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Introduction

Graphene Oxide (GO) is the oxidized form of graphene, produced by the oxi-
dation of crystal graphite with a mixture of sulfuric acid, sodium nitrate, and
potassium permanganate (the Hummers method [1]). Structurally, GO can
be visualized as a graphene sheet with its basal plane decorated by oxygen-
containing groups. Due to high affinity to water molecules by these groups,
GO is hydrophilic and can be dissolved in water. The solubility in water
makes the deposition straightforward through easy and cheap methods. GO
is a poor conductor but its treatment by light, heat, or chemical reduction
can restore most properties of the famed pristine graphene making it very
attractive not only as possible way to obtain graphene in large quantity, but
also for its peculiar properties in many applications in different fields.

The most exciting advantages of this method are its low-cost and potential
scalability. The starting material is simple graphite, and the technique can
easily be scaled-up to produce gram quantities (or larger) of chemically de-
rived graphene dispersed in liquids.

Since all these applications will rely on the deep understanding and the con-
sequent, ability of tuning of the properties of the GO, this thesis is intended
to study in detail the charge transport in the reduced GO (rGO), also in

presence of applied magnetic fields.

Chapter One is an introduction of the basic properties of the GO and
rGO, in terms of morphological and spectroscopic characterization, and the
main literature about charge transport is presented.

Chapter Two gives an overview of the main experimental techniques involved

in the realization of this project, including preparation, deposition, reduction



and characterization of the samples.

Chapters Three concerns the detailed study of the reduction process by ther-
mal annealing. The samples are characterized by micro-Raman spectroscopy
in order to reveal structural changes due to reduction, and the process is
then monitored directly through in-situ electrical measurements.

Chapter Four presents the main results on charge carrier transport in rGO
thin films. The electrical characterization has been carried out as a function
of temperature and applied magnetic fields for samples annealed at different
temperatures and the flake size dependence has been investigated.

Finally, chapter Fives presents preliminary results on a GO-based device in
vertical spin valve geometry.

At the end is given a general conclusion to the work and some future per-

spectives on the basis of the obtained results.



Chapter 1

Graphene oxide: fundamentals

and properties

The term graphene refers to a class of different materials [2, 3]. The ideal
graphene, a two dimensional monolayer of sp?>-bonded carbon atoms arranged
in the typical honeycomb hexagonal structure, can be obtained through the
mechanical exfoliation of the graphite. This method allows the production
of a type of graphene which display unique physical properties as very high
electron mobility, high thermal conductivity and excellent optical and me-
chanical properties.

Besides this method, it is possible to find graphene derived from chemical
vapor deposition (CVD), from epitaxial growth on SiC, from molecular as-
sembly or the so called chemically derived graphene, which comes from the
exfoliation of graphite in liquid phase.

Each of these methods results in different quality (in terms of defect den-
sity) and different amount of graphene, therefore making each method more
suitable for a specific application.

While the mechanical exfoliation of graphite is the most reliable method to
produce high-quality graphene, its low yield limits the integration in practi-
cal applications, relegating it to the research field.

The interest around graphene oxide (GO) spread after the discovery of graphene

in 2004 as promising viable route to obtain large area and processable monoatomic-
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Figure 1.1: Several methods of mass production of graphene. [2]

thick sheets of graphene.

Graphene oxide, anyway, has an history much older and complex than that
of graphene: the first well-known study was published back in 1859 by Brodie
[4], who was studying the structure and the molecular weight of graphite.
Differently from pristine graphene, GO can be obtained with sheet sizes tun-
able from >100 pm to <1 pm [5], can be functionalized with different molec-
ular moieties [6] allowing to process it in water or organic solvents [7] and to
deposit it on different substrates with a very high monolayer yield [8]. The
low production cost, the high solubility and wide processability, the optical
transparency, the tunability of electrical and optical properties of GO and
the possibility of chemical functionalization, make it suitable for a variety of
applications, such as production of paper-like materials [9], conductive elec-
trodes for flexible electronics [8, 10], energy storage [11, 12, 13, 14, 15, 16,
optical applications [17] and gas sensing [18, 19, 20] among others.



1.1 Synthesis, structural features and depo-
sition

About 60 years after Brodie’s studies, Hummers and Offeman developed an
alternative methods to produce the graphite oxide, by reacting natural flake
graphite with a mixture of potassium permanganate (KMnO,) and concen-
trated sulfuric acid (H2SO,), achieving similar levels of oxidation [1].

Since then, other groups proposed slightly modified versions of this method,
but very little has changed and the so-called modified Hummer’s methods
are the most widely used way to produce graphite oxide.

The resulting material is a layered structure of stacked graphene oxide sheets

et Hummer's

Graphite Graphite Oxide ~ Chemically
derived
graphene

Figure 1.2: Molecular models show the conversion process from graphite to
chemically derived graphene. [21]

that, thanks to the functional groups attached to the surfaces resulting from
the oxidizing process, are strongly hydrophilic. The hydrophilic characteris-
tic and the derived oxygen functional groups weaken the interlayer bonding
and facilitate the exfoliation of the graphite oxide by sonicating or stirring
the water /graphite oxide mixture. The final product is a suspension of mono-
layer graphene oxide sheets.

The most interesting aspect of this method is that it is both scalable and
it gives the opportunity of an easy chemical functionalization, hence making
GO very promising for a wide range of practical applications.

Generally speaking, GO can be seen as a graphene-like structure where differ-
ent oxygen-containing functional groups such as carboxyl, carbonyl, hydroxyl
and epoxy covalently decorate the surface - either on the basal plane or at

the edges -, giving rise to a variable sp? and sp® hybridized carbon ratio.
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Due to its nonstoichiometric atomic composition and to its amorphous na-
ture, there has been a long debate over the years around the structural model
for the GO [22]. The prevailing one, the Lerf - Klinowski (LK) model [23],
predicts GO to be composed by two different domains that are randomly dis-
tributed: intact graphene domains, with sp?-hybridized carbon atoms, and
oxidized domains, which are sp*-hybridized due to the presence of the afore-
mentioned functional groups (see fig.1.3). These latter domains destroy the
long-range conductivity interrupting the conjugation of the graphene-like do-
mains, making GO an electrical insulator.

The graphitic network can be partially restored either by thermal annealing
or by exposure to chemical reducing agents, or with a combination of this
two methods, but until now it was not possible to completely eliminate the
oxygen-containing defects in the carbon lattice. Still, the final products are
chemically derived graphene layers of considerable size and exploitable elec-
trical conductivity.

Microscopic investigations of reduced graphene oxide sheets reveal that around
the nanometer sized graphene-like islands there are still regions rich of de-
fects, but these are small enough to preserve a sizable electrical conductivity
(see section 1.5).

Thanks to its hydrophilic nature, GO is commonly dispersed in water, but it

Figure 1.3: Lerf-Klinowski structural model for graphene oxide. [23]

can be also easily dispersed in organic solvents to form colloidal suspensions.

This versatility makes it possible to deposit the GO onto any substrate (also
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flexible ones) with easy and cheap techniques like drop casting, spin coating,
dip coating, spray coating, LangmuirBlodgett (LB) technique and vacuum
filtration method.

By employing the LB technique or by spin coating, it is possible to obtain
large area homogeneous films, controlling the thickness even down to a single
layer, while thicker membranes can be prepared by vacuum filtration or spray

coating.

1.2 Morphological characterization

The resulting GO flakes have irregular shapes and can be visualized by opti-
cal microscopes, thanks to the contrast created with suitable dielectric sub-
strates, in particular 100 nm or 300 nm SiO, on Si [24].

The typical thickness of monolayer GO flakes ranges from 1.0 to 1.4 nm,

Figure 1.4: Left: Optical image of a single flake graphene oxide on 300 nm
SiOq, magnification 100x. Right: AFM image of a single flake GO and a
thicker GO flake.

which is a much higher value than the one observed for pristine graphene,
which is usually around 0.5 nm. This is due to the presence of the function-
alities which are attached on the basal planes of the flake at both sides.
The average lateral size of the GO flakes can be tuned from few nm to even
hundreds of ym by changing the size of the starting graphite and by applying
specific protocols during the oxidation procedure.

An easy way to control the flake’s dimensions is by changing the time of son-
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ication, which provokes subsequent random fragmentations decreasing the
flakes size [25]. The resulting size distribution shows that GO suspensions
are characterized by the presence of flakes of different order of magnitude’s
lateral dimensions, which can be selected only by later centrifugation and
filtering procedures [25].

Thin films of GO obtained from solutions with different flake’s lateral dimen-
sions also show different morphological characteristics, passing from wrinkled
surfaces for larger flakes to very flat films with roughness of about 2 nm for

solutions with smaller flakes.

1.3 Reduction techniques

The reduction of GO, i.e. the removal of the oxygen-containing functional
groups, partially restores the sp? conjugated network allowing the creation
of percolating pathways between the intact graphene-like domains, and the
material is transformed from an insulator into a graphene-like semimetal [26],
although several defects remain in the final graphene lattice (see figure 1.5
and figure 1.6).

The reduction of GO can be achieved via thermal annealing [27, 29], chemi-

Figure 1.5: Structural model of GO at different stages of reduction by thermal
annealing at: a) room temperature; b) ~100°C; ¢) ~220°C; d) ~500°C.
The dark gray areas represent sp? carbon clusters and the light gray areas
represents sp® carbon bonded to oxygen groups (represented by small dots).
At 220°C, the percolation among the sp? clusters initiates (corresponding
to sp? fraction of 0.6). The reducing atmosphere used is UHV or Ar/H,
mixture.[27]

cal treatments [30] or electrochemical processes [14, 31, 32, 33, 34]. Chemical
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Figure 1.6: Atomic resolution, aberration-corrected TEM image of a single
layer reduced-graphene oxide membrane with color added to highlight the
different features. The defect free crystalline graphene area is displayed in
the original lightgray color. Contaminated regions are shaded in dark gray.
Blue regions are the disordered single-layer carbon networks, or extended
topological defects, that we identify as remnants of the oxidation-reduction
process. Red areas highlight individual ad-atoms or substitutions. Green
areas indicate isolated topological defects, that is, single bond rotations or
dislocation cores. Holes and their edge reconstructions are colored in yellow.
Scale bar 1 nm. [28].

or electrochemical reductions are the most widely used because they can be
performed in liquids, producing large amount of rGO with cheap and easy
techniques. The drawback is that harmful chemicals are frequently involved,
moreover the effect of a specific reagent is selective, preventing the elimina-
tion of all the oxygen-containing functional groups.

Thermal mediated reduction, instead, is more effective and thanks to the
high temperatures can heal the structural defects through graphitization.
On the other hand it has been proved that the rapid increase of temperature
provokes the release of CO and CO, gases at high pressure [22, 26], which

damages the structure of the rGO and creates morphological defects. Usu-
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ally, an interplay of these two processes occurs, limiting the final efficiency
of the thermal annealing.
All these methods lead to a final rGO with varying degrees of reduction in

terms of electrical and morphological properties.

1.4 Spectroscopic characterization

Raman spectroscopy is one of the most powerful techniques used to char-
acterize chemically and structurally thin films, since it is non-destructive,
fast and with high resolution: for this reasons it became a standard tool
also in the investigation of graphene sheets and related materials [35] such
as graphene oxide.

Figure 1.7 shows typical Raman spectra of monolayer, bilayer and trilayer
graphene oxide samples annealed at different temperatures: they are char-
acterized by two distinct and broad peaks at around 1350 and 1580 cm™!
which correspond respectively to the D and the G bands.

The G peak is originated by the primary vibrational mode of graphite and
thus of graphene too. In particular it is due to the in-plane vibrational mode
involving sp2-hybridized carbon atoms which compose the graphene lattice.
In graphene oxide the G peak is slightly shifted and broader compared to the
one of pristine graphene, due to the breakdown of the continuous hexagonal
honeycomb graphene lattice [36].

The D peak at ~ 1350 cm ™!, instead, is associated with defects and disorder.
It represents a ring breathing mode from sp? carbon rings that are located
adjacent to a graphene edge or a defect, and it is then a measure of the
sp3-bonding density in the structure [37]. In graphite and pristine graphene,
which are ideally free of defects, this peak is very weak or it does not appear
at all.

There have been many attempts to exploit Raman spectroscopy in order to
characterize the reduction of GO into rGO.

Different groups reports different signals in Raman spectra of GO which they
relate to fingerprints of reduction process, as splitting of G peak into G and
D’ peaks [36, 38], red shift of G peak [39], and the more documented increase
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Figure 1.7: Raman spectra of mono-, bi-, and tri-layer GO reduced in UHV
at different temperatures, [29].

of the I(D) /1(G) ratio [36, 38, 40] and decrease of full width at half-maximum
(FWHM) of the D peak [36, 27, 38|.

Yet, some of these observed signals are still quite debated in the literature:
for example in references [27, 40| the authors report that the I(D)/I(G) ratio
remains constant upon reduction.

