate methods since the contact resis-

tance e�ect of the graphene/metal interface is eliminated, enabling precise extraction

of mobility values at high carrier densities. The main disadvantage of this method is

its complexity since the fabrication of graphene devices with di�erent channel lengths

and high uniformity is needed for the extraction of contact resistance.

The DTM method is one of the simplest methods since mobility extraction can be

performed directly from the transfer curve characteristics using the following relation:

gm =
∂IDS
∂VGS

= µ× CTOT

W

L
VDS (1.8)

dCNP because at one moment the existence of two types of charge carriers at the same time will
take place in graphene.



50 CHAPTER 1. STATE OF THE ART

where gm is the transconductance, µ is the charge carrier mobility and W
L
is the channel

aspect ratio (W represents the transistor's channel total width and L channel length).

This equation represents, at the same time, the charge transport model of FET in the

linear regime.102 However, this method does not consider the contact resistance, which

is the main reason why the calculated mobility is always lower than the expected real

mobility.101 Besides, the mobility values depend on the conduction type, channel length

and the applied gate voltage.

Another approach to calculate the charge mobility is using the Drude model, where

the long range interactions between the electrons are neglected103:

µ =
σ

n e
(1.9)

σ represents the conductivity, n is the charge carrier density and e is the elementary

charge. As observed from equation 1.9, this model yields the mobility variation as a

function of the charge carrier density. This relation is valid only for high charge carrier

densities.

Das et al. calculated the mobilities using the Drude model for the back-gated

and electrolyte-gated structure.100 Figure 1.20 shows the obtained mobility vs. charge

carrier concentration.

Figure 1.20: Charge carrier mobility as a function of charge carrier density for an
electrolyte-gated (dashed red line) and back-gated con�guration (blue line).100

The charge carriers mobilities in the liquid gated structure were found to be lower

than in the case of a back-gated structure. The creation of charged impurities due

to the addition of an electrolyte was mentioned as one of the explanations. These

charged impurities act as scattering centers, resulting in a decrease of observed charge

mobility. The Drude model was used for the mobility extractions in this work, which
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will be discussed in Chapter 3. In the following subsection, the control of graphene's

electronic properties through molecular functionalization will be discussed as well as

its detection in the GFET con�guration.

1.4.3 Graphene functionalization

Depending on the research needs and the application, di�erent approaches of molecular

functionalization can be undertaken. Graphene can be functionalized to obtain better

solubility or better reactivity. As one part of this thesis is based on the study of

doping e�ects in graphene, we will take a more in-depth look at the functionalization

of graphene for band-gap opening and the doping purposes.

Graphene doping

Graphene can be functionalized through the means of covalent (chemisorption) or non-

covalent interactions (physisorption). Physisorption is considered as a mild way to

functionalize graphene, as its properties and structure are not a�ected. The main

drawback of the non-covalent approach is weak molecular adsorption. On the other

hand, modi�cation of graphene's electronic properties using the covalent means is more

robust than the non-covalent approach. The bond formation between the adsorbate

and a graphene plane induces a change from sp2 to sp3 hybridization, which directly

in�uences graphene's unique electronic band structure.104

A molecular dopant can be an acceptor or donor of electrons, according to the

position of its HOMO/LUMO (highest occupied/lowest unoccupied molecular orbital

position) with respect to graphene's Fermi level, schematically represented in Figure

1.21.

Figure 1.21: Schematic representation of HOMO/LUMO position of doping molecule
with the respect to the position of graphene Fermi level.

Two cases are possible:
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1. The HOMO level of the doping molecule is higher than graphene's Fermi level.

In this case, electrons may �ow from the molecule to graphene, which becomes

n-doped. The Dirac point is situated below the Fermi level.

2. The LUMO level of the doping molecule is lower than graphene's Fermi level. In

this case, electrons may �ow from graphene to the accepting molecule. Having

lost a part of its electrons, graphene becomes p-doped and the Dirac point is

situated above the Fermi level.

These e�ects can be followed through electrical characterizations in the GFET struc-

ture. For pristine graphene, the Fermi level and the Dirac point lie at the same energy.

Therefore, the CNP position on the transistor's transfer characteristics is expected

at VGS = 0. The presence of either charged impurities or dopants in the graphene's

vicinity will move the CNP toward positive or negative gate potentials. This e�ect

and the control of graphene's electronic properties through covalent and non-covalent

functionalization will be discussed in the following text.

Covalent approach

One of the most used methods to tune graphene's electronic properties through the

covalent approach is graphene oxidation, described above. On the other hand, one can

perform the introduction of a single type of atom in graphene lattice. The advantage

of a single atom use is the modi�cation of graphene lattice structure on the local, well-

controlled level. Among di�erent atoms that could be potentially used for graphene

doping, nitrogen was showed to be an excellent candidate since its atomic size is com-

parable to that of carbon.105 On the other hand, nitrogen electronic con�guration with

�ve valence electrons allows for the formation of a covalent bond with carbon atoms.

The introduction of nitrogen atoms is achieved by nitrogen-plasma exposure, where

the doping percentage can be easily controlled by adjustment of the exposure time.

Joucken et al. investigated the charge transfer in N-doped graphene using STM

and scanning tunneling spectroscopy (STS).106 Graphene grown on SiC was exposed

to nitrogen �ux generated by radiofrequency plasma source. Figure 1.22 shows the

STM image of graphene before (a) and after (b) the nitrogen treatment. A defect-free

lattice was transformed into the lattice with many bright features, as revealed by STM.

The appearance of the bright features was assigned to the presence of nitrogen and the

induced charge transfer between the nitrogen and carbon atoms. Outside the trigonal

patterns observed, (Figure 1.22 b., inset) the graphene lattice structure was preserved,

suggesting very locally induced perturbations.

In another study, the authors investigated the doping e�ects by adjusting the ni-

trogen exposure time.107 STS spectra (Figure 1.22 c.) revealed a progressive shift
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of the Dirac point (depicted in spectra by the vertical line) with increased nitrogen

concentration.

Figure 1.22: STM characterization of pristine graphene (a) before and (b) after N-
doping. (c) STS spectra for N-treated samples. The concentration of nitrogen is given
below each curve in %. The Dirac point is marked by horizontal lines and vertical lines
indicate the points where dI

dV
= 0.106;107

These variations of the Dirac point were attributed to the widening of Dirac cones

due to the increased accumulation of electrons in graphene caused by nitrogen presence.

Among di�erent carbon-based materials, graphene possesses the lowest chemical

reactivity due to its �at π-conjugated structure. Through the means of chemisorption,

graphene's reactivity could be increased. One of the approaches is the covalent at-

tachment of aryl radicals obtained by the reduction of diazonium salts, which can be

performed in aqueous solutions of diazonium compounds.108;109 The radical can attack

the graphene plane and form a new bond: C (sp3)-aryl bond (Figure 1.23).

Figure 1.23: Aryl diazonium bonding on a graphene supported by a substrate
(S/G).108
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Furthermore, the functional group (R) located on the aryl group can be an attach-

ment site for further functionalization (e.g., binding of a bio-molecule).

Non-covalent approach.

Graphene's planar structure and extended aromatic system are very accessible for π−π
interactions, which goes hand in hand with a wide range of organic aromatic molecules

such as benzene, pyrene, naphthalene. Figure 1.24 schematically represents these kind

of interactions.

Figure 1.24: Ideal π − π or C�H-π interactions between graphene and aromatic
molecules: pyrene, benzene or naphtalene.48

Possible CH-π interactions can be present as a hydrogen atom may be found at the

graphene edge.

Compared to graphene, rGO has a less π-conjugated system due to the increased

number of defects induced by the reduction. However, the type of interactions is still the

same as for graphene. Graphene can also interact with some polymers, biomolecules,

nanotubes, quantum dots and nanoparticles.48

One of the most studied p-type dopants on graphene is tetra�uoro-tetracyanoquino-

dimethane (F4-TCNQ) shown in Figure 1.25 (left).

Figure 1.25: Left: Molecular structure of F4-TCNQ. Right: Charge transfer repre-
sentation at the F4-TCNQ/graphene interface. Adapted from110.

As F4-TCNQ's LUMO level (−5.2 eV) lies deep below the graphene's Fermi level,

a strong charge transfer is expected to take place from graphene to F4-TCNQ. Chen

et al. demonstrated for the �rst time the doping e�ect of F4-TCNQ on epitaxial
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graphene (EG) grown on SiC, by synchrotron-based high-resolution photoemission

spectroscopy.110 The thickness of the studied graphene was about 1-3 monolayers. The

deposition of doping molecules was performed by evaporation in a ultrahigh vacuum

chamber, and the thickness in�uence of deposited molecules was studied. The hole

concentration in EG was found to be controlled by the presence of F4-TCNQ, since

a strong charge transfer took place by the electron withdrawing (electron acceptor)

ability of F4-TCNQ. The molecule was found to become negatively charged only at

the graphene/molecule interface (Figure 1.25, right). This behavior was compared with

C60 which is another electron acceptor molecule. With its LUMO position of about

−3.7 eV, C60 was not able to dope graphene.

Dong et al. investigated the doping e�ect of di�erent aromatic molecules on single-

layer graphene (SLG) obtained by mechanical exfoliation of HOPG.111 Among oth-

ers, molecules used were tetra-sodium 1,3,6,8-pyrene tetra-sulfonic acid (TPA) and 1,5

naphthalene diamine (Na�NH2), depicted in Figure 1.26 a. TPA and Na�NH2 were

dissolved in deionized water and ethanol, respectively, and subsequently drop-casted

on graphene.

Figure 1.26: a) Aromatic molecules used for graphene functionalization. b) Ra-
man spectra of single layer graphene (SLG) and functionalized graphene (SLG+TPA).
Transfer curves of pristine graphene and graphene functionalized with c) TPA and d)
Na�NH2.111

In Raman spectra (Figure 1.26 b.) the appearance of D band is observed upon the

addition of TPA. The TPA induced increased disorder in the graphene basal plane.

The ratio of 2D/G bands was also found to change, indicating the existence of dop-

ing e�ects. Doping e�ects were con�rmed through electrical characterizations in the
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back-gate transistor con�guration, shown in Figure 1.26 (c. and d.) before and af-

ter the addition of TPA and Na�NH2, respectively. The transfer curves revealed the

initial Dirac point position for pristine graphene at around VGS ≈ +30 V, suggesting

the presence of an initial p-doping. This behavior is commonly observed in the case

of electrical measurements performed in ambient conditions due to the moisture and

oxygen doping.112 Upon the addition of TPA and Na�NH2 the Dirac point was found

to shift even more toward more positive and negative values, respectively. This shift

of the Dirac point position re�ected a presence of doping e�ects induced by the nature

of doping molecules: TPA as an electron acceptor induced the p-doping e�ects and

Na�NH2 as an electron donor induced n-doping e�ects in the graphene layer.

In another approach, De Feyter and co-workers used physisorbed molecular self-

assembled monolayers to tune the doping levels in CVD grown graphene.113 The

molecule used for this purpose was oleylamine (OA, Figure 1.27 a.) which possesses

an NH2 functional group serving as an electron donor group. The long alkyl chain is

able to self-assemble on graphene.

Figure 1.27: a) Oleylamine structure. b) STM characterization of HOPG function-
alized with OA. c) Schematic representation of CVD graphene device functionalized
wtih OA. d) Transfer curves obtained for pristine device, functionalized graphene and
after the removal of OA.113

The assembling behavior of OA (dissolved in n-hexane and spin-coated) was studied

by the STM technique on HOPG (considered as a "model" substrate since it possesses

atomically �at terraces and the underlying layer is another graphene layer). The STM

image shows the ordered self-assembled structure of OA, with the boomerang geometry
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due to the cis-double bond in the alkyl chain (Figure 1.27 b.). The in�uence of OA self-

assembled on graphene's electronic properties was studied in the back-gate transistor

con�guration (Figure 1.27 c.). After the deposition of OA and subsequent baking

(found to be necessary to promote the interactions OA-graphene), the Dirac point was

found to shift (Figure 1.27 d.) from VGS ≈ +3 V initially to VGS ≈ −16 V, leading

to overall n-doping in graphene (total amount of charge induced by the presence of

OA: ∆n = 7.4 × 1012 cm−2). The spin-coating of another molecular layer was found

to introduce more electrons (∆n = 7.7× 1012 cm−2) and further shift the Dirac point

position to VGS ≈ −28 V. Initial properties of pristine graphene were shown to be

recoverable upon rinsing the device in hexane. In another work and similar approach

with a self-assembled network, the authors tuned the doping e�ects in graphene by

tuning the density of amine groups, which is inversely proportional to the alkyl chain

length.114

These examples are the evidence of graphene's electronic sensitivity to the presence

of dopants. Besides, this characteristic makes graphene a good platform for potential

sensing applications, which will be reviewed in the next section.

1.5 Graphene toward sensing applications

The combination of graphene's electronic sensitivity and FET con�guration is one of the

promising approaches toward reliable sensors. Comparing the two most used structures,

a back-gate and a top-gate structure, the top-gate structure has more than three orders

of magnitude larger capacitance value than the back-gate structure115, which was one

of the motivations to use EG-GFET in this thesis. Some other advantages of EG-GFET

con�guration for sensing purpose are116:

� The transistor acts as a sensor and an ampli�er. Gate voltage and channel current

are sensitive to every change at the gate electrode/electrolyte interface and the

electrolyte/graphene interface. If the reaction were to occur at the gate surface,

it will be ampli�ed by transistor's transconductance.

� Low working voltages of up to 1 V go hand in hand with the integration in

wearable electronics and the detection of biological events.

� The device could be easily miniaturized and the transistor channels could be

con�ned into micro�uidic systems, which can refresh the analyte �ow on the

graphene surface.117

Some of the examples of EG-GFET applied to (bio)sensing �eld will be reviewed

in the following subsection.
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1.5.1 EG-GFET (bio)sensing working principle

For the recognition of a target biomolecule, the graphene surface should be �rst func-

tionalized with the receptor molecule able to interact with graphene.93 Figure 1.28

schematically represents the biosensing working principle in the GFET con�guration

with the corresponding representation of transfer and chronoamperometric curves.

Figure 1.28: Sensing principle in GFET biosensor.93

At the starting point, the Dirac point position obtained upon the immobiliza-

tion of the receptor molecule represents the "reference" position (in volts). Charged

biomolecules act as a local gate able to modulate the charge carriers in the graphene

channel through a capacitive e�ect. Negatively charged biomolecules will induce the

accumulation of positive charges in graphene, resulting in a shift of the Dirac point

position toward more positive gate voltage values. This shift is measured with respect

to the "reference" Dirac point position. On the other hand, the positively charged

biomolecules will induce a negative shift of the Dirac point gate voltage and the ac-

cumulation of electrons. In the chronoamperometric measurements (drain current vs.

time), binding of a negatively charged molecule will result in the current decrease

and increase for the electron and hole regime, respectively. Inversely, for the bind-

ing of a positively charged biomolecule. Graphene's current modulation is directly

related to the charge carrier's density change ∆n and the total number of immobilized

biomolecules N93

∆IDS =
W

L
VDS eµ∆n ∝ N (1.10)

where e represents the electron charge (1.602× 10−19 C) and ∆n is expressed in cm−2.

One of the recent works by Jin et al. is a demonstration of the biosensing working

principle here explained.118 The authors investigated the speci�city of rGO function-

alized with ebola virus (EBOV) corresponding antibodies (Anti-EBOV Ab) in the

EG-GFET con�guration represented in Figure 1.29.
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Figure 1.29: Scheme of the rGO EG-FET used for ebola virus detection (left), func-
tionalization step (middle) and obtained transfer curves (right).118

The biosensor's speci�city was probed by the immobilization of other viruses (H1N1,

H3N2, H9N2), causing similar symptoms as EBOV. An important shift of the Dirac

point was observed only in the case of EBOV, showing excellent speci�city and high

binding a�nity between the EBOV and corresponding antibody, which can be used in

clinical diagnosis.

pH sensing. Lee at al. used an electrolyte gated-reduced graphene oxide transistor

(rGO EG-FET) for pH sensing applications.119 The GO dispersion was spin-coated

and reduced in hydrazine monohydrate vapor for 12 h at 60°C, in order to obtain a

conductive channel. Di�erent pH bu�er solutions were prepared by mixing a 0.1 M

HCl and 0.1 M phosphate bu�er (NaH2PO4 and Na2HPO4). As shown in Figure 1.30

(left), the Dirac point position was observed to be pH-dependent.

