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Foreword

The work presented in this thesis is the result of my research activity at NEST laboratory of Scuola
Normale Superiore in Pisa. | started working on graphene in 2019 during my PhD at NEST
laboratory, focusing on the adoption of high-quality graphene for magnetic sensing, light detection
and ultimately automotive applications. The PhD scholarship was sponsored by Tronchetti Provera
Foundation and performed with a joint collaboration of Scuola Normale Superiore and Istituto

Italiano di Tecnologia.
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Abstract

Graphene, a single layer of graphite, is an extremely promising material for a wide range of future
applications. It presents remarkable electrical and thermal conductivity, optical transparency,
impermeability, and striking tribological properties: it is stronger than steel while retaining a high
flexibility. For all these reasons, graphene has recently become a material of interest for automotive
applications: an ideal candidate to realize composites with enhanced properties, e.g., improved
rubbers for tires, and highly performing sensors.

In this thesis, the adoption of graphene for the realization of devices (i.e., magnetic and visible
light sensors) and components (e.qg., tires) in automotive industry, is studied. In the first part of the
thesis, we demonstrate an approach to transfer highly-crystalline graphene originally grown on Cu
foil via chemical vapor deposition (CVD) to a target substrate while maintaining a high level of
cleanliness of the material. This is a relevant step which subsequently allows for the realization of
high-performance devices and fundamental investigations focusing on interfacing graphene with
rubbers. To this end, a specific two-step cleaning approach for obtaining ultra-clean graphene with
high mobility and low residual carrier density is demonstrated. Indeed, enhancing the performance
of graphene-based devices in terms of carrier density, mobility and stability is a primary factor to

be considered before integrating it in different technological applications.

After developing an approach to obtain high quality CVD graphene on target substrates with
technological relevance, such as SiO2/Si, we move towards its inclusion in ambient-stable
magnetic-sensing applications. Stable Hall sensors are magnetic sensors which nowadays are
extensively used for proximity sensing, accurate positioning, switching, angular sensing, speed
detection, and current sensing, thus being of crucial importance in automotive, aeronautics,
consumer electronics, Internet of Things (IoT) and robotic applications. Here we demonstrate a
facile and scalable approach to realize polymer-encapsulated graphene Hall sensors based on CVD
graphene with remarkably high magnetic sensitivity and air stability. These magnetic probes are

promising alternatives to current semiconductor-based Hall sensing technology.



In the following part of the thesis, we focus on the realization of graphene-based photodetectors.
Graphene offers interesting properties for light sensing applications, especially for visible light
detection. We demonstrated an easy, stable and scalable approach to create PMMA capped
graphene based pn-junctions, which can be employed as photodetectors and in particular as visible
light sensors. These graphene based pn-junctions work on the principle of photovoltaic effect
where the photogenerated carriers are collected from graphene by using source-drain contacts. The
fabricated pn-junction in graphene provides slow recombination of charge carriers due to the built-
in potential at the junction. These pn-junction based photodetectors exhibit a responsivity of
around 18 pA/W, a response time of approximately 200 ms when subjected to illumination with a
532 nm wavelength, and are expected to have improved stability over time, indicating electron-
beam irradiation as an interesting technique for the large-scale fabrication of p-n junction graphene
photodetectors.

Finally, the last part of the thesis focuses on investigating the interface between graphene and
rubbers. Indeed, besides using graphene in sensing applications, its derivatives i.e., graphene inks,
could also be adopted for developing tires in automotive industry. It is expected that the overall
performance of tires including heat dissipation, conductivity, grip, wear and weight reduction,
could be improved by including graphene in rubber blends. However, preliminary tests evidenced
a limited electrical conductivity in graphene-enhanced tires, probably due to limitations in the
dispersion of graphene-based material in rubber blends. This issue calls for the development of
graphene functionalization techniques to ensure acceptable electrical discharge properties in
graphene-enhanced tires. For this purpose, we have investigated the impact of rubber on CVD
graphene electrical properties. Furthermore, both CVD graphene and graphene ink
functionalization with eco-friendly molecules such as pyrroles and tetrazoles is investigated. By
thoroughly characterizing the electrical properties of graphene interfaced with rubbers and by
exploring functionalization paths to improve the electrical conductivity in graphene-enhanced

rubbers blends, this study provides relevant information for the adoption of graphene in tires.
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“If we knew what it was we were
doing, it would not be called research, would it?”

Albert Finstein
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Chapter 1

Introduction

This chapter introduces the two-dimensional (2D) material graphene: its chemical, structural,
electrical and magnetic properties. State-of-the-art (SOA) synthetic approaches to obtain high-
quality scalable graphene are discussed as well as graphene transfer approaches. Finally, its

potential for sensing applications and more specifically for automotive technologies is introduced.

1.1 Overview: Graphene; a two-dimensional material

Two-dimensional materials are thin crystalline sheets with atomic thickness. They can be typically
obtained when reducing to one or few layers (<10) layered materials where the composing sheets
are vertically held together by van der Waals (vdW) forces.[1,2] The most famous 2D layered
material is also the first one that has been demonstrated: graphene. Graphene, a strictly two-
dimensional allotrope of carbon, was theoretically introduced by P.R. Wallace in 1947 [3] but
physically isolated and studied only 57 years later, in 2004, by Andre Geim and Kostantin
Novoselov via mechanical exfoliation of graphite.[4] Within, carbon (C) atoms are disposed in a
honeycomb lattice. The 2s, 2px and 2py orbitals hybridize to form sp2 planar orbitals that
participate in covalent o bonds. Perpendicular p; orbitals form delocalized  bonds tha govern the
electrical transport in the material.[5] In figure 1.1, the atomic and electronic structure of graphene

is depicted.

.
a b Energy
A A \ |

Figure. 1.1 (a) Atomic structure of graphene consisting two triangular sublattices; (b) Three-

dimensional band structure in tight binding approximation with n-bands. [6]
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The band structure displays a Brillouin zone (BZ) with hexagonal symmetry. Near the K and K’
points, the electronic dispersion exhibits what are known as Dirac cones. The electronic wave
functions in K and K' points are not equivalent due to distinct pseudospin states stemming from
the solution of the Dirac equation for the hexagonal lattice with two carbon atoms in the unit cell.
The equation describing graphene band structure near the Fermi energy (Er) is similar to that of

massless Dirac fermions [4]:

E(k) = thvy|k| Eq. 1.1
Where E(k) is the energy, A is the reduced Planck constant, v, is the Fermi velocity,
approximately 10° m/s, and k is the wave vector. This accounts for its astonishingly high electron
mobility, reaching values as remarkable as 3x10° cm? Vs observed experimentally with carrier
density of 6x10' cm™ at 1.8 K temperature.[7]. Due to the linear dispersion and the consequent
formation of the Dirac cones, the electronic band structure of graphene exhibits a semimetallic
character. The Fermi level in graphene coincides with the Dirac point, and at this energy level, the
density of states (DoS) is zero, resulting in a semimetal with both electron-like and hole-like
carriers. A distinctive feature is the absence of an energy bandgap which renders it unsuitable for
devices requiring a high on/off ratio, such as transistors. However, graphene's exceptional
electrical characteristics position it as a candidate for future RF analog electronics and magnetic
sensing applications[8,9]. Furthermore, the linear dispersion enables broadband absorption within
a frequency range of interest for telecom technology, that combined with high mobility allows for
the fabrication of high speed modulators.[10][11]. Beyond its electronic merits, graphene's
mechanical properties are equally outstanding. With Young’s modulus of 1 TPa, graphene is one
of the strongest materials on earth[12,13]. Furthermore, graphene exhibits exceptional thermal
conductivity, with values approaching 5000 WmK[14], making it a great candidate to be used
in thermal management applications.[15] These multifaceted properties underscore the potential
of graphene in revolutionizing diverse fields, from electronics to materials science and beyond.
The groundbreaking potential of graphene was recognized in 2010, when the Nobel prize in
Physics was assigned to Geim and Novoselov. In the last 19 years, several efforts towards the
synthesis and facile and scalable methods to integrate high quality and stable graphene devices in

different technologies have been explored.
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1.2 Synthesis of graphene

Graphene can be synthesized by using many different techniques which includes mechanical
exfoliation,[16] liquid phase exfoliation,[17] epitaxial growth on silicon carbide (SiC),[18]
chemical vapor deposition (CVD),[19] and others [20] (see figure 1.2).

Micromechanical Liquid phase
cleavage exfoliation
Dispersed
graphene
Sticky tape Tinkins
- o
i -

“—="Ultrasound

. Growth on SiC
Chemical Vapour (0001)

\’ Deposition N/ SiFace
e sogor
<

¢ 9 ¥ 9 4H-siC

L e gk gheo

e pd e

g

Figure. 1.2 Schematics of most common graphene synthetic techniques.[21]

While comparing all the techniques used for synthesizing graphene, CVD is the one that allows to

obtain high crystalline quality graphene over large areas, as it will be discussed below.

1.2.1 Mechanical exfoliation of graphite

Graphene can be obtained from graphite by mechanically applying a force to overcome the van
der Waals (vdW) forces between the adjacent layers. In 2004, graphene was mechanically
exfoliated by using a scotch tape method leading to the breakthrough research published by
Novoselov et al.[4] The micromechanical exfoliation technique is straightforward and can be
executed without any need of sophisticated equipment. In this method a piece of adhesive tape is
positioned onto the graphite and then repeatedly peeled off until achieving the isolation of
atomically thin layers of graphene that are transferred by simply pressing the tape onto another
substrate. This process is a promising and popular graphene production technique among the
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researchers and for several years has been the only one yielding materials of the highest
quality.[22] However, mechanical exfoliation of graphite is a time consuming and operator
dependent approach that yields micrometric flakes unsuitable for large-scale production and
applications.

1.2.2 Liquid phase exfoliation of graphite

Another common approach for obtaining graphene is liquid phase exfoliation, where ultra-
sonication is required for producing graphene from graphite. The key idea behind this approach is
to overcome the force between graphite layers in a proper solvent. Typically, this process involves
different steps such as graphite dispersion in solvent, exfoliation and purification. Generally,
solvents with high surface tension such as (but not limited to) N, N-Dimethylacetamide (DMA),
g-butyrolactone (GBL) and 1,3-dimethyl-2-imidazolidinone (DMEU), can be utilized for graphene
flakes production.[23] This technique is cost-effective and can easily be scaled up thus yielding
high amounts of graphene “inks”. However, the control over size and number of layers produced
is challenging and by being immersed in a liquid, some of the peculiar properties measured for
pristine graphene (such as record carrier mobilities) are significantly altered. This approach is
typically adopted to obtain either composite materials (where graphene “inks” are blended with

other materials such as for example rubbers to obtain enhanced performance) or coatings.