It is noteworthy to point out that it is somewhat difficult to compare results
reported in the literature, because Raman spectra are usually recorded from
samples of various sizes and thickness, therefore making it difficult to make
quantitatively comparisons.

Still, some quantitative structural information can be extracted from the
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micro-Raman spectra. The most used method is to relate the I(D)/I(G) ra-
tio with the lateral size of the graphitic domains L,, through the empirical

Tunistra-Koening equation [41]:

I _ W)

— 1.1
. L (1.1)

where C'(\) is the specific constant related to the laser wavelength A, typi-
cally finding values for L, of few nanometers (from ~ 2 nm [27] to ~ 6 nm

[21]).

To study the chemical composition of GO and rGO, X-ray photoelectron
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Figure 1.8: XPS Cls core level spectra of as deposited GO (a) and 200°C
UHV annealed GO (b), [20].

spectroscopy (XPS) is the most common spectroscopic technique used be-
cause it is particularly suitable in the characterization of surfaces and thin
films.

Through XPS analysis it is in fact possible to measure the carbon-oxygen
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ratio and to identify the functional groups attached to the surface, by the
deconvolution of the C 1s and the O 1s core level spectra in different contri-
butions, each representing one single functional group.

Figure 1.8 shows a typical result of the reduction by annealing of the GO: the
peaks are usually fitted as the sum of 5 components, i.e. the sp?>-hybridized
carbon, the hydrogenated carbon (C=C / C-C or C-H), hydroxyl groups
and epoxy groups (C-OH and C-O-C), carbonyl groups (C=0) and carboxyl
groups (C=0(OH)).

The reduction results in a clear decrease of those groups which contain oxy-
gen, and a sharp increase of the aromatic rings peak, indicating a general
loss of oxygen alongside a restoration of the sp? carbon domains.

Figure 1.9 shows the relative abundance of these groups by increasing an-
nealing temperature [29] and in the inset it is possible to see the calculated
C/O ratio, which passes from 2.0 to 8.0 monotonically as the temperature
increases. Higher C/O ratio are reported for higher annealing temperature,
for instance in ref. [40] where a C/O ratio of 14.1 is found for UHV heat
treatment at 900°C.
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Figure 1.9: Relative abundances of the functional groups in GO as a function
of the UHV annealing temperature. Inset: C/O ratio obtained, respectively,
from the integrated intensity of C 1s and O 1s spectra (full circles) and from
the stoichiometric analysis of the C 1s components (open circles), [29].
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1.5 Transport properties of GO and rGO

Despite a huge number of publications focusing on the applications of GO
in diverse fields, a full control of charge transport has not been achieved and
more systematic studies could widen the GO potentials for electronics.

As discussed above, the as-synthesized GO is an electrical insulator due to
the presence of the functional groups which break the conjugated structure
and localizes m-electrons. Even though graphitic domains are present, there
are no pathways for electrons to move from one to another, but as soon
as the sp? conjugation is restored with the reduction processes, electrical
conductivity is recovered.

Usually the electric transport in reduced graphene oxide is described within

a variable range hopping (VRH) model, characterized by:

R(T) = Roexp (%)p (1.2)
where Ry is a prefactor, T is a characteristic temperature and p is a charac-
teristic exponent, the value of which distinguishes different conduction mech-
anism.

In particular, for Mott type of variable range hopping, p is equal to p =
1/(D + 1), with D being the dimensionality of the system [42], and thus
results to be equal to 1/3 for 2D Mott-VRH or to 1/4 for 3D Mott-VRH.
Otherwise, it can assume the values of 1/2 for 2D Efros-Shklovskii VRH or
1 for thermally activated Arrhenius-like transport mechanism.

From the paper of Gomez-Navarro et al. [43] who first suggested 2D Mott
VRH as the dominant charge transport mechanism down to around 80 K in
individual chemically reduced GO flakes (see figure 1.10), a number of other
groups reported similar results [44, 45, 46, 47].

However, also deviations from Mott-VRH model are observed at high tem-
peratures, ascribed to a crossover to an Arrhenius-like regime [45], while
electric-field-driven tunneling has been proposed as the dominant mecha-
nism at very low temperatures and high electric fields [44]. Wang et al. [48],

found that the transport is governed by two different Arrhenius equations
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in the high- and low-temperature regime, while Joung and Khondaker [49]
proposed 2D Efros-Shklovskii VRH as the dominant transport mechanism in
their rGO films.

All these studies were limited in temperature and in the level of GO reduc-
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Figure 1.10: Semilogarithmic plot of current I versus T—!/3

reduced GO monolayer (Vbias = 0.2 V). [43]

of a chemically

tion, thus a fragmented scenario appears from the literature.

Another interesting scientific challenge is to understand the magnetic prop-
erties of GO. Only few papers concern the electrical transport of rGO under
an applied magnetic field. Zhou et al. [50] reported a change from positive
to negative magnetoresistance in pristine graphene where disorder was in-
troduced gradually. In very disordered samples they observed a significant
non-saturating negative magnetoresistance up to several percents.

Wang et al. [48] and Muchharla et al. [47] reported negative magnetoresis-

tance of much lower intensities in chemically reduced graphene oxide films.

This thesis contains a systematic study of the electrical properties of ther-
mally reduced GO films, which were prepared at several reduction levels in
a controllable way, i.e. by changing the annealing temperature. It has been
possible to achieve distinct resistive states of rGO, which allow to control

rGO electrical characteristics through a simple fabrication protocol. Also
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the dependence on an applied magnetic field of the resistance has been inves-
tigated, finding very high non-saturating negative magnetoresistance values
at low temperature.

All this results will be presented in chapter 4.



Chapter 2

Experimental methods

2.1 GO preparation

Graphene oxide was prepared using a modified Hummers method starting
from graphite flakes (maximum particle diameter 500 pm) by the group of
V. Palermo at the ISOF Institute of the CNR of Bologna [5].

Graphite (5g) and 3.8 g of NaNOj was introduced in a 2 L flask equipped
with a mechanical stirring apparatus. Then, H,SO, (375 ml) was added at
0°C (ice bath), and the solution was stirred until it became homogeneous.
KMnOy (25 g) was slowly added over 1 h, keeping the temperature below
10°C with an ice bath. The solution was removed from the ice bath after 2
hours, and was further stirred for 5 days at room temperature (color change
from dark green to brown). 700 ml of HySO4 5% aqueous solution were
added to the brown suspension dropwise (temp. <40°C) and the mixture
was stirred for 2 h at room temperature. Then, 20 ml of HyOq (30%) were
added drop-wise to destroy the excess of permanganate, and stirred for 2
h. The solution was diluted to 2 L with 5% H,SO, and, after one day of
sedimentation, 1 L of supernatant was removed and replaced with water (1
L) and HyO5 (10 ml). After vigorous shaking, the suspension was left to
sediment overnight.

The supernatant solution was removed and the solid washed with an aqueous
mixture of 5 wt% H2SOy4 and 0,3% H2O2 (12 times), then HCI 4% (3 times),

21
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milliQ water (10 times) and centrifuged after each step. Finally, the GO was
transferred to acetone and dried at 60°C.

The GO powder was then dissolved in water (4 mg/mL), thoroughly stirred
for 24 h, and centrifuged to remove aggregates.

All the chemicals were provided by Sigma-Aldrich, and the water used was

ultrapure.

2.2 GO deposition

The deposition of the prepared GO suspensions on different substrates was
carried out by simple spin coating method. After some tests, commercially
available silicon wafer with nominally 300 nm of silicon dioxide insulating
layer was chosen as the most suitable substrate to obtain homogeneous thin
films.

The Si/SiO, substrates have been plasma cleaned for at least few minutes
using oxygen as gas (Diener Electronic, Femto Plasma System) with the
purpose of cleaning the surface and change the hydrophobicity of the SiO,
surface promoting the deposition of the GO/water solution.

The deposition of GO on the substrate is made by the spin coating method
readly after the plasma treatments, at 2000 rpm for 60 s, with around 100
pl/em? of material (SPS Spincoater SPIN150-v3). In order to have an ho-
mogeneous film, the spin coating process is repeated twice for each sample.
Then the obtained GO films are left to dry under ambient conditions.

This recipe gives a film thickness of ~5 nm for each deposition, so the final

thickness of the analyzed samples is ~10 nm.

2.3 GO thermal reduction

One of the most attractive properties of graphene oxide is that it can be re-
duced to graphene-like conjugated structure by removing the oxygen-containing
groups attached to the surface.

Among all the reduction methods present in literature (see chapter 1), we
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chose to use the thermal annealing: for in-situ measurements, thermal treat-
ments are performed in an inert atmosphere (argon), while for other char-
acterizations it was done in high vacuum. The two setup are presented in

details in what follows.

2.3.1 Thermal annealing in Argon flow

Thermal annealing in argon flow has been carried out as follows.
The sample was placed on a homemade mica sample holder and contacted
for the in-situ 2-points resistance measurements with steel spring clips.

For thermal treatments, a Thermo Scientific Lindberg Blue Tube Furnace

Tube furnace Lindberg

Sample holder
l Quartz tube

Lindberg Tube Furnace (Tpax = 1500°C)

Flow meter

Argon tank

Keithley 2636 source meter —
Labview enviroment

Figure 2.1: Experimental set-up for thermal annealing in argon flow and
in-situ resistance measurements.

(Tmax=1500°C) has been used, driven by an integrated Eurotherm temper-
ature controller.
First, the Argon flow was turned on and controlled by a flowmeter. Then the

samples were pushed manually through a quartz tube into the tube furnace,
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which was preheated at the desired temperature.

Treatments temperatures were 300°C, 400°C, 500°C and 600°C, and the du-
ration of the treatments ranged between 50 minutes and 21 hours.

At the end of the treatment, the sample holder was pulled out from the tube
furnace and the sample was allowed to cool at room temperature in argon
flow.

The sample holder is connected to a Keithley 2636 source meter through a
low-noise triaxial cable. The source meter is then connected to a PC through
GPIB cable and interfaced to the computer with a Labview software which
I specifically developed for the acquisition of the in-situ resistance measure-

ments.

2.3.2 Thermal annealing in high vacuum

Thermal annealing for electrical characterization of reduced GO films has
been carried out in a tube furnace in high vacuum (2-107°/107% mbar) at
temperatures ranging between 200°C and 940°C for 1 hour.

For this set of samples, the electrodes are evaporated after the thermal an-
nealing in order to avoid gold contaminations due to diffusion promoted by
the high temperatures.

The setup for thermal annealing in high vacuum was developed by Dr. R.
Tonini at the FIM Department of the University of Modena and Reggio
Emilia (figure 2.2): a quartz tube connects a part in which the sample is
introduced and where the vacuum pump system is, with a Thermo Scientific
Lindberg Blue Tube Furnace driven by an integrated Eurotherm temperature
controller.

As for the thermal annealing in argon flow, samples were pushed manually
through the quartz tube thanks to an external magnet into the tube furnace,
which was preheated at the desired temperature.

At the end of the treatment, samples are pull out the tube furnace and

allowed to cool naturally in vacuum.
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Figure 2.2: Experimental set-up for thermal annealing in high vacuum.

2.4 Devices Fabrication

2.4.1 Electron beam lithography

Some of the measured devices have been fabricated using electron beam
lithography.

Electron beam lithography (EBL) is a fundamental technique for mask-less
nanofabrication. The working principle is similar to the one of optical lithog-
raphy: a source of electrons is directed toward a specific sensitive material
(resist) in order to impress it. Afterward, with some adequate chemical
treatments (development) it is possible to selectively remove or leave intact
(negative resists) only the exposed area, enabling the patterning of very small
structures, even down to nanometer sizes.

The primary advantage of electron beam lithography is that it allows the
patterning of arbitrary custom structures with very high resolution, due to
the high focusing of the electron beam.

The quality of the final result will depend on the optics (i.e. the possibility
to achieve a highly focused spot), the beam energy, the choice of the resist,
substrate and developer and finally the process conditions such as develop-
ment time and temperature.

Another very important parameter to tune is the area dose, which is related

to the beam current I, the time ¢ and the step size S with the following
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relation:
It

52

The time t represents the time that an electron takes to penetrate the resist,

AreaDose = (2.1)

while the step size S governs the motion of the beam from one position to

the next one.
E-beam lithography setup

The electron beam lithography setup used during this PhD work is located at
the FIM Department in Modena and consists of Yigma Zeiss SEM connected
to a Raith pattern generator..

In figure 2.3 is sketched a typical setup for the electron beam lithography.