Figure 1.30: Left: Transfer characteristics obtained at di�erent pH values represent
the changes of channel conductance ( ∆G

Gmin
) upon variation of gate voltage. Right: Real-

time measurement upon the additions of di�erent pH solutions. Inset: Linear response
of current to the pH changes.119

For lower pH values the Dirac point was found at more negative gate potentials,

while for higher pH values the Dirac point was shifted toward more positive gate

potentials. The rGO surface was shown to be legitimate for pH sensing, since the
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residual functional groups like OH, COOH can interact with the H+. For lower pH

values, more H+ binding with O� and COO� resulted in electron accumulation in the

rGO channel. The real-time monitoring of pH was performed under a �xed gate voltage

of VGS = −0.2 V and a drain bias of VDS = +0.1 V (Figure 1.30, right). Every injection

of lower pH solution resulted in a current decrease (achieved sensitivity: 1.47 ∆G
Gmin

per

pH unit, where Gmin represents channel's minimum conductance in the transfer curve).

One should note that compared to pristine graphene, rGO used as a channel in GFET

leads to lower charge mobilities. In this work, an average charge mobility of µ = 0.5 cm2

V−1 s−1 was obtained. Lower charge mobilities were not shown to in�uence the sensing

properties and the ambipolar behavior was preserved. The advantage of using rGO for

pH sensing was clearly shown here since pristine graphene does not have binding sites

for H+ bonding, which is the reason why it cannot be used for pH sensing.120

DNA sensor. Kim et al. fabricated GFET devices on glass substrates with coplanar

array structures and micro�uidic channels (Figure 1.31 a.) to detect the cancer-related

gene TP53 DNA (target DNA).121 The conductive channel made of CVD graphene was

functionalized with DNA aromatic nucleobases, able to physisorb on graphene. Upon

immobilization of probe DNA, the Dirac point position was found to shift toward more

negative gate potentials (Figure 1.31 b.) due to the presence of negatively charged

phosphate backbone in the DNA molecule. The negative shift induced here cannot be

explained by pure capacitive e�ects (because the positive shift will be expected in this

case), but by the electron transfer between DNA molecules and graphene.122

Figure 1.31: a) Schematic presentation of microchannel used and the cross-section
view in the X and Y axis. b) Transfer curves obtained before and after the immobiliza-
tion of DNA. c) Average Dirac point shift data obtained from three di�erent devices
for complementary, one mismatch and non-complementary DNA.121

The target DNA was immobilized in di�erent concentrations (1 nM−10 µM). With

each injection of target DNA, the shift in the Dirac point was observed (Figure 1.31 c.).

To validate the selectivity, a control experiment was performed with one mismatched

and non-complementary DNA. No signi�cant shift in the Dirac point was observed.

The detection limit of 1 nM was achieved.

Real-time tracking of perspiration process. Samori and co-workers reported using

rGO conductive channel in �exible liquid-gated transistor con�guration, operating in
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arti�cial sweat.5 The devices were fabricated on polyethylene terephthalate substrates

(PET), and the electrodes were patterned using laser ablation. For the application in

wearable electronics, the authors proposed two di�erent device layouts. In the �rst

layout (Figure 1.32 a.), the sweat goes from the reservoir to the collector (absorbent

textile).

Figure 1.32: Schematic representation of lateral-�ow strategy for �uid transportation
in the liquid-gated transistor con�guration: a) Layout I and b) Layout II, with the
respective real-time measurements c), and d), and potential applications e), and f).5

The device is placed in the middle and bridged to the opposite sides with the lateral

�ow paper. This con�guration is similar to a micro�uidic cell where the reservoir acts

as the inlet, while the collector acts as the outlet. In the second layout (Figure 1.32

b.), the sweat is drained out from the top of the device. The con�nement of liquid is

achieved by the use of a sweat-permeable membrane instead of a frequently used PDMS

reservoir. Two collectors are connected by lateral �ow paper. Real-time measurements

(Figure 1.32 c. and d.) showed both of the layouts eligible for potential sweat tracking

applications on the human skin (Figure 1.32 e. and f.) with a faster electrical response

in the second layout con�guration due to the direct contact between the device and

the transducer.

This recent work is an example of how EG-GFET con�guration can be practically

adapted for applications even in wearable electronics, which is very promising for the

future of graphene electronics.
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1.6 Conclusions

As seen in this chapter, graphene production can be achieved through di�erent methods

and techniques. However, each of these methods has its pros and cons, which have to

be taken into account. Since the inkjet printing technique was used for graphene

deposition in this work, we opted for solution-processable graphene-based material:

graphene oxide.

Among di�erent ways to obtain the conductive, reduced graphene oxide, the electro-

chemical reduction seemed to be the one with the best control of the overall reduction

process and easily applicable to an in-situ con�guration. In addition, the electro-

chemical reduction can be performed in a time-e�ective manner and is considered as a

"green" method since there is no use of harsh chemicals. Thus, the presence of poten-

tial contaminations can be excluded. Therefore, for the reduction of graphene oxide,

we employed here the electrochemical reduction method.

Graphene's remarkable physical properties were shown to be the consequence of

its particular electronic properties which can be easily modulated and measured in

di�erent �eld-e�ect transistor con�gurations. The EG-GFET con�guration was shown

as the most sensitive con�guration and was presented as very convenient for sensing

applications, notably for biosensing, due to the use of low working voltages in aqueous

media. This goes hand in hand with sensitive biological samples and our goal to use

EG-GFET for bio-sensing applications.

Moreover, graphene's chemical structure was shown to be eligible for di�erent func-

tionalizations methods (covalent or non-covalent) allowing a control over its electronic

properties, which is also one of the aspects investigated in this thesis.
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Materials and methods

This chapter will describe the main fabrication and characterization techniques, pro-

tocols and con�gurations used throughout this work. The fabrication of transistor

structures, as well as the fabrication of electrodes used in the electrochemical and elec-

trical characterizations, will be presented. The elaboration of the transistor's channel

will be described along with the GO ink formulation, inkjet printing technique working

principle and the in-situ GO reduction. Finally, the experimental protocols used for

monitoring the photosynthetic activities of cyanobacteria will be discussed.

2.1 Electrode preparations

2.1.1 Fabrication of transistors electrodes

The transistors electrodes were entirely fabricated in the clean room using a standard

photolithography process. Silicon substrates (n-doped with phosphorus) of 280 µm

thickness with 200 nm thermal oxide (SiO2) were purchased at BT electronics (wafer

diameter: 2"; total electrical resistivity: 3 − 9 Ohm cm−1). Before any further use,

substrates were thoroughly cleaned by bath-sonication in acetone and isopropanol (5

minutes each) and dried under argon �ow. To avoid any possible organic contamination,

substrates were treated in the plasma cleaner (Diener electronics Pico; gases available:

O2 and Ar) using the oxygen plasma for 3 minutes (working pressure between 0.6

and 0.8 mbar; generator frequency: 40 kHz; power: 160 W). For proper dehydration,

substrates were baked at 120 °C for 10 minutes. Reversal photo-resist (AZ 5214 E) was

then spin-coated (spinner: Delta 10 Süss Microtec; 500 rpm for 3 seconds and 4000

rpm for 30 seconds) and baked at 110 °C for 60 seconds just before the UV irradiation.

A chromium/quartz mask (Toppan photomasks) with 18 de�ned transistor structures

(Figure 2.1, left) was used for the UV photolithography.
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Figure 2.1: Detail of chrome photomask (left) with the zoom on the interdigitated
structure.

Photoresist exposure to light was performed using the vacuum contact technique

where the mask comes in very close contact with the surface of the silicon substrate. In

the case of an inhomogeneity of the spin-coated photoresist, its residuals may appear

on the mask's surface. After the mask/substrate alignment (Mask aligner MJB4 simple

face, Süss Microtec), substrates were UV exposed for 1.8 seconds (P= 12 mW cm−2,

λ = 365 nm). Reversal bake at 120 °C was applied for 2 minutes and �ood exposure

for 60 seconds. Development was done in 726 MIF (Metal Ion Free) for 15 seconds.

Substrates were then cleaned in distilled water for 1 minute.

Deposition of metallic contacts was performed using an electron beam evaporator

(Plassys MEB 550s) with a 10 keV electron gun under high vacuum conditions (≈
5× 10−7 mbar). A thin layer of titanium (Ti) was �rst deposited as an adhesive layer

for the gold (Au) deposition (Ti: 10 nm, deposition speed: 0.1 nm s−1; Au: 100 nm,

deposition speed: 0.2 nm s−1).

The lift-o� process was performed in an ultrasonic bath at 40 °C in acetone and

isopropanol (5 minutes each). The �nal look of the interdigitated structures is presented

in Figure 2.1. This structure de�nes a rectangular area of 1 mm by 0.5 mm which is the

total channel area. The distance between two adjacent drain/source digits (de�ning

the transistor channel length L) is 10 µm and the total channel width (W) is 30.000

µm.

2.1.2 Ag/AgCl pseudo-reference electrode

Silver wires of 250 µm diameter (Sigma Aldrich) were used for the preparation of

Ag/AgCl reference electrodes. The wires were polished with abrasive paper and rinsed

with acetone before use. The experiment was performed in a conventional 3-electrode

electrochemical cell, using an inox wire as counter electrode and a saturated calomel

electrode (SCE) as reference electrode. Oxidation of silver wires was performed in

0.1 M HCl by running a current of 1 mA (Autolab potentiostat, PGSTAT 302N) for
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1 minute through 1 cm of wire. Immediately after, a black thin �lm deposition of

Ag/AgCl/Ag2O was observed.

2.1.3 Fabrication of microelectrodes

The gate electrodes used for the electrical characterizations of photosynthetic organisms

(cyanobacteria Anabaena �os-aquae) were "home-made" glass-sealed microelectrodes.

The wires of Pt (� = 100 µm) and Au (� = 250 µm) were purchased from Good fellow

(France). The equipment used for the fabrication of microelectrodes was a Laser-Based

Micropipette puller (P-2000, Sutter instruments). Micropipettes made of borosilicate

glass having a 1 mm diameter and 10 cm length were used. The microelectrodes were

polished, as a �nal fabrication step, until the metallic wire was well observed under the

optical microscope. Carbon powder was inserted in the micropipette along with the

iron wire to facilitate further electrical contact.

2.2 Ink formulation and inkjet printing

2.2.1 Preparation of GO suspension

Commercially available single-layer graphene oxide powder (ACS Materials, modi�ed

Hummer's method54) was used for preparation of GO suspension.

Figure 2.2: a) Branson Digital soni�er with sonication tip; b) Sonication tip position
during the sonication process; Aqueous suspension of GO �akes c) before and d) after
sonication.
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Starting concentration for all suspensions was 1 mg mL−1 in distilled water (1 mL

of solution was prepared each time). Suspensions were prepared using the BRANSON

Digital Soni�er 450 (Figure 2.2 a.) composed of a sonication tip and its user interface.

The sonication tip was immersed directly into the GO suspension (Figure 2.2, b.). The

applied parameters were 30 seconds sonication using a power of 200 W (50% of the

machine's maximum power). The look of GO suspension before and after sonication

is shown in Figure 2.2 c. and d., respectively. The �nal dark brown solution was well

dispersed and remained stable for months.

2.2.2 Ink formulation

Starting from an aqueous GO suspension, a printable GO ink was developed. For the

optimum performance of the printing process, an ink formulation has to satisfy some

�uid requirements such as surface tension and liquid viscosity. To ensure the emission

of single, spherical droplets with no satellite drops, the values of these parameters are

provided by the printer supplier (Fuji�lm).

The ink's surface tension should be in the range of 28 to 42 mN m−1 at jetting

temperature. If the surface tension is too low, the ink will spontaneously drip from the

nozzles. On the other hand, if the surface tension is too high, the separation of drops

from the nozzles' surface will not be possible.

Concerning the dynamic viscosity, the ink should be within the range of 10 to 12 cP

at jetting temperature. Proper setting of dynamic viscosity helps avoid the formation of

satellite drops and "splashing" phenomena when the drops hit the substrate's surface.

Besides, the �nal ink is expected to have low volatility (boiling points higher than

100 °C are preferred).

The �nal ink formulation contained a mixture of GO stock solution, ethylene glycol

and 1-propanol (50% v/v, 20% v/v and 30% v/v, respectively). The ethylene glycol and

1-propanol were added as a part of the formulation process to improve the compatibility

of GO ink with the ideal ranges of the rheological parameters listed above. Surface

tension and viscosity of each solvent used are given in Table 2.1.

Surface tension (mN m−1) Dynamic viscosity (cP)

distilled water 72.80 0.89

ethylene glycol 48.40 16.10

1-propanol 20.90 1.95

Table 2.1: Surface tension and viscosity values of pure solvents used in GO ink
formulation.
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2.2.3 Rheological characterizations of ink

Surface tension measurements

Surface tension is the �uid's ability to minimize the occupied surface caused by the

surface forces acting on the �uid's molecules. For the surface tension measurements,

a portable Aqua Pi tensiometer was used with a remote controller (purchased from

Kibron). The measuring range of this tensiometer was 10 − 100 mN m−1 with a

measuring accuracy of 0.1 mN m−1. A measuring probe (needle) is placed exactly

above the liquid's surface. The volume used was approximately 2 mL. When the

measurement was launched, the probe was inserted in the liquid and subsequently

pulled out (Figure 2.3).

Figure 2.3: Representation of the probe position during the surface tension measure-
ments.123

When pulled out of the liquid, the needle's oscillation frequency is translated into

the liquid's surface tension value. The surface tension value of the GO ink described

above was (28.30± 0.06) mN m−1 measured at the ambient conditions (c.a. 22 °C).

Viscosity measurements

Dynamic viscosity is the measure of �uid's resistance to �ow. The more viscous the

�uid is, the thicker it is. On the contrary, a �uid with less important values of viscosity

will be more liquid. The equipment used for the viscosity measurements is a Viscome-

ter DV-II+ purchased from Brook�eld. After appropriate calibration, the viscosity

measurement was performed with approximately 1 mL of the liquid of interest. The

rotation speed applied for the measurement was 80 rpm.

Measured dynamic viscosity of GO ink was (3.650± 0.006) cP at ambient tempera-

ture (c.a. 22 °C). The GO ink showed non-Newtonian behavior and the viscosity value

reported here is the plateau value of the viscosity vs. speed curve.
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2.2.4 Inkjet printing technique

The inkjet printing technique was used for the elaboration of GO transistor channels.

The inkjet printer used here was a Dimatix materials printer 2850 (DMP 2850) from

Fuji�lm, schematically represented in Figure 2.4.

Figure 2.4: Inkjet printer-Dimatix materials printer 2850.124

More details about this printer can be found in the DMP user manual ("FUJIFILM

Dimatix Materials printer DMP-2800 Series User Manual") and the printer's principal

components are presented in Appendix B.

The printer used in this thesis is based on a piezoelectric Drop on Demand ap-

proach, where a piezoelectric crystal is the center of the event as the transducer of

user's demands. Piezoelectric materials are known for their ability to deform in the

presence of an electric �eld. The jetting waveform describes the evolution of the voltage

applied to each nozzle with time. When the applied voltage increases, the reservoir

walls deform, thus creating a pressure wave inside the reservoir itself. This pressure

increase is responsible for the ejection of drops. Figure 2.5 a. represents a de�ected

piezoelectric crystal and the corresponding waveform. The dashed blue line in the

waveform represents a region where the applied voltage increases with time.