1.2.3 Thermal decomposition of SiC

An approach to produce scalable highly crystalline graphene is thermal decomposition of SiC. In
this technique, SiC substrates are annealed at high temperature either under ultra high vacuum
(UHV) conditions or at atmospheric pressure in argon (Ar) environment.[24] At high temperatures
(> 1300 °C in UHV), silicon (Si) sublimates and the carbon (C) atoms rearrange in a hexagonal
lattice so to form graphene. Graphene can be obtained both on hexagonal [25] and cubic SiC
polytypes [26], and on hexagonal ones can be grown either on the Si-face (i.e., SiC(0001)) or on
the C-face (i.e., SIC(000-1)). [27,28] On the Si-face is possible to obtain a controlled number of
layers (typically from 1 to 3) [29] while on the C-face the surface energetics allow one to obtain
several layers of graphene (where layers are typically electronically decoupled). [30] SiC can be
purchased either semiconducting or semi-insulating and the grown graphene does not need to be
transferred. Most notably, this graphene has been adopted to realize quantum Hall resistance
standards. [31]
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1.2.4 Chemical vapor deposition (CVD) growth on metals

Among all the graphene growth techniques, CVD graphene growth is the most commonly adopted
to obtain scalable crystalline graphene. Typically, cost-effective metallic foils are adopted as
substrates as demonstrated in the first work presenting this approach to obtain single layer
graphene, published in 2009.[32] In CVD growth of graphene, a carbon based precursor is
decomposed with the help of high temperature (and often a catalytic substrate), so that carbon
atoms can migrate on the surface and rearrange themselves to form graphene [33]. Carbon
precursors can be different, ranging from hydrocarbons,[32] to organic solvents [34] and dry
carbon,[35] with methane being the one most commonly adopted. When a metal is used as
substrate, the quality and number of graphene layers grown mainly depends on the carbon
solubility of the metal. To date, different type of transition metals have been utilized for graphene
growth such as Ni[36,37], Cu[32,38], Ru[39], Ir[40], Pt[41], with Cu and Ni being the most
adopted thanks to their cost-effectiveness. Graphene growth on Cu offers advantages over Ni, due
to the lower solubility of carbon in Cu, which allows to avoid carbon segregation during the

cooling down of the metal and thus to obtain single layer growth of graphene.[42,43]
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Figure. 1.3 Schematic representation of CVD growth of graphene on copper. [44]

On the other hand, graphene growth on Ni involves carbon dissolution and segregation which leads
to multilayer graphene.[45,46] The dynamics of CVD growth of graphene on Cu and Ni are
depicted in figure 1.3 and figure 1.4 respectively.
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Figure. 1.4 Schematic representation of CVVD growth of graphene on nickel.[47]

If grown on metallic polycrystalline Cu foils, graphene has a polycrystalline nature with the
boundaries between differently oriented grains [48,49] being responsible for diminished transport
and mechanical properties . [50-52] Grain boundaries can be avoided either adopting oriented Cu
substrates (e.g., Cu(111))[53], or by growing large single-crystals of graphene with sizes larger
than these of the targeted devices. This can be achieved by reducing the number of nucleation sites
on the Cu surface by special treatments.[54-56] Typical graphene growth nucleation centers are
defects such as impurities, particles and morphological features present on the Cu foils.[57]
Chemical treatment achieved by dipping the Cu foil inside acetic or nitric acid solutions can also

be utilized for Cu surface smoothening.[58,59]

Figure. 1.5 (a) False color optical image of determlnistically grown graphene crystals[60]; (b) and

graphene single-crystals grown randomly.

For this thesis work we mostly adopted single-crystal graphene grown on Cu foils by using the
methodology previously developed by our group which yields graphene single-crystals with lateral
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size of hundreds of micrometers either in array or random fashion [56,60], as shown in figure 1.5
and elucidated in chapter 2. Before this doctoral work started, for CVD graphene crystals grown
on Cu and transferred with wet transfer techniques room temperature (RT) carrier mobilities above
10 000 cm?V-1st without any encapsulation and on SiO2 substrates were hardly reported. Low
temperature (LT) mobility values up to 120 000 and 350 000 cm?V-!s? were achieved with wet
and dry transfer technique while encapsulating graphene with exfoliated hBN and measuring in
vacuum.[61] Investigations of the mechanical properties of CVVD graphene were not extensive due
to delicate nature of freestanding graphene. Nevertheless, it has been shown that CVD graphene
has mechanical properties comparable to exfoliated graphene with Young’s Modulus of ~1
TPa.[62] All these properties make CVD graphene an enticing candidate for several applications,

ranging from electronics to photonics and sensing .

1.3 Transfer of CVD graphene

As discussed in the previous section, CVD growth yields high quality large area graphene on
metals which are however unsuitable substrates for the fabrication of electronic devices. Therefore,
an effective transfer approach from metal to a target substrate is essential for different applications
of graphene both in research and in industry. Here, some typical graphene transfer methods are
illustrated such as wet transfer, electrochemical delamination and dry transfer out of which some

are extensively used for this thesis work.

1.3.1 Wet transfer

CVD graphene wet transfer is a widely adopted technique among the research community because
of its ease of implementation. In this approach, ionic etchants such as, ammonium persulfate
((NH4)2S20g),[63-65] ferric chloride (FeCls),[66,67] or solutions of hydrogen peroxide and
hydrogen chloride (H202: HCI)[68] are used to dissolve the metallic growth substrates. Graphene
during the transfer process is supported by a polymeric layer and is ultimately transferred to the
target substrate through various steps which are described below and depicted in figure 1.6. A thin
polymeric film, most commonly a polymethyl methacrylate (PMMA) layer, is utilized during the
transfer process of graphene grown on Cu foil. Furthermore, any possible unwanted growth of
graphene on the opposite uncoated side of Cu is usually removed by solvent such as, 10% nitric
acid (HNO3), or by exposure to O, plasma. The PMMA/graphene/Cu stack is immersed in a
copper etchant to etch the Cu, after which a thorough cleaning of the sample with deionized water
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is performed. Finally, the PMMA covered graphene, transferred on the target substrate is usually

immersed in acetone for PMMA removal.

o

Cu foil

Graphene / Si/SiO, Cleaning Process PMMA / Graphene / Si/SiO, Cu foil etching

Figure 1.6 Depicting the different steps involved in the wet transfer of graphene.[69]

However, this transfer approach has some drawbacks such as the trapping of ionic species at the
interface between graphene and the substrate which might act as scattering centers for graphene
charge carriers with an overall detrimental effect for the electronic properties of the material.

1.3.2 Dry transfer

In the dry transfer technique, polymeric layers such as polydimethylsiloxane (PDMS)[61],
polyvinyl alcohol (PVA)[70,71] and thermal release tape (TRT)[70] are typically used for
graphene transfer onto a target substrate. This transfer process is possible if the van der Waals
forces between graphene and the underlying substrate are weak. Usually, either transferred
graphene onto a SiO> substrate or graphene onto an oxidized Cu substrate are adopted. [61,72] In
particular, a two-layered transfer polymer composed of PVA and PMMA can be utilized to support
graphene during dry transfer as well as to encapsulate it with hBN.[61] Furthermore, a hollow
square of PDMS is generally used to support the stack of graphene or hBN/graphene in case

encapsulation is needed. This stack is usually brought into contact with the graphene and separated
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afterwards. While lifting the stack, graphene is picked up from the copper by exploiting the strong

van der Waals interaction between graphene and hBN.
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Figure 1.7 (a) Ilustration of the CVD furnace with a copper enclosure inside. (b) Schematic

process of the contamination-free transfer of CVD graphene from copper.[61]

Once the graphene is transferred, the polymeric layer can be removed, which leaves a hBN
protected graphene layer. In particular, this method can be used to fully encapsulate graphene for
obtaining high quality graphene devices.[61,72] Furthermore, graphene transferred by using this
technique offers great quality but not scalability due to the limited size of the hBN flakes. A typical

example of dry transfer technique is shown in figure 1.7.

1.3.3 Semi-dry transfer

This graphene transfer approach, also known as bubble-mediated transfer, is the one mainly used
for transferring CVD graphene in this thesis work. Taking the advantage of electrochemical
delamination, Wang et al. developed the bubbling transfer route for high-quality graphene
transfer.[73] It is a very promising graphene transfer technique based on electrochemical
delamination particularly adopted for the transfer of CVD graphene single-crystals. [60,73] In this
transfer approach, O and Hz bubbles are generated via electrochemical reactions in which the
graphene on the Cu growth substrate acts as either cathode or anode. These bubbles help to

delaminate the graphene by applying a peeling force on it. This method is only limited to
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conducting substrates which are appropriate to be used as electrodes. A clean removal of the
graphene from the growth substrate can be attained, which also allows the substrate to be recycled,
dissimilar to the wet transfer approach which chemically etches the metallic growth substrate. This
transfer method is cost-effective as it diminishes the use of etchants or cleaning agents and is

scalable. A typical graphene delamination setup is shown in figure 1.8.
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Figure 1.8 (a) Schematical representation of the set-up adopted in the semi-dry transfer process of

CVD graphene; (b) home-made set-up used for the delamination process.

1.4 Graphene for technological applications

Thanks to its exceptional properties, graphene is not only a platform for fundamental studies but
also a translational material, i.e., a material with great potential for technological applications. Its
exceptional charge carrier mobility, ambipolar transport, broadband absorption, make graphene
perspective adoption in electronics [74-77] and photonics [10,78,79] particularly promising.
However, integration of CVD graphene in any of these technologies brings its own challenges
which shall be resolved. In graphene based electronic and photonic devices such as FETs, Hall
sensors, and photodetectors, graphene quality should be maximized over large areas. Hence,
scalable CVD graphene with high mobility, low residual carrier density and homogeneous quality
should be demonstrated. Also, attention should be paid to the possibility of obtaining devices with
stable performance in ambient conditions over prolonged time periods. In this direction, attention
should be paid to the presence of contaminants on graphene such as polymeric residues left on the
surface during transfer. These polymeric residues should be removed from the graphene surface

prior to its integration in technologies where high quality material is desired. In this thesis work,
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we will address some of the challenges such as material scalability and cleanliness which are
relevant for a successful integration of CVD graphene in devices such as Hall sensors and
photodetectors. The development of compact and fast performing magnetic field and light sensor
devices is of great interest for several technological applications, also in the automotive
field.[80,81]

Indeed, in the automotive sector, graphene holds potential not only for the development of
advanced sensors but also as a material to be integrated in different car body parts. Its mechanical
resistance, heat dissipation properties, electrical conductivity, and low weight are characteristics
highly beneficial for the engineering of novel automotive components. The Graphene Flagship
together with Dallara Automobili spa, an Italian automotive manufacturer, has demostrated a
graphene-enhanced sport car, the Dallara Stradale.[82] The interior of the car presents graphene
composites of 10% by weight which have shown to pass the stringent Vertical Flammability Test
(UL94-V) REF. Recently, within the Graphene Flagship, Varta and BMW have focused on
developing silicon-graphene composite anodes for high energy density lithium-ion batteries.[83]
Also, graphene could be potentially adopted in tires. In general, together with rubber, a filler
material is needed to improve the rheological and mechanical properties of rubbers in tires. In later
times, silica has extensively been used to replace carbon black as a filler material.[84] Silica has
been shown to being advantageous for higher stiffness, tear strength, modulus, and to overall
improve the rolling resistance of the tires.[84,85] Yet, it is not always easy to disperse due to
strong polar bonds among filler particles which restricts its use in non-polar rubbers.[85] Recently,
graphene has been suggested as a potential nanofiller candidate for the improvement of the overall
properties of tires. In order to have good quality composites, proper graphene dispersion in rubber
matrixes shall be achieved. Recent efforts have shown that Zn functionalized graphene can be used
for better dispersion.[84] Yet, Zn is an undesirable heavy metal for the environment and therefore
other sustainable, eco-friendly solutions shall be found to move toward the development of “green
tires” for future automotive applications. Furthermore, in order to make graphene enhanced tires
effectively adopted, the electrical conductivity of graphene-rubber composites shall be
investigated and ultimately ensured. In the second part of this thesis work, we have thus analyzed
the impact of rubbers on the electrical properties of graphene. Subsequently, we have investigated
the possibility to functionalize graphene with nitrogen rich molecules such as pyrroles and

tetrazoles for improving its dispersion in rubber matrixes and engineer through functionalization
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of graphene potentially conductive paths. For both these studies we have adopted CVD graphene
as an ideal model system to fully investigate the modification of graphene electronic properties
when in contact with rubbers and graphene functionalization mechanisms. Furthermore, as a final
attempt we moved towards a more realistic and economically viable approach by replacing CVD
graphene with graphene inks. Indeed, inks are the final graphene form that would be utilized to
obtain graphene-enhanced automotive tires as already demonstrated in tires for bikes which have
been commercialized in recent years and are expected to possess longer durability and improved
wet grip.[86]

1.5 Thesis outline

The goal of this thesis work is twofold: (i) it aims at demonstrating the potential of graphene for
the development of high-performing magnetic and light sensors which could be of interest for a
number of applications, including automotive ones; (ii) it investigates the interaction of graphene
and rubbers and tries to identify possible functionalization pathways that could be of use for the
realization of graphene-enhanced tires. Apart from the introductory chapter 1, the content of the

different chapters is summarized below:

» Chapter 2 reports an overview of all the methodologies and experimental techniques which
are utilized in this thesis such as graphene growth, graphene transfer, device fabrication and
related characterizations techniques.