The electron beam is produced by thermal field emission from a filament,

Electron supply <7 Electron source

HV supply —:I I: Acceleration stage

i ——
Electron optics Condenser lens

i

Blanking control — | |

Pattern generator

‘ Deflection control }—— | |

l
0

Electron optics Objective lens

Stage control — ,72,

Vacuum system

Figure 2.3: Scheme of the setup for the electron beam lithography.

which ensures stability and high brightness. The created beam is accelerated
by a potential difference with values ranging from 0.2 kV to 30 kV. It is
possible to choose the beam aperture by a metallic disk placed at the end

of the acceleration stage, which has different holes with diameters ranging
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from 7.5 pm to 120 pm, thus selecting the magnitude of the current that will
reach the sample (from ~ 15 pA to ~ 5 nA).

Into the column, the beam passes through lenses and plates. The beam
blanker is usually made of electrostatic plates which allow one to switch on
and off the beam current, so that only the desired area will be exposed to
create the final pattern. Then a series of objective lenses permit the focusing
of the beam and the correction of defects such as astigmatism.

Finally, at the bottom of the column, there is a deflector which makes it

possible to scan the beam across the surface of the sample.
Lithographic process

The different steps of the lithographic process are illustrated in fig. 2.4.

‘KResist
= .
Spin coating Bake E-beam exposure Development

Deposition Lift off Result

Figure 2.4: Hlustration of the lithographic process.

A silicon wafer with a nominally 300 nm thick thermally grown silicon diox-
ide layer was used as substrate. After cleaning the surface with acetone and
sonication, the wafer is covered with a layer of poly(methyl-methacrylate)
(PMMA) 4% by spin coating deposition. PMMA is a versatile polymeric
material which is widely used as positive resist in nanofabrication with EBL.
The covered wafer is then baked on a hot plate: this step is necessary to com-

pletely remove the solvent and to convert the polymer into pre-coss-linked
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resist. Then, the electron beam exposes the resist, breaking the long chain
polymers into smaller more soluble fragments. After the exposure, the sample
is immersed in a liquid developer. We used for the purpose methyl-isobutyl-
ketone (MIBK), which dissolved the areas exposed to the beam. Temperature
and duration of the development are very important for the final resolution
of the pattern. The development is stopped by the immersion of the wafer
in isopropanol (IPA) for a few minutes. The next step is the deposition of
the desired material (in this work either GO or Cr/Au for the metalization
of the electrodes), followed by the lift-off, which removes all the remaining
resist and the exceeding deposited material. This last step is carried out by

leaving the wafer into hot acetone (40°C or 50°C) for sufficiently long.

2.4.2 Metal evaporation

For the metalization of the electrodes, the thermal evaporation method was
used.

With this technique, a metal is heated up to its melting point in high vacuum
atmosphere, so that it starts to evaporate. The metal vapor travels in the
vacuum until it reaches a cold surface where it condenses.

The source metal is placed into a boat, usually made of tungsten or another
high melting point metal. The boat is connected to two electrodes and a
high current is run through it, so that is heats up. Alternatively, if the
source metal is in the shape of grains, they can be accommodated into a
tungsten basket. Again, the current running through the coil heats up the
metal inside, allowing the evaporation (figure 2.5).

The evaporation chamber used during this thesis work hosts two sources

Figure 2.5: Tungsten boats (left) and baskets (right) used for thermal evap-
oration of Au and Cr respectively.
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placements: one has been used with tungsten baskets to evaporate Cr while
the other has been used with tungsten boats to evaporate Au. The Cr layer
(typically 10 nm) is used as an adhesion layer for the Au electrode (typically
100 nm thick).

The sample is secured to the sample holder with tungsten clips, and a shadow
mask is screwed to the sample holder, so that the metal is finally evaporated
only on certain areas of the sample (for samples not processed with EBL). A
sketch of the setup for thermal evaporation is illustrated in figure 2.6.

An example of the fabricated devices is given in figure 2.7. On the right

sample holder

\\ T evaporated
| —
/ metal atoms

to vacuum :

system

sample

Figure 2.6: Sketch of the setup for thermal evaporation of metals.

hand side a two contacts device is shown, that was fabricated via spin coating
of GO on the entire substrate, with two gold pads evaporated with a shadow
mask. On the left hand side, instead, a four-contact device is shown, obtained
through electron beam lithography of the GO square on the middle of the
substrate, on which the four gold pads are evaporated at the edges for the

electrical contact, through metal evaporation with a shadow masks.



30

sample geometry sample geometry
4 probes 2 probes

Figure 2.7: Left: four-probes sample geometry. Right: two-probes sample
geometry.

2.5 Structural characterization

2.5.1 AFM imaging

Atomic force microscopy (AFM) [51] belongs to the family of the scanning
probe microscopies (SPM), which are designed to measure local properties,
such as height, friction, magnetism, conductivity and so on, on a small area
of the sample. AFM is a powerful analytical tool for characterization of sur-
faces in the micro- to nanometer range. SPMs use a physical probe to scan
the surface of the sample, and they produce an image dependent on which
interaction is probed. In particular, AFM has been developed to measure
the atomic force established between the tip and the surface of the specimen.
The great advantage of the AFM over other SPM techniques is that it allows
the investigation of any substrate, either metallic or insulating.

Normally, the probe is a sharp tip mounted on a cantilever. By using an
optical setup, AFM measures the vertical and the lateral deflection of the
cantilever induced by the tip-sample interaction. The optical setup consists
in a laser which is reflected off the cantilever at the tip position. The reflected
laser beam is then directed to a position-sensitive photo-detector consisting

of four-segment photo-detector which retraces the angular deflection of the
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cantilever and thus the intensity of the analyzed force (figure 3.1).

AFM can operate in three different modes, depending on the selected dis-

photodiode laser source

cantilever
/
pZ4

\ sample

piezoelectric
XYZ controller

Figure 2.8: Sketch of the atomic force microscopy setup.

tance between the tip and the sample, namely contact, non-contact and
tapping mode (figure 2.9 A).

In contact mode, the AFM works in the repulsive forces regime. It uses a
feedback to regulate the force on the sample. In this case, AFM not only
measures the force on the sample but also regulates it, allowing acquisition
of images at very low forces. The feedback loop consists of the tube scanner
that controls the height of the tip, the cantilever and optical lever, which
measures the local height of the sample and a feedback circuit that attempts
to keep the cantilever deflection constant by adjusting the voltage applied to
the scanner. A well-constructed feedback loop is essential for the microscope
performances.

In the non-contact mode the AFM works at a distance in which Van der
Waals attractive forces are dominant. The cantilever oscillates close to its
resonant frequency; the interaction with the sample lower this frequency ac-
tivating the feedback loop control which, adjusting the distance between the
tip and sample, maintains a constant frequency or oscillation amplitude. The
distance is recorded for all the scanned sample surface, giving a topographic
image.

Finally, the tapping mode is used for delicate samples, because in this op-

eration mode the duration of the interaction between the surface and the
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A. AFM imaging modes as a function of tip-sample B. AFM cantilever motion
distance

force

contact mode

contact mode repulsive
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kﬂ_/
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Figure 2.9: A) Lennard-Jones potential showing the tip-sample force as a
function of their distance and B) a sketch of the motion of the cantilever for
the different operating modes.

tip is negligible. In the tapping mode, again, the cantilever is allowed to
oscillate close to its resonance frequency with wide oscillations, going from a
non-contact to a contact region. The feedback control adjust the tip-sample
distance in order to mantain the amplitude of the oscillations constant.
During this thesis work, an AFM Autoprobe CP (Veeco) at the A.F.M. Lab-
oratory of the CIGS (Centro Interdipartimentale Grandi Strumenti of the
University of Modena and Reggio Emilia) operating in non-contact mode
has been used and the data were collected through PROSCAN DATA AC-
QUISITION software.

AFM imaging has been exploited for the morphological characterization of
the GO films and to define the recipe of the deposition by spin coating in
terms of the final film thickness. In this case, few squares of 100x100 pm?
were obtained by EBL on several samples. The GO solution has been de-
posited by spin coating using different recipes. Thanks to the optimization
of the spin coating parameters, the final result gives an homogeneous film of

~5 nm each deposition (figure 2.10).
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Figure 2.10: Optical image of squares of GO on Si/SiOy substrate obtained
by EBL with the tip of the AFM measuring the step height (left) and the
resulting height profile (right).

2.5.2 Micro-Raman spectroscopy

As discussed in section 1.4, Raman spectroscopy is a widely used technique
to characterize graphitic materials, since it is non-destructive, fast, and can
give many informations about the structure and the electronic and vibra-
tional state of the analyzed sample.

Raman spectroscopy is based on the inelastic light scattering, or "Raman ef-
fect”, which was firstly observed in 1928 by C. V. Raman and K. S. Krishnan
in molecular liquids [52, 53].

When a sample is irradiated with an intense monochromatic light, usually
coming from a laser, most of the radiation is scattered back at the same wave-
length of the incoming light (Rayleigh scattering) while a small fraction of
the scattered photons have a wavelength which is shifted with respect to the
original one (inelastic light scattering). If the outcoming photon has a lower
energy than the incident one, the process is called Stokes Raman scatter,
while in the case it has a final energy which is higher than the incident light
after the interaction with the sample, the process is called Anti-Stokes Ra-
man scatter (figure 3.3). These two frequencies compose the Raman signal.
The incident light will interact with the molecule, and depending on the vi-
brational state of the latter, Stokes or Anti-Stokes scatter will occur. In fact,
the Stokes and Anti-Stokes Raman frequencies in molecular systems are asso-
ciated principally with rotational, vibrational and electronic level transitions.

Since the amount of energy change, either lost or gained, is characteristic of
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Figure 2.11: Jablonski diagram representing quantum energy transitions for
Rayleigh and Raman scattering

the nature of each bond (vibration) present, it is possible to collect sufficient
information for a very precise characterization of the molecular structure.
Along the identification of electronic and vibrational and rotational states
in atoms and molecules, the Raman energy shift can be associated also to
excitonic states in semiconductors, or phonon states in crystals, etc., making
Raman Spectroscopy a very versatile and powerful technique.

The acquired spectrum shows the intensity of the scattered light as a func-
tion of the frequency difference with the one of the incident photons.

A typical setup for micro-Raman spectroscopy is illustrated in figure 2.12.
It consists of a usual optical microscope equipped with a series of lenses,
mirrors and filters to guide and manipulate the laser radiation coming from
the source in order to carry the Raman signal to the spectrometer, which is
usually a CCD camera.

Since the number of inelastically scattered photons is very small and the spot
of the laser is such that only an area of about few um? is analyzed, a radia-
tion of high density is preferably used (~ 10° W/cm?), with the drawback of
possible damages on the sample. To avoid this risk, the optical part of the

setup is provided with optical filters to tune the radiation intensity.
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Figure 2.12: Illustration of typical micro-Raman spectroscopy setup.

The micro-Raman spectroscopy setup used during this thesis work is the
LabRam Horiba Jobin Yvon (figure 2.13) at the Optical Spectroscopy Lab-
oratory of the CIGS (University of Modena and Reggio Emilia). The laser
source is He-Ne type (632.81 nm) with a maximum power of 20 mW, con-
nected with an Olympus BX 40 Microscope (objectives 10x, 50x and 100x)
and a CCD detector 1024 x 256 x 16 cooled by a Peltier cooler. Data were
acquired by Labspec software and the spectra were then normalized in post
processing.

A typical Raman spectrum of our GO thin films on Si/SiO, is presented

Figure 2.13: LabRam Horiba Jobin Yvon at the CIGS labs in Modena.

in figure 2.14. It shows the two main features characteristic of the Raman
spectrum of graphene oxide: the broad D peak at ~1350 cm™! and the G

peak at ~1580 cm™! (see section 1.4 for more details).
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Figure 2.14: Typical micro-Raman spectrum of GO film 10 nm thick de-
posited by spin coating on Si/SiOs.

2.6 Low temperature electrical characteriza-

tion

The electrical characterization of the samples as a function of temperature
has been carried out with a Quantum Design Physical Property Measurement
System (PPMS) cryostat connected with an external Keithley 2636 Source-
Meter, interfaced with a PC through a Labview software which I specifically
realized and developed.

The cryostat allows to control the temperature from 1.9 K to 400 K, and is
equipped with a superconducting magnet generating fields up to 7 T for the
magnetic characterization.

The Keithley source-meter can work both in two probes and four probes con-
figurations and is particularly suitable for low noise measurements of high-
impedence devices, achieving current sensitivity in the sub-pA range, while

being capable to generate DC voltage sources as high as 200 V.
The cryostat

The PPMS is composed by the following hardware components:
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nitrogen-jacketed dewar for the liquid helium bath

e probe

top plate assembly
e vacuum pumping system
e clectronics cabinet

The dewar contains the liquid helium bath in which the probe is immersed.
The nitrogen-jacketed dewars is particularly efficient thanks to the layer of
liquid nitrogen sandwiched between the superinsulation and the liquid he-
lium, which further insulates the helium bath, as does the vacuum in the
region between the liquid helium and the liquid nitrogen (see figure 2.15).
The probe is immersed in the liquid-helium bath inside the dewar. The probe
incorporates the basic temperature-control hardware, the superconducting
magnet, the helium-level meter, the gas lines, the sample puck connectors,
and various electrical connections. It is composed of several concentric stain-
less steel tubes. Its outer layer isolates the sample chamber from the liquid-
helium bath. Two concentric tubes, separated by a sealed, evacuated region,
prevent heat exchange between the sample chamber and the helium bath.
The bottom of the sample chamber is made of copper, in order to pro-
vide a region of uniform temperature. The very base of the sample chamber
contains the connectors that contacts the installed sample puck. Then, two
thermometers and a heater are immediately below the sample puck connec-
tor: the proximity to the copper sample puck helps to assure a good thermal
contact during the experiments. The wiring for the sample puck runs up to
the probe head.
The region between the sample chamber and the inner vacuum tube is re-
ferred to as the cooling annulus. Helium is pulled through the impedance
tube into the cooling annulus so that it can warm and cool the sample cham-

ber uniformly.