The jetting speed can be modi�ed by adjusting the applied voltage. For good

printing resolution, setting a proper jetting speed is crucial. If the drop velocities are

too high, the undesired e�ects such as splashing may occur, resulting in the formation

of satellite drops which can decrease printing process resolution. For GO ink, the

applied voltage was 15 V leading to a jetting speed of 7 m s−1. Drop formation at

the printing nozzles is shown in Figure 2.5 b. As observed, all printing nozzles worked

properly thanks to the proper GO ink formulation. The printing was �uid without

hardly clogged nozzles.

For homogeneous printing features, it is important that the printed drops are neither

too far from each other nor too close. If the printed drops are too distant, printed layers

could look like interrupted lines. On the contrary, complete overlapping of printed drops
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will result in the agglomeration of printed features. Before any printing process, it is

crucial to have an insight into the printed drop diameter. Figure 2.5 c., shows the GO

ink printed drops on the clean Si wafer's surface.

Figure 2.5: a) Schematic representation of de�ected piezoelectric crystal and drop
formation125 with its corresponding waveform. b) A screen-shot from a video showing
the ejection of GO ink from the printing nozzles. c) GO printed drops on silicon wafer.
For the sake of clarity, white dashed circles are highlighting the drops presence.

Due to the almost optically transparent GO ink and very low volumes of printed

drops (10 pL), the drops are barely visible. The drops had a diameter (D) ranging

approximately from 30 to 40 µm. Now, an important parameter called drop spacing

(d) can be de�ned. Drop spacing is the distance between two adjacent printed drops,

which is a parameter that the user can �x. The following formula:

d =
D

2
(2.1)
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de�nes an empirical method used to set the best possible drop spacing after the mea-

surement of average drops' diameter. Nevertheless, deviations from this empirical

formula frequently occur. For the GO inkjet printing, the average drop spacing used

was 15 µm. To improve the �nal homogeneity, three subsequent layers were printed

one on the top of the other.

2.3 Electrochemical reduction of GO

The GO printed �lm was electro-reduced using an in-situ approach developed in this

thesis. Figure 2.6 represents the scheme of the 3-electrode setup used here.

Figure 2.6: Setup for the in-situ electrochemical reduction of GO printed �lm.

For both the electrochemical reduction of GO and the impedance measurements,

the potentiostat used was a Biologic SP-200. The reduction was performed directly

on the transistor's bottom-contact structure, previously described. The source and

drain interdigitated gold contacts were short-circuited, serving as a working electrode.

The home-made Ag/AgCl electrode was used as reference electrode and an inox wire

as counter electrode. The electrolyte used for all electrochemistry experiments was

phosphate-bu�ered saline (PBS) purchased in the form of tablets (Sigma Aldrich) and

prepared in distilled water (pH=7.4; concentrations: 137 mM NaCl, 8 mM Na2HPO4,

2 mM KH2PO4 and 2.7 mM KCl).

The electrolyte was contained by lab-made polydimethylsiloxane (PDMS) wells.

The 3D printed support was used to ensure good adhesion of the PDMS wells onto

the substrate as schematically represented in Figure 2.7. These wells ensured the

electrolyte's volume to be kept constant for each experiment (150 µL).

The reduction was performed using chronoamperometry. The constant potential of

−1.3 V was applied for reduction times ranging from 1 to 100 seconds.



2.4. CHARACTERIZATION TECHNIQUES 73

Figure 2.7: PDMS wells with the 3D printed support.

2.4 Characterization techniques

The characterization techniques used in this work are mainly based on surface topogra-

phy investigations and electrical characterizations. The morphological surface charac-

terizations were performed by atomic force microscopy (AFM) on both drop-casted and

inkjet-printed GO inks, as well as on the GO �akes after molecular functionalization.

Following the reduction of GO layers, the electrical characterizations were performed.

These techniques and used con�gurations will be described in the following sections.

2.4.1 Morphological characterizations

(AFM) is one of the most widely used scanning probe microscopy (SPM) techniques

for the surface characterizations at the nanometric scale. The main components of an

AFM are a local probe mounted on a �exible cantilever, a piezoelectric scanner which

moves the tip relatively to the sample surface in the three space directions, a laser beam

re�ected by the rear side of the cantilever and a four-quadrant photo-detector which

detects and ampli�es the probe's vertical movements (Figure 2.8, left). The cantilever

is usually made of silicon or silicon nitride and possesses a spring constant of 10− 100

N m−1 for tapping (used here) and non-contact mode, which enables the piezoelectric

actuator to scan the surface with the atomically sharp probe (20 − 60 nm radius of

curvature).126 For contact mode, the spring constant is below 1 N m−1. The working

principle of an AFM is based on the detection of forces (van der Waals force mainly

but also: capillary, frictional, chemical, electrostatic, and magnetic forces) between the

probe and the sample's surface within an atomic distance (Figure 2.8, right).127 The
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force exerted on the probe will vary with the surface topography di�erences leading to

the cantilever de�ection.

Figure 2.8: Schematic representation of an AFM setup. Adapted from127.

Cantilever's constant bending is maintained by adjusting the piezoelectric actuator's

vertical position through a feedback loop on the position of the laser beam re�ected

by the local probe onto the photo-detector. Every de�ection of the cantilever following

the surface topography is recorded within a vertical accuracy of typically 1 Å. The

overall force (F) between the sample and the tip can be calculated using Hooke's law

from the cantilever de�ection (∆ z) and its spring constant (k):

F = −k∆z (2.2)

AFM can be operated according to three di�erent modes:

� Contact mode: a sample and a probe are in contact and a gap in between them

is less than a few angstroms (Å). The prevalent force exerted on the scanning tip

is the van der Waals attractive force.

� Non-contact mode comprises a more important distance between the tip and the

sample, which is about several tens to several hundreds of Å. The attractive van

der Waals force is exerted on the tip.

� Tapping or intermittent mode is in between contact and non-contact mode. Term

tapping is used because there is a very light contact between the tip and the

sample.

The device used in this work was an AFM NT-MDT Solver P47 along with the stan-

dard silicon probes (Nanosensors, model PPP-NCHR). Tapping mode is used for the

morphological characterizations of samples. Free software WSxM was used for data

analysis.128
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2.4.2 Electrical characterizations

Electrical characterizations of �eld-e�ect devices were performed using a semiconductor

characterization system Keithley 4200 along with a probe station: Süss MicroTec PM5.

The electrolyte-gated �eld-e�ect transistor con�guration used here is shown in Figure

2.9. A gold wire (� = 1 mm) was used as a gate electrode.

Figure 2.9: Left: Schematic representation of the electrolyte-gated �eld-e�ect tran-
sistor con�guration with rGO as the active layer. Right: EG-GFET con�guration with
the gate electrode above the PDMS wells and micro-manipulators on the source/drain
contacts.

The transistor's transfer characteristics were acquired by sweeping the gate voltage

from 1.9 V to 0.9 V, depending on the experiment (voltage step: 0.02 V, sweep delay:

0.5 s, hold delay: 3 s). The drain voltage for the transfer characteristics was kept

constant at 0.9 V. For the output characteristics, drain voltage was swept from −0.1

V to 0.9 V keeping the gate voltage at a �xed value in the range of 1.3 to 1.9 V (with

a step of 0.1 V).

2.5 Experimental section: rGO EG-FET as a biosen-

sor

2.5.1 Cellular medium preparation

The cyanobacteria Anabaena �os-aquae used for biosensing purposes were provided by

the National Museum of Natural History in Paris. The photosynthetic organisms were

kept and grown in aqueous Bold's basal medium (B3N) at pH= 7.4. For each liter of

B3N solution, 1 mL of vitamin solution (0.11 nM vitamin B12, 1.02 nM vitamin H, 2.97

µM vitamin B1) is added. Preparation of B3N was performed using ultra pure distilled

water (MilliQ) and contained: 2.16 µM VOSO4 · 2H2O, 17 mM CaCl2 · 2H2O, 0.34 mM

NaCl, 0.641 µM CuSO4 · 5H2O, 0.43 mM K2HPO4, 0.819 µM (NH4)Mo7O24 · 4H2O,
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0.125 mM MnCl2 · 4H2O, 0.034 mM EDTA, 7.65 µM ZnSO4 · 7H20, 8.8 mM NaNO3,

1.29 mM KH2PO4, 3.2 µM CoSO4 · 7H20, 0.39 mM H3BO3, 3 mM MgSO4 · 7H2O.

Before use, B3N was sterilized in an autoclave at 120 °C.

2.5.2 Gate functionalization

The platinum microelectrode used as gate in the rGO EG-FET con�guration was func-

tionalized in a conventional 3-electrode electrochemical setup using an inox mesh as

counter electrode and a commercial Ag/AgCl as reference electrode. The electrolyte

(0.1 M tetrabutylammonium hexa�uorophosphate, TBAPF6 purchased at Sigma Aldrich)

was dissolved in pure ethylenediamine (Sigma Aldrich). Cyclic voltammetry was per-

formed in the range of 0− 1.4 V (scan rate 50 mV s−1).

2.5.3 Preparation of hydrogel containing cyanobacteria

The alginate hydrogel was prepared by making a 2 % (w/v) sodium alginate solution in

MilliQ water. The cyanobacteria solution was sampled each time in 2 mL eppendorfs

and subsequently centrifuged at 1500 rpm for 90 seconds. The obtained �oat was mixed

in a 50/50 ratio with the alginate hydrogel. For the gate functionalization, the gate

electrode was dipped in the cyanobacteria/hydrogel mixture and reticulated in 0.1 M

CaCl2 for 5 minutes. For the hydrogel used as a solid electrolyte in rGO EG-FET, the

mixture of cyanobacteria/hydrogel was sampled (10 µL) and the drops were ejected

into 0.1 M CaCl2 for the reticulation.

2.6 Conclusions

Fabrication and characterization methods described in this chapter, toward experimen-

tal conditions used in biosensing applications, lead to the development of an EG-GFET

device based on reduced graphene oxide further used as a biosensor. The inkjet printing

technique, introduced here, was employed for the elaboration of GO transistor chan-

nels using an inkjet-printable GO-based ink, formulated in this work. The presented

in-situ approach for electrochemical reduction allowed us to obtain conductive chan-

nels directly on the interdigitated source/drain structures. Additional details about

the elaboration of the rGO transistor's channels and the in-depth study of its electrical

characteristics in the EG-GFET con�guration are discussed in the next chapter.
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In this chapter, we present the inkjet printing deposition of GO on the transistor's

bottom contact photolithographed structure. As graphene oxide (GO) is known as

a material that can be deposited from liquid suspensions, we used it here in the ink

formulation. The reduction of graphene oxide (rGO) is also discussed. Before any

sensing application on rGO, we aimed to explore and control the rGO's charge trans-

port properties using two di�erent approaches: on the one hand, by an electrochemical

tuning of the reduction state of rGO, and on the other hand, through molecular func-

tionalization of its basal plane. These studies were performed mainly by electrical tests

(current/voltage characteristics). The in�uence of the electrochemical reduction rate

on the electronic behavior of rGO in the EG-GFET con�guration is discussed. We also

demonstrate that self-assemblies of original nitrogen-rich aromatic molecules adsorbed

on rGO can tune its Fermi level.

3.1 Elaboration of printed GO channels

As a printable ink has to satisfy some essential parameters like surface tension and

viscosity in a certain range of values (described in Chapter 2), another important

parameter to take into account is the size of the GO �akes contained in the ink.

Nozzles diameter being around 21 µm, we aimed to obtain an average size of GO

�akes of 1 µm (for proper printing, GO's �akes lateral size should not exceed ≈ 10 %

of the nozzle diameter). The ultrasonic fragmentation process, here used, is known to

reduce the size and adjust the shape of GO �akes.129 This was an essential step to avoid

the �akes agglomeration in the printing nozzles. We undertook a study of sonication

power and sonication duration in�uence on the GO �akes morphology. Figure 3.1 a.,

shows the results for combining these two parameters: the morphology evolution with

79
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sonication time at �xed power (P=200 W, row of AFM images) versus the morphology

evolution with sonication power at �xed duration (t=30 s, column of AFM images).

Figure 3.1: a) Typical AFM images of drop-casted aqueous GO solutions (0.1 mg
mL−1) obtained for two di�erent series: by �xing sonication power (P=200 W, images
in row) or sonication time (t=30s, images in column). Dispersions were drop-casted
on the SiO2/Si substrate; b) Size distribution of GO �akes obtained under constant
sonication power (P=200 W) and variable sonication time (t=3 s, 15 s, 30 s).

GO aqueous dispersions were drop-casted onto the SiO2/Si substrate. AFM char-

acterizations were performed right after drying in air. One can observe that the GO

�akes' shape vary for both series. However, it seems that by increasing the sonication

power, the GO �akes become more fragmented resulting in an important size reduction.

In Figure 3.1 b., the distribution of GO �akes is shown for a �xed sonication power of

200 W and di�erent sonication times. To construct the histogram, on average, 12 AFM

images were analyzed (on average, ≈ 75 GO �akes were measured per each sonication

time). One can observe that the sonication duration of t= 30 s contained ≈ 80 % of
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�akes with an adequate size for printing (≈ 0.8− 1.2 µm, to prevent nozzle clogging).

From this statistical study we concluded that the best sonication parameters are t= 30

s and P= 200 W. These parameters are used in the further elaboration of transistor's

channel through the inkjet printing process.

Figure 3.2 shows the AFM topographical characterizations of drop-casted GO aque-

ous solution on the SiO2/Si substrate and the inkjet-printed layer on the bottom contact

photolithographed transistor's structure with their respective height pro�les.

Figure 3.2: AFM characterizations of: a) drop-casted GO aqueous dispersion (0.1
mg mL−1) on SiO2/Si wafer (for the sake of clarity, one of the GO �akes is bordered
with white/black dotted line); b) GO inkjet-printed layer (0.5 mg mL−1) on the inter-
digitated photolithographed Au contacts. The height pro�les' positions are indicated
by arrows.

Regarding the drop casted layer (Figure 3.2 a.) one can observe the partial over-

lapping of GO �akes. The majority of �akes lie parallel to the surface. Moreover, a

limited wrinkles density is observed, appearing as the bright straight lines in the AFM

image. The average estimated thickness of drop-casted GO �akes was found in the

range of 0.5 − 2 nm. Knowing that the interlayer spacing in graphite is 0.34 nm, the

thickness of rGO �akes varies from the single-layer up to ≈ 6 monolayers. Regarding

the inkjet-printed GO layer (Figure 3.2 b.), the overlapping GO �akes are observed to

cover the Au electrodes and silica substrate between the electrodes. A roughness of

12 nm is found on silica (RMS value). The average estimated thickness of the printed

layer is found to be ≈ 30 nm.

Before any further electrical characterizations of the printed layer, GO had to be

transformed into its conductive form: reduced GO (rGO). This step will be discussed
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in the next section.

3.2 GO reduction

Among the di�erent methods to reduce GO, we focused on the electrochemical reduc-

tion. The electrochemical approach allows us to obtain rGO in a 'green' way without

the use of any harsh chemicals, thus avoiding potential contaminations. The electro-

chemical reduction was performed in a conventional 3-electrode electrochemical setup

to explore the reduction potential. Furthermore, the electrochemical reduction was

adapted to an in-situ con�guration, allowing us to obtain rGO directly on the transis-

tor's bottom-contact structure. The electrochemical studies of GO on the macroscopic

electrodes will be presented in the next part, followed by the results obtained by the

in-situ reduction approach.

3.2.1 Electrochemical investigations (in the electrochemical cell)

The electrochemical reduction of GO was investigated in a nitrogen-saturated elec-

trolyte PBS (pH=7.4). Aqueous GO dispersion (1 mg mL−1) was drop-casted (20 µL)

onto the surface of the macroscopic glassy carbon electrode (GCE). The voltage was

swept from 0 to -1.8 V for �ve cyclic voltammetry (CV) scans (scan rate 50 mV s−1).