> In chapter 3 we demonstrate a novel graphene cleaning approach which leads to the
development of high mobility graphene FET devices. We compare spectroscopic and
microscopic characterization of the graphene cleaned with approaches typically adopted in
literature with the one developed during this doctoral work. Raman spectroscopy, atomic force
microscopy (AFM), X-ray photoelectron spectroscopy (XPS) and transport measurements are
used to demonstrate the effectiveness of the reported cleaning approach. The results of this
chapter serve as a basis for the rest of the thesis. Indeed, thanks to the ultra-clean graphene
obtained with the reported cleaning approach we are able to develop high-performing sensors
and to investigate the interactions between clean graphene and rubbers.

» Chapter 4 describes the development of scalable highly-sensitive graphene-based Hall sensors
and their stabilization via encapsulation with a thin polymeric layer. We discuss our device
fabrication process and contextualize our results with the state-of-the-art results. Indeed, the
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current related sensitivity of our devices is the highest reported to date with CVD graphene
without the need of encapsulation with exfoliated hBN. The presented work reports a realistic
pathway for the fabrication of graphene-based scalable highly-sensitive Hall sensors with the
potential of outperforming conventional semiconductor-based Hall sensors.

Chapter 5 presents the development of polymer-capped graphene visible-light photodetectors
based on pn-junctions. First, an experimental approach to create ambient stable pn-junctions
of CVD graphene is shown. Afterwards, the chapter focuses on the electrical and
optoelectronic behavior of these graphene based pn-junction devices. Physical mechanisms
behind the photoresponse, responsivity and other main properties of the photodetector are
investigated and discussed. In the final section of the chapter, pn-junction graphene
photodetectors created with different approaches are compared with the ones developed for
this thesis work. This work demonstrates an alternative approach for developing stable, semi-
encapsulated graphene based pn-junction visible photodetectors to favor graphene inclusion in
optoelectronic technologies such as optical communication in vehicles.

In chapter 6, fundamental studies are performed to understand graphene potential for tire
applications. Initially, CVD graphene was non-covalently functionalized with rubbers and their
influence on the electronic properties of graphene was investigated. Subsequently, various
approaches of graphene functionalization with organic molecules of interest in the tire industry
such as tetrazoles and pyrroles were attempted and resulting graphene electronic properties
were studied. As a final step, for a more realistic study for the tire industry, investigations of
graphene inks functionalization with organic molecules were carried out. The properties of
graphene and graphene inks before and after functionalization, were studied mainly by using
Raman spectroscopy. This fundamental study provides an important understanding for using
functionalized graphene/graphene inks in tires which is important for overall improvement in
currently existing tire technology.

Finally, chapter 7, delivers an overall summary of this thesis work and suggestions for future

research are offered.
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Chapter 2

Experimental methods

In this chapter, the experimental techniques used in this work are presented. For graphene growth,
chemical vapor deposition (CVD) has been implemented by using a cold wall reactor. Raman
spectroscopy and atomic force microscopy (AFM) was used for structural and morphological
analysis of graphene. Electron beam lithography (EBL) was used for fabricating the graphene
based field effect transistor (FET). A custom-made four-probe setup was used for electrical and
magnetic transport measurements of the graphene FET devices. Furthermore, additional
techniques impacting this research such as scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), reactive ion etching (RIE), and thermal evaporation are briefly

introduced.

2.1 CVD technique

As introduced in chapter 1, high quality CVD graphene is a an enticing material for its perspective
integration in different technologies. In particular, graphene is commonly grown on different
metallic substrates such as Cu [87], Ni [88] and Pt [89] while exploiting their catalytic behavior.
However, Cu is considered as the best platform for graphene growth due to its cost-effectiveness
and low carbon solubility. By adopting different approaches and adjusting the CVD parameters,
single-crystalline or polycrystalline graphene can be synthesized on Cu foils. Moreover, it is
possible to grow scalable, high-quality and high-mobility single-crystal graphene randomly or at
pre-determined position for their use in optoelectronics and electronics.[60]

2.1.1 SLG deposition on Cu foil by CVD

In this work, single-crystal graphene with a lateral size of 200-250 um was synthesized by using
a cold wall 4°* Aixtron-BM reactor on Cu foil of 2x2 cm? area with 25 pm thickness. Initially, the
Cu foil was electropolished prior to graphene growth, as shown in figure 2.1. This has been shown

to be effective in reducing graphene nucleation density.[90,91]
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Figure. 2.1 (a) The electrochemical polishing cell; (b) Side profile imagezhows the parallel

position of the Cu foils ensured by the grooves of the staining jar.[56]

Subsequently, the graphene films were grown at 25 mbar of pressure in the same reactor. CH4 was
used as a precursor with a flow-rate of 1 sccm, Ar and Hz gases were flown as carrier/process gases
at 900 sccm and 100 sccm, respectively. A typical quartz/graphite sample enclosure was placed in
the CVD reactor as depicted in Fig.2a to minimize precursor flux on the catalytic substrate as
described in.[92] The temperature profile of the CVD growth process is depicted in figure 2.2,
indicating four fundamental parts of the growth process. The annealing as well as the growth of
the graphene was performed at 1060°C, calibrated according to the melting point of Cu foil. The
annealing process was performed in non-reducing argon (Ar) atmosphere to preserve surface

oxidation as described previously.[92]
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Figure. 2.2 (a) Quartz/graphite sample enclosure; (b) Temperature profile of a typical CVD growth
process. (1) Temperature ramp-up, (I1) annealing, (111) growth, (V) cool-down.[92]
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Graphene single-crystals were grown on plane electropolished Cu foils or on patterned Cu foils
where, after electropolishing, metallic seed arrays were patterned to obtain deterministic growth
[60]. The resulting growths are reported in Fig. 2.3. Specifically, deterministic growth was
obtained by using optically lithographed chromium (Cr) nano-disks of 25 nm thickness and 5 pm
width.

Figure. 2.3 (a) Optical image of randomly grown graphene on Cu foil; (b) Optical image of single-

crystal array transferred on Si/SiO; substrate.[60]

The Cr seeds are completely removed during the graphene growth process as reported in [60].
After growth, the CVD grown graphene single-crystals were transferred from Cu to SiO2 substrate

for further characterizations by using the semi-dry transfer technique [56] which is detailed below.

2.2 Semi-dry transfer of CVD graphene

Semi-dry transfer, also known as electrochemical delamination or bubbling transfer, was first
reported in 2011 [73,89] and subsequently adapted by our group to allow for a clean transfer of
graphene and graphene arrays with a high yield to a target substrate.[56,60,93] Specifically, a thin
PMMA carrier membrane (typically about 100 nm) is spin-coated on the Cu foil with graphene
and the substrate with the PMMA layer is heated on a heating plate at 90°C for few minutes. Also,
an additional 1.5 pum PPC layer is employed for a stronger mechanical support to the graphene
layer. The graphene/PMMA/PPC stack is then heated again to 90°C for 2 minutes. A PDMS frame
is attached to the edge of the Cu foil to facilitate manual handling as previously reported by our
group.[93] The double polymeric membrane provides mechanical and thermal advantages during
the transfer process as discussed.[93] SLG electrochemical delamination is performed in 1 M
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NaOH. Cu/SLG is used as the anode, and ~2.4 V is applied with respect to a Pt counter electrode.
The voltage is controlled to keep the current ~3 mA to avoid excessive formation of Hz bubbles,
which may cause damage to SLG. The freestanding polymer/SLG membrane is then removed from
the electrolyte, rinsed 2 times in DI water, and dried in air. Using a custom-built aligned lamination
setup (see figure 2.4) , the graphene/polymer stack is then transferred on a SiO»/Si wafer heated to
90°C. The PDMS is then peeled off and the polymer coating is removed by leaving the sample in

acetone and isopropanol.

Delamination set-up Transfer tool

Figure. 2.4 (a) Schematic of the electrochemical delamination setup. (b) Transfer tool holding the
delaminated SLG sample and (c) Close-up of SLG/PMMA membrane, with a PDMS frame aligned
onto the target substrate.[94]

2.3 Raman spectroscopy
Raman spectroscopy is a versatile tool to identify and characterize the chemical and physical
properties of materials both at the laboratory and production scale. This technique basically detects

different vibrational modes of the molecules while relying on the inelastic scattering of the light

interacting with molecules.
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Figure. 2.5 Schematic representation of Stokes and anti-Stokes Raman scattering process.

Raman scattering can be divided in two different types, as depicted in figure 2.5. Stokes Raman
scattering (anti-Stokes Raman scattering) takes place when the molecule is promoted from a
ground (vibrational) to a virtual state and then drops back to a higher energy (lower energy)
vibrational (ground) state so that the energy of the scattered photon is lower (higher) than that of
the incident one. In particular, Raman spectroscopy is a fast and non-destructive tool for
characterizing the electronic, optical and phononic properties of graphene. Pristine graphene has
two distinctive peaks at ~1580 cm™ and at ~2700 cm™ known as G-peak and 2D-peak
respectively.[95] The G-peak in graphene originates from a first order phonon scattering process
while the 2D-peak comes from the double resonance scattering process of electron and holes.
Defective graphene shows an additional peak at ~1350 cm™ known as D-peak [95], which is due
to the breathing mode of six-atom carbon ring and is
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Figure. 2.6 (a) Raman spectra of pristine and defected CVD graphenemeasured at 488 nm
excitation wavelength [96]; (b) Vibration modes associated to G, D and 2D-peaks of graphene.[97]

activated by a defective site in graphene. In figure 2.6a, the typical Raman peaks of graphene and
defected graphene and their corresponding vibrational modes are reported. The G-peak originates
from two different in-plane lattice vibrations as shown in figure 2.6b.[98] The 2D peak is the
overtone of the D band, which comes from the in-plane vibrational mode of the carbon rings known

as double resonance process.[99]
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Raman spectroscopy can be used to determine the doping and strain in graphene. Specifically, the
shift in the G-peak position of graphene determines the n or p-type doping in graphene.[100,101]
The intensity and area ratio of the 2D and G-peak of graphene can also be used to estimate the
doping in graphene.[100,102] However, we know that the Raman spectra of graphene is not just
affected by doping[100] but also by strain.[103] To estimate the strain of graphene, the rate of the
change of G and 2D-peak positions can be utilized by using Griineisen parameters.[104]
Furthermore, the ratio of the intensity of 2D and G-peak has been used to estimate the number of
graphene layers as previously reported.[105,106] Furthermore, the full width at half maximum
(FWHM) of the 2D-peak of graphene is also sensitive to strain variations and is typically used as
a graphene quality indicator on SiO; substrates.[107] In this thesis, Raman spectroscopy was
performed with a Renishaw InVia system with a 532 nm laser, and a 100x objective, giving a spot
size of ~0.8 um. Laser power was set to ~1 mW to minimize heating. Raman mapping was

performed using a motorised stage, over an area of 12 x 12 um? with a step size of 1 um.