Electrical measurements



38

—SAMPLE SPACE
/’ —COOLING ANNULUS

A. B. | | ~super INsULATION
/ | /‘ VACUUM
— A
BT 2
| | 1’ Nl —saMPLE cramBER
\ | | i L7
\ { LT |
Vol i INNER
CENTER OF A T oo™
nitrogen ports AN Wi\ /
ESHP MAGNETIC FIELD N | I | |
/ \N\ (] 1 T Hear
\7 Il | \ SHIELD
\ \ \J
\ .'n‘ tli f‘! \
superinsulation BOTTOM OF SAMPLE CHAMBER—._ | | [ I~ ) \eklgsm
WITH saPLE Puck contacts =L | (| | | i
\ T 1N
i i I (| I | ™1~ macner
nitrogen jacket /) 11. IR
}l_/*_ - ‘Y :\ ; 1.‘
THERMOMETERS — 1 | | 1|
AND HEATERS [\ ==z | ‘\
2 & S | \ | |
liquid helium bath [ [
! s [
1l |
vactm IMPEDANCE—" ——
HEATER AND
THERMOMETER

PROTECTIVE_CAP
(OPEN TG HELIUM)
IMPEDANCE T
TUBE—

BELLOWS

\

Figure 2.15: A. PPMS nitrogen-jacketed dewar for the liquid helium bath
and B. PPMS probe major components. [54]

The electrical contacts between the metal pads on the sample and the cryo-
stat sample puck are made thanks to an ultrasonic wire bonding machine
(Kulicke and Soffa Model 4123 Wedge Bonder [55]), which allows one to sol-
der gold wires between them.

In our samples, both the resistivity of the GO or rGO films and the so called
contact resistance can be very high.

If the resistance were measured by a simple ohmmeter, the resistance of the
cables and any resistance at the contacts would be measured as well as the
resistance of the sample under test.

An usual technique to eliminate the contact resistance, in order to make sure
that it does not affect resistance measurement, is to acquire measurements
in the 4-point probes configuration with the van der Pauw method [56].

In the 4-point probes sensing, also called remote sensing, two of the probes
are used to source current while the other two are used to sense the voltage.

The separation of the current and the voltage electrodes allows one to elim-



39

inate the leads and the contacts resistances from the measurements.

The conventional configuration for 4-point probes resistivity measurements
has the four electrical leads attached along a straight line, but often the ac-
curacy of this method is limited by the difficulty to precisely determine the
geometry of the sample.

To overcome this problem, it is more convenient to use the technique of van
der Pauw to determine the resistivity of the sample.

The van der Pauw method uses four contacts placed at the edges of a flat
homogeneous sample, and it is particularly useful because geometrical asym-
metries among the contacts become unimportant.

Usually the electrical leads are placed at the four corners of a roughly square

Square or Square or rectangle:
Cloverleaf rectangle: contacts at the edges
contacis al or inside the
' i the corners perimeter
4
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Figure 2.16: Possible contacts placements for van der Pauw method.

sample, as shown in figure 2.16 b.
The resistivity is then calculated mathematically from the combination of

eight measurements around the sample, as shown in figure 2.17:

pA+ pB
Pavg = 5 — (2.2)

where

Vo+Vi-Vi—V3

Al
Ve + Vs — Vs — V17

47

T
pa = ﬁfAts (2.3)

T
PB = m—2ths (2.4)
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with ¢, being the sample thickness, I the current run through the sample
and Vi_g the measured voltages. The functions f4 and fp are geometrical
factors based on sample symmetry, and can be determined by voltage ratios,
as explained in ref. [57]. For perfect symmetry, one has that f4 = fg = 1.

Electrical characterization has been carried out both in two contacts con-
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Figure 2.17: Van der Pauw resistivity measurement conventions.[57]

figuration and in four-points probes configuration with the van der Pauw
technique. By comparing the two methods, we could observe no substantial
difference in the behavior of the resistance as a function of temperature and
applied magnetic field, thus making the two contacts measurements prefer-
able in terms of ease of the technique. Thus in the following chapters, when
not differently specified, all the measurements are carried out in the two
probes configuration.

Moreover, for each measurements we carefully controlled and monitored that
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the [-V characteristic is linear in the used voltage range, in order to ensure
that the contacts remain ohmic with changing temperature and/or magnetic
field.

For the measurements of the resistance as a function of temperature, a read-
ing voltage of 200 mV is typically used if not differently specified.

For the magneto-resistance measurements, a reading voltage of 100 mV or
200 mV is used, depending on the experimental conditions. The typical
sweeping rate of the magnetic field used is 200 Oe/s, even though the same
measurements have been performed at 50 Oe/s and 100 Oe/s to check the
speed dependence, without finding any difference.

In figure 2.18 is shown the block diagram of the electrical connections used

for the two-points probes measurements.

GPIB
3 Labview

Keithley 2636 source meter

p-ako G \:_.,.m

BNC connection cables

1 M F F [

contact switcher

Resistivity option cable

PPMSisample puck

DUT i PPMS cryostat

Figure 2.18: Block diagram of the electrical connections for the two-points
probes configuration measurements.

PC
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Chapter 3

Thermal treatments: film
characterization and in-situ

resistance measurements

The following chapter contains the first part of the study about reduced
graphene oxide: it concerns the analysis of the effects of the reduction by
thermal annealing of the GO thin films. Indeed, great changes in the struc-
ture and in the electronic properties of GO films are expected as the reduction
process occurs.

The investigation is carried out by scanning probe and spectroscopic tech-
niques (AFM microscopy and micro-Raman analysis) and by the control of
the resistance behavior during the reduction, by in-situ resistance measure-
ments. It is well-known, in fact, that one of the major changes in graphene
oxide due to its reduction is that it undergoes a transition from insulator
to semiconductor or even semimetal, and a control of this process may give

informations about the reduction mechanisms and efficiency.

43
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3.1 Morphological characterization of the GO

films

The deposited GO films have been characterized morphologically by AFM
microscopy, in order to estimate the thickness of the film and its average
roughness, and to highlight different substructures.

In this first part of the study, only solutions of GO with average flake size of
1-2 pm have been used.

To study the thickness, a hole of rectangular shape of 1x2 mm has been
patterned with the EBL technique on a PMMA film on top of a Si/SiOq
substrate. Then, the GO solution has been spincoated with the procedure
exposed in section 2.2, and after the lift-off process, the thickness of the
resulting film has been measured with AFM.

The section profile measured perpendicular to the GO edge reveals a film
thickness of about 10 nm, as shown in figure 3.1.

Image 3.2 shows, instead, a typical AFM topographic map of the film with

1]
0.0 0.5 1.0
X (pam}

Figure 3.1: AFM image of 10 nm thick GO film deposited on Si/SiO2 sub-
strate and below AFM section profile along the white line revealing the film
thickness.

the relative height histogram.
AFM roughness analysis was carried out employing the WSxM 5.0 software,
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Figure 3.2: A) AFM image showing on the left the Si substrate and on the
right the GO film, B) a magnification of the indicated area of the GO film
and C) the height histogram.

and the resulting surface root mean square (RMS) roughness value of the GO

film is 2.7 nm.

3.2 Micro-Raman spectroscopy

In order to characterize the reduction process of the GO films also from the
structural point of view, we acquired Raman spectra for each sample before
and after the thermal annealing, in order to estimate the changes in the
structure of the film due to the reduction.

Figure 3.3 shows the acquired micro-Raman spectra for a typical as-deposited
GO film and for rGO films annealed at different temperatures. The spectra
show the two typical peaks of GO, respectively assigned to the D and the G
bands (see section 1.4 for more details).

Structural information are generally then extracted from the spectra thanks
to the empirical Tuinstra-Koenig relation (1.1), which relates the intensities
of the D and the G peaks, respectively Ip and Ig, to the size of the sp?
clusters (see equation 1.1).

Figure 3.4 shows the measured Ip /I ratio for the set of samples annealed in
high vacuum at different temperatures. Fach point corresponds to a different
sample, as for each sample the reduction process was carried out only once

at a single temperature. The fit of the two peak has been done with two
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Figure 3.3: Raman spectra of as-deposited GO film and of samples reduced
in high vacuum at different temperatures.

Lorentzian shapes using OriginPro 8.5 software.

The top panel shows the ratio found for the as-deposited GO, while in the
bottom panel the intensity ratio is calculated from the Raman-spectrum ac-
quired after the thermal annealing.

The intensity of the D peak increases over the G peak as the reduction pro-
gresses with increasing annealing temperature, in agreement with previous
reports [30, 38, 36, 58, 21]. The increase of the Ip /I ratio can be explained,
keeping in mind the Tuinstra-Koenig relation 1.1, as the creation of a high
number of new graphitic domains smaller in size than those present in the
GO before the reduction.

We point out, however, that Ip /I ratio measured before reduction presents
a very high dispersion, which — we believe — makes the Raman analysis not
sufficiently accurate to reliably reveal the morphology of the rGO film and
to give indications about the reduction efficiency. Nevertheless, Ip /I ratio
values after the reduction are in agreement with previous literature ([27] and
references therein).

We also investigated in detail the presence of the 2D peak at ~2690 cm™!,
which corresponds to the second order of the D-band, but no recognizable

peak has been measured for our samples.
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Figure 3.4: Ratio between D peak and G peak intensities of the Raman
spectra a) before the reduction for the different samples and b) after the
reduction as a function of the annealing temperature. The high dispersion of
the Ip /I ratio values reported for as-deposited GO makes our Raman data
not sufficiently reliable for an accurate morphological characterization of the
reduction efficiency.

3.3 In-situ resistance measurements

We monitored the reducing effect of the thermal annealing by measuring the

in-situ resistance of the films as a function of time, during the process in

argon flow.
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sample | a (mm) | b (mm) | T,°C ot
A 2.3 6.5 300 | 21h15min
B 0.8 5.0 300 | 21h15min
C 1.7 5.0 300 50min
D 1.7 4.5 400 18h
E 1.3 5.0 400 2h
F 1.2 4.3 400 4h
G 1.8 3.4 500 4h
H 1.4 4.7 500 2h
I 1.3 3.8 500 8h

Table 3.1: Measured samples with relative channel size a and b, annealing
temperature T, and duration of the treatment t.

The samples are films of GO with thickness of 10 nm, over which gold elec-
trodes are thermally evaporated. The dimensions of the channel lengths of
the measured samples are reported in table 3.1.
The thermal annealing is carried out in argon atmosphere controlled by a
flow-meter, at temperatures of 300°C, 400°C, 500°C and 600°C. The dura-
tion of the treatments is varied between 50 min and 21 h to study the time
dependence.
The measurements are carried out with the setup shown in figure 2.1 with a
Keithley 2636 Source-Meter, applying a reading voltage of 200 mV.
Fig 3.5 shows a typical in-situ resistance measurements as a function of time.
The sample holder is provided with a thermocouple at the sample position,
so that it is possible to monitor the sample temperature. The green dots in
figure 3.5 represents the temperature profile of the sample.
Initially the sample is out of the tube furnace at room temperature. The
resistance of the film is very high (above 1 G{2) as expected, because as-
deposited GO is an electrical insulator. At a certain time, indicated with
the red arrow, the sample is moved into the pre-heated tube furnace. The
measure is quite noisy at this point because of the movement of the sample
holder and the electrical connections. After a short time interval where the
sample starts to heat up, the measurement shows a very fast resistance drop.
In this short time, typically less than 5 minutes, the reduction occurs: the

residual water evaporates and the functional groups are released. After few
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Figure 3.5: Black dots: typical in-situ measurements of the resistance of a
GO sample before and during the thermal annealing in the tube furnace in
argon flow. Green dots: relative temperature profile of the treated sample.
Red arrow: time t at which the sample is pushed into the preheated tube
furnace for the annealing.

minutes the resistance reaches a saturation. In this second part of the pro-
cess, probably structural rearrangements still occur, but the relative change
in the resistance is smaller than the sensitivity of our measurement setup.
Indeed, one may think that the structural rearrangement could be just a
slower process than the fast oxygen release. To investigate this in more de-
tails, we measured the resistance as a function of time of different samples
annealed at the same temperature, changing the duration of the treatment
(see table 3.1).