Figure 3.3 (left) shows the cyclic voltammograms obtained for bare and GO func-

tionalized GCE, respectively.

Figure 3.3: Left: Cyclic voltammograms of bare GCE (red) and GO reduction (blue)
performed in PBS, scan rate 50 mV s−1. Right: Electrochemical characterization in
1 M H2SO4 of GO before (orange) and after (blue) reduction on GCE.

As it can be noticed, with each scan, the current tends to decrease which indicates

the progressive GO reduction. The maximum reduction current was found at ≈ −1.7 V

with starting reduction potential in the range of −1.2 V to −1.3 V.
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The electrochemical characterizations of both GO and rGO �lms in 1 M H2SO4 are

shown in Figure 3.3 (right). The low capacitive current observed for GO is related to

oxygen groups' presence, which makes GO insulating. In the deoxygenation process, as

the material's conductivity increases, the capacitive current increases too.130 The ob-

served redox peak can be attributed to the transition between quinone/hydroquinone

groups, typical for carbon-based materials, indicating the possible presence of resid-

ual oxygen in rGO.131 As we aimed to perform an in-situ reduction approach on the

gold transistor's contacts, the reduction behavior was investigated as well on the Au

macroscopic electrode, with a similar observed behavior (Appendix C.1).

3.2.2 In-situ reduction and optical characterizations

Following the GO inkjet printing on the transistor's bottom-contact structure, the GO

was electrochemically reduced. An in-situ approach for electrochemical reduction de-

veloped here is described in detail in Chapter 2. By applying a potential of −1.3 V (vs.

Ag/AgCl) on the short-circuited gold source and drain contacts, acting as the working

electrode, GO was successfully reduced. Moreover, the reduction process duration was

controlled.

Figure 3.4 a., shows the same GO printed layer exposed to di�erent reduction

durations. As it can be noticed, the GO reduction resulted in a color change, which was

a visual indication of successful reduction.60 In fact, this color change is the consequence

of the restored π-conjugated system. Moreover, the increased reduction duration was

followed by the progressive darkening of the rGO layer. First, the darkening of the

printed layer occurred on the Au interdigitated electrodes (1 s) and then progressed out

of the interdigitated pattern (10 s). A similar behavior was observed in the literature.73

Besides, one could observe the inhomogeneous contrast in the rGO �lm. These

local color changes are even more pronounced upon prolonged reduction. Neverthe-

less, one should keep in mind that inkjet deposition inherently brings some thickness

�uctuations. Therefore, we assign the local color changes to the thickness �uctuations,

rather than to the inhomogeneous reduction process. For the sake of comparison,

Figure 3.4 b., depicts the same drop-casted GO layers before and after in-situ electro-

chemical reduction. For both GO and rGO layers, the thickness variations are much

less pronounced. Consequently, the rGO layer presents a homogeneous dark contrast,

which attests the uniform reduction process.

The e�ect of the reduction process on the electronic properties of rGO was investi-

gated in the rGO EG-FET con�guration.
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Figure 3.4: a) Optical microscopy image of the same GO inkjet printed layer on the
interdigitated transistor's structure I) before reduction and after II) 1 s and III) 10 s
of reduction; b) Drop casted GO �lm on the interdigitated structure before (left) and
after (right) 10 s of electrochemical reduction.

To achieve this, the GO was electrically characterized at di�erent reduction stages,

which will be discussed in the following section.

3.3 Electrical characterization of rGO

Following electrochemical reduction, rGO printed layers were subjected to character-

izations of their electronic properties in the EG-GFET con�guration, using PBS as

electrolyte (Figure 3.5 a). The electrical characteristics obtained after 1 s of reduction

are shown in Figure 3.5 (b, c, d).

The output curves (IDS-VDS, Figure 3.5 b.) show the variation of current with

applied drain voltage at �xed gate potential. The shift of the output curves for each

gate voltage step evidences the presence of a �eld e�ect in our device, and the possibility

for its modulation through variation of the applied gate voltage. The drain current is

found to vary linearly with the drain voltage, suggesting a linear conduction regime

present in rGO.

Transfer curves (IDS-VGS, Figure 3.5 c.) recorded in the back (sweeping VGS from

1.9 to 1 V) and forth (sweeping VGS from 1 to 1.9 V) direction for the same device

(same rGO layer, tred=1 s) reveal a typical V-shaped curve obtained for graphene-

based materials, with two branches that intersect at the minimum current de�ned as

the Dirac point "position".
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Figure 3.5: a) Schematic representation of the rGO EG-FET con�guration; Electrical
characteristics of printed rGO layer upon 1 s of electrochemical reduction: b) Output
curves recorded by �xing the gate-source voltage (VGS) and sweeping the drain-source
voltage (VDS). c) Transfer curves recorded for the �xed drain voltage value (VDS=0.9
V) in the back (VGS from 1.9 to 1 V; red dashed line) and forth (VGS from 1 to 1.9 V;
black solid line) direction. Arrows indicate the sweeping directions. d) Gate current
variations with VGS corresponding to the transfer curve.

Here, the Dirac point is situated at VGS ≈ 1.3 V (forth sweep). The stability of

the device was veri�ed by consecutive current/voltage acquisitions on the same rGO

layer (Appendix C.2.1), evidencing the stability and robustness of charge transport in

the rGO layer itself. As discussed in Chapter 1, if the Dirac point position is found

at a gate voltage di�erent from 0 V, a possible doping e�ect could be present. In our

case, the minimum current point is found at positive gate voltage suggesting that the

rGO is p-doped. Similar behavior was remarked in the literature.132 It was attributed

to the presence of both positively charged impurities, and a charge transfer between

graphene and the underlying substrate.

Also, the transfer curve reveals the presence of hysteresis between the back and the

forth sweeps, causing a roughly 100 mV shift of the Dirac point position. According

to the litterature, two possible mechanisms can explain this behavior: charge trapping

from/to graphene or capacitive gating e�ects, which are believed to coexist and compete
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in graphene-based transistors.133 Possibly, charges stay trapped between the substrate

and the graphene layer, and act as a local �oating gate that partially screens the

e�ective applied gate potential.

The gate current is another important parameter of EG-GFET electrical charac-

teristics. As the gate electrode is often considered as a 'counter' electrode in the

EG-GFET con�guration, if some parallel/parasitic reactions (Faradaic process) occur

in the system, they can be re�ected by important variations of gate current. That is the

reason why the gate current should always be taken into consideration. Figure 3.5 d.,

shows the gate current versus gate voltage related to the transfer characteristic of Fig-

ure 3.5 c. Here, the gate current (IGS) is found to be 3 orders of magnitude lower than

the recorded drain current (IDS), showing that the drain current is not interfered with

parallel reactions occurring at the gate electrode.

Previous theoretical and experimental research works showed that the band gap

closure, which occurs upon reduction of GO into rGO, can be controlled through the

tuning of the 2D material's oxidation state.134;135;136;84 To our knowledge, there are no

studies that addressed the rGO's electrical properties in EG-GFET con�guration upon

di�erent reduction states. The study of rGO's charge transport behavior as a function

of the reduction degree will be presented in the following subsection.

3.3.1 E�ect of the reduction time on rGO in EG-FETs

In order to investigate the in�uence of the reduction degree on the rGO's electrical

properties, the reduction potential was kept constant and the duration of the process

was carefully controlled.137

Figure 3.6 shows the rGO's transfer characteristics obtained for di�erent reduction

times, ranging from 1 to 10 s. The progressive increase in reduction time was re�ected

on the transfer curves both in terms of the Dirac point position and the slopes of both

hole and electron branches. The Dirac point position was found to shift toward less

positive potentials with increased reduction time, while both branches' slopes were

found to decrease. The possible origin of this behavior will be discussed in the section

3.3.2.

Although the slope damping and the Dirac point shift are systematically observed

upon increased reduction duration on all tested devices, one should keep in mind that

the current and voltage at the Dirac point are not strictly the same from one rGO EG-

FET to another. To illustrate this, additional data from another inkjet printed sample

are shown in Appendix C.2.2. Bearing in mind that the GO channel is ink-jetted with

inherent thickness �uctuations, as previously mentioned, consequently the overlapping

of GO �akes is not the same for each sample.
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Figure 3.6: Transfer curves recorded upon the progressive increase of the electro-
chemical reduction duration (from up to down: tred = 1 s, 3 s, 6 s, 10 s) over the same
rGO EG-FET sample (VDS = 0.9 V).
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This leads to variations of both the overall current and the Dirac point position.

The gate currents related to the transfer characteristics obtained after di�erent

reduction times are shown in Figure 3.7.

Figure 3.7: Gate currents versus gate voltage characteristics obtained for rGO upon
di�erent reduction times (related to Figure 3.6). The arrows indicate the reading scale
of each characteristics.

The gate current is observed to be in the µA range for each reduction time and do

not interfere with the drain current (in the mA range).

From the presented electrical characteristics, the extraction of electronic parameters

is performed and is discussed in the following text.

3.3.2 Extraction of electronic transport parameters and discus-

sion

As discussed in Chapter 1 (paragraph: "Extraction of electrical parameters") from the

following equation: gm = ∂IDS
∂VGS

= µ × CTOT
W
L
VDS, one can observe that the slope

variations are linearly dependent on the product of mobility and the total capacitance

(where the total capacitance is expressed as: 1
CTOT

= 1
CEDL

+ 1
CQ

). Considering that

the gate electrode area is much larger than the overall rGO's channel area, here the

gate/electrolyte interface has a negligible contribution to the overall CEDL.

On the contrary, the electrolyte/rGO interface is the interface that drives the overall

CEDL. Bearing this in mind and by taking into account the values found in literature

for liquid-graphene interface, we used the capacitance value of CEDL ≈ 8 µF cm−2 in

further calculations.138;139

To describe the behavior of a GFET in the electrolyte-gated con�guration, one

has to take into account the EDL capacitance and the quantum capacitance (CQ) of
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graphene itself.99 As discussed in Chapter 1, CQ depends on both the charge carriers

induced by the gate and the charge impurities. The contribution of these two ca-

pacitances (CEDL and CQ) can be modeled as two capacitors connected in series as

schematically represented in Figure 3.8.

Figure 3.8: Schematic representation of interfacial capacitance model used to describe
the behavior of an EG-GFET. The two capacitors in series: capacitance of the double
layer (CEDL) and the quantum capacitance of graphene (CQ).

The potential drop through the device is described as140;100:

(VGS − VDirac) =
~ |vF|

√
π n

e
+

n e

CEDL

(3.1)

where VDirac is the gate potential at the Dirac point (minimum current of the transfer

characteristics), vF is the Fermi velocity in graphene (|vF| = 1.1 × 106 m s−1) and n

is the total charge carrier density per cm2. The charge carrier density includes both

the charge carriers induced by gate polarization and charge impurities (where charge

impurities are known to vary from 1× 1011− 1× 1012 cm−2).99 By including the CEDL

value, the equation 3.1 is simpli�ed to:

(VGS − VDirac) = 1.17× 10−7
√
n+ 2× 10−14 n (3.2)

where n is expressed in cm−2. By solving equation 3.2, one can convert the gate voltage

range of the experimental transfer characteristics into a charge carrier density variation.

Doing so, we could represent the 2D conductivity (σ2D) of rGO as a function of the

charge carrier density by using the following relation:

σ2D =

(
W

L

)−1

× IDS
VDS

(3.3)

where W and L in our case are 30000 µm and 10 µm, respectively. The conductivity

versus charge carrier density characteristics are shown in Figure 3.9. The conductivity

at the CNP was found to increase dramatically for higher charge densities induced by

the gate potential. Furthermore, the conductivity at the CNP was found to double its

value between 1 s and 3 s of reduction. With prolonged reduction duration (6 s and

10 s), the conductivity decreased by ten times.
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Figure 3.9: Conductivity (red) and charge mobility (blue) corresponding to each
transfer curve from the Figure 3.6. From up to down: tred = 1 s, 3 s, 6 s, 10 s.
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Finally, the charge carrier mobilities can be extracted from the semi-classical Drude's

model (µ = σ
ne
). Charge carrier's mobility related to the data in Figure 3.6 are also

shown in Figure 3.9 as a function of the total charge density. The charge mobility

values were found to diverge at n = 0, as theoretically expected. The charge transport

at low charge densities can be attributed to the presence of charged impurities under

the rGO layer.140 This explanation goes hand in hand with the conductivity value for

n = 0 observed to be di�erent from zero whatever the reduction time is, con�rming

the presence of charged impurities in rGO. Outside of the CNP, for both holes and

electrons, the charge mobilities were found to decrease and reach a "plateau" value at

higher charge densities (typically when n = 4×1012 cm−2). At this plateau, the charge

transport is dominated by the carriers coming from the gate e�ect and thus can be

used to evaluate the mobility of both charge carriers. Mobility values in function of

the reduction time are shown in Table 3.1.

tred (s) µe (cm2 V−1 s−1) µh (cm2 V−1 s−1)

1 0.45±0.05 0.42±0.05
3 0.86±0.07 1.10±0.07
6 0.10±0.01 0.11±0.01
10 0.06±0.01 0.06±0.01

Table 3.1: The charge carrier's mobilities calculated for electrons (µe) and holes (µh)
at the edge of mobility plateau (for charge density of n = 4 × 1012 cm−2). Reduction
time is indicated for each value.

According to Drude's model, mobility variations follow the conductivity variation

trend. Maximal mobility value (µ ≈ 1 cm2 V−1 s−1) was observed after 3 s of reduction

where subsequently mobility dropped by a factor of 15 for increased reduction time.

The mobility values obtained here for rGO are comparable with literature values from

other in-situ reduction methods and deposition techniques.72;71;141

The mobility drop with the reduction time increase could be a consequence of

the progressive reduction process. During the GO reduction, the oxygen groups are

removed.59 Removal of oxygen groups leaves, as a result, some defects in rGO's struc-

ture. These defects can act as scattering centers, lowering the overall apparent charge

mobility for both holes and electrons.

Furthermore, the Dirac point position is observed to shift toward less positive po-

tentials with progressive reduction. This behavior evidences the possibility of oxygen

groups to act as 'dopant' species on rGO. The oxygen groups removal subsequently

diminish their doping e�ects which, as a consequence, leads to the rGO's dedoping

resulting in a Dirac point position shift. Similar behavior is described in literature in

the case of graphene doping with potassium.142 Chen et al. showed that with increased
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K-doping duration, the charge mobility decreases and the Dirac point position shifts

toward more negative potentials (as K atoms act as electron donors toward graphene).

For the sake of comparison, the electrical behavior of graphene �akes based tran-

sistors was studied and is presented in the following section.

3.3.3 Comparison with the graphene EG-FETs

Here, we choose to investigate the behavior of graphene �akes in the EG-FET con�gu-

ration, as a reference system for our study. However, the dispersibility issue of graphene

in water-based inks should be �rst overcome. Graphene powder was dispersed using the

same procedure and the same mixture of solvents used in the GO ink formulation. The

graphene �akes were drop-casted onto the interdigitated structure and characterized

in the EG-GFET con�guration. The obtained transfer curve is shown in Figure 3.10.

Figure 3.10: Transfer curve obtained in EG-GFET con�guration (PBS as electrolyte)
of drop-casted graphene �akes (VDS=0.1 V).

The Dirac point position for graphene �akes FETs is found close to VGS = 0 V

(VGS ≈ +50 mV). Compared to rGO EG-FETs, where the initial Dirac point position

was found close to VGS ≈ 1.3 − 1.4 V, it seems that the possible "doping e�ects" are

much less pronounced here. The clear di�erence between rGO and graphene distin-

guished here is an additional proof that these two materials have di�erent electrical

properties. Note that for this experiment, the gate voltage window was extended to-

ward more negative potentials, in order to clearly observe both branches of the transfer

characteristics. Consequently, to avoid important di�erence between VGS and VDS, the

value of VDS was decreased to 0.1 V.