2.4 Atomic force microscopy

Atomic force microscopy (AFM) is a technique useful for analyzing the morphology of the surface
of materials. This technique works by unraveling the intermolecular vdW forces at the nanoscale
level with high atomic resolution. Typically, the sharp tip of a flexible cantilever is scanned across
the sample surface. A laser is focused on the cantilever which generates deflected light from the
surface of the sample and the scanning feedback is collected by a position sensitive detector. AFM
usually works in different modes named as contact, non-contact and tapping mode. In contact
mode, AFM works in a repulsive force regime, and the feedback loop keeps the force between the

tip and the surface constant.
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Figure 2.7 (a) Force regime which governs the AFM measurement[108]; (b) Schematics of contact

and tapping mode operation.

In tapping mode, the cantilever oscillates around its resonance frequency and the tip periodically
taps the surface while the feedback loop controls the changes in amplitude, resonance frequency
and phase of the cantilever. In this thesis both contact and tapping AFM modes were exploited.
AFM was performed with a Dimension ICON-PT (Bruker Scan-Asyst). Gwyddion software was
used to process the AFM images, extract the surface profile and to perform surface roughness

calculations and particle analysis.

2.5 X-ray photoelectron spectroscopy

X-ray photoelectron Spectroscopy (XPS) is a surface sensitive technique probing the sample
surface, its composition and chemical bonding state by bombarding X-rays on the sample surface.
The working principle of XPS is based on photoelectric effect in which electrons are emitted while
irradiating the sample surface with light. In particular, the sample is irradiated with soft X-rays
(energies lower than ~6 keV) and the Kinetic energy of the emitted electrons is analyzed. The
emitted photoelectron is the consequence of complete allocation of the X-ray energy to a core level
electron. XPS can usually provide information on the chemical elements present within a few nm

of the sample surface.
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Figure 2.8 Schematics of the major components of an XPS.[109]

34



The energy resolution of the XPS spectrometer is enough to determine changes in binding energy
for different chemical bonds. In this thesis work, XPS measurements were conducted on a Thermo
Fisher Scientific Escalab 250 xi, equipped with a monochromatic Al-Ka anode (1486.6 V). Also,
XPS Imaging was exploited for Small-area XPS (SAXPS) for spectroscopy with a space resolution
of 10 — 200 um. Additionally, maps were recorded in the energy range of C 1s, O 1s and Si 2p,
using a 200 eV pass energy and 0.1 eV energy step between each acquisition and all the associated
binding energies were corrected with respect to the C 1s at 284.5 eV. A basic schematic of the
major components of XPS is shown in figure 2.8.

2.6 Scanning electron microscopy

Scanning electron microscopy (SEM) utilizes electrons to form an image instead of photons. It is
one of the most common techniques used for characterizing the surface of micro and
nanomaterials. The focused electron beam scans the surface of the sample and forms an image of
it. Electrons interact with the atoms of the sample and produce various signal of the sample surface
and its composition. The electron beam scanned in raster pattern on the sample and as a
consequence different type of signal is generated such as, secondary electrons (SE), back-scattered
electrons (BSE), characteristic X-rays etc. as shown in figure 2.9. Most commonly, the secondary
electrons emitted by atoms of the sample, are detected by using a secondary electron detector to
form an image. In general, the intensity of the emitted signal produces the resulting image upon
being collected at the detector.

Incident electron-beam

Backscattered electrons
V\\
Secondary electrons

Augerelectrons w~<__ S b T aem - Photons

7’
Elastically scattered electrons » Inelastically scattered electrons

Transmitted electrons

35



Figure 2.9 Schematics of various signals generated by interaction of electron beam with the

sample.

In this thesis, a Zeiss MERLIN field emission SEM was used at 5keV with an in-lens detector for
detecting secondary electrons, which could lead to images with a lateral resolution down to 0.8

nm.

2.7 Electron beam lithography

Electron beam lithography (EBL) is a technique used for patterning desired structures on a surface
covered with resist (an organic polymer i.e., Poly (methyl methacrylate) (PMMA)) used in
nano/microfabrication. The incident electron beam changes the solubility of the resist after
interacting with its molecules thus enabling selective removal of either the exposed or non-exposed
regions of the resist by immersing them in a solvent called developer. The main advantage of this
technique is that it can draw structures in the range of a few nanometers. Figure 2.10 is showing

the process flow of a typical EBL process to generate desired structures.
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Figure 2.10. Process flow of generating desired patterns on the substrates by using electron beam

lithography with positive/negative resist.[110]

To fabricate the graphene-based field effect transistors (GFETS) for this thesis work, a Zeiss
UltraPlus scanning electron microscope (SEM) at 20 kV and Raith Elphy Multibeam EBL system
was used (Figure 2.11). The patterns were defined in positive e-beam resist (PMMA 950k, Allresist
GMBH).

Figure 2.11. Picture of the Zeiss UltraPlus SEM equipped with Raith Elphy Multibeam EBL
system located at NEST laboratory in Pisa.

2.8 Reactive ion etching

Reactive ion etching (RIE) is a plasma etching technique used in nano/ microfabrication process.
RIE is a dry etching technique which has different characteristics than wet etching. Chemically
reactive species (ions) are accelerated toward the substrate, to get rid of a precisely deposited
material. The special characteristic of RIE technology is its directional (usually anisotropic)
etching ability. The plasma is produced under low pressure in vacuum by an electromagnetic field
by applying a RF power to the cathode while keeping the anode grounded, as shown in figure 2.12.

Once the plasma is generated, a large negative voltage is formed at the bottom electrode (due to
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accumulation of electrons), while the plasma retains a low positive voltage. Due to this large
voltage difference, the positive ions drifts toward the substrate, where they collide with the samples
to be etched. These ions interact chemically with the material on the substrate. Additionally, owing
to the vertical supply of reactive ions, reactive ion etching produces anisotropic etch profiles and
etching conditions strongly depends on the different parameters i.e., RF power, gas flow, pressure
etc. In this thesis, a parallel-plate reactive ion etching (RIE) plasma system (Sistec) was used at 35

W with Ar/O flow of 5/80 sccm, respectively.
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Figure 2.12. Schematics of the reactive ion etching (RIE) mechanism.

2.9 Thermal deposition of thin-film

Thermal evaporation is a common method used in thin film deposition of different materials (e.g.,

metals).
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Figure 2.13. Schematic drawing of thermal evaporation.[111]

2.10 Electrical and magnetic transport characterization

Graphene field effect devices were characterized electrically by using a home-made four-probe
transport setup with tungsten tips on micropositioners. The experimental setup encompasses a
current source (Keithley-2450) that supplied the source-drain current to the graphene device and
the voltage drop across the channel then measured by a multimeter (Keithley-2450). Additionally,

another Keithley-2450 is used to apply the back gate voltage while measuring the leakage current

through the gate oxide.

Keithley-2450
(for gating)

Four-probe setup

_ Keithley-2450
) (for Vep/lsp)

Figure 2.14. Picture of the home-made four-probe electrical and magnetic measurement setup with

terminals (1,2,3,4) which can be used to apply voltage/current to channel and to measure
current/voltage drop.

Furthermore, the four-probe approach was adopted for minimizing the contact resistance of the
graphene-based field effect devices (GFETSs). The homemade four-probe electrical setup is shown

in figure 2.14.
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Additionally, for magnetic characterization (specifically for Hall-measurement), a similar setup
was used and a magnetic field of 0.37 T was applied by using a permanent magnet. The noise-
frequency characteristics of the graphene devices were measured by using a lock-in amplifier
(EG&G 7260 DSP) with a constant applied current of 1WA while changing the frequency.
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Figure 2.15. A typical resistance (Rxx) curve of graphene without magnetic field and with

magnetic field (Hall-resistance, Rxy) as a function of applied back-gate voltage.

The typical resistance curve of graphene devices with and without magnetic field is reported in
figure 2.15. In particular, figure 2.15 shows the typical ambipolar behavior of graphene whether
the magnetic field is applied or not, where holes are contributing to the conduction in negative
voltage region, and electrons in the positive region. This behavior is different from most of the
conventional semiconducting materials, in which the transport is solely due to either electrons or
holes.

2.11 Optoelectronic characterization

Graphene optoelectronic devices such as the graphene-based pn-junction photodetectors presented
in chapter 5 were characterized in a custom-made setup within the Raman InVia system. This set-
up was composed in the following way: a moving stage where the photodetector device could be
mounted, electrical probes to connect the source-drain terminals of the device, two lasers of 532

nm and 473 nm which could be focused on the pn-junction of the photodetector with x50
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magnification while performing optical measurements. Figure 2.16 is depicting the graphene
photodetector mounted under the microscope.

_—— s
PN-junction photodetector mounted
on Raman system

Figure 2.16. Bonded graphene pn-junction device under Raman objective used for optoelectronic

measurements.
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Chapter 3

Ultra-clean high-mobility graphene

In this chapter, we describe a novel approach for the production of ultra-clean and high-mobility
CVD graphene. Specifically, we develop and present a method, a two-step wet chemical cleaning
route, to clean transferred CVD graphene on technologically relevant substrates such as silicon-
dioxide on silicon (SiO2/Si) and assess the quality of the obtained graphene via morphological,
structural, chemical and electronic characterization performed via AFM, Raman spectroscopy and
XPS. Furthermore, electrical transport measurements demonstrate the high-mobility of the
graphene devices fabricated upon adoption of the two-step cleaning approach. Finally, we discuss
the relevance of ultra-clean high-mobility graphene devices in different technological applications.

The results presented in this chapter are published in Ref. [112].