Figure 3.6 shows the resistance measurement for sample D and sample E,
which are respectively annealed at 400°C for 18 hours and for 2 hours. After
the initial drop, when the sample is introduced into the tube furnace, the
resistance settles at a certain value for both the samples, and it does not
change until the sample is allowed to cool down. Even for sample D, during
the 18 hours into the tube furnace, we do not report further development
of the resistance, and the final values for both the sample are comparable
within the error bar.

This shows that although the whole reduction process is governed by two
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main contributions, i.e. a oxygen loss and a consequent structural rearrange-
ment, they are both fast and occur in the first few minutes of the thermal
treatments. Still, it may be that the structural modifications keeps occurring
for longer time, but our experimental setup is not sensitive enough to reveal
it, and thus we can not extract any information about this process.

To further analyze the effects of the thermal annealing, we measured the
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Figure 3.6: Resistance as a function of time for sample D and sample E (see
table 3.1), both annealed at 400°C with different annealing time. Arrows
indicate where the sample is pulled out the tube furnace and allowed to cool
down in argon flow.

current as a function of the applied voltage before and after the treatment
(once the sample is cooled back to room temperature).

Before the treatment, the measured current is below the instrumentation
limits, showing that GO is highly resistive (insulator). After the thermal
annealing, instead, for all the annealing temperatures, we found linear I-V
characteristics, indicating that the graphene oxide films acquired a certain
electrical conductivity and ohmic conduction is established (figure 3.7).
These results strongly suggest that the GO films after the thermal annealing
are already reduced (even if at different degrees) for all the different temper-
atures used in the study.

Figure 3.8 reports the values of the sheet resistance of the rGO films as a

function of the annealing temperature, measured once the samples are cooled
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Figure 3.7: The measured I-V characteristic curve for sample D before (black
dots) and after (green dots) the thermal treatment at 400°C.

at room temperature. As shown, the final sheet resistance becomes smaller
with increasing annealing temperature. The value dispersion for the samples
treated at 300°C is due to the mild annealing which leads to final results
which can vary considerably.

For annealing temperatures >600°C, instead, we observed a loss of material
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Figure 3.8: Final sheet resistance of the rGO films as a function of the
annealing temperature.

of the sample, in some cases even leaving the surface of the substrate almost



52

clean. This is likely due to the residual oxygen which is still present in the
argon atmosphere. The oxygen may react with the surface of the GO film,
eventually leading to a complete loss of the sample.

This is the reason why, in the next chapters, only the annealing in high
vacuum (~ 107% mbar) is performed as the standard protocol for the GO

thermal reduction.

3.4 Reduction process characteristic time

To give a deeper insight into the thermal reduction process, we studied the
characteristic time of the drop of the resistance.
To do this, we analyze only the time interval in which the resistance shows
the sharp decrease, which begins at the moment in which the system has
enough energy to start to release the functional groups, thus restoring the sp?
network and recovering the electrical conductivity of graphene-like domains.
The resistance drop ends when the major changes already occurred and there
is only a fine rearrangements of the structure left (fig. 3.9 A).
In this interval, we can suppose an exponential dependence of the resistance
on time, such as:

R x exp _?t (3.1)

where 7 is the characteristic time of the process.

Figure 3.9 B) shows the value of 7 extrapolated from the fits, as a function
of the annealing temperature. The process is faster for increasing annealing
temperatures, and the characteristic time went from ~8 s to ~1 s, as the
annealing temperature is increased from 300°C to 600°C.

Although the time scale is only approximate, due to the not perfect isother-
mal conditions in which the measurements are performed, the reduction pro-
cess characteristic time scales correctly with the annealing temperature, as
one may expect (see figure 3.9 B.). This process, in fact, is thermally acti-
vated, and thus it is faster for higher temperatures. Most of the changes due

to the reduction happen just at the moment when the system reaches enough
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energy thanks to the temperature, while only small developments occur after
that point.

This is consistent with results reported in literature, where thermal an-
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Figure 3.9: A. Resistance measurement as a function of time for thermal
treatment at 400°C, with highlighted the range of the fit, and B. character-
istic time of the process as a function of annealing temperature (each dot
corresponds to a different sample treated at the same temperature).

nealing lasting only few minutes are used (for example Mattevi et al. used
thermal annealing duration of 15 min [27]), and there is no evidence for dif-

ferent efficiencies if longer times are used.

3.5 Activation temperature of the reduction

process

Based on the previous section, one may conclude that the process of reduction
begins already before that the sample reaches the tube furnace temperature,
at temperatures even lower than 300°C (the lowest temperature analyzed in
the present work).

Indeed, this is confirmed by a measurement of the resistance as a function of
time (figure 3.10), where the protocol adopted is the following: the sample
is placed inside the tube furnace while the latter is still at room tempera-

ture. The tube furnace is then heated at 5°C/min while the current running
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through the sample is monitored (V reading is set equal to 0.2 V).

The measured current is zero at the beginning of the experiment. At a
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Figure 3.10: Current (solid line) and temperature profile (dashed line) vs
time 1n a n-situ resistance measurement.

certain time, it shows a fast increase, and that time corresponds to a tem-
perature of about 220°C (see the temperature profile of figure 3.10).

This shows that the activation temperature of the reduction process is just
above 200°C: the GO film starts to release the excess water and the func-
tional groups attached to the surfaces. This give rise to the creation of
sp?>-hybridized domains and conductive pathways form in the structure.

In a second step, which depends on the actual temperature of the process,
the system, while keeping loosing residual functional groups, also undergoes
to local rearrangements of the structure. This second change determines
the final features of the rGO, also in terms of structural order and electrical
properties.

To better visualize the effect of these second part of the reduction process,
temperatures greater than 500°C are needed. Thus, to avoid the material
loss, thermal annealing was carried out in vacuum in all the following exper-

iments.
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3.6 Conclusions

In conclusion, we characterize the GO film by AFM imaging and we investi-
gated the structural changes due to reduction by micro-Raman spectroscopy.
We were then able to monitor directly the reduction process by in-situ resis-
tance measurements, controlling the evolution of the GO film from being an
insulator to an ohmic conductor.

Micro-Raman spectroscopy showed that, after the thermal reduction, the
structure of the rGO film presents a high number of sp?-hybridized domains.
Through the Tuinstra-Koenig relation, it was possible to show that the num-
ber of graphitic domains increases with increasing annealing temperature,
thus reporting a relative better quality of the rGO.

We then saw a direct connection between the annealing temperature and the
final sheet resistance of the film, confirming that higher temperatures lead
to a higher level of reduction of the graphene oxide and thus a lower sheet
resistance.

To study in deeper details the reduction process by thermal annealing, we
analyzed the characteristic time of the in-situ resistance measurements, find-
ing that the main changes — which we ascribed to functional groups released
from the surface and residual water evaporation — occur in the very first time
interval. It was not possible to establish the correct timescale because of the
non-isothermal conditions of the measurements, but we correctly reported
that, as the process it thermally activated, it is faster for higher annealing
temperature.

We finally showed that the activation temperature for the thermal reduction
is ~200°C.

During in-situ resistance measurements, we experienced that residual oxygen
in the annealing camera is very critical for the thermal reduction results, and
particular care must be taken when the annealing is performed in some inert
gas atmosphere when not in vacuum.

In order to study the electrical transport for higher level of reduction of
graphene oxide thin films, higher annealing temperatures are needed. To

overcome the problem of the material loss, thermal annealing has to be done
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in vacuum, where in-situ resistance measurements are not possible for our
setup architecture, thus excluding direct observation of the reduction process

progress.



Chapter 4

Charge carrier transport

One of the most attractive properties of graphene oxide is that it can be
reduced to graphene-like conjugated structure thanks to the possibility to
remove the oxygen-containing groups attached to its surface. This leads
to the formation of conductive pathways which allows electrical transport
throughout the sample. Moreover, the electrical properties of rGO can be
tuned by the degree of reduction, which in turn can be controlled by simple
fabrication protocols. This peculiar property makes rGO very attractive for
applications in many fields, and a better understanding of transport in rGO
could widen the potential of this material.

In this chapter it is presented a systematic study of the electrical properties
of thermally reduced GO films, which were prepared at several reduction
levels in a controllable way, i.e. by changing the annealing temperature. It
has been possible to achieve distinct resistive states of rGO, which allow
us to control the rGO electrical characteristics through a simple fabrication
protocol. We also studied the magnetic field dependence of the resistance,
finding a non-saturating negative magnetoresistance exceeding 60% at 2 K.
The last section of the chapter deals with the dependence of the electrical
properties of rGO with the size of the flakes forming the thin film.

The characterization has been carried out by resistance measurements from

room temperature down to 2 K and under magnetic fields up to 7 T.

57
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4.1 Samples characteristics

The set of samples analyzed in this chapter is fabricated as described in chap-
ter 2.

To control the flake size, we diluted the solution of GO in distilled water until
we reached the deposition of isolated single flakes on Si/SiO5 substrate. The
resulting sample was then investigated with SEM analysis to record the size
of each individual flake. Before that, the sample was annealed at 400°C in
high vacuum for 1 h to enhance contrast for SEM imaging. We recorded the
size of approximately 100 different flakes, and we show in figure 4.1 (right)
the resulting distribution.

The average size of the flakes was 1-2pm.

o2 4 & B 10 12 14
Flake dimension {m)

Figure 4.1: (left) Typical SEM image of the diluted GO solution after depo-
sition on the substrate, and (right) flake size statistic.

The non-diluted GO/water solution has been spincoated on Si/SiOy sub-
strate using the recipe described in section 2.2, so that we ended up with
homogeneous films with thickness ~10 nm.

Then the samples have been thermally reduced in high vacuum (107% mbar)
thanks to the setup shown in fig.2.2. Heat treatments were carried out at
200°C, 300°C, 500°C, 600°C, 700°C and 940°C for 1 h. We denote samples
annealed at these temperatures as sample A, B, C, D, E and F, respectively.

Geometrical details are given in table 4.1.
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sample | Channel length (mm)
0.85
0.8
0.65
1.3
0.85
1.2

mEHO QW=

Table 4.1: Distance between the two gold electrodes for the different samples
measured.

After the heat treatment, samples were kept in vacuum out of the furnace

while they cooled down naturally.

4.2 Electrical transport at room temperature

Before the reduction, the resistance of the samples is above the instrumen-
tation limits, confirming the insulating nature of the pristine GO. After the
annealing, the IV characteristics become linear in the range of 500 mV,
indicating that ohmic conduction was activated for all the heat treatments
we have done. Even for heat treatment at temperature as low as 200°C, the
sample acquired a measurable electrical conductivity, confirming that reduc-
tion of GO is already activated at this temperature, as extensively discussed
in the previous chapter.

From the linear IV curves we extracted the room temperature (RT) resistiv-
ity prr, which decreases by more than 2 orders of magnitude by increasing
the annealing temperature (figure 4.2). pgry for sample A is ~0.04 Qm while
for sample F is ~ 1.02-10~* Qm. The increase of the annealing temperature
(T'4) results in a decrease of the room temperature resistivity of the samples,
which reflects a higher level of reduction of our GO. pgrr drops very fast by
increasing T4 up to 700°C, then it saturates for higher T4. It is likely, that
even though the graphene oxide is more reduced, and thus the sp? conju-
gated network is better restored, the transport is still limited by the increase

of topological defects and structural disorder introduced by the high temper-
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Figure 4.2: Room temperature resistivity of the rGO films as a function of
the annealing temperature.

ature of the treatment. This prevents GO from fully recovering the electronic
properties of pristine graphene [59, 43, 60]. Jung et al.[49] reported similar

results of rGO resistance as a function of sp? carbon fraction.

4.3 Electrical transport at low temperature

In order to study the transport mechanisms in the rGO films, we measured
the resistance (R) as a function of the temperature (T), from room tempera-
ture down to 2 K. The R(T) curve may increase up to 5 orders of magnitude
upon cooling (figure 4.3).

Samples A, B, C and D become too resistive to be measured down to 2 K,
so their R(T) curves span a smaller temperature range. We observe that the
slope of resistivity increases faster by decreasing the degree of reduction of
our GO.

For a generic thermally activated charge transport, R(T) can be expressed as:

R(T) = Ry exp (%)p (4.1)
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Figure 4.3: Resistivity as a function of temperature.

where Tj is the characteristic temperature of the activation process. In the
case of hopping-type charge transport, p is the exponent which discriminates
between different mechanisms and it is equal to p = 1/(D + 1), with D being
the dimensionality of the system [42]. In particular, the exponent p results to
be equal to 1/3 for 2D Mott-VRH, 1/4 for 3D Mott-VRH, 1/2 for 2D Efros-
Shklovskii VRH or 1 for nearest neighbor hopping transport mechanism with
Arrhenius-like dependence.