The data related to the characterization of graphene �akes is extracted in the same

way as for the rGO samples by taking into account the contribution of CEDL and CQ
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in the overall capacitance. The obtained results are shown in Figure 3.11.

Figure 3.11: Sheet conductivity (red) and charge carriers' mobility (blue) versus
charge carrier density related to the transfer curve obtained on graphene �akes (Figure
3.10).

The charge carriers' mobilities calculated here are 0.17 cm2 V−1 s−1 and 0.12 cm2

V−1 s−1 for holes and electrons, respectively. These values, situated in the range of

mobilities obtained for GO reduced between 3 s and 6 s, suggest that rGO is being

degraded with extended reduction to 10 s and more. This tends to con�rm the as-

sumption we made previously, about the introduction of defects in the rGO structure

for long reduction times. All in all, our results show that there exists an optimum

reduction duration for obtaining the maximum mobility value in rGO EG-FETs. One

should note that the mobility values extracted from EG-GFETs made of graphene or

rGO �akes may appear far below the ones obtained with pristine graphene GFETs.

However, one should also keep in mind that the transistor's channel is elaborated here

through the inkjet printing process. Consequently, the charge carrier mobilities may

be limited by the hopping process between the rGO �akes, which is not the case when

single-layer graphene is used as channel. Moreover, one cannot neglect the possibility

of electrolyte ions penetration in between the rGO �akes. Additional studies would

be needed for further understanding of the real mechanism lying behind the observed

behavior.

In the next section, the e�ect of the organic adsorbates on rGO's electronic prop-

erties will be discussed.
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3.4 E�ect of nitrogen-rich molecular adsorbates on

rGO

As mentioned in Chapter 1, graphene's electronic properties can be controlled through

the means of molecular functionalization. Here, we envisaged the rGO doping by

using non-covalent two-dimensional molecular assemblies deposited on rGO. The type

of molecule designed and synthetized for this purpose is represented in Figure 3.12.

The molecule is composed of two triazine groups bi-substituted by alkyl chains and

separated by a phenyl group.

Figure 3.12: Triazine-based molecule bi-substituted by alkyl chains (here, BTZ-C4).

Based on the same bis-triazine (BTZ) central group we have investigated two molec-

ular structures which di�er only by the length of the alkyl chains, i.e. a linear chain

comprising 4 carbon atoms (labeled as BTZ-C4) and one with 6 carbon atoms (BTZ-

C6). However, no signi�cant di�erences were noticed in terms of electrical characteris-

tics between these two molecules. In the following, the acronym BTZ-Cn will be used

to represent this type of molecule, where n represents the length of the alkyl chain.

This structure was chosen to promote the two main types of non-covalent interac-

tions: the π-stacking interactions between the plane of rGO and molecule's aromatic

rings143, and the London dispersion force between the alkyl chains and the rGO48.

These interactions help to establish a molecular monolayer on rGO. London forces can

help create intermolecular interaction. On the other hand, thanks to the presence of

triazine groups, this molecule is rich in electrons coming from nitrogen atoms. As a

result, we expect that a charge transfer could be established between rGO and BTZ-Cn.

As the doping e�ect depends on the molecule's HOMO/LUMO position with respect

to the graphene's Fermi level, we were interested in extracting the HOMO/LUMO

values of BTZ-molecule through electrochemical measurements. Figure 3.13 shows

the cyclic voltammograms of BTZ-C4 molecule obtained in a conventional 3-electrode

electrochemical cell.
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Figure 3.13: Cyclic voltammograms showing the reduction (left) and oxidation (right)
waves of 1 mM BTZ-C4 dissolved in 0.1 M TBAPF6/ACN. The scan rate is 100 mV
s−1.

The HOMO/LUMO position can be extracted using the following relations144;145:

EHOMO = −(Vonset-ox − Vref + 4.8) eV (3.4)

ELUMO = −(Vonset-red − Vref + 4.8) eV (3.5)

where Vonset-ox and Vonset-red are the oxidation and reduction onsets, respectively, and

Vref is the ferrocene's halfwave potential (0.4 V). Vonset values are extracted from the

reduction (Figure 3.13, left) and oxidation (Figure 3.13, right) waves: Vonset-red = −1.5

V and Vonset-ox = 1.4 V. By replacing these values in the equations 3.4 and 3.5 the

HOMO/LUMO values are estimated:

EHOMO = −5.8 eV

ELUMO = −2.9 eV.

Moreover, another important information was deduced from these electrochemical

measurements: the potential range within which the molecule is redox-inactive. The

redox peak was observed at ≈ −2 V. As the working potential in EG-GFET is up to

1 V, we were sure that no parallel parasitic electron transfer would occur in our mea-

surements, which could potentially interfere with the rGO's typical electrical transfer

and output characteristics.

3.4.1 Functionalization of rGO

Before any electrical characterization of the BTZ-Cn in�uence on rGO, we were inter-

ested in studying the molecular deposition behavior through the means of AFM surface
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characterization. In the case of the inkjet-printed layer, the study of molecular adsorp-

tion is tricky to achieve, since the GO layer is printed in a way to maximize the density

of overlapping GO �akes. This leads to a relatively important surface roughness which

may prevent the unambiguous visualization of thin molecular layers adsorbed on GO.

To clearly identify the molecular adsorbates on the GO �akes, we chose to deposit the

molecules on speci�c samples where the �akes are well dispersed on the substrate.

To achieve the proper conditions for morphological study, GO ink was diluted and

drop-casted on the silicon wafer's surface. Subsequently, the BTZ-based molecules,

soluble in 1-propanol, were deposited on GO by drop-casting. Figure 3.14 shows the

GO dispersion before (a) and after (b) liquid-phase functionalization with the BTZ-C6

molecule.

Figure 3.14: GO ink 0.1 mg mL−1 drop-casted on the SiO2/Si substrate (a) before
and (b) after functionalization with BTZ-C6 (0.5 mM).

Before the functionalization step, one can observe very �at GO �akes without signif-

icant overlap. The average thickness of GO �akes is between 0.5−1.5 nm, equivalent to

approximately 1 to 5 GO monolayers. The height pro�le shows no signi�cant roughness

�uctuations. On the other hand, with the BTZ-C6 addition, the roughness �uctuations

became more important (in the range of ≈ 2 nm) suggesting the presence of adsorbed

molecular domains of up to ≈ 3 molecular layers. Also, one can observe that the silicon

substrate is entirely covered by the molecule.

Besides, the molecular adsorption of BTZ-C6 was investigated on HOPG through

thermal evaporation, which is presented as Appendix C.3. We used highly oriented

pyrolytic graphite (HOPG), a model substrate with atomically �at terraces, to mimic
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the molecular adsorption on graphene, which is also very �at. Moreover, the molecular

deposition from the gas phase enables to obtain molecular monolayers. The presence of

molecular agglomerates is observed without molecular islands, evidencing the eligibility

of the BTZ-based molecules for molecular functionalization of rGO.

The morphological characterizations con�rmed the successful non-covalent adsorp-

tion of BTZ-based molecule on rGO's surface. In the following subsection, the molec-

ular in�uence on rGO's electronic properties will be discussed.

3.4.2 Electrical characterizations of rGO functionalized with

BTZ-Cn

The BTZ-Cn molecules are expected to modify the electronic properties of rGO. Here,

the goal is to detect the modi�cation of rGO's electronic properties through the means

of electrical characterizations in the EG-GFET con�guration. The experiments are

performed in two steps: �rst, GO is reduced for a �xed duration and electrically char-

acterized. In the second step, the rGO is functionalized with BTZ-Cn and subsequently

characterized.

Figure 3.15 shows a typical transfer curve obtained before and after the molecular

functionalization of rGO.

Figure 3.15: Transfer curves of rGO electrochemically reduced for 5 s (black curve)
and rGO functionalized with BTZ-C4 (red curve).

The Dirac point position after 5 s of rGO reduction is found at VGS ≈ 1.45 V.

Following the molecular functionalization, the Dirac point position is found to shift

toward less positive potentials, at VGS ≈ 1.35 V.

In order to discard any Dirac point shift due to the solvent in which the molecules

are dissolved (1-propanol), blank experiments were performed and analyzed statisti-

cally. The printed and reduced GO layer, previously electrically characterized in MilliQ
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water, was rinsed with distilled water. A small quantity of 1-propanol (0.5 µL) was

subsequently drop-casted on the dry rGO layer. This step was followed by MilliQ ad-

dition for further electrical characterization. The statistical studies were performed for

each step, including the molecular functionalization and are shown in Figure 3.16.

Figure 3.16: The Dirac point variations with respective current variations for bare
rGO, rGO with 1-propanol and rGO functionalized with BTZ-C6. The data is presented
here for two di�erent transistors, labeled as T1 and T2. Black dotted lines are given as
eye guides for each transistor.

For each characterization, at least �ve transfer curves were recorded successively in

the same conditions. Detailed data used for the statistical analysis are represented in

Table C.1 and Table C.2 of Appendix C.4. The Dirac point positions for each electrical

characterization are de�ned by taking the average of two points close to the minimum

current. At �rst sight, the variations of current at the Dirac point are observed to occur

for each step (solvent or molecule addition) without following a clear trend. For two

transistors presented here, the addition of 1-propanol was followed by the shift of the

Dirac point toward less positive potentials. We suppose that the residual 1-propanol

caught in between the rGO �akes is the cause of this behavior. Probably due to its

polarity, 1-propanol is able to in�uence the �eld-e�ect in the rGO's vicinity, which is

the reason why we cannot entirely neglect the solvent e�ect (the dipole moments of

1-propanol and water are 1.68 D and 1.84 D, respectively).

With the addition of BTZ-C6, a supplementary Dirac point shift occurs. The e�ect

of the molecules on the Dirac point shift is observed to be larger than the one of the

polar solvent. Moreover, the error bars coming from bare rGO and rGO functionalized

with BTZ-CC6 are not overlapping, which shows that it is possible to e�ciently in�u-

ence the rGO's electronic properties through molecular adsorption. The Dirac point

shift in the presence of the molecule, could be explained by two possible e�ects: the
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establishment of a charge transfer between the rGO and the BTZ-Cn or/and a purely

capacitive e�ect.

The former explanation (charge transfer) relies on the fact that the Fermi level

of pristine graphene is around −4.5 eV145, although we couldn't determine precisely

the Fermi level of rGO. Nevertheless, knowing that the rGO is p-doped in our case,

we can be sure that the rGO's Fermi level is located in its valence band (below −4.5

eV). Taking into account previously calculated molecule's HOMO and LUMO energies,

which are −5.8 eV and −2.9 eV respectively, it is possible that the HOMO level of the

molecule may be higher than the rGO's Fermi level. If so, charge transfer should occur

from the molecule toward rGO leading to its dedoping (i.e. increase of Fermi level), as

represented in Figure 3.17.

Figure 3.17: Schematic energy band structure representation of expected
HOMO/LUMO BTZ-C6 position according to the estimation of respective rGO's Fermi
level position.

For the latter possible explanation, the BTZ-Cn molecule, as previously mentioned,

is very rich in electrons. Due to this, the layer of BTZ-Cn can act as a local gate able to

in�uence the rGO's electronic properties through capacitive e�ects. The adsorption of

negatively charged BTZ-Cn molecule is supposed to cause the accumulation of positive

charges in rGO. As rGO is initially p-doped, that would cause a further Dirac point

shift toward more positive potentials, which is not observed to occur here. For this

reason, the assumption of the charge transfer is more likely to explain the observed

Dirac point upon the functionalization of rGO with BTZ-Cn.
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3.5 Conclusions

In this chapter, the study of rGO's electronic properties in the EG-GFET con�guration

was presented. The formulation of GO printable ink, here described, allowed us to use

the inkjet printing technology for device fabrication and to obtain an EG-GFET in a

timely, e�cient manner. The as-printed GO layer was subsequently electrochemically

reduced using an in-situ approach, where the rGO was obtained directly on the gold

bottom-contact photolithographed structure.

The reduction process was shown to have an important in�uence on the rGO's

electrical properties. Notably, the Dirac point position and apparent charge mobility

of both holes and electrons were observed to change. The Dirac point shift toward less

positive potentials with increased reduction duration was correlated to the change of

possible doping e�ects coming from the oxygen groups, which are removed through the

progressive reduction process. In addition, the appearance of new scattering centers

induced by defected rGO structure could be the cause of damping charge carriers'

mobility. However, at this stage, we cannot be completely sure of the actual process

which occurs here. Further investigations would be needed to discriminate the actual

process, which can be one of the future studies' perspective.

Even though single-layer graphene is not used here, we were able to obtain the

typical electrical characteristics of graphene-based materials on the inkjet-printed rGO

layer. Moreover, we were able to modulate the rGO's Fermi level through the adsorp-

tion of BTZ-based molecules. As a perspective, the electrochemical reduction tuning

combined to the molecular doping could be further investigated. The rGO's band gap

could be �rstly modulated through the electrochemical approach (by controlling the

reduction duration) followed by the molecular functionalization step.

Thus, the rGO EG-FET device developed here is ready to operate in the liquid

media. We have used it as a biosensor to monitor the life cycle of photosynthetic

organisms, which will be discussed in the next chapter.
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rGO EG-FET as a biosensor

In this chapter, the rGO EG-FET device will be described in the light of a biosens-

ing application. More precisely, this device was used for the life-cycle monitoring of

photosynthetic organisms, in particular through the monitoring of an electron trans-

fer process. We will then take a look at how electron transfer processes could be

transduced by electrolyte-gated transistors. For that, the photosynthetic activity was

investigated in three di�erent transistor con�gurations, which will be discussed in the

following sections. As a perspective, the device was shown as potentially eligible for

the qualitative detection of water pollutants.

4.1 Light-induced electron transfer detected in tran-

sistor con�guration

The electron transfer is a "heart reaction" of every photosynthetic activity. Transistors'

properties, described previously, could be used to amplify and detect these kinds of

reactions occurring at the gate/electrolyte or at the electrolyte/channel interface.

Di Lauro et al. reported on the integration of the bacterial reactive center act-

ing as the photoactive material in an electrolyte-gated organic transistor (electrolyte

gated organic �eld-e�ect transistor (EGOFET) and an organic electrochemical tran-

sistor (OECT).146 Schematic representation of their light-responsive electrolyte-gated

(LEGOT) device is given in Figure 4.1 a. It was composed of an indium tin oxide

(ITO) gate electrode functionalized with the photoreactive center and separated by

an electrolyte from the semi-conducting channel. Upon device illumination, a charge

distribution was induced and was found to modulate the drain-source current (IDS).

As shown in Figure 4.1 b., upon photon adsorption, an overall increase in the device

current is recorded as a result of the charge accumulation in the organic semi-conductor

active layer. A similar behavior was observed in the OECT con�guration (Figure 4.1

c.), but with a di�erent current evolution trend. For the EGOFET, the current satu-

103
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ration is observed earlier than in the case of an OECT.

Figure 4.1: a) LEGOT device; Chronoamperometric measurements recorded upon
the dark-light cycles in the b) EGOFET and c) OECT con�gurations.146

The authors described this behavior as a result of di�erent gating mechanisms in

these two con�gurations. In the case of an EGOFET, the applied gate voltage causes

charge accumulation in the semi-conductor, while in the case of an OECT it is the

charge depletion which takes place. Since charges have to penetrate and physically

leave the semi-conductor in the OECT, the kinetics is slower than in the case of the

interfacial processes occurring in the EGOFET.

Concerning graphene-based �eld-e�ect transistors, in a recent work, Nishiori et al.

presented a �rst solution-gated GFET serving as a photosensing system based on pro-

teins.147 In their approach, CVD graphene was functionalized with gold nanoparticles

(AuNPs) for the biological photosystem attachment (Figure 4.2, left).