3.1 High-quality CVD graphene

Over the past years, CVD graphene has emerged as a material with a great potential for different
technological applications [112] thanks to its many exceptional properties such as high electrical
and thermal conductivity.[6,75,113,114] Because of remarkable advancements made in the field
of scalable graphene synthesis via CVD, wafer-scale graphene is now accessible and ready to be
integrated for different technological applications ranging from sensing, photonics, to
optoelectronics.[94,115,116] Most of these applications require high-mobility ultra-clean
graphene directly on a technologically-relevant substrate such as SiO2/Si.[117,118] For example,
high charge carrier mobility and low residual charge carrier density are main requirements for
graphene use in sensing devices such as Hall sensors[9,119], and in optoelectronic devices such as
photodetectors, modulators etc.[10,11,94] Both Hall sensing and light sensing devices are relevant
devices in the automotive industry.[80,81] However, a well-known issue in CVD graphene
processing is the presence of polymeric contamination: this is a hurdle that affects graphene
performances and negatively impacts the integration of graphene in several applications.[120-122]
The reasons behind graphene polymeric contamination are the following: (1) the transfer step
needed to remove CVD graphene from the metallic growth substrate and place it on target
substrates involves coating of the graphene with polymeric resist (which acts as the supporting

layer during the transfer, as discussed in paragraph 2.2); (2) the polymeric coating implemented
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during optical or e-beam lithography (performed to define devices). In particular, Polymethyl
methacrylate (PMMA), is commonly used during the graphene transfer process as well as for
fabrication [123], and the existence of PMMA residues on graphene due to strong physical and
chemical adsorption effects is cause of concern.[124] Indeed, due to the atomic thickness of
graphene, surface adsorbates can induce charge carrier scattering, consequently reducing the
carrier mobility of graphene devices.[125] Different techniques have been used to address the issue
of the polymer contamination on graphene such as mechanical cleaning with the tip of an atomic
force microscope (AFM) [126,127], current-induced cleaning [128], high-temperature annealing
[129,130] and wet chemical cleaning. [122,131] However, each of these approaches contains its
own shortcomings. Polymer residues can be effectively cleaned from the graphene surface by
using an AFM tip operated in contact mode, however, this method is very time-consuming and the
areas that can be actually cleaned are presently very limited in size. Similar constraints apply to
current annealing. Thermal annealing is compatible with large-scale processing however, when
performed on graphene/Si—SiOy, it appears to increase doping and decrease mobility by inducing
strong interactions between graphene and the substrate. [130,132] At present, wet chemical
cleaning is one of the most adopted approaches to clean scalable graphene prior to device
fabrication. [129] Yet, particular care should be paid in order not to introduce additional
contaminants during the process. With such wet approaches, when measuring large-area graphene
samples, (i.e. chips containing more than 10 test structures) in ambient conditions, carrier mobility
usually does not exceed 5 000 cm? V1 s71[65,94] To realize high-performing optoelectronic and
photonic devices of technological relevance, mobilities as high as 10 000 cm?Vs would be
desirable.[133] Hence, to realize the full potential of CVD graphene in high-performing
applications, wafer-scale ultra-clean graphene shall be demonstrated. The next paragraph describes
the cleaning solution implemented during this work, which has led to measuring state-of-the-art

room temperature CVD graphene mobilities, as it will also be discussed in chapter 4.

3.2 Two-step cleaning approach for high-quality graphene

In first place, graphene was grown via CVD either with random nucleation or in matrixes (see
Paragraph 2.2 and [62] and was transferred from Cu to Si/SiO2 using the semi-dry transfer method
described in 2.3 optimized by our group. [94] With respect to the classical transfer reported in
literature, in our work we have developed and patented a double polymeric membrane containing

a PPC layer optimized to provide ideal mechanical support, maximum transfer yield, and high
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optical transparency to allow for deterministic transfer of graphene.[94,95] In the classical
graphene semi-dry transfer approach reported in literature, graphene is cleaned with acetone and
isopropanol after transfer. In our work we have denoted this procedure as one step cleaning (1SC)
approach. As discussed above and reported in literature, after the standard acetone cleaning (i.e.,
1SC), polymer is not removed entirely from the graphene surface and hinders the properties of
graphene. To remove these remaining residues more effectively, a two-step cleaning approach

(2SC) was developed, as schematized in figure 3.1.
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Figure. 3.1 Schematics of the transfer and two-step cleaning process of CVD graphene developed

in this work.

In the case of 2SC, the steps of 1SC were followed by a 3 min bath in remover AR 600-71,a 10 s
rinse in deionized water, and by drying with compressed nitrogen. AR 600-71 (Allresist) is a two-
component solvent (70%, 1,3-dioxolane and 30%, 1-methoxy 2-propanol), effective at stripping
PMMA, Chemical Semi Amplified Resist (CSAR) and novolac-based resists. The two-step
cleaning procedure was used after graphene transfer as well as after each device fabrication step
where PMMA removal was involved, i.e. after graphene etching and metal lift-off. Several
attempts were made to find the optimal chemistry and procedure to clean graphene, including the
adoption of each single component of AR 600-71. The cleaning efficiency of the attempted

approaches was evaluated by spectroscopic and microscopic techniques, with the 2SC approach
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detailed above being the most effective. In the following paragraphs we report AFM and spatially-
resolved XPS analyses which demonstrate that the 2SC approach is instrumental to rapidly
eliminate most of the polymeric residues which remain on graphene after transfer and fabrication
and that have adverse effects on its electrical properties. Raman measurements show a significant
reduction of graphene doping and strain with high mobility obtained by electrical transport
measurements. Electrical measurements ultimately confirm the effectiveness of the reported 2SC

procedure demonstrating improved room temperature transport and reduced residual doping.

3.3 AFM analysis: morphological investigation of ultra-clean graphene

AFM was used to evaluate the effectiveness of the developed cleaning method by investigating
the surface morphology of graphene after the 1SC and 2SC approaches. Below we report a
representative 10 x 10 um? area selected at the border of a graphene single-crystal allowing the
analysis of polymer residues on graphene and SiO> surface. The topographical images of the

selected areas are shown in figure 3.2 (a) and (b) after 1SC and 2SC of graphene, respectively.

a

1SC

28C

Figure. 3.2 (a) Topography image (10 x 10 um?) of graphene crystal edge after transfer to SiO-/Si
and 1SC; (b) The same area after the second cleaning step.

The 1SC protocol leaves nanometer-sized particles on graphene as seen in figure 3.2 (a) and also
observed previously.[134] However, when exposed to the second cleaning step, a notable
reduction of PMMA contaminants can be observed. Indeed, figure 3.2(b) reveals a flat and
homogeneous graphene surface with sporadic wrinkles. When subjected to the one-step cleaning
procedure, the height of the surface features of graphene is larger than 5 nm, as shown in figure
3.3, which reports the surface profile measured along the blue line of figure 3.2 (a). While in the
case of the two-step cleaning process, the surface features height variation is much less pronounced
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as shown in figure 3.3. Indeed, in this case only a limited number of points reach a height of ~2
nm, a size compatible with the surface height variation of the SiO; substrate, as can be seen outside
of the graphene crystal. Another important information that one can extract from the AFM data is
the surface roughness of the sample scanned. In the case of 1SC, the root mean square (RMS)
roughness of the graphene-coated area was found to be nearly ~2.8 nm, while for the 2SC was

reduced to ~0.6 nm.
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Figure. 3.3 Surface profile of graphene taken from the topographical images after 1SC (blue) and
2SC (red).

Figure. 3.4 (a) AFM topography image (10x10 um?) obtained at the center of a transferred
graphene crystal after 1SC; (b) AFM topography image of the same graphene area after 2SC.
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The RMS roughness measured after the 2SC approach is nearly matching the intrinsic roughness
value of the Si/SiO, wafer, which is ~0.5 nm as declared by the supplier and confirmed by AFM
measurements prior to graphene deposition. Additional statistics was performed to analyze the
number of polymer residues remaining on the graphene surface after the 1SC and 2SC treatments.
This particle analysis was performed on a 10 x 10 um? area from the center of a graphene crystal
as shown in figure 3.4. The RMS roughness measured on such areas was ~3.3 nm and ~0.8 nm
after 1SC and 2SC, respectively, further confirming what measured at the graphene single-crystal
edge. The comparison between the height and radius of the polymeric residues after 1SC and 2SC
is reported in figure 3.5 (a) and (b), respectively. For 1SC treatment, the total number

a b
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Particle height (nm) Particle radius (nm)

Figure. 3.5 (a) and (b) are depicting the statistical distribution of particle height and radius,
respectively, after one-step and two-step cleaning approaches.

of particles was around 810 with an average height of ~14 £ 5 nm. After 2SC, the number of
particles and height were reduced to 34 and ~13 + 3 nm, respectively (see figure 3.5(a)). Similarly,
the average radius of polymeric residues on graphene surface was recorded to be around ~19 + 13
nm after 1SC, while after 2SC it was nearly ~20 £ 14 nm, as described in figure 3.5 (b). These
data indicate that more than 95% of surface contaminants are removed when adopting the 2SC
approach. We also further tested this approach for wet transferred polycrystalline graphene to show
its adaptability for different types of graphene. We found similar results as those obtained for
single-crystal graphene transferred onto Si/SiO2 by using the semi-dry transfer technique. In the
case of wet transferred graphene, RMS roughness values were recorded from 3 x 3 pm? surface

areas showing values of ~ 2.2 nm after 1SC and ~0.7 nm after 2SC, following the same trend of
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semi-dry transferred graphene. The AFM measurements after 1SC and 2SC for wet transferred

graphene are shown in figure 3.6.

2SC

Figure. 3.6 (a) AFM topography image (6x6 um?) taken after transferring polycrystalline graphene
on SiO,/Si after 1SC and; (b) 2SC approach.

3.4 Raman analysis: strain and doping of ultra-clean graphene

Raman spectroscopy is a powerful instrument to analyze the properties of graphene such as the
amount of doping and strain. For this work, Raman spectroscopy was performed on the graphene
samples to evaluate their crystalline quality, doping and strain, after each processing and cleaning
step.
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Figure. 3.7 Raman spectra of graphene at various stages of processing: transfer and single-step

cleaning, 1SC (black), two-step cleaning, 2SC (orange), full fabrication, FF (green).

In figure 3.7, illustrative Raman spectra obtained after graphene transfer and 1SC (black), 2SC
(orange) and full device fabrication (FF) (green) are reported. The full fabrication of graphene
device corresponds to the three separate rounds of PMMA deposition followed by 2SC. After 1SC
of graphene, the characteristic Raman G and 2D peaks of graphene were found at Pos(G) ~ 1586.5
+0.8 cm ! and Pos(2D) ~ 2679 + 1.4 cm 2, respectively. The average full width at half-maximum
(FWHM) of the G and 2D peaks were ~15 + 1.2 cm ™t and ~30.5 + 1.0 cm™?, respectively. The

latter can be
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Figure. 3.8 Pos(2D) as a function of Pos(G). Solid lines show linear fits to the three data sets at
various stages of processing: transfer and single-step cleaning, 1SC (black), two-step cleaning,

2SC (orange), full fabrication, FF (green).

fitted with a single Lorentzian, as expected for single-layer graphene.[99] No peak associated with
defects (D-peak) was observed near 1350 cm™* confirming the negligible number of defects in the
CVD graphene grown and transferred with our approaches.[135] To assess doping and strain of
the graphene transferred on SiOo, a correlation plot of the 2D and G peak positions was extracted

for a 12 x 12 um? mapped area (see figure 3.8) similar to what reported in [100,103].