The behavior of the resistivity was analyzed by plotting the natural logarithm
of p as a function of the four different power laws accounting for different
temperature dependencies. In figure 4.4 we show an example of the compar-
ison between the different transport models for sample E.

As evident in figure 4.4 we cannot find a single regime that extends in the
whole temperature range we have studied, but this is not surprising, since
disordered materials quite often exhibit more than one p(T) law in such a
broad temperature range. Yet we can recognize that specific p(T) dependen-
cies appear systematically in all the reduced GO samples resistivity curves
with a progressive extension of the interested temperature interval. In par-

ticular, taking into account all the different curves for all the samples, we
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find that the R = Ry - exp(T0/T)"/? law spans the largest temperature range
in all our samples: down to around 50 K, we actually find that experimental
data of all our samples fit well the with 2D Mott VRH model.

To show that the R = Ry - exp(T0/T)"/? is probably the most representative

law for our set of data, we plot the resistivity in a semi-log plot as a function
of T'/3 (figure 4.5).
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Interestingly, the slopes of the linear fits scale with the degree of reduction
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Figure 4.5: Resistivity vs 1/T'/? for different values of annealing temper-
ature. Black arrows indicate the temperature at which a crossover from
2D-Mott VHR (black lines) to another activated regime takes places.

of our GO.
Within the framework of the Mott-VRH model, the characteristic tempera-
ture Ty of the R = Ry - exp(T0/T)"/? equation is given by:

Ty = (3/kpN(Ep)&?) (4.2)

where N(Ef) is the density of states near the Fermi energy and & is the lo-
calization length.

The values of T extracted from the fits scales down with increasing T 4 (fig-
ure 4.6).

Considering characteristic values of N(Ep) ranging between 10 and 10'¢
cm? eV~! with increasing grade of reduction of the GO, we obtain localiza-
tion length £ ranging between 1.2 nm and 4.1 nm, which are typical sizes of
graphitic domains in rGO [59, 27, 49, 28].

The Ry values derived from the 2D Mott VRH fits collapse to almost the
same value, ranging from 3 - 103t014 - 103Q) (figure 4.7).



64

Iz
10'E ¢
R 2
v VE 'S
= Sf
10° L 2
E 4
okt 1,y
200 400 600 800 1000

Annealing temperature (°C)
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While for samples A and B (T4 = 200°C and 300°C, respectively) exper-
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Figure 4.7: All the 2D Mott VRH fits collapse to almost the same Ry pa-
rameter.

imental data fit the R = Ry - exp(T0/T)"/? law in the whole temperature
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range (down to 22 K for sample B), for more reduced GO, we observe de-
viations that occur at a crossover temperature T. (marked by black arrows
in figure 4.5) which scales with the degree of reduction, going from 64 K for
sample C (T4 = 500°C) to 3.6 K for the sample F (T4 = 940°C).

The R = Ry - exp(T0/T)'/3 behavior reflects the 2D dimensionality of the
structure of the sheets. It has been proposed [27, 28, 61] that the reduction
of GO produces islands of intact graphene separated by clusters of point de-
fects within a graphene flake. Hopping presumably occurs between the intact
graphene regions by consecutive inelastic tunneling processes. The scaling of
the slope of the R(T) curves with increasing annealing temperature clearly
indicates a gain in the electrical conductivity due to a decrease of defects den-
sity and the restoration of 7-7 bonds. Below the temperature T, a change
of the electrical transport regime likely occurs.

For disordered systems it is in fact possible to see crossovers between differ-
ent regimes by lowering the temperature, due to the fact that the system’s
characteristic lengths change. However, from our data it is not possible to
pinpoint the actual transport regime below T.: the investigated temperature
range is indeed too small to allow a clear discrimination.

For samples E and F (T4 = 700°C and 940°C, respectively) we also observe
a crossover (at T = 153 K and T = 103 K, respectively) to a different regime
characterized by a R(T):

R = Ryexp(E,/kgT) (4.3)

where E, is the activation energy and kp is the Boltzmann constant (figure
4.8).

This is characteristic of an Arrhenius-like behavior [45] where 3D ther-
mally activated processes start to dominate the conduction. Data fitting
with R = Roexp(E,/kpT) law gives activation energies of 26.5 meV and 11.7
meV for sample E and F, respectively, which are in good agreement with
previously reported values [44, 45, 47].

The crossover from the 2D Mott-VRH to thermally activated regime is proba-

bly due to a increase of the characteristic lengths of the disordered 2D system
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Figure 4.8: Arrhenius plot of resistivity for sample E and F.

and the beginning of a 3D conduction of charge carriers through the rGO
film.

4.4 Magnetotransport

We have also studied the dependence of the resistance on an external mag-
netic field B applied perpendicular to the plane of the GO film. Sam-
ples A, B, and C turned out to be too resistive and the magnetoresistance
AR/R = [R(B)—R(B = 0)]/R(B = 0), if any, is found to be within the elec-
trical noise; therefore, we report the magnetoresistance data only for samples
D, E and F (T4 = 600°C, 700°C and 940°C, respectively).

For all of our samples we find a room temperature negative magnetoresis-
tance (see figure 4.9).

However, while sample F shows negative magnetoresistance down to the low-
est temperature, for sample D and sample E we observe a change to positive
magnetoresistance (figure 4.10 and 4.11) at a temperature that is comparable
to the one where the crossover in p(T) was observed (figure 4.12).

Negative magnetoresistance in rGO samples has been also reported in
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Figure 4.9: Magnetoresistance for sample D, E and F measured at room
temperature.
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Figure 4.10: Magnetoresistance of sample D at different temperatures.

[47, 48, 62] while the change of sign is probably related to the crossover be-
tween different regimes of charge transport, as previously discussed.

The magnetoresistance intensity strongly depends on temperature. Figure
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Figure 4.12: Comparison between the temperature at which we report devi-
ation from the 2D Mott VRH transport model and the temprature at which
we assist to a sign change in the magnetoresistance, for sample D, E and F.

4.13 shows the AR/R as a function of the applied magnetic field for sample
F (T4 = 940°C) at different temperatures, down to 2 K. The magnetore-
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sistance of the rGO film does not show any saturation up to 7 T and the
intensity reaches AR/R = ~64% at 2 K and 7 T, which is a surprisingly high
value for a nominally non magnetic material.

Possible sources of the negative magnetoresistance are weak localization,
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Figure 4.13: Magnetoresistance of sample F at different temperatures.

dominance of (bi-)polaronic mechanism [63, 64] and scattering from local-
ized magnetic moments originated from vacancies and impurities [47]. The
contribution of the negative magnetoresistance due to weak localization and
(bi-)polaronic mechanism is expected to saturate at relative low magnetic
fields (typically <1 T) and it should vanish for temperatures above 100 K
[50].

This is not the case in our measurements, thus weak localization processes
can be ruled out and contribution due to the scattering with the localized
magnetic moments originated from disorder, defects and impurities should be
considered as the main source of high and negative magnetoresistance [47].
There is a lively literature about the influence of defects such as adatoms
or vacancies on the magnetic properties of graphene-like materials. After
this effect was predicted theoretically by several works [65, 66, 67], it has

also been reported experimentally by a number of groups in different carbon
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Figure 4.14: the intensity of magnetoresistance at B = 7 T for sample D,
E and F as a function of temperature. For sample D and sample E we see
a crossover from negative to positive magnetoresistance lowering the tem-
perature (Inset: zoom in on the interested region), while for sample F, the
magnetoresistance is always negative.

systems [62, 68, 69, 70, 71]. As discussed above, rGO does not fully recover
the perfect graphene structure, but many defects remain in the final lattice
after the reduction. These impurities/defects likely generate localized mag-
netic moments. Given the large number of these defects, it is therefore not
surprising to observe their contribution to the magnetoresistance.

To gain greater insight on the origin of the magnetoresistance, we measured
also the dependence of the resistance on the magnetic field applied parallel
to the rGO film plane. In figure 4.15 we present AR/R for another sample
(sample G, for which T4 = 900°C). The magnetoresistance measured at T =
8 K with the magnetic field B applied parallel to the GO film plane results
to be almost identical to the one measured with the field perpendicular to
the sample plane. This lack of anisotropy excludes possible orbital origins,
such as localization, further corroborating our suspect on localized magnetic
moments as the main source of the observed magnetoresistance. Also, to

exclude any possible contribution due to any eventual magnetic phase of Cr,
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Figure 4.15: AR/R in four probe configuration of sample G (T4 = 900°C)
at T = 8 K. Dark green corresponds to magnetic field parallel to rGO plane,
while light green indicates magnetic field perpendicular to rGO plane.

which is used in the fabrication process of the electrical contacts, samples
with Pd contacts were measured, finding similar results.

Very recently Qin and coworkers [62] showed non-saturating negative magne-
toresistance in 110 layers of GO films reduced by annealing at 600°C. They
observed AR/R up to ~2.5% at 5 K and 1 T, claiming that the origin is due
to spin dependent scattering of defects. This value is consistent with our re-
sults, but they also report minor hysteresis loops in their magnetoresistance
measurements which we did not observe. Sometimes hysteresis loops depend
on the sweeping rate of the field; our measurements are performed at 200
Oe/s but also control tests have been done using different speeds as 50 Oe/s

and 100 Oe/s, without finding any hysteresis.
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4.5 Flake size dependence

The second part of this chapter deals with the investigation of the depen-
dence of charge carrier transport on the size of the flakes that compose the
thin films.

The study is carried out as follows: three different solutions have been pre-
pared with the method exposed in section 2.1. By changing the sonication
time, it is possible to achieve different flake sizes, as mentioned in chapter
1. We demonstrated by XPS measurements that the oxidation level of the
three different solutions is the same, so that they differ from each other only
by the average lateral dimensions of the flakes and not by chemical compo-
sition. The same thermal treatments has been done in order to reduce the
deposited films at three different levels. Then, measurements of resistance
as a function of temperature, from room temperature down to 2 K, and as
a function of an external magnetic field up to 7 T have been done to study

the charge carried transport and the magnetotransport in these samples.

4.5.1 Sample characteristics

The set of samples analyzed is fabricated as described in chapter 2.

The solutions have been sonicated respectively for 2 hours (S2), and for 20
hours (S3); a set of samples come from non-sonicated pristine GO solution
(S1).

To control the resulting flake sizes, we diluted the solutions of GO in distilled
water until we reached single flake deposition on Si/SiO, substrate (dilution
1:8). The samples were then annealed at 400°C in high vacuum for 1 h to
enhance contrast for scanning electron microscopy (SEM) imaging.

Figures 4.16, 4.17 and 4.18 show SEM images of the GO depositions with
different size distributions.

As it typically occurs for random processes as the fragmentation due to
sonication, GO solutions are characterized by flakes having lateral dimen-
sions that span various order of magnitudes. This means that pristine GO
suspension S1, with very large flakes, also hosts sub -100 nm flakes, while,

on the other hand, strongly sonicated S3 solution may contains flakes in the
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Mag= 300X 100 pm EHT = 5.00 kV
WD = 7.6 mm

Figure 4.16: SEM imaging of GO solution S1, sonication time 0 hours. Mag-
nification 300X.

Mag= LOOK X 10 pm EHT = 5.00 kV
WD = 7.6 mm

Figure 4.17: SEM imaging of GO solution S2, sonication time 2 hours. Mag-
nification 1000X.
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Mag= 500KX 2pm EHT = 5.00 kV
WD = 7.5 mm

Figure 4.18: SEM imaging of GO solution S3, sonication time 20 hours.
Magnification 5000X.

pm range size.
Figure 4.19 presents the lateral size distributions for the three solutions from
SEM images.

The resulting average size of the flakes is 20-30um for solution S1, 1-2pum
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Figure 4.19: Lateral size distributions of the GO flakes for the three solutions
S1, S2 and S3.

for solution S2 and 200nm for solution S3.
The three solutions have been deposited on Si/SiO2 300 nm substrate with
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the same recipe.

AFM morphological characterization of the films shows that non sonicated
solution S1 forms thicker films with the presence of huge wrinkles and sub-
structures (figure 4.20), while most sonicated solution S2 and S3 produces
smoother and thinner films (ref. to figure 3.2 for comparison and to ref. [72]).

To control the final thickness of the deposited films, a rectangular shape

26.77 nm

0.00 nm

Figure 4.20: AFM images of 15 nm thick film of GO deposited by spin coating
from non-sonicated GO solution S1 (larger flakes).

has been patterned with the EBL on the substrate, then GO solution has
been deposited by spin coating and, after the lift-off procedure, the profile
has been measured with the profilometer.

The resulting thickness is ~15 nm for solution S1, ~10 nm for solution S2
and ~7 nm for solution S3.

The samples from each solution have been thermally reduced in high vacuum
(107% mbar) for one hour at 300°C, 600°C and 900°C.