Figure 4.2: Left: Schematic representation of a graphene-based FET device for pho-
tosensing. Right: Photoresponse of the graphene-based gated FET upon alternation
of ON/OFF cycles (VGS = 0.1 V, VDS = 0.1 V).147

The device illumination resulted in an overall device current increase, while the

current decrease was observed in the absence of light (Figure 4.2, right). The observed

electrical behavior upon exposure to light was attributed to the established electron

transfer between the photosystem and the AuNP then to graphene. Besides, the au-
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thors suggested a possibility of graphene doping e�ects caused by the light-induced

electron transfer. There is no other example so far in the literature.

One part of the work of this thesis was performed using a similar approach: the CVD

graphene layer covered with molecular carpet for the attachment and the detection of

biological samples, but this time in the back-gated GFET structure. The research

project and the obtained results are presented in Appendix A.

In this chapter, we were not interested in studying internal electron transfer pro-

cesses occurring inside the multi-protein complex of the photosystem II in microorgan-

isms. Instead, we monitored one of the photosynthetic activity results, namely oxygen

production.

4.2 Cell monitoring generalities

Here, the idea is to monitor the life-cycle of photosynthetic organisms with the goal

of probing the environmental quality, notably the quality of waters. Indeed, safe and

good quality waters are an essential need for humans. Nevertheless, contaminated or

chemically polluted waters are causing numerous deaths around the world. According

to the World Health Organization (WHO), about 829.000 people are estimated to die

each year as a consequence of polluted waters.148 Rapid detection of polluted water is,

therefore, an important necessity.

Commonly used methods for this purpose, such as liquid and gas chromatography,

are among the most accurate.149 However, at the same time, signal acquisitions are

very time-consuming. Due to large equipment that is hard to make portable, such

traditional methods are usually based on the analysis of samples collected in the �eld

but analyzed later in a remote laboratory. The use of biosensors bring the advan-

tage of possible device miniaturization according to one's need, providing a small and

portable device for rapid on-site and in-situ analysis of small sample volumes. Be-

sides, biosensors allow to couple the analysis of biological samples and microelectronic

systems, which enables the rapid and accurate detection of di�erent substances in, for

example, waters.150 The photosynthetic organisms such as micro-algae are widely used

in environmental monitoring thanks to their e�cient photosynthetic activity and their

easy-growing and cost-e�ective maintenance.151 Moreover, algae do not require special

sample-pretreatments, can adapt to diverse environments and can be easily integrated

into biosensing devices.152 Environmental monitoring using photosynthetic organisms

can be achieved in an optical-biosensor setup where the changes in chlorophyll �uores-

cence are tracked153;154 or through the photocurrent monitoring as a result of electron

transport during the photosynthesis.155.

Like all photosynthetic organisms, micro-algae are able to convert carbon dioxide

and water into sugars using sunlight energy. The following overall equation describes
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the process:

6CO2 + 6H2O −→ C6H12O6 + O2 (4.1)

According to equation 4.1, oxygen is released through photosynthetic activity, which

is catalyzed by light. On the other hand, oxygen is consumed by photosynthetic or-

ganisms in the process of cell breathing, which occurs anytime, but is the only process

occurring in the absence of light:

C6H12O6 + O2 −→ 6CO2 + 6H2O (4.2)

By following the variations of O2 concentration in the microalgae's surroundings,

one can estimate their photosynthetic activity. The presence of pollutants, such as

heavy metals or herbicides, could disrupt the photosynthetic activity, resulting in oxy-

gen production decrease, itself transduced into a biosensor's output signal change.

Electrochemical biosensors based on monitoring the algal metabolisms (respiration

and photosynthesis) have already been described to detect herbicides such as diuron,

triazine, atrazine.156;157;158;159 In a recent work, Tucci et al. reported on amperometric

biosensors following the life-cycle of cyanobacteria Anabaena variabilis immobilized on

carbon felt electrodes using an alginate gel.160 A redox mediator was used to enhance

the electron transfer between the living cells and the electrode surface. Figure 4.3

(left), shows the amperometric signal obtained in the presence (red) and the absence

(blue) of the cyanobacteria.

Figure 4.3: Left: The chronoamperometric measurements (E=0.5 V vs. SCE) in
the presence of cyanobacteria Anabaena variabilis (red curve) and in its absence (blue
curve). Right: The e�ect of atrazine additions on the cyanobacteria's photocurrent
(concentrations of atrazine are indicated by red numbers and are expressed in µM).160

Upon the cyanobacteria illumination the current is observed to increase, while in

the obscurity the current decreases. The presence of herbicides, such as atrazine and
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diuron, was investigated as well. Figure 4.3 (right), shows the cyanobacteria ampero-

metric monitoring with atrazine additions. The current was observed to drop with each

addition of increased atrazine concentration. For the highest atrazine concentration,

the current dropped almost to the value obtained in the dark. The herbicide inhibits the

photosynthetic electron transport, which is observed to be concentration-dependent.

Besides, living cells have already been studied as a part of the "living" electrolyte

or "living" gate in transistors such as OECTs and EGOFETs for monitoring the release

of cells' biochemicals (e.g., neurotransmitters, glucose).161 Our idea here is to merge

the two approaches in an EG-GFET.

In a recent work, Le Gall et al. described, for the �rst time, the use of an

EGOFET for the monitoring of photosynthetic microorganisms.162 The living cell cul-

ture, the cyanobacteria Anabaena �os-aquae, was used here as an electrolyte where the

photosynthetic activity was monitored through oxygen reduction at a platinum gate

electrode surface. Transistor's channel was made of poly(N-alkyldiketopyrrolopyrolle

dithienylthieno[3,2-b]thiophene) (pDPP-DTT). Figure 4.4 shows an amperometric mea-

surement in the EGOFET con�guration.

Figure 4.4: Amperometric measurements in the EGOFET con�guration with
cyanobacteria in the electrolyte, recorded upon the "day/night" cycles (VGS = −0.8
V, VDS = −0.6 V). The red curve (a) and the blue curve (b) represent the variation of
gate and drain current, respectively.162

The results show that there is an immediate increase of the device gate current

upon cell illumination due to the oxygen release in the solution and its reduction at

the gate surface. On the other hand, under dark conditions, the gate current was

found to decrease, which indicates that the oxygen concentration decreased as a result

of the cell breathing process. The gate current was ampli�ed on the drain with an

ampli�cation factor of ∆IDS/∆IGS ≈ 750. In addition, the advantage of the EGOFET

con�guration is a very low operating voltage (below 1 V) allowing to work with sensitive
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biological samples, avoiding their degradation due to the applied voltage.

To our knowledge, the EG-GFETs have not been described yet for this purpose.

However, as discussed in Chapter 1, graphene was shown to be a sensitive platform for

bio-detection purposes. The results presented in Chapter 3 showed that the ampli�ca-

tion factor IDS/IGS obtained in our device based on rGO EG-FET is up to the million,

which is much larger than in the case of the EGOFET. Another advantage of rGO over

semi-conductors is its stability, in particular in aqueous media.

In the following section, cell monitoring will be presented in a classic electrochemical

con�guration (conventional 3-electrode electrochemical cell) as well as in the rGO EG-

FET con�guration.

4.3 Toward monitoring of photosynthetic activity in

the rGO EG-FET con�guration

The oxygen reduction reaction (ORR) is one of the most important reactions as a part

of the breathing process in the living world around us. As the ORR kinetics is very

slow, this reaction needs the support of a catalyst to be well detected.163 The most

suitable catalytic material for ORR is platinum. The oxygen reduction on platinum

involves the transfer of 4 electrons according to the reaction164:

O2 + 4H+ + 4e− → 2H2O (4.3)

In the �rst study of the photosynthetic activities in EGOFET con�guration, plat-

inum electrodes with an area signi�cantly smaller than that of the semiconductor, were

the most e�cient for detecting oxygen reduction at the gate/electrolyte surface. This

is explained by the fact that the potential drop across the gate/electrolyte interface is

much larger than the one at the electrolyte/channel interface by using small gate diam-

eters. As discussed in Chapter 1 (section 1.4.1, paragraph "Electrolyte-gated GFET")

the overall double layer capacitance within the transistor 1
CEDL

= 1
C1

+ 1
C2

is driven by

the contributions of the gate/electrolyte (C1) and electrolyte/graphene (C2) interfaces.

If the potential drop at the gate/electrolyte interface is large, then the potential drop

at the other interface is small, meaning that the gate voltage seen by the semiconductor

is low and ine�ective. Therefore, for a sensing mechanism which occurs on the gate,

one must �nd a trade-o� between a very small gate providing good sensitivity and a

large gate providing high drain currents.

The oxygen reduction on a Pt electrode in aqueous media is expected to occur

between −0.5 and −0.8 V (vs. Ag/AgCl), with an optimum value of −0.6 V vs.

Ag/AgCl.162 To be able to determine the best values of VGS and VDS to apply on our

EG-GFET, we measured the real electrochemical potential of the gate electrode EG
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versus Ag/AgCl pseudo-reference electrode for gate voltages (i.e., a potential di�erence

between gate and source) between −0.5 V and −1.7 V. The illustrating scheme of the

setup used is represented in Figure 4.5, left.

Figure 4.5: Left: The con�guration used for the measurement of electrochemical po-
tential. Right: The electrochemical potential of the Pt gate electrode (� = 100 µm)
measured vs. an Ag/AgCl pseudo-reference electrode in the rGO EG-FET con�gura-
tion (VDS = −0.9 V).

For this experiment, the platinum electrode served as a gate electrode (�=100 µm)

and a fourth electrode Ag/AgCl wire is exceptionally added as a reference electrode.

The electrolyte used was the aqueous Bold's basal medium (B3N). Knowing the fact

that the transfer curves in Chapter 3 were recorded by keeping constant the VDS value

of 0.9 V, we kept here the same, but negative value. The goal is to prevent too large

voltage drops between the applied gate and drain voltages, which may cause some

parasitic reactions. The obtained results are presented in Figure 4.5, right. These

results show the linear variation of the electrochemical gate potential (EG =VGS−Vref)

with the applied gate voltage (the data used in this plot and IDS and IGS values for

each point can be found in Table D.1). The optimal potential for O2 reduction (EG ≈
0.6 V) is deduced from the plot, corresponding to VGS = −1 V.

4.4 Life cycle monitoring of photosynthetic cyanobac-

teria

The photosynthetic monitoring was conducted in three di�erent rGO EG-FET con�g-

urations to probe the sensitivity of di�erent interfaces for cell monitoring: 1) when the

cyanobacteria are added in a liquid electrolyte, 2) with the gate electrode functionalized

with immobilized cyanobacteria and 3) with an alginate gel containing cyanobacteria
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used as electrolyte. The details concerning the cyanobacteria's preparation, gate func-

tionalization and the alginate gel preparation can be found in Chapter 2 (section 2.5).

In the next paragraph, the study of cyanobacteria's photosynthetic activity when added

in a liquid electrolyte will be discussed.

4.4.1 Cyanobacteria as electrolyte in the rGO EG-FET con�g-

uration

The rGO EG-FET con�guration used here is represented in Figure 4.6.

Figure 4.6: Schematic representation of the rGO EG-FET con�guration with the
Bold's basal medium containing cyanobacteria, used as electrolyte.

Compared to the con�guration used in Chapter 3, here the gate electrode material

is Pt and the electrolyte was replaced with the aqueous Bold's basal medium (B3N)

containing cyanobacteria. The printed GO layer was reduced for a given duration

(1 s or 5 s) and the photosynthetic activity was investigated through the alternation

of "day/night" cycles using a white light lamp. As demonstrated in the case of the

very �rst EGOFET used to follow the algal photosynthetic metabolism, the oxygen

release is expected to be detected via its reduction at the gate surface. Figure 4.7

(left) shows the amperometric study of the algae's metabolic activity. For the sake of

clarity, the results are rescaled and the raw data can be found in the Appendix D. Upon

illumination, one can observe the overall increase of both drain and gate currents. On

the other hand, when the device is kept in obscurity, an overall current decrease is

observed. If we compare the drain (mA range) and gate (nA range) currents, we can

conclude that the ampli�cation factor is of one million. Compared to the EGOFET,

the rGO EG-FET device seems much more sensitive for this application.

As a reference, the same experiment is performed but in the B3N culture medium

without cyanobacteria (Figure 4.7, right). From the obtained results, we can see that

both drain and gate currents' behavior is now di�erent since the cyanobacteria are not

present in the solution. We can also discard the contribution of the photocurrent under
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illumination. Finally, we can be sure that the current variations observed in Figure

4.7 (left) are coming from the photosynthetic activity of cyanobacteria, i.e., oxygen

production.

Figure 4.7: Drain (black curve) and gate current (red curve) recorded in the rGO
EG-FET amperometric measurement (VGS = −1 V, VDS = −0.9 V, tred = 1 s) by using
cyanobacteria as electrolyte (left) and the B3N culture medium without cyanobacteria
(right). Presented curves are rescaled, the raw data is presented in Appendix D.1. The
day/night cycles are represented with sun/moon schemes, respectively.

These results are the proof of concept of a successful algal's metabolic monitoring

in the rGO EG-FET con�guration.

Besides, the photosynthesis was also probed upon a gate voltage VGS of −0.5 V,

signi�cantly lower than the voltage needed to reduce oxygen on the gate. As shown in

Figure 4.8, it resulted in a negligible gate current.

Figure 4.8: Amperometric measurement in cyanobacteria electrolyte, at a gate poten-
tial for which no oxygen reduction can occur (VGS = −0.5 V, VDS = −0.9 V, tred = 1
s).
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4.4.2 Electrode functionalization with cyanobacteria

As in our case there is a possibility of oxygen reduction at the graphene surface, we

wanted to change the localization of algae to see if the gate/electrolyte interface is

more sensitive for cell monitoring. To do so, the algae were immobilized at the gate

electrode surface through gate functionalization.

The gel entrapment technique is one of the most used for the immobilization of

algae. Algal gel entrapment can be achieved by using anchoring materials such as

proteins (egg white, collagen or gelatine), polymers (polyurethanes, photocrosslinkable

resins or acryl amide) or natural polysaccharides (alginates, carrageenans, agars).165;166.

In this work, calcium alginate was used as a biocompatible encapsulation matrix. The

system was �rst investigated in a classic electrochemical cell followed by electrical

characterizations in the rGO EG-FET con�guration.

The proof of concept of cyanobacteria's life-cycle monitoring in an electrochemical

cell was described too by Le Gall et al.162 In collaboration with Dr. Le Gall (former

PhD student in the team), the photosynthetic activity was investigated on function-

alized macro and microelectrodes in a classic 3-electrode electrochemical cell.167 As

the alginate hydrogel is not supposed to naturally stick onto the Pt surface, the idea

was to functionalize the electrode by electroreduction of diamines. At neutral pH (our

operating conditions with algae, pH≈ 7.4), it would ensure the presence of positively

charged amine groups (NH3
+) once the electroreduction is performed. On the other

hand, the negatively charged COO� groups from alginate hydrogels would allow the

cyanobacteria's electrostatic immobilization at the Pt surface.

Detection in a conventional electrochemical 3-electrode setup

Figure 4.9: Amperometric study of the photosynthetic activity in the electrochemical
cell using commercial functionalized Pt macroelectrode (left, � = 2 mm) and the
functionalized Pt microelectrode (right, � = 100 µm).
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Figure 4.9 shows the amperometric study of functionalized macro and micro Pt elec-

trodes in a conventional 3-electrode setup. In the macroelectrode case, the photosyn-

thetic activity was well detected, while in the case of the microelectrode, the photosyn-

thetic activity signal is weaker and noisy. This demonstrated the importance to �nd

an ampli�cation strategy when small electrodes are used.

Detection in the rGO EG-FET upon gate functionalization

Following the gate functionalization, the electrical characterizations were performed in

the setup schematically represented in Figure 4.10 (left) using the B3N culture medium

as electrolyte. Figure 4.10 (right) shows the gate and drain current obtained in the

rGO EG-FET con�guration upon alternating "day/night" cycles.