The rates of variation of the two peak positions as a function of strain are determined by the
Gruneisen parameters [104], and the relative peak shift (APos(2D)/Apos(G)) is typically observed
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to be ~ 2-3 [136]. Furthermore, as indicated by the slope shown by the solid lines in figure 3.8,
APos(2D)/APos(G) is ~1.45 after 1SC, ~1.06 after 2SC and ~1.25 after FF, respectively,
demonstrating an inhomogeneous distribution of doping and strain. Uniaxial strain presents G-
peak splitting [103], which can help to distinguish it from biaxial strain [95], nonetheless for small
strain (0.5%) the splitting cannot be determined [103,136] and the presence or coexistence of
both uniaxial and biaxial strain in our samples cannot be ruled out. Also, the shift of Pos(G) can
be used to approximate strain, considering APos(G)/Ae ~ 23(60) cm 2% for uniaxial (biaxial)
strain.[103,136] In our samples, the average Pos(G) was measured at ~1586.5 + 0.8 cm™* after
1SC, ~1583.5 + 1.2 cm™* after 2SC and ~1581.9 + 0.6 cm™* after full fabrication, respectively.
Considering that unstrained, intrinsic graphene [99,137] is expected to have Pos(G) ~ 1581.5cm ™,
and accounting for the effect of doping [100] which we calculate from the area ratio of the 2D and
G peak Axp/Ac (reporte in figure 3.10), we estimate the contribution of strain to APos(G) to be
~1.9 + 0.9 cm? after 1SC, ~0.2 + 0.4 cm ! after 2SC and ~0.3 + 0.2 cm™* after FF. This
corresponds to uniaxial (biaxial) strain of 0.04%(0.02%) to 0.13%(0.05%) after 1SC, —0.01% (0%)
t0 0.02%(0.01%) after 2SC and 0% to 0.02%(0.01%) after full fabrication, respectively. Moreover,
another parameter adopted to analyze strain variation in graphene, is the FWHM of the 2D peak
which is sensitive to the strain variation within the area of the laser spot.[138] Indeed, the FWHM
of the 2D peak is usually a good indication of the strain inhomogeneity in graphene and thus of its

quality on SiO> substrates. [107]
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Figure. 3.9 Full width at half maximum FWHM(2D) vs position of G peak at various stages of
processing: transfer and single-step cleaning, 1SC (black), two-step cleaning, 2SC (orange), full

fabrication, FF (green).

A substantial decrease of the average 2D width is observed upon repeated cleaning: we observe
FWHM(2D) going from ~ 30.5 + 1.0 cm™* after 1SC to ~ 23.6 + 1.3 cm™* after full fabrication, as
shown in figure 3.9. Graphene on SiO; typically shows FWHM(2D) values larger than 25 cm™,
even for the case of exfoliated flakes.[107,120] This signifies that our ultra-clean graphene offers

extraordinarily low strain fluctuation, which is crucial to achieve high carrier mobility.

Another quantity that can be extracted from the Raman data of graphene is the amount of doping.
Doping can be estimated by using the intensity ratio (l2o/lc) and area ratio Azp/Ac of the graphene
Raman peaks. In this work, to estimate the graphene doping, we adapted the approach previously
developed by Basko et al.[102] As shown in figure 3.10 (a), the 2D and G peak intensity ratio
increases from Iop/lg ~ 2.8 £ 0.2 after transfer to lop/lc ~ 3.1 £ 0.5 after 2SC, ultimately reaching
~ 4.6 £ 0.7 after FF. Also, the peak area ratio after transfer is Aop/Ac ~ 5.7 £ 0.4, increasing to
Aop/Ac ~ 6 £ 0.4 after 2SC and Axp/Ac ~ 7.9 + 0.6 after FF. We use the 2D/G peak area ratio,
figure 3.10 (b), to estimate the doping in our samples at various stages of processing. After transfer
and 1SC, the doping is estimated to be ~ (2.6 + 0.5) x 102 cm2, reducing to ~ (2.2 + 0.4) x 10*2
cm~2 after 2SC process. After FF, it is further reduced to ~ (1.0 + 0.3) x 10'? cm™2.
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Figure. 3.10 (a) Intensity and (b) area ratio of 2D and G peak of graphene vs position of G peak at
various stages of processing: transfer and single-step cleaning, 1SC (black), two-step cleaning,

2SC (orange), full fabrication, FF (green).

To give a clear picture of how the doping is estimated, we account for the dielectric constant &
(SiO2) = 3.9. We also note that using the electron-phonon scattering rate ye-ph = 33 meV [92], tends

to overestimate the doping in our samples (when comparing Raman and electrical measurements).
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Figure. 3.11 Square root of Raman 2D and G peak area ratio as a function of sample doping
obtained from field effect measurements (black circles). Red and blue lines show fits obtained with

two different values of ye-pn.

In figure 3.11, we plot the square root of Raman 2D and G peak area ratio as a function of sample
doping obtained from measurements of 10 different samples fabricated using 1SC and 2SC
processing. As can be seen from the figure, doping dependence in our samples is described much

better using ye-ph = 28 meV (blue solid line) instead of ye-pn = 33 meV (red dashed line).

It should be noted that 2SC is effective not only after graphene transfer but after any of the
fabrication steps where PMMA deposition is involved. PMMA deposition and removal with 1SC

during any processing step typically leads to a Raman spectrum similar to that of graphene after
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transfer, but treating the sample with 2SC always leads to reduced doping and strain
inhomogeneity. Interestingly, performing several device fabrication steps using 2SC (i.e.,
performing several rounds of PMMA resist deposition and its complete removal) leads to an
overall improvement of Raman characteristics (reduction of FWHM(2D) and red-shift of Pos(G))
towards values corresponding to pristine graphene[100], compared to as-transferred graphene

treated to 2SC. It should be noted that this effect is observed for the first 2 re-depositions of PMMA
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Figure. 3.12 Raman correlation plots after 1SC and 2SC at each transfer/processing step. (a) Pos
(2D) as a function of Pos (G); (b) FWHM (2D) as a function of Pos (G).

, after which no improvement is detected. Similarly, treating graphene with AR 600-71 remover
beyond the standard 3 minutes does not lead to further improvement. To have a clear understanding
of strain and doping during different processing steps involved for graphene device fabrication, a
comparison of position of 2D vs G peak of graphene and the FWHM of 2D peak as function of G

peak position are depicted in figure 3.12.
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Figure. 3.13 Raman correlation plots after 1SC and 2SC at each transfer/processing step. (a) 2D

vs G peak intensity ratio as a function of Pos (G); (b) 2D vs G peak area ratio as a function of Pos

(G).

Similar, extracted Raman data useful to compare the doping change during each processing step
is shown figure 3.13. These results confirm doping reduction after each 2SC step. All the Raman
mapping reported here were performed on the same 12x12 um? graphene area during device
fabrication. A Raman map was obtained after each of the 2 cleaning steps following every
graphene fabrication procedure (transfer, patterning and metallization). Table 3.1 reports the data

plotted in figures 3.12 and 3.13 as average values and respective error bars.

Table 3.1 Average Raman fit Parameters from figures 3.12 and 3.13.

Graphene Pos (G) Pos (2D) FWHM (2D) l2o/lG Aop/Ac
cleaning (cm™) (cm™) (cm™)
stage

Transfer+1SC | 1586.5+0.76 2679+1.38 30.5£1.03 2.8£0.19 5.7£0.35
Transfer+2SC | 1583.4+1.29 2674.9+1.8 28.06+£1.85 3.13+0.48 6+0.38
Etching +1SC | 1586.7+0.72 | 2678.4+1.18 25.7+1.32 2.3x0.31 6.7£0.77
Etching+2SC 1582.9+0.74 | 2675.2+1.28 24.6x0.79 3.6+0.42 7.3x0.35
Lift-off+1SC 1583.2+1.34 | 2673.7+2.34 25.9+1.1 3.1+0.2 7.2+0.34
Lift-off+2SC 1581.9+0.78 | 2673.9+1.27 23.6x1.28 4.6+£0.71 7.920.6

The general trend of the data is that after each processing step (i.e., transfer, RIE, metallization)
and 1SC cleaning, a blue shift of peak positions and a reduction in 2D/G peak intensity and area
ratio is observed, compared to pristine graphene. This indicates increasing doping and strain,
though this effect is reversed simply by applying the second cleaning step. 2D width, which is
correlated to the nanometric strain fluctuations within the laser spot [107], gradually improves
after each step, reaching the lowest value of 23.6 cm™ after metal liftoff and 2SC. This likely
indicates that polymer re-deposition releases some of the strain induced in graphene during

transfer, without releasing extra contamination due to the effective cleaning by the remover.
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As shown in figure 3.14, we find similar results also when applying the 2SC procedure to a
standard wet transfer approach of polycrystalline CVD graphene, in agreement with the AFM data

shown in figure 3.6.
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Figure. 3.14. (a) Pos (2D) as a function of Pos (G). (b) FWHM (G) as a function of Pos (G). (c)
I2p/lG ratio with respect to the Pos (G). (d) Area ratio of 2D and G peaks and e) FWHM(2D) as a
function of Pos (G) of polycrystalline graphene after 1SC and 2SC.

In conclusion, detailed analysis of Raman data reveals that the 2SC is effective on different types
of graphene (i.e., single-crystal and polycrystalline) and after different transfer approaches (i.e.,
semi-dry and wet) in reducing both doping and strain inhomogeneity: a result consistent with the

removal of polymeric residues observed in AFM.

3.5 XPS analysis: chemical mapping of ultra-clean graphene

Chemical analysis performed by XPS is instrumental to better identify any contamination
remaining on surfaces. For this purpose, the surface chemical composition of graphene after 1SC
and 2SC was examined by X-ray photoelectron spectroscopy (XPS). In order to confine the
domains, XPS Parallel Imaging (500 x 500 um?) was used. From the C 1s map recorded at 284.5
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eV, a 60 um large area in the middle of a graphene flake was isolated and analyzed by selected
Small-area XPS (SAXPS). Here, figure 3.15 shows the C 1s SAXPS spectrum (292-282 eV)
recorded on a graphene crystal for 1SC (blue) and 2SC (red) samples.
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Figure. 3.15. C 1s SAXPS spectra recorded on 60 um large area of graphene for samples after 1SC
(blue) and 2SC (red). Positions were determined thanks to parallel XPS Imaging (500 x 500 um?2)
at 284.5 eV. In the spectra, the red and blue symbols represent the experimental data and the red

straight line is related to the fit of a graphene component with an asymmetric shape.

The red continuous line measured after 2SC features a broad asymmetric tail towards higher
binding energy mimicking a pure sp?-hybridized C-C component (graphene), while the blue line
measured after 1SC indicates the presence of components at higher energies linked to PMMA
residues.[134] Hence, XPS analysis by suggesting a clear reduction of these spectral components
after the second cleaning step, indicates its effectiveness in lessening PMMA residues. Also, the
effect of the remover is also noticeable on the C 1s XPS maps, which demonstrates better-defined
flakes after 2SC. In fact, on the C 1s image obtained after 1SC, PMMA residues remain on both
the SiO> substrate and on the graphene crystals, accordingly yielding a less-contrasted image. In
order to ensure that contrasts are primarily related to chemical differences, figure 3.16 shows C 1s
and Si 2p XPS mapping in the same zone. The opposite contrasts detected in the maps specify that
the observed differences are not governed by topographic effects. Ultimately, the chemical

analysis further supports what already observed in AFM.
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Figure. 3.16. Parallel XPS Imaging of a graphene crystal after transfer to SiO2/Si and 2SC
measured at binding energies of (a) 284.5 eV and (b) 102.5 eV.

3.6 Electrical properties of ultra-clean graphene

After having investigated the effect of the 2S5C approach on our CVD graphene by Raman and
XPS, we moved to studying the electrical performance of the graphene devices treated with the
newly developed approach. To this end, two sets of back-gated Hall-bars (HBs) were fabricated

by using electron
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Figure 3.17. (a) Optical image of 50 graphene Hall bars on SiO/Si. Inset: false-color SEM image

of a single Hall bar.

beam lithography (EBL) on matrixes of single-crystal graphene. One of the fabricated chips
containing 50 different devices, shown in figure 3.17, was processed using 2SC after transfer and
during individual lithography steps, whereas the reference chip was fabricated by using 1SC at
each step. Additionally, the field effect response of each HB with the channel aspect ratio L/W =
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1 was measured as a function of the applied back-gate voltage using a 4-probe setup, while
applying a source-drain current Isp = 1 pA between the longitudinal contacts and measuring the
voltage drop Vxx along 2 adjacent side contacts. A schematic of the measurement configuration is

shown in figure 3.18.