In table 4.2 are summarized the characteristics of the measured samples.
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GO Solution Flake size | T4 (°C) | Sample Name
300 Sla
S1 ~20pm 600 S1b
(pristine) 900 Slc
300 S2a
S2 ~2pm 600 S2b
(2h sonication) 900 S2¢
300 S3a
S3 ~200nm 600 S3b
(20h sonication) 900 S3c

Table 4.2: Characteristics of samples from different solution of GO.

4.5.2 XPS analysis

X-ray photoelectron spectroscopy (XPS) has been used to control the oxi-
dation state of the GO and rGO films in order to make sure that different
sonication and successive thermal annealing do not lead to different chemical
composition among the three used solutions.

XPS characterization has been carried out by PhD student A. Kovtun at
the ISOF Institute of the CNR of Bologna.
Figure 4.21 shows the XPS spectra of pristine GO films obtained from so-
lution S1 and solution S3, with the relative deconvolution in the typical
contributions: sp2-hybridized carbon, sp3-hybridized carbon, and the main
functionalities C-O-C and O=C-0O.
The two spectra were identical (within the experimental error), so that there
is a negligible difference in the oxidation state of the two solutions. This en-
sures that the fragmentation due to sonication only acts on the final lateral

dimension of the flakes leaving unmodified the chemical composition.
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Figure 4.21: XPS spectra of pristine GO films deposited from solution S1
(blue line) and solution S3 (pink line), with the relative deconvolution.

To be sure that also the reduction through thermal annealing leads to the
same oxidation level in all the three different solutions, and therefore the
efficiency is not affected by the size of the flakes that compose the films, we
acquired XPS for all the nine samples after the thermal treatment.

Figure 4.22 reports the nine curves of the spectra of the reduced GO films:
no significant difference is visible among S1, S2 and S3 annealed at the
same temperature, so that again we have the same chemical composition
for the three solutions for each step of reduction. The prominent peak is
due to sp?-hybridized carbon atoms while the successive hump, related to
the oxygen-containing functional groups, scales correctly with the annealing
temperature.

From the fits of the XPS spectra and the analysis of the C 1s components,
it has been possible to estimate the C/O ratio (figure 4.23). The value scales
correctly with the annealing temperature, as the reduction proceeds, and
was independent from the lateral dimension of the flakes, going from ~4.5
for samples annealed at 300°C to ~11.5 for samples annealed at 900 °C.
This shows that the flake size does not affect the chemistry of the thermal
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Figure 4.22: XPS spectra of the analyzed samples annealed at 300°C, 600°C
and 900°C.
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Figure 4.23: C/O ratio as a function of the annealing temperature for the
three solutions S1, S2 and S3.

reduction.
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4.5.3 Low temperature resistance measurements

To investigate the charge transport dependence on the flake dimensions, we
measured the resistance as a function of the temperature R(T), from room
temperature down to 2 K.

At all the annealing temperatures, we report different room temperature
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Figure 4.24: Resistance as a function of the temperature for a) samples
annealed at 300°C, b) samples annealed at 600°C and c) samples annealed
at 900°C.

resistance for the three different solutions. In fact, the Rk scales with the
size of the flakes, being lower for samples with larger flakes.

R(T) curves increase up to 5 orders of magnitude by lowering the tempera-
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ture (figure 4.24). The slopes of the curves, at each annealing temperature,
scales with the size of the flakes, increasing faster by decreasing lateral di-
mensions of the flakes.

We analyzed the data in the same framework used in the previous sections,
i.e. the 2D Mott Variable Range Hopping transport model.

The behavior of the resistance has been analyzed by plotting R in a semi-log
plot as a function of 1/TV3 (figure 4.25).

Interestingly, at each annealing temperature, the slopes of the linear fits
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Figure 4.25: Resistance as a function of T~/? for a) samples annealed at
300°C, b) samples annealed at 600°C and c¢) samples annealed at 900°C,
with relative fits to 2D Mott variable range hopping (black lines).
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scale with the lateral dimension of the flakes.

From the fits to the 2D Mott VRH, it was possible to calculate the charac-
teristic temperature Ty, which for each solution increases with increasing the
annealing temperature (as already reported in section 4.3), and at the same
time, for each annealing temperature, scales with the lateral dimension of
the flakes, being smaller for larger flakes (see figure 4.26).

Also for these samples, we report clear deviations from the 2D Mott Variable

10° 4 T=300°C @ T=600°C A\ T =900°C

10" ¢ o .

“ E @
:c, 10°
y . A
E A
10 1 N | 1 |
S1 S2 S3
solution

Figure 4.26: Semi-log plot of the characteristic temperature T as a func-
tion of the flake size, for each reduction step: T,=300°C (green diamonds),
T,=600°C (purple circles) and T,=900°C (dark yellow triangles).

Range Hopping transport model at low temperatures, as already discussed
in section 4.3. In particular, we observe that for samples annealed at 300°C,
the experimental data fit the R = Ry - exp(T,/T)"/? law for all the tempera-
ture range, while for samples annealed at 600°C and 900°C there is a critical
temperature T, at which the resistance increases faster than the model’s
law. Again, we can suppose that at this temperature a crossover to another
regime occurs, due to the modifications of the characteristic lengths of the
disordered systems caused by the lowering of the temperature.

Still, at each annealing temperature, we observe a clear scaling of the slope
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of the 2D Mott VRH fits with the size of the flakes. This suggests a gain
in the electrical conductivity with increasing dimensions of the flakes. Since
the oxidation state is the same for the three solutions at each reduction step
(as previously discussed from XPS measurements), one may exclude that
the behavior of the resistance is due to a scaling of the defect density (at
the same annealing temperature). Instead, it is likely that the conductivity
is dominated by the number of junctions that a charge flowing between the
electrodes meets, promoting electrical conductivity in films with larger flakes.
Since the oxidation state is the same for the three solutions at each reduction
step (as previously discussed from XPS measurements), one may exclude that
the behavior of the resistance is due to a scaling of the defect density (at the
same annealing temperature). Instead, it may be dominated by the number
of junctions that a charge flowing between the electrodes meets, concluding

that the electrical conductivity is promoted in films with larger flakes.

4.5.4 Magnetotransport

We also investigated the behavior of the resistance under an applied mag-
netic field as a function of the flake size, to see if also the magnetotransport
is affected by the lateral dimensions of the flakes.

Samples annealed at 300°C and 600°C, i.e. samples Sla, S2a, S3a, S1b, S2b
and S3b, were too resistive and their magnetoresistance AR/ R, if any, was
within the electrical noise. We therefore report only data from samples Slc,
S2c and S3c (T4 = 900°C).

The three samples show negative magnetoresistance from 300 K down to the
lowest temperature. The shape and the behavior of the magnetoresistance
as a function of the temperature is very similar for the three samples; as an
example we report AR/R curves for sample Slc in figure 4.27.

The magnetoresistance of the rGO films does not show any saturation up to
7 T, and the intensity reaches several tens percents at 2 K (see figure 4.28).
For sample S3c is has been possible to measure only down to 8 K, because
at lower temperature it became too resistive.

The absolute value of the intensity of the magnetoresistance may vary of few
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Figure 4.27: Magnetoresistance AR/R of sample Slc at different tempera-
tures.
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Figure 4.28: Intensity of magnetoresistance AR/R at B = 7 T for sample
Slc, S2¢ and S3c as a function of temperature.

percents depending on the aging of the sample (in particular with the time

passed after the annealing), the absolute value of the starting resistance, the
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contact resistance and so on. So we observe no physical difference between
the behavior of the magnetoresistances of the three samples, since little dif-
ferences in the intensity lay within the statistical error.

We may conclude that the size of the flakes does not affect the magneto-
transport, which is then more a local effect. This further corroborates the
hypothesis already discussed in section 4.4 that such a high and negative
magnetoresistance is due to scattering with magnetic moments originated

from disorder, defects and impurities.

4.6 Qualitative model for charge transport in
rGO films

We want to here summarize the main results obtained by proposing a quali-
tative model for charge transport in rGO films as a function of temperature
and magnetic field.

The model is sketched in figure 4.29. rGO films are characterized by graphitic
domains surrounded by a sp3-hybridized matrix. At room temperature,
charge carrier transport occurs via hopping through the graphitic domains,
while when flowing within a single domain, the charge experiences spin flip
at the magnetic moments originated from defects and vacancies, which are
present in the graphitic lattice (panel a of figure 4.29).

By lowering the temperature, electrons become more and more localized and
the resistance increases (figure 4.29b). As the temperature is low enough, the
system may even change the charge transport regime due to a modification
of its characteristic lengths.

When an external magnetic field is applied at high temperatures, the para-
magnetic moments present within a domain align with the external field, so
that the spin flip scattering is reduced. Here we observe a decrease of the
resistance as a function of the strength of the magnetic field, and thus to a
negative magnetoresistance, as reported for all of our samples (figure 4.29c¢).
If the temperature is now decreased, and the electrons are more localized,

orbital effects are enhanced, and the presence of an external magnetic field
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Figure 4.29: Sketch of a qualitative model for the electrical transport in rGO
films as a function of temperature and external magnetic field.

may lead to a strengthening of the localization and thus to and increase of the
resistance. If we are in this condition, positive magnetoresistance appears,
as reported for intermediate level of reduction of the GO films (section 4.4)
for which the defect density is still very high (figure 4.29 panel d). But if
the graphitic domains are large enough, the system could always remain in
the previous conditions and even at very low temperatures, down to 2 K, it
would present negative magnetoresistance, as we observed for all the most
reduced samples (T4 > 900°C).

4.7 Conclusions

In this chapter we characterized the electrical and magnetic transport proper-
ties of rGO films at intermediate reduction degrees and in a wide temperature
range (2 - 300 K).

The room temperature resistance of rGO films scales with the annealing tem-

perature, although for very high treatment temperatures (> 700°C) the gain
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in the level of reduction is limited, likely by the increase of topological defects
and structural disorder induced by the treatment itself.

The temperature dependence of the resistance fits the law R = Roexp(Ty/T)Y?
for temperatures well below the liquid nitrogen temperature, consistently
with 2D Mott-VRH for all the intermediate level of reduction. The slopes of
the linear fits to the model scale with the annealing temperature, indicating
clearly a gain in the electrical conductivity due to a decrease of defect density
and the restoration of the conjugated structure. At lower temperatures, a
crossover to another regime likely occurs.

Moreover, we investigated the electrical transport under an applied mag-
netic field, finding high magnetoresistance values at low temperatures. Since
we do not see saturation up to B = 7 T and magnetoresistance signal has
been measured at all the temperature, we had to rule out all the possible
mechanisms for the origin of the observed magnetoresistance, leaving only
the contribution due to scattering from magnetic moments originated from
defects and vacancies.

In the second part of the chapter, we investigated the dependence of the
electrical transport by the size of the flakes that form the thin films.

We firstly characterized morphologically the films deposited from the three
solutions used. XPS analysis demonstrated that the chemical composition
and the oxidation state is independent from the flakes size, both in pris-
tine GO films and in thermally reduced rGO films. It was also possible to
calculate the C/O ratio of the reduced films, finding values from ~4.4 for
T,4=300°C to ~11.5 for T 4=900°C.

We then investigated the charge transport dependence on the flakes size by
resistance measurements as a function of temperature, from room tempera-
ture down to 2 K. Both the room temperature resistance and the slope of the
R(T) curves scale with the flake size, suggesting that the electrical transport
is favored in films composed by larger flakes.

Magnetotransport in these samples was independent from the flakes lateral
dimensions, indicating that the origin of the measured magnetoresistance is
more of a local effect.

We finally proposed a qualitative model to sum up all these results, which is
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presented in the last section of this chapter.

These results extend the temperature and magnetic field range of previous
works and highlight the interplay of different mechanisms of charge transport
in rGO thin films.
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Chapter 5

GO-based devices in spin-valve

geometry

Carbon-based materials are promising candidates for the development of
spintronic devices: thanks to their weak spin-orbit interaction and hyper-
fine interaction they present long spin-relaxation lifetime, which allows spin
manipulation [73, 74, 75, 76, 77].

Graphene and graphene-related materials also attracted interest in this field
and spin transport properties started to be investigated.

Indeed, long spin diffusion length of about a few micrometers have been
reported in graphene-based devices using both two and four terminal geome-
tries [78, 79]. Moreover, several groups have demonstrated graphene lateral
spin-valve structures with long spin lifetimes and diffusion lengths [79, 80).
The introduction of GO in this field is very attractive, due to its wide pro-
cessability, the tunability of its optical and electronic properties (as discussed
in the previous chapters) and the possibility of easy chemical functionaliza-
tion.

In this chapter is presented a vertical spin valve device, where a rGO layer
is sandwiched between Lag7Sro3sMnO; (LSMO) and Co ferromagnetic elec-
trodes. LSMO is an half-metallic oxide ferromagnetic material which ex-
hibits nearly 100 % spin polarization at low temperature, and unlike other

ferromagnetic materials, such as some metals, it is very stable in ambient

89
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conditions. Devices based on these electrode materials, with organic semi-
conductor as spacing layer, show a giant magnetoresistance (GMR), which
is usually ascribed to the injection and transport of spin-polarized currents
between the two electrodes [81, 74, 75, 82, 83, 84].