Figure 4.10: Left: Schematical representation of rGO EG-FET con�guration with
functionalized Pt gate electrode. Right: Rescaled amperometric characteristic upon
gate functionalization with algal hydrogel. VGS = −1 V, VDS = −0.9 V, tred = 1 s.
The raw data is presented in Appendix D.2.

In these conditions, one could observe a gate current increase upon illumination,

but very weak drain current variations. These results made us suspect the possibility

that part of the drain current measured in the case of cyanobacteria added in the

electrolyte (and not on the gate only) could be due to direct electroreduction of oxygen

on the rGO channel. However, this has to be further investigated.

For this reason, the photosynthetic activity was also probed with the cyanobacteria

hydrogel acting as an electrolyte which may be a more convenient con�guration for

investigating pollutants' in�uence, as discussed in the following subsection.
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4.4.3 Cyanobacteria alginate hydrogel as electrolyte in rGO

EG-FET

Solid-state electrolytes, such as polyelectrolytes or polymer electrolytes, were already

described for use in �eld-e�ect devices, displaying fast electrical response and low

working voltages (<1 V) like in the case of liquid electrolyte.168;169;170;171. The use of

hydrogels was reported for biodetection applications in FET con�guration, such as bulk

DNA hydrogel for aptamer recognition which were shown to work with and without a

liquid electrolyte.172

Here, the idea is to perform the electrical measurements in a gel electrolyte into

which are entrapped the cyanobacteria. The rGO EG-FET con�guration used here is

shown in Figure 4.11 a.

Figure 4.11: a) The scheme of the rGO EG-FET con�guration with algal hydrogel
acting as a solid electrolyte; Characterization of cyanobacteria hydrogel performed in
the rGO EG-FET con�guration (VGS = −1 V, VDS = −0.9 V, tred = 5 s) using Pt (b)
gate electrode (�= 100 µm) and Au (c) gate electrode (�= 250 µm). The curves are
rescaled and raw data is presented in Appendix D.3.

The hydrogel was kept in ≈ 50 µL of culture medium B3N, enabling the hydrogel to

be kept su�ciently wet and swelled during the electrical measurements. As schemati-

cally represented, the hydrogel containing the cyanobacteria is in physical contact with

both the gate electrode and the rGO. Compared to the channel geometry, the size of
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the cyanobacteria hydrogel "drop" is approximately three times higher, so that the

channel is entirely covered. The electrical characterizations in this con�guration are

shown in Figure 4.11 b. The photosynthetic activity was recorded in the same way

as when the cyanobacteria were used as a liquid electrolyte. The ampli�cation factor

stayed similar. The catalytic activity of gold electrode toward the detection of oxygen

activity was also investigated. Comparing the results obtained by using a gold gate

electrode (Figure 4.11 c.) and taking into account that its diameter is 2.5 times higher

than the Pt electrode diameter, the oxygen activity is recorded with greater ampli�ca-

tion in the case of Pt. This is not surprising, as platinum is known as a better catalyst

for oxygen reaction, compared to gold. The pollutant's in�uence was investigated using

the Pt electrode and will be presented in the following text.

Pollutants detection

Water contaminations caused by pesticides presence are very frequent. In France, the

2013 surveillance program revealed that 92 % of collected water samples were polluted

by pesticides, among which more than 80 % contained herbicides.173 European com-

mission listed diuron (3-(3,4-Dichlorophenyl)-1,1-dimethylurea) as one of the priority

hazardous herbicides.174 Diuron is often used to �ght against weed on agricultural

crops and noncrop lands, and often contaminates surface and ground waters.175 In

e�ect, diuron inhibits the photosynthesis process of plants by blocking the electron

transfer in the photosystem reactive center.176 Here, the pollutant's in�uence on the

photosynthetic activity was investigated by incubating the algal hydrogel in a solution

containing diuron, followed by electrical characterizations.

Figure 4.12: Drain current (left) and gate current (right) obtained in the algal hydro-
gel before (black curve) and after (red curve) incubation for 30 minutes in 1 µM diuron
solution (VGS = −1 V, VDS = −0.9 V, tred = 5 s). Raw data is shown in Appendix
D.4.
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Figure 4.12 shows the drain and gate currents of the rGO EG-FET device obtained

before (black curve) and after (red curve) incubation in diuron. The incubation of algal

hydrogel was performed here for 30 minutes in 1 µM diuron solution. From the obtained

results it is observed that the diuron's presence decreases the photosynthetic activity.

In fact the amplitude of the gate and drain current variations decreases, compared

to the current amplitude obtained without diuron. In another experiment, the algal

hydrogel was incubated in diuron for 24 hours. The results presented in Figure 4.13

a., show that the photosynthetic activity was completely a�ected in this case.

Figure 4.13: a) Drain current (left) and gate current (right) obtained in the algal hy-
drogel electrolyte before (black curve) and after (red curve) its incubation for 24 hours
in 10 µM diuron solution. The results are compared with b) representing additional
plot of hydrogel characterization without cyanobacteria (VGS = −1 V, VDS = −0.9 V,
tred = 1 s; raw data is presented in Appendix D.5 and Appendix D.6 for a) and b),
respectively).

To verify this behavior, the current obtained in the polluted algal hydrogel was

compared with the current obtained for the hydrogel without the algal presence (Figure

4.13 b.).
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As it can be observed, the alternation of "day/night" cycles impacted in the same

way both samples. A negligible photocurrent contribution is observed in both cases.

These preliminary results evidence the possibility of qualitative herbicide tracking in

the rGO EG-FET con�guration.

4.5 Conclusions

In this chapter, we have seen the application of rGO EG-FET for life-cycle monitoring

of photosynthetic organisms. The actual process occurring here is not only based on

the capacitive e�ects occurring at the gate/electrolyte and the electrolyte/rGO inter-

faces. The faradic reaction due to oxygen reduction has to be taken into account when

describing the mechanism related to the monitoring of the photosynthetic activities

in EG-GFET con�guration. As observed, photosynthetic activities were detected only

in the case when the cyanobacteria were in contact with both the rGO channel and

the gate electrode. This was the case with the rGO EG-FET con�guration where the

cyanobacteria were added into a liquid electrolyte and where the cyanobacteria hy-

drogel was used as a solid electrolyte. The oxygen reduction, expected to occur only

at the platinum surface, was not detected upon cyanobacteria's immobilization at the

gate electrode. The possibility of oxygen reduction at the rGO cannot be neglected.

One should keep in mind that the defect-free graphene itself has not the possibility to

catalyze the oxygen reduction, since it has no functional groups on its surface.177;178 On

the contrary, in modi�ed graphene-based materials, the presence of foreign atoms that

disturb the sp2 carbon lattice can serve as catalytic centers for oxygen reduction.179

Nevertheless, further experimental work is needed to con�rm the actual process.

The deposition of cyanobacteria on solely the rGO channel of EG-FET is envisaged

to be performed before my PhD defense, which could allow us to deduce the actual

mechanism occurring here.

The preliminary results obtained for the pollutant's in�uence on the photosynthetic

activities show the potential eligibility of the rGO EG-FET device for qualitative "pre-

screening" of water samples using living organisms which mimic a real natural environ-

ment. The advantages of our device are the low working voltages which are compatible

with biological samples, the use of small sample volumes (50-100 µL) and its high

sensitivity. Moreover, the use of inkjet printing technology paves the way for low-cost,

disposable and portable devices which could be used for easy in-�eld characterizations.

However, further experiments should be done with di�erent pollutants and even

pollutants cocktails such as atrazine, glyphosate and many others. Also, a complete

study with various concentration is needed to de�ne the detection limits of the device.
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In this work, a formulation of an inkjet printable graphene oxide (GO) ink was pre-

sented. An in-situ approach for the electrochemical reduction of inkjet-printed GO

�lm was developed, allowing us to obtain conductive reduced graphene oxide (rGO) in

a practical way directly on the bottom-contact transistor's structure, without the use

of harsh and toxic chemicals, and under ambient conditions. The electronic transport

in rGO was tuned by using two di�erent strategies: electrochemical control over the

reduction state of rGO on the one hand, and doping from molecular adsorbates on

the other hand. The electrochemical approach revealed a signi�cant in�uence of the

reduction degree on charge carrier's mobilities and the Dirac point position. Duration

of the reduction process was found to be an important parameter, where with increased

reduction time, the Dirac point position was found to shift toward less positive gate

potentials, whereas the charge mobilities were found to pass through an optimum value

before decreasing at longer reduction times. The shift of the Dirac point could be ex-

plained as the consequence of rGO dedoping during the reduction process since there

is an e�ective removal of oxygen groups. Nevertheless, the reduction process could also

induce some structural defects in the rGO's structure, which could act as scattering

centers, leading to diminished values of charge mobilities. Thanks to the functional-

ization accessible structure of rGO we found out, from the molecular functionalization

approach, that the rGO's doping level is sensitive to the presence of nitrogen-rich aro-

matic molecules, which were synthetized for this purpose. This is possibly due to the

established charge transfer between the rGO and the molecular assemblies. In that

view, the manipulation of rGO's electronic properties was achieved.

In the case of the rGO EG-FET used as a biosensor for the life-cycle monitoring of

cyanobacteria, the device showed excellent sensitivity toward algae's oxygen production

with an ampli�cation factor of up to one million. In addition, our device was able to

detect the decrease of cyanobacteria's photosynthetic activity when those are exposed

to an herbicide (diruon), which is promising for further detection of water pollutants

using our device.

As perspectives of this work, a �ne-tuning of doping e�ects in rGO could be achieved

through a deeper investigation of the combination of electrochemical reduction control

and molecular functionalization strategies: on one hand the rGO's electronic properties
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could be manipulated through control of the electrochemical reduction rate, and on

the other hand, by using appropriate molecular species the doping e�ects could be

additionally tuned.

Besides, the BTZ-Cn molecule could be engineered in a way to allow the direct

application of the rGO EG-FET for the detection of biomolecules. In this case, the

molecular assembly of BTZ-based molecules on rGO would have an attachment group

for the direct adsorption of the desired bio-molecule. The presence of bio-molecules

would modify the rGO's electrical properties through purely capacitive e�ects.

Regarding the rGO EG-FET con�guration utilized for cyanobacteria's photosyn-

thetic activity monitoring, further experimental work is needed for the precise deter-

mination of the interface where the electron transfer occurs. We could also formulate

a printable hydrogel containing cyanobacteria for its deposition at the rGO surface,

which could allow to have a very thin layer of cyanobacteria at the transistor's channel

and facilitate further investigations. Also, the device could be probed with di�erent

pollutant cocktails for the determination of device sensitivity and detection limits.

Finally, we could use the inkjet printing technique to obtain all inkjet-printed de-

vices, facilitating the biosensor's portability for potential in-�eld analysis.
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Appendix A

CVD graphene-based FET for

biosensing purpose

In this Appendix, I will present the research project I was involved in during the

three months PhD internship spent at "Institut National de Recherche Scienti�que,

Centre Energie Materiaux Telecommunications" in Montreal, Canada. This project

was conducted in the "Molecular and Device Physics laboratory" under the supervision

of Professor Emanuele Orgiu. This was a collaborative project including the experts

in genomic bacteriology and biology. The aim of the project was the fabrication of a

back-gated graphene-based �eld-e�ect device serving as a biosensor for sepsis-related

biomarkers. Here, the general aspects of the research context will be discussed along

with the research strategy for the biosensor fabrication. Finally, some of the obtained

results will be presented.

A.1 Research context

The idea here was to develop a biosensor that can detect a variety of biomarkers

related to sepsis and meningitis. Sepsis is caused by the pathogen invasion into the

blood stream180. One should note that sepsis itself is not a disease but the innate

in�ammatory response of the immune system to the presence of an infection in the

body (e.g., bacterial presence).181

According to WHO, in 2017, there were 11 million deaths worldwide caused by

sepsis, which was almost 20 % of worldwide deaths.182 Bacteria Neisseria meningitidis

is one of the very hazardous pathogens causing severe brain damage (such as learning

disability, hearing loss) and it has the potential to cause epidemics.183

One of the most used methods for sepsis diagnosis, known as a gold standard, is

positive blood culture.a The problem lies in the low sensitivity of these tests since a

aBlood culture represents a test verifying the presence of pathogens in blood. Positive blood
culture diagnosis means infected blood.
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negative blood culture is diagnosed in the majority of cases.184 Also, important blood

volumes are needed (≈10-30 mL) and the procedure can be time-consuming (2-10

days due to slow culture growing). Polymerase chain reaction (PCR)-based detection

of pathogens is more sensitive and quicker compared to blood culture test, since it

allows sepsis diagnosis within one working day.185 However, the delivery of goal-oriented

therapy could remarkably reduce the mortality rate if it were established within 6 hours,

which explains why a development of reliable and rapid sensing tools is crucial.186

As WHO elaborated a project to defeat meningitis by 2030187, the development of

rapid and accurate detection of sepsis and meningitis-related biomarkers is necessary,

which is also one of the main goals of this research project. Compared to conventional

methods, our approach would allow to characterize very low sample volumes (1 µL).

Since the project began with my internship at INRS, the biosensor required to

be fabricated and fully tested. As a preliminary step, we succeeded in detecting the

target-receptor binding event by the end of the internship, which is discussed in the

following subsection.

A.1.1 Development of the biosensor

Graphene's sensitivity to its electronic environment was used for sensing the presence

of biomolecules. As discussed in Chapter 1, a charged molecule can act as a local

gate and induce the accumulation of holes or electrons in the case of a negatively or

positively charged molecule, respectively (see Figure 1.29). This mechanism allows to

obtain a good sensing platform using graphene as the active channel in the GFET

structure.

Commercially available CVD monolayer graphene (theoretical thickness of 0.345

nm) deposited onto Si/SiO2 (1 cm×1 cm, oxide thickness 90 nm) was used as a substrate

for GFET fabrication.

Figure A.1: Fabrication steps of GFET starting from large area CVD graphene on
Si/SiO2 (left), source/drain deposition (middle) and graphene etching (right) leading
to �nal back-gated GFET device.

This large-area graphene required channel patterning, where channel dimensions (4

mm×3.5 mm) were chosen to �t the geometry of already available aluminum shadow

masks for electrode deposition. The graphene layer patterning was performed using

oxygen plasma. This method is largely used for graphene patterning.188;189 Fabrication
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steps are schematically represented in Figure A.1. As it can be observed, the depo-

sition of electrode contacts (source/drain electrodes made of Ti/Au) was performed

before graphene etching. Subsequently, the CVD graphene layer was covered with a

mechanical mask, protecting the channel surface during the oxygen plasma etching.

Figure A.2 depicts the protected and etched area on SiO2 substrate.

Figure A.2: SiO2 substrate bearing protected non-etched graphene and etched area,
characterized by optical microscopy. Dark lines visible on the non-etched area represent
the presence of wrinkles.

A proper etching was found to be a crucial step for good working performances of

GFETs, avoiding signi�cant gate leakage currents.

For the receptor/target couple, the receptor molecule chosen here was an antibody

from the IgG family (the most represented antibody in the human body, also known

to protect humans from infections through binding of pathogens) under the name of

In�iximab. This antibody is known to bind with TNF-α protein which was used as

a target molecule. TNF-α has a role in the immune system regulation by creating

in�ammations.