SiO, 285 nm

Figure 3.18. Schematic diagram of the 4-terminal electrical characterization setup.

Furthermore, the resistance of the graphene device was calculated as R = Vxx/Isp. Also, the carrier
mobility was calculated for each device as a function of carrier density n (obtained from the applied

back-gate bias) using the Drude formula:
u = 1/(neR) Eqg. 3.1

where e is the electronic charge. Figure 3.19 (a), demonstrates the field effect curve obtained for
best performing Hall Bar (HB-27) on the 2SC chip, with the resulting carrier mobility as a function
of n depicted in figure 3.19 (b). Hole and electron mobility values at technologically-relevant
carrier density of 1 x 102 cm~2 [120], are designated on the curve in figure 3.19 (b). On average,
the CNP was measured at ~14.9 £ 2.0 V. The CNP value clearly indicates p-type doping ~ (1.0 £
0.1) x 10?2 cm™2, which is typical for high-quality non-encapsulated graphene measured in ambient
conditions due to atmospheric adsorbates. [139] Lower doping can be obtained by either

encapsulating the graphene[140], or performing electrical characterization in vacuum. [139]
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Figure 3.19. (a) Resistance curve of HB27 prepared with 2SC; (b) Carrier mobility as a function

of carrier density calculated from the measurement in (a).

Also, the residual charge density at charge neutrality point (CNP), n*, was obtained for each device
from a linear fit of conductivity on a double-logarithmic scale, as shown in figure 3.20 for HB27.
The residual carrier density of graphene is also a very important factor and should be considered
carefully when designing high mobility graphene field effect devices. [141]
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Figure 3.20. Residual carrier density plot of HB27 prepared with two step cleaning approach.

The average values of mobility for HBs fabricated using 2SC were pun ~7460 + 698 cm? V1 st
and pe ~6294 + 781 cm? V! st and the residual carrier density was n* ~ (1.7 +0.3) x 10! cm™,
Interestingly, the high p and low n* values are consistent with the low FWHM(2D) observed in
the Raman measurements, confirming the ultraclean and high-quality graphene. Notably, the best
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performing device (HB-27) presented pn ~ 9104 cm? V't st and pe ~ 7877 cm? V1 st and n* ~
1.4 x 10! cm™2.

In the case of 1SC, the average values of mobility and residual carrier density were pn ~ 4562 *
1000 cm? V'1st pe ~ 4311 +983 cm? V1 st and n* ~ (2.9 + 0.4) x 10! cm™2. Figure 3.21 (a)
is depicting a comparison of graphene devices fabricated with 1SC and 2SC in terms of mobility
calculated as a function of charge carrier density. A histogram of the carrier mobility of graphene
devices fabricated with both 1SC and 2SC techniques, is also presented in the figure 3.21 (b).
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Figure 3.21. (a) Mobility statistics of all graphene Hall bars prepared with 1SC (black, orange) and
2SC (red, blue) as a function of n*; (b) Histogram of electron and hole mobility measured in chips
fabricated using 1SC and 2SC.

Thus, the electrical comparison strongly correlates with the Raman, AFM and XPS data suggesting
the advantage of 2SC over 1SC approach. Furthermore, to verify the advantage of using the 2SC
approach in graphene processing, we used the 2SC method to fabricate three other chips (in
addition to the sample shown in figure 3.17) with smaller amount of test structures (5-8 Hall bars),
all showing consistently high carrier mobility values (un > 7500 cm? V' 572 e > 6300 cm? V1
s1), as shown in figure 3.22. The significantly enhanced mobility values of 2SC devices designate
the fact that effective removal of polymer (PMMA) residues lessens the charge-carrier scattering
and unintentional doping in graphene.[142,143] This clearly demonstrates that 2SC enables
graphene transfer and processing on a large scale with high mobility and low carrier density
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suitable for the fabrication of functional devices, such as magnetic sensors [9,119], optoelectronic

modulators and photodetectors for high-speed telecommunications.[78]

3.7 Conclusions

An effective and rapid two-step cleaning (2SC) method to reduce the polymeric (PMMA) residues
present on graphene surface after transfer and lithography processing is demonstrated. In this way,
enhanced mobility can be achieved for CVD graphene on SiO2/Si substrates. AFM surface
topography measurements and spatially-resolved XPS evidently illustrate the effectiveness of this
approach in removing PMMA residues, for both single-crystal graphene transferred with semi-dry
transfer and polycrystalline graphene prepared with wet etching transfer method. This makes the
method presented here a relevant technique for preparing high-quality graphene for various kind
of applications. A thorough analysis of Raman maps indicates the reduction of graphene doping
after 2SC, while the absence of Raman D peak confirms that no structural defects are introduced
in graphene. Electrical measurements show a significant improvement of the carrier mobility and
residual charge carrier density with respect to the chips processed using the traditional fabrication
procedure. The 2SC approach does not introduce defects and yields high cleanliness while being
scalable, rapid and easy to perform, with a great improvement over the existing approaches such
as thermal annealing, scanning probe cleaning, and polymer-free fabrication (stencil mask
lithography). Hence, it provides a straightforward path for the achievement of ultra-clean high-

mobility scalable graphene devices which are sought after by several applications.
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Chapter 4
Highly Sensitive CVD Graphene Hall Sensors

This chapter discusses on the potential of CVD graphene for scalable Hall sensing applications.
Fast magnetic field detection with stable performance is a potential technology area for graphene
due to its high carrier mobility and low residual carrier density. Our scalable CVD graphene,
thanks to the optimized growth, transfer and cleaning approaches - has demonstrated to yield state-
of-the-art values of carrier mobility and very low residual carrier density which would therefore
be instrumental to demonstrate high performance Hall sensors. Once fabricated, protecting the
graphene-based Hall sensors via a capping strategy would add air stability and might be an aid to
lessen the hysteric behavior. In this chapter, we demonstrate scalable high performance graphene
Hall sensors and investigate the effect of a PMMA capping layer on the stability, hysteresis, as
well as the sensitivities of the devices. State-of-the-art performance of the realized devices, based
on scalable synthesis and encapsulation, might contribute to the proliferation of graphene-based

Hall sensors.

4.1 Graphene as a Hall sensor

The demand of magnetic field sensors is firmly growing particularly in the automotive and
consumer electronics sectors, where they are used in the form of Hall effect sensors.[80,144] To
date, silicon-based Hall sensors are dominating in most applications thanks to well-developed
silicon complementary metal-oxide-semiconductor (CMQOS) technology and low fabrication costs.
However, the room temperature (RT) current sensitivity Sy of silicon Hall sensors is typically
limited to ~100 V A1 T [145] which restricts their applicability. Higher sensitivity can be
obtained when using 11I-V semiconductor materials, [145] which, however, imply higher
fabrication costs. An alternative to these materials could be graphene because of its cost and
extraordinary electrical properties. [146,147] Indeed, due to its zero-bandgap nature, the use of
graphene is limited in several electronic devices where a bandgap is required, yet in the case of
Hall sensor where this is not needed, graphene is expected to outperform conventional materials
such as silicon. Graphene, thanks to its ability to achieve extremely low carrier densities and
exceptional mobility, [146,147] has emerged as an appealing material for the development of
highly sensitive cost-effective Hall sensors that are compatible with the existing CMOS platforms.
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To date, the best-performing graphene Hall sensors have been realized using mechanically
exfoliated graphene flakes encapsulated with exfoliated hexagonal boron nitride (hBN), reaching
a current-related sensitivity (Si) of ~5700 V A T-1. [148] Hall sensors based on ultraclean
exfoliated graphene/nBN stacks were also studied at cryogenic temperatures. [149] RT
measurements (presented in the Supporting Information of ref [149]) indicate high S; ~ 8000 V
A1Tinthese devices. Indeed, hBN encapsulation is a key ingredient for the realization of highly
performing graphene-based devices because it protects graphene from contaminants and ensures
the achievement of record carrier mobility. [150] Exposure of graphene-based Hall sensors to air
leads to decreasing S, over time due to the physical adsorption of oxygen or water molecules. [139]
Devices based on exfoliated flakes of graphene and hBN, such as the one presented in ref [148],
demonstrate high performance, but this approach cannot be considered for industrial production
because the size of the exfoliated flakes is typically limited to tens of microns. This issue has been
addressed using graphene synthesized via chemical vapor deposition (CVD) on Cu, which has
been produced on a wafer scale and can be successfully integrated into semiconductor processing
lines. [151] To date, Hall sensors based on CVD graphene have shown S; ~ 1200 V A1 T-1 [152]
and remarkable magnetic resolution. [153] Scalable encapsulation of graphene, however, remains
a challenge to be solved. Graphene Hall sensors with CVD hBN encapsulation have shown
lowered sensitivity (i.e., Si ~ 97 V A1 T1), [144] although more promising results (i.e., S| ~ 1986
V A1 T1) have been obtained when using CVD hBN as a substrate below the graphene layer.
[154] Although graphene Hall elements (GHES) display enticing prospects, the demonstration of
graphene-based magnetic probes that are both highly sensitive and stable over time, while being

scalable, is currently lacking.

In this chapter, we demonstrate a facile and systematic approach to achieve high-sensitivity and
scalable graphene Hall sensors directly on technologically relevant substrate SiO2/Si, whose
performance over time can be stabilized using a polymeric encapsulation. Scalability is ensured
by the adoption of graphene single-crystal arrays grown via CVD (see figure 4.1a), which can be
used for wafer-scale integration in several applications. The fabricated Hall sensors demonstrate
carrier mobility exceeding 10* cm? V1 st and low charge inhomogeneity at the charge neutrality
point (CNP) n* ~1x10* cm. The devices have high current-related sensitivity with S, up to 5030
VAT Until now, similar values have been reported only in samples encapsulated with

exfoliated hBN, which is not an approach compatible with scalable integration. We also investigate
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the air-stability of graphene Hall sensors without encapsulation over a time of 10 weeks and find
a significant degradation in the observed performance. To address this issue, we demonstrate a
scalable encapsulation with a polymeric protective layer, poly (methyl methacrylate) (PMMA).
PMMA was used as an encapsulant for graphene Hall sensing devices. The environmental doping
effect on the performance of graphene Hall sensors is studied by electrical transport measurements
with and without the presence of magnetic field. PMMA-capped graphene Hall sensors display
reduced performance degradation, such as reduced hysteresis and doping. The scalable and facile
approach presented in this work can open a realistic path to the fabrication of highly sensitive and

air-stable CVD graphene Hall sensors.

4.2 Experimental results

4.2.1 Hall sensing device fabrication process

In order to fabricate the graphene Hall sensing devices, single-crystal CVD graphene matrixes
grown on Cu [60], were initially transferred on Si/SiO2 substrates by using the semi-dry transfer
approach described in Pargraph 2.2 (see figures 4.1 (a), (b) and (e)).[94] After transfer, the
graphene was cleaned by using the 2SC approach described in chapter 3.[155] For the device
fabrication, EBL and RIE were used to define the Hall bar geometry (see figures 4.1(c) and (f)).
Specifically, RIE was performed with oxygen (O.) and argon (Ar) plasma with a gas flow of 5/80
sccm. Afterwards, bimetallic electrical contacts (Cr: 5 nm, Au: 50 nm) were deposited by thermal
evaporation. The length of the device channel was kept at 25 pm while the width was 5 pum (see
figures 4.1(f) and (g)).

g = PMMA thickness
300

200
s D
0

500 um 0 100 200 300
Distance (um)

Height (nm)
g

Figure 4.1. Schematic drawing of a typical array of graphene single-crystals a) grown via CVD on
Cu foil, b) transferred to Si/SiOz, ¢) with fabricated Hall sensors, d) after PMMA spin-coating. €)

64



Optical micrograph of graphene crystal array transferred on a Si/SiO2 substrate. ) Hall bars
fabricated on the graphene crystal array. g) Thickness evaluation by profilometry of PMMA used
as a capping layer for graphene Hall sensor; SEM image of fabricated device in inset.

In the case of PMMA coating, a 240 nm thick PMMA (AR-P672.045 Allresist GMBH) layer was
spin coated on graphene Hall sensors with 4000 rpm for 60s and baked at 160°C for 15 minutes
(see figures 4.1(d) and (g)). The thickness of PMMA was assessed by profilometry.

4.2.2 Structural analysis by Raman spectroscopy

Raman spectroscopy was performed on the samples to assess the layer number, crystallinity, and
doping of graphene before and after PMMA deposition. Raman maps were obtained on the
graphene crystals near the Hall bars. Figure 4.2 shows representative Raman spectra obtained

before (black curve) and after (red curve) PMMA deposition.

| == Graphene with PMMA
Graphene

1400 1600 1800 2000 2200 2400 2600 2800
Raman Shift (cm™)

Counts (a.u.)

Figure 4.2. Representative Raman spectra of bare graphene (bottom) and PMMA-capped graphene
(top).

The spectra show 2 prominent Raman peaks (G peak and 2D peak), which can be fit with a single
Lorentzian function, corresponding to single-layer graphene. Before PMMA deposition, the
average peak position is found at 1581.5 + 0.9 cm™ (G peak) and ~2673+1.8 cm™ (2D peak). The
full-width-at-half-maximum (FWHM) values are FWHM(G) ~15.3+1.2 cm™ and FWHM(2D)
~25.5+1.5 cm™. The D peak, typically observed near 1350 cm™ in defective graphene, [131] is
absent, indicating high crystalline quality of our material. The 2D/G peak intensity ratio l2p/lg is
~ 4.740.6 and the area ratio Axp/Ac is ~7.8%1, both indicating doping ~10'2 cm™. [109] After
PMMA deposition, the average positions of both peaks are blue shifted to Pos (G) ~1583.9+1 cm’
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L and Pos (2D) ~2679.0+2 cm™. The other fitting parameters show a small change (less than the
standard deviation), FWHM(G) ~15.0+1.3 cm™, FWHM (2D) ~25.6+1.2 cm™, Ip/lg ~4.8+0.6,

Aop/Ac ~8.2+1. This indicates that polymer deposition has a very small effect on doping or

submicron-scale strain variation of the sample, and we can attribute the change of peak positions

[99] to a small increase of overall uniaxial (biaxial) strain by ~0.1% (0.05%). Full Raman peak

correlation data is presented in the figure 4.3.
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Figure 4.3. (a-e) Raman G peak and 2D peak scattering as a function of G peak position for

uncapped graphene (red data points) and capped graphene (blue data points). (a) 2D peak position,
(b) G peak width, (c) 2D peak width, (d) Intensity ratio of 2D peak and G peak, (e) Area ratio of
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2D peak and G peak. f) representative Raman spectra for uncapped graphene (red) and capped

graphene (blue).

4.2.3 Electrical and magnetic response measurements

Thanks to the scalable nature of our graphene, which allows for wafer scale fabrication of devices
[94],we defined several Hall bars (see figure 4.1). The set of 9 Hall bars (HB1-HB9) fabricated on
Chip 1 and shown in figure 4.1(f) were fully characterized electrically. Electrical transport
characteristics of the 9 Hall bars, plotted in figure 4.4 (a), were determined by performing field
effect measurements in ambient conditions. As shown schematically in figure 4.4 (a), source-drain
current Isp = 1 gA was applied along the channel, while sweeping the back gate voltage VG and
measuring the longitudinal voltage Vxx. Sample resistivity Rxx, shown in figure 4.4 (b), was
determined using the relation Rxx = Vxx/lIsp. As-fabricated, the charge neutrality point VCNP of
the devices was found to be near gate voltage VG ~13 V, corresponding to low p-type doping

~1x102 cm.

5
VXX T T T T T T T
— HB1
a rO I b ——HB2
Vo 4

| -10 -5 0 5 10 15 20 25 30
Ve (V)

Figure 4.4. (a) Electrical diagram of a typical transport measurement. (b) Resistivity as a function
of applied gate voltage. Different colours represent 9 different Hall bars.

The response of our devices to magnetic field was also measured to investigate their potential use
as Hall sensors. Using a permanent magnet, a fixed perpendicular magnetic field B ~0.37 T was
applied to the Hall bars, while passing constant current of 1 pA. Hall voltage Vxy as a function of
applied back gate voltage was measured and is shown in figure 4.5 (a). Carrier mobility p, shown

in figure 4.5 (b), was determined using the Drude formula p = 1/(p n e), where p is the sample
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resistivity, equal to Rxx due to the square geometry of the channel, n is the gate-induced carrier
density, determined from gate capacitance and e = 1.6x10%° C, which is the elementary charge.
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Figure 4.5. (a) Hall voltage as a function of gate voltage applied with respect to the CNP. (b)
Carrier mobility as a function of carrier density.

Carrier mobility p values were estimated at a technologically relevant carrier density n = 1x10*2
cm. Average p was found to be ~(1.2+0.1)x10* cm?V1s?, with HB2 showing p as high as
~1.4x10* cm?Vv-1s?,
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Figure 4.6. Showing the residual carrier density at the CNP, which was determined from a linear
fit of conductivity as a function of carrier density on a logarithmic scale. Inset of figure 4.6 shows
an example of the fit for HB2.
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Full n* fitting data is shown in the supplementary figure 4.7. The average value for the 9 devices
was found to be n* ~(9.5+0.5)x10° cm2,
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Figure 4.7. n* estimation for the 9 Hall bars of Chip 1 via linear fit of conductivity as a function
of carrier density on a double logarithmic scale.

We also estimate the current-related sensitivity S, of our graphene Hall sensors, which is calculated
using the following equation: Sy = Vxy/(IB), at a constant current | = 1 pA and magnetic field B =

0.37 T perpendicular to the channel. [156] The average S; was estimated to be S; ~4642+392 V A’
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171 with HB5 showing S ~5030 V AT L. The high Vxy and S, values measured in our devices
are thanks to high carrier mobility and the remarkably low n* (for CVD graphene on SiOz), which
allows us to reach low single-type carrier density in the vicinity of the CNP, a well-known pre-
requisite for high Hall coefficient. [9,119] Indeed, as can be seen in supplementary figure 4.7, we
observed slight differences in the n* values estimated on the hole and electron branches of the field
effect curves of some devices, which agree well with small Vxy asymmetry measured in the
corresponding Hall bars. To the best of our knowledge, this array of devices demonstrate the
highest S; measured in Hall sensors based on CVD graphene [152,157] , and is approaching the
sensitivity observed in Hall sensors based on exfoliated graphene with hBN encapsulation.
[148,158] As-fabricated devices show a small spread in resistivity (figure 4.4 (b)), Hall voltage
(figure 4.5(a)) and current-related sensitivity figure 4.8. The measured variation of VCNP and
other figures of merit between the devices is likely caused by the atmospheric adsorption during
device characterization. Indeed, it is well known that electrical performance of bare graphene-
based devices measured in ambient conditions can be strongly affected by atmospheric adsorbents.
[143]

P IENPRE PO PR SIS PR CERTUN G
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Figure 4.8. Current-related sensitivity as a function of applied gate voltage obtained at B ~0.37 T.

To further study the device stability in ambient conditions, we have fabricated 2 other chips (Chip
2 and Chip 3) with arrays of graphene Hall bars. Both chips were characterized initially, to verify
their quality, obtaining average carrier mobility ~10* cm? V! st in each case. Chip 3 was then

capped with a thin (~240 nm) layer of PMMA via spin coating, as described in section 4.2.1. In

70



figure 4.9, we compare the hysteresis of field effect measurements on uncapped and capped
graphene. Top panel shows the field effect measured in chip 2 (uncapped). Sweeping the back gate
voltage from -10 V to +30 V (red solid curve), we measure VCNP ~9.5 V, while on the back
sweep (orange dashed curve), VCNP is shifted to ~15.8 V, with a hysteresis AV ~6.3 V. In the
bottom panel, we show the measurements obtained on chip 3 (capped). On the forward sweep (-
10 V to 30 V, blue solid curve), we measure VCNP ~10 V, while sweeping back to 0 V (green
dashed curve), we measure VCNP ~10.9 V, which indicates a strongly reduced effect of

atmospheric adsorbents on the electrical characteristics of this device.
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Figure 4.9. (a) Hysteresis of resistivity measurements as a function of applied gate voltage. Top:
uncapped Hall bar - Forward (red solid) and backward (orange dashed) back gate sweeps. Bottom:

PMMA-capped Hall bar — forward (blue solid) and backward (green dashed) back gate sweeps.

Chips 2 and 3 were then stored in ambient conditions (temperature ~25 °C, relative humidity
~50%) for 10 weeks. To study the trend of aging, we have performed field effect measurements at
2 intermediate time periods, i.e. after 2 weeks and 4 weeks. Figure 4.10 shows the average VCNP
obtained for Chip 2 (uncapped, red) and Chip 3 (capped, blue) at various stages of aging. For
uncapped chip, there is a strong shift of VCNP over time, reaching average VCNP ~30.6+2 V
after 2 weeks, 38.5 V after 4 weeks and ~65+15 V after 10 weeks. There is also pronounced
hysteresis in this chip (shown in figure 3c, red), AV ~16.5£9 V after 2 weeks and AV ~35+20.5

V after 10 weeks. The strong increase in p-type doping, high hysteresis and pronounced device-
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to-device variation indicate that uncapped graphene is strongly susceptible to atmospheric

adsorbents, making repeated measurements hardly reproducible.
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Figure 4.10. position of CNP of uncapped (red) and capped (blue) graphene devices as a function
of aging time.

This behavior can also be seen in figure 4.11 (a), where continuous shift of VCNP is seen over
repeated back gate sweeps. In contrast, in PMMA-capped sample, repeated gate sweeping has little
effect on VCNP position 4.11 (b).
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Figure 4.11. Evolution of transfer characteristics as a function of applied back gate voltage over

several back-gate sweeps for the a) uncapped graphene device and b) PMMA-capped device.

The role of PMMA capping in Chip 3 is further demonstrated when studying the effect of aging
(figure 4.10). The position of VCNP is increased over time (VCNP ~18.3+1.1 V after 2 weeks,
~24.3 V after 4 weeks and ~35+1 V after 10 weeks), though the shift is much smaller than for
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Chip 2. Even more strikingly, as can be seen in figure 4.12, Chip 3 shows almost negligible