After a brief presentation of the fabrication process of these LSMO/GO/Co
vertical devices, preliminary results on the low temperature characterization
of spin valve effect, from room temperature down to 100 K, and the voltage
bias dependence at 100 K, are reported.

This project has been developed in collaboration with the group of Dott.
V.A. Dediu of the ISMN Institute of the CNR of Bologna.

5.1 Fabrication of LSMO/GO/Co vertical de-

vices

The bottom 15 nm thick LSMO electrode was grown by channel spark ab-
lation (CSA) by the group of Dott. V.A. Dediu of the ISMN Institute of
the CNR of Bologna on SrTiOj substrate, in strip shape with lateral di-
mension of 1 mm using shadow masks. Then, a rectangular shape has been
patterned with standard EBL technique and a layer of 180 nm thick GO has
been deposited by spin coating. Finally, the top electrode consisting of a
strip-shaped 20 nm thick and 100 pgm large Co film has been evaporated by
an electron-gun.

Electrical contacts are provided by gold wires fixed to the sample with indium
thin slices which sticks to the Co and LSMO electrodes by simple pressing.
In figure 5.1 is scketched the typical vertical configuration of a LSMO/GO/Co

device.
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Figure 5.1: Scketch of a vertical LSMO/GO/Co device, with relative electri-
cal connections for the characterization.

5.2 Devices characterization and measurement

setup

After the deposition of GO on the LSMO strip, AFM imagining has been
used to characterize morphologically the device, and to measure the GO
thickness.

AFM analysis was performed at the Scanning Probes Microscopy Lab of the
CIGS Center of the University of Modena and Reggio Emilia.

Figure 5.2 shows an AFM image where the GO film on the left is on top of the
LSMO bottom electrode, on the right. The LSMO film presents some typical
round-shaped structures which come from the deposition process, while the
GO film also shows a greater roughness than the one measured when it is
deposited on top of Si/SiOs substrate: the RMS roughness value is 9.9 nm
(analysis carried out with WSxM 5.0 software, see figure 5.3 for the heights
histogram).

AFM profiles analysis and profilometer measurements show that the aver-
age thickness of the GO film on top of the LSMO strip is ~180 pum.

The samples are placed in a cryostat and 4-probes measurements are per-
formed down to liquid nitrogen temperature at the ISMN Institute of the
CNR of Bologna.

The input bias voltage V is applied between one side of the LSMO bottom
electrode and one side of the top Co electrode. The corresponding current

I is measured at the remaining two extremities (see picture 5.1) of the elec-
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LSMO film

0.0 nm

Figure 5.2: AFM image showing on the left the GO film and on the right the
LSMO bottom electrode.

0.0 nm

Figure 5.3: AFM image showing the GO film deposited on the LSMO elec-
trode, with relative heights histogram.

trodes. The resistance of the device is then defined as R =V /1.

Since LSMO ferromagnetic electrode and Co ferromagnetic electrode show
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different coercive magnetization fields, it is possible to change the magne-
tization alignments of the two electrodes from parallel to anti-parallel by
sweeping the external magnetic field. Magnetoresistance is obtained by mea-
suring R as a function of the applied magnetic field, oriented parallel to the

device plane.

5.3 Magnetoelectrical characterization of the

electrodes

The resistance of the cobalt stripe used as top electrode as a function of the

temperature is shown in figure 5.4. It present a typical metallic behavior,
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Figure 5.4: Top cobalt electrode resistance as a function of the temperature.
Inset: I-V characteristic curves for each temperature step.

with a resistance going from 319  at T = 300 K to R = 221.4 Q at the
lowest temperature of T = 100 K.

The magnetoresistance of the top electrode at T = 100 K is presented in
figure 5.5. By sweeping the magnetic field from -3000 Oe to 3000 Oe it is
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Figure 5.5: Top cobalt electrode resistance as a function of the magnetic
field, at T = 100 K and Vy;qs = -100 mV.

possible to see the typical MR curve, showing the peaks in correspondence
of the coercive fields of ~65 Oe. The intensity of the MR at the lowest tem-
perature is ~0.52 %.

The bottom electrode was characterized in the same way: R(T) curve shown
in figure 5.6 presents a typical metallic behavior, with resistance value going
from 123.2 k2 at T = 300 K to 42.9 k2 at T = 100 K.

The magnetoresistance of the LSMO stripe is positive and reaches the inten-
sity of 1.19% at T = 100 K (figure 5.7).

5.4 Temperature dependence and voltage bias

dependence of the spin valve effect

The resistance of the device as a function of temperature is reported in figure
5.8. By lowering the temperature from room temperature down to 100 K it
exhibits metallic behavior and R decreases. I-V characteristic curves mea-
sured at each temperature step are linear in this temperature range between

-200 and +200 mV, indicating ohmic conduction between the two electrodes
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Figure 5.6: Bottom LSMO electrode resistance as a function of the temper-
ature. Inset: I-V characteristic curves for each temperature step.
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Figure 5.7: Top cobalt electrode resistance as a function of the magnetic
field, at T = 100 K and Vy;,s = -100 mV.

(inset of figure 5.8).

At each temperature step, also the resistance of the device as a function of
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Figure 5.8: Device resistance as a function of the temperature. Inset: -V
characteristic curves for each temperature step.

the applied in-plane magnetic field has been measured. At room temperature
and at T = 250 K, the behavior of the resistance follows the magnetoresis-
tance of the bottom electrode, showing a typical MR curve for LSMO thin
film. By lowering the temperature, instead, inverse magnetoresistance effect
starts to appear. The curves clearly show resistance dips corresponding to
the electrodes being in the antiparallel orientation, while the high resistance
state corresponds to the electrodes being oriented parallel to each other (fig-
ure 5.9 panel a).

The MR intensity in percent is defined by the expression MR (%) = 100
«(Rap — Rp)/Rp, where Rap and Rp are the resistance of the anti-parallel
and parallel magnetization configuration of two electrodes, respectively.
The panel b) of the figure 5.9 shows that the intensity of the MR signal of our
device increases with decreasing temperature, reaching the absolute value of
2.3% at the lowest temperature T = 100 K (figure 5.9 a).

This inverse MR effect is well accounted for devices with organic semicon-
ductor as Alqs as spacing layer between the two LSMO and Co electrodes,

although its explanation was proposed only recently [85].
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Figure 5.9: a) Device resistance as a function of the in-plane applied magnetic
field measured at Vi;,s = -100 and T = 100 K. Panel b) shows the intensity
of the spin valve effect as a function of the temperature.

Moreover, the intensity of the MR effect detected in such devices scales
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Figure 5.10: Left: MR curves at different voltage bias, measured at T = 100
K. Right: MR intensity as a function of the voltage bias, at T = 100 K.
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with the absolute bias voltage value. Figure 5.10 shows different magnetore-
sistance curves measured at T = 100 K, acquired at different voltage bias.
As it is clear, MR intensity is higher for lower voltage bias, and it vanishes

when Vs exceeds ~0.5 V.

5.5 Conclusions

Vertical spin valves have potential applications in memory storage and logic
operation. In this chapter we presented a characterization of a spin valve de-
vice, using GO sandwiched between two well known ferromagnetic electrodes.
We firstly characterized morphologically the GO film deposited on the LSMO
bottom electrode, to make sure that the resulting multilayer structure is ho-
mogeneous and with no short circuits. Then the device, comprehensive of
the top Co electrode, has been electrically characterized in terms of transport
mechanisms through the vertical structure, which resulted to be of metallic
type between room temperature and 100 K.

A clear inverse MR effect has been detected for temperature <200 K, with
an intensity which increases as the temperature decreases, reaching 2.3% at
100 K.

Finally, the dependence of the intensity of MR effect scales also with the
voltage bias, vanishing for V., >0.5 V.

These preliminary results show that the LSMO/GO/Co device act as a spin
valve, although the intensity of the measured MR is still well below the
reported values for other devices having organic semiconductor as Alqs as
spacing layer [74, 86].

A better control of the interfaces is required, and could lead to improved
performance of the device. Yet, such a structure could widen the knowledge

about spin relaxation mechanisms in GO and rGO in vertical structures.



Conclusions and Outlook

Thanks to its peculiar properties, easy and cheap methods of production,
graphene oxide already spurred intensive research interest and application
potentialities. In this thesis, the structure and the electrical properties of
reduced graphene oxide thin films were investigated in details, because we
believe that a deeper understand is necessary to better tailor and tune the

rGO features in order to fabricate improved devices.

In the first part of the thesis, the reduction through thermal annealing
was analyzed. The as-deposited GO films were firstly characterized by AFM
imaging, showing the possibility to obtain smooth homogeneous thin films
with root mean squared roughness of about 2 nm with easy deposition tech-
niques as spin coating.

Micro-Raman spectroscopy was used to reveal structural changes due to the
reduction process. The number of sp?-hybridized domains increases with
increasing annealing temperature, in accordance with the Tuinstra-Koenig
relation. This indicates that the quality of the rGO film, in terms of defect

density, improves with increasing the annealing temperature.

[-V characteristic curves measured before and after the thermal treat-
ment, revealed the establishment of ohmic electrical conduction after the
annealing. Moreover, we observed a direct connection between the annealing
temperature and the final sheet resistance of the films, which shows that
the increasing structural quality of the rGO promotes electrical conductivity

between the graphitic domains.
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Finally, we were able to monitor directly the thermal reduction pro-
cess through in-situ resistance measurements. These showed that the main
changes, represented by a very fast drop of the resistance, occurred in the
very first time interval (of the order of few minutes). We ascribed the resis-
tance drop to the evaporation of the residual water trapped among the GO
flakes, and the effective release of functional groups. We finally showed that

the activation temperature for the thermal reduction is ~200°C.

The second part of the thesis concerns the charge carrier transport in
the rGO thin films. We analyzed the electrical resistivity as a function of
temperature and applied magnetic field of rGO films reduced at several in-
termediate levels.

For annealing at temperatures higher than 700°C, the gain in electrical con-
ductivity is limited, likely for the develop of topological defects introduced
by the high temperature of the treatment, affecting the final efficiency of the

process.

For all the annealing temperatures, the resistivity curves as a function
of the temperature showed a R = Roexp(Ty/T)"/? temperature dependence
law, down to liquid nitrogen temperatures, characteristic of 2D Mott variable
range hopping transport mechanism. The slopes of the linear fit scale with
annealing temperature, showing a gain in electrical conductivity consistently
with an increasing structural quality of the rGO. At lower temperatures, a

crossover to another regime likely occurs.

Resistance as a function of applied magnetic fields showed surprisingly
high negative magnetoresistance signals at low temperature, with no visible
saturation up to 7 T. We ascribed the measured magnetoresistance to the

scattering from magnetic moments originated from defect and vacancies.

We finally studied the dependence of electrical transport in rGO films on
the size of the GO flakes, by producing solutions with flakes of ~200 nm,

~2pm and ~20um average lateral dimensions. XPS analysis showed that at
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each annealing temperature, the C/O ratio does not depend on the size of
the flakes, while we observed clear evidences that charge carrier transport is
favored in films composed by larger flakes. Magnetotransport measurements
instead, revealed that the lateral dimension of the flakes does not affect the
magnetic field dependence, corroborating our conclusion that magnetoresis-

tance has a local origin.

We proposed a phenomenological model to explain the obtained results.
Yet, we think that a more complete transport model for such a structure
should take into account the contact resistance between the rGO flakes by
the introduction of a 3D term in the resistivity law. A systematic study
on single flake rGO together with a deeper analysis of transport in films
composed by different flake sizes could shed light on the reported deviations
from a pure 2D Mott VRH model at low temperature, were the inter-flake
resistance may dominates, and also take into account the observed lower re-

sistivity for films composed by larger flakes.

At the end of this work, we presented preliminary results on a GO-based
spin valve device in vertical geometry. After AFM morphological character-
ization of the GO film deposited on a ferromagnetic LSMO electrode, we
showed spin valve effect for temperatures < 200 K, which increases as the

temperature decreases, reaching 2.3% at the lowest temperature T = 100 K.

Vertical spin valve devices with organic semiconductors as Alqs and the
same ferromagnetic electrodes LSMO and Co already showed much higher
magnetoresistance values, up to ~22% at 100 K. We believe that the fabrica-
tion of more devices in order to have a wider statistics, and a detailed investi-
gation of the interfaces could improve the performances of our LSMO/GO/Co
spin valve.

Besides technological applications, it is also possible, thanks to these spin-
tronic devices, to study the spin relaxation process in GO and rGO in vertical
configuration.

Further optimization could come from the possibility given by the GO to be
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easily functionalized, and to tune its optoelectronic features by choosing the

suitable degree of reduction.
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