As a transducer of bio-detection, graphene was covered with a supramolecular as-

sembly of a novel molecule: 3-tri�uoromethyl-3-(3-octadecyloxyphenyl) named as DZM

in further text. DZM is composed of light-reactive diazirine head and aliphatic chain

tail, as represented in Figure A.3 a. In the presence of UV light (λ= 365 nm), a diazirine

group is activated into a reactive carbene, which allows the covalent attachment of an

antibody. The versatility of this approach lies in the fact that the activated diazirine

can accommodate any kind of receptor. The long aliphatic chain helps to establish a

self-assembled molecular layer on graphene through VdW interactions.
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Figure A.3: a) Chemical structure of DZM molecule and the activation of diazirine
group through UV irradiation; STM characterizations of DZM self-assemblies spin-
coated from chloroform (1 mg mL−1) on b) HOPG and c) CVD graphene.190

Orgiu and co-workers already studied the DZM self-assembling behavior on the

HOPG and CVD graphene supported by SiO2.190 As shown in Figure A.3 (b. and c.),

STM characterizations revealed the formation of well-ordered supramolecular assem-

blies observed on both substrates.

Figure A.4: Electrical characterizations in GFET con�guration of CVD graphene
supported by SiO2 (black solid line), graphene functionalized with DZM (red) and
GFET rinsed with chloroform (black-dotted line). The DZM was spin-coated from
chloroform solution (1 mg mL−1). The thickness of SiO2 was 90 nm and the applied
VDS was 10 mV.190
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Besides, they reported negligible doping e�ects on graphene caused by DZM pres-

ence since no signi�cant shift of Dirac point was observed upon the electrical charac-

terization of graphene functionalized with DZM (Figure A.4).

A.2 GFET electrical characterization

As mentioned in Chapter 1, in the back-gated con�guration due to the important

thickness of the solid dielectric, one should apply higher gate voltages compared to

EG-GFET con�guration to achieve an e�cient graphene polarization.

Figure A.5 shows the output and corresponding transfer curves obtained in the

fabricated GFET con�guration. The output characteristics (Figure A.5, left) showed a

solely linear regime, which is typical for graphene-based materials. Besides, the slope of

the output characteristics varied with the applied gate voltage, evidencing an e�ective

�eld-e�ect in the GFET device. The obtained transfer characteristic (Figure A.5,

right) showed just one branch of the expected V-shaped curve, usually found for the

ambipolar behavior of graphene. Although the gate voltage was swept from -40 to 80

V, a Dirac point was not observed. One should note that further widening of the gate

potential window resulted in damaged devices, possibly due to dielectric breakdown.

The obtained gate current (not shown here) stayed four orders of magnitude lower,

con�rming proper device fabrication with no leakage current.

Figure A.5: Output (left) and transfer (right) characteristics of CVD graphene layer
supported by SiO2 in GFET con�guration. The measurement is performed in dry
conditions.

The Dirac point position observed to be far from the studied gate potential window

(and toward more positive VGS), indicated the presence of remarkable initial p-doping

e�ects in graphene. We suppose that this may be due to the presence of impurities

or residual PMMA, often used as supporting layer for CVD graphene transfer onto
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Si/SiO2 for the fabrication of commercial samples, since this behavior is observed for

all fabricated devices.

Nevertheless, the device was applied for the detection of TNF-α protein's binding

to the antibody from IgG family, which is presented in the following section.

A.2.1 Bio-detection experiments

Prior to bio-detection monitoring, the transfer curve acquisition was performed for

several steps, as shown in Figure A.6 (left).

Figure A.6: Left: Transfer curves representing drain current variations with each
step indicated in legend. Right: Transfer curve stabilization obtained upon the TNF-α
protein addition. Transfer curve indicated as No.1 is the last transfer curve named as
"+protein 1 µM" in left Figure.

The CVD graphene was characterized before and after the formation of the molec-

ular carpet (+DZM), upon UV activation promoting the covalent attachment of anti-

bodies (IgG) and �nally, upon the addition of TNF-α protein as a target molecule. As

it can be noticed, each step resulted in a current change, evidencing a high sensitivity

of graphene. The attachment of TNF-α protein resulted in a drastic change of transfer

characteristic. Therefore, the transfer curve's right branch appeared with the protein

addition, suggesting an ambipolar behavior which was not observed before. For the

sake of clarity, in Figure A.6 (right) are shown only the transfer curves obtained upon

the protein addition. Current stabilization is observed upon consecutive transfer curve

acquisitions. The protein's presence induced the change of graphene's electronic prop-

erties, resulting in a clear observation of the Dirac point. We suppose that proteins

caused the accumulation of negative charge, resulting in a "shift" of the Dirac point

position toward less positive potentials.

In another experiment, the I-V characteristics were compared after antibody-protein

coupling, without rinsing and then after rinsing. Figure A.7 (left) shows the transfer
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curve obtained upon the protein addition on previously functionalized graphene and

the transfer curve obtained subsequently after rinsing the device with distilled water

(Figure A.7, right). Device rinsing with distilled water is supposed to remove the

proteins due to their solubility in water. Moreover, the protein/antibody interaction

is weaker compared to antibody/molecule interaction (covalent interaction). As it can

be noticed, protein removal resulted in a loss of the transfer curve's right branch,

indicating the previously observed p-doping e�ects initially present in CVD graphene

samples. At the same time, this experiment showed the evidence of protein's signi�cant

in�uence on graphene's electronic properties.

Figure A.7: Left: Transfer curves representing the last step of biodetection: protein
addition (10 µM). Right: Transfer curve obtained upon rinsing the device with distilled
water.

Besides, the fact that the target/receptor/DZM can be rinsed away altogether by

removing the molecular carpet, soluble in chloroform, is the advantage of our device

since the graphene layer can be reused.

Nevertheless, further experiments will be needed to discard the initial p-doping

e�ects present in graphene samples. This will make it easier to measure the bio-event

in�uence by following the variations of the Dirac point position. Besides, the device

should be tested using IgG family antibodies toward several biomarkers associated with

sepsis, such as C-reactive protein, Lipocalin 2 and CD64.

As a perspective, the development of a platform for the simultaneous analysis of

di�erent biomarkers at the same time is envisaged. The covalent attachment of di�erent

receptor molecules through UV activation of the diazirine group could be achieved,

where each receptor will bind with di�erent speci�c biomarkers. The versatility of the

approach presented in this project allows not only to detect the biomarkers related to

sepsis but also other disease-related biomarkers.
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A.3 Experimental

Evaporation of metallic source/drain contacts (Ti/Au: 5 nm /50 nm) was performed

using AXXIS e-beam evaporator (purchased at Kurt J. Lesker company). The me-

chanical mask used to protect the graphene's surface during plasma etching was made

of Inconel (nickel-chromium alloy). The etching was performed using the Fluorescent

ICP graver by Oxford Instruments. The adjusted parameters applied for strike power:

600 W, RF: 20 W at 10 mTorr for 3 s; and for inductively coupled plasma (ICP): 500

W, RF: 10 at 4 mTorr for 30 s. The electrical characterizations of fabricated GFET

device (represented in Figure A.8) were performed using a Keithley 2636B.

Figure A.8: Representation of fabricated GFET back-gated device along with the
con�guration for electrical characterizations.

The gate was contacted directly from the substrate's back-side (Si side) or using a

silver paste to facilitate the contact.

The molecular functionalization of graphene was performed by spin-coating 40 µL of

1 mg mL−1 DZM (dissolved in chloroform) onto the whole substrate (spin coating speed:

4000 rpm; acceleration: 4000 rpm s−1; duration: 30 s). The IgG antibodies solutions

were prepared from Remicade In�iximab lyophilized powder, which was reconstituted

in sterile water to a stock solution of 10 mg mL−1. The In�iximab powder contained

50 mg of sucrose, 0.05 mg of polysorbate 80, 0.22 mg of monobasic sodium phosphate

monohydrate, and 0.61 mg of dibasic sodium phosphate dyhydrate, which needed to

be �ltered. After �ltration and centrifugation, the �nal concentration was measured

by UV-Visible spectroscopy using Cytation 5 imaging reader with a wavelength of 280

nm. The stock solution of antibodies (59.181 µM) was further diluted in sterile water

for experimental work.

TNF α protein was purchased at Acro biosystems in the form of lyophilized powder

(Molecular weight: 18.2 kDa). Both bu�er solutions (pH=7.4) and protein solutions

kept just in sterile water were used. No important di�erences were observed in terms

of electrical characterizations.
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Inkjet printing technique

Some of the main components of the inkjet printer used in this work are the print

carriage, cleaning station, platen and drop watcher.

� The platen is directly connected to the vacuum system, which permits holding

the sample �xed to the platen surface avoiding its movement during the printing

process. To promote the solvent evaporation, the platen can be heated (up to

60◦C). Thanks to the platen, a substrate can be aligned according to the printing

needs.

� The print carriage (Figure B.1) is another mobile part of the printer. It contains

the cartridge �xed to the cartridge holder. Before any printing process, it is

essential to indicate the approximate thickness of the sample. According to that,

the height of the print carriage will be automatically adjusted. The �ducial

camera, a part of the print carriage, permits having an insight into the printed

feature as well as to de�ne the starting printing point of one pattern.

� The drop watcher system following in real time the jetting nozzles. Jetting speed

can be adjusted and the nozzles behavior directly observed. Clogged nozzles are

one of the main problems during the inkjet printing process. Having a real-time

insight on the jetting nozzles functionality is essential, thus avoiding the use of

the clogged nozzles and performing a cleaning process when needed.

� The cleaning station serves to clean the nozzles before, during and after the inkjet

printing process. Di�erent cleaning modes are available:

� Blotting where the nozzles come in close contact with the cleaning pad,

allowing the removal of an excess of ink out of the nozzle's surface.

� Spitting permits cleaning the nozzles by ejecting the ink out of all the nozzles

at the same time.
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Figure B.1: Print carriage with arrows representing its main parts.124

� Purging consists in applying pressurized air on the nozzles, thus helping to

clean hardly clogged nozzles.

The user can actually de�ne his/her own sequence by combining the three modes

and setting the duration of each phase.

For the elaboration of GO printed layers, the combination of spit-purge-spit clean-

ing modes was performed. The distance between the printer head and the sub-

strate was kept at 500 µm. To promote the solvent evaporation, the substrate

was heated at 40 °C. One printing nozzle was used in the printing process.
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Additional data for Chapter 3

C.1 Electrochemical reduction of GO in a three-

electrode cell

The study of GO reduction in a conventional 3-electrode electrochemical setup

using a gold macroscopic working electrode is shown in Figure C.1. The data

obtained here is comparable with data obtained on the macroscopic glassy carbon

electrode described in the main text (Figure 3.3).

Figure C.1: Left: Cyclic voltammograms of bare Au macroscopic electrode (red) and
GO reduction (blue) performed in PBS, scan rate 50 mV s−1. Right: Electrochemical
characterization in 1 M H2SO4 of GO before (orange) and after (blue) reduction on
Au.

139



140 APPENDIX C. ADDITIONAL DATA FOR CHAPTER 3

C.2 Electrical characterizations of rGO EG-FET

device

C.2.1 Stability of rGO EG-FET device

The stability of rGO EG-FET device was veri�ed by consecutive acquisitions of

transfer curves on the same rGO layer represented in Figure C.2.

Figure C.2: Consecutive transfer curves recorded over the same printed rGO sample
obtained after 5 s of reduction duration (tred = 5 s).

The Dirac point position was observed to be stable and does not change during

the electrical measurements. The current was observed to stabilize upon the

transfer curve acquisition. Besides, the rGO's morphology was veri�ed by optical

microscopy before and after the electrical measurements. No degradations were

observed.

C.2.2 Reduction degree in�uence: additional data

Additional data for another inkjet printed sample on which the reduction degree

in�uence was studied is shown in Figure C.3. The shift of the Dirac point and the

slope damping are observed to change upon the variation of reduction duration.
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Figure C.3: Transfer characteristics of inkjet printed rGO layer upon progressive
electrochemical reduction. Reduction time is indicated in the legend.

C.3 AFM characterizations on HOPG

The AFM images of molecular BTZ-C6 deposition from the gas phase onto the

HOPG are shown in Figure C.3. The characterization is performed by the acqui-

sition of both topography and related phase AFM images.

Figure C.4: AFM topography (a) and phase (b) characterization of BTZ-C6 molecule
deposited from the gas phase on HOPG. For the sake of clarity, the molecular presence
is highlighted in the images with a black and white dashed lines for topography and
phase characterizations, respectively.

In fact, the topographical characterization itself does not permit to clearly discern

the di�erence between the substrate and the molecular adsorbates. On the other

hand, the associated phase image enables us to determine the molecule's presence

through contrast, re�ecting the sample's composition. The bright contrast on
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the phase characterization is attributed to HOPG, while the darker contrast is

attributed to BTZ-C6. As it can be observed, the molecular domains are ordered

onto the HOPG without molecular islands.

C.4 Statistical study of molecular functionaliza-

tion in�uence on the rGO's electrical properties

The data used for the statistical study of BTZ-Cn in�uence on the rGO (Figure

3.16, main text) is shown in Table C.1 and Table C.2.

Transistor 1

Current (mA)

bare rGO
1 2 3 4 5

1.838 1.849 1.861 1.866 1.872

+1-propanol 1.916 1.918 1.921 1.924 -

+BTZ-C6 1.940 1.944 1.945 1.943 1.939

Dirac point position (V)

bare rGO
1 2 3 4 5

1.990 2.010 2.020 2.020 2.020

+1-propanol 1.850 1.890 1.900 1.921 -

+BTZ-C6 1.790 1.810 1.830 1.850 1.850

Table C.1: Current and Dirac point position values for Transistor 1.

Transistor 2

Current (mA)

bare rGO
1 2 3 4 5

1.827 1.837 1.844 1.848 1.851

+1-propanol 1.855 1.855 1.863 1.867 1.871

+BTZ-C6 1.842 1.850 1.833 1.844 1.849

Dirac point position (V)

bare rGO
1 2 3 4 5

1.770 1.810 1.830 1.830 1.830

+1-propanol 1.730 1.750 1.770 1.770 1.790

+BTZ-C6 1.730 1.730 1.730 1.751 1.750

Table C.2: Current and Dirac point position values for Transistor 2.
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Appendix D

Additional data for Chapter 4

Data used for the statistical study represented in Figure 3.16 of the main text is

contained by Table D.1 and Table D.1.

VGS (V) IGS(nA) EG vs Ag/AgCl (V) IDS(mA)

−0.5 118.1594 −0.1150 1.2210

−0.6 88.6335 −0.2170 1.2191

−0.7 59.8242 −0.3180 1.2187

−0.8 9.8146 −0.4160 1.2188

−0.9 46.4345 −0.5160 1.2220

−1 82.0848 −0.6140 1.2279

−1.1 125.9065 −0.7150 1.2294

−1.2 169.6926 −0.8150 1.2299

−1.3 214.2448 −0.9160 1.2304

−1.4 258.7726 −1.0160 1.2311

−1.5 270.0904 −1.1160 1.2323

−1.6 335.0565 −1.2150 1.2383

−1.7 390.3965 −1.3080 1.2592

Table D.1: Additional data referred to the measure of the platinum electrode elec-
trochemical potential vs Ag/AgCl reference electrode (represented in Figure 4.5).
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Figure D.1: Raw data corresponding to Figure 4.7 shown in the main text. The data
recorded using cyanobacteria as electrolyte (left) and the culture medium B3N without
cyanobacteria (right).

Figure D.2: Raw data corresponding to Figure 4.10 recorded upon gate functional-
ization with algal hydrogel.
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Figure D.3: Raw data corresponding to Figure 4.11 (b. and c.) recorded in cyanobac-
teria hydrogel using Pt (left) gate electrode (�= 100 µm) and Au (right) gate electrode
(�= 250 µm).

Figure D.4: Raw data corresponding to Figure 4.12. The data is obtained in the
algal hydrogel before and after incubation for 30 minutes in 1 µM diuron solution (left:
drain current; right: gate current).
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Figure D.5: Raw data corresponding to Figure 4.13 (a) obtained in the algal hydrogel
electrolyte before and after 24 hours hydrogel incubation in 10 µM diuron solution (left:
drain current; right: gate current).

Figure D.6: Raw data corresponding to Figure 4.13 (b) obtained in the algal hydrogel
incubated in 10 µM diuron for 24 hours (left: drain current; right: gate current).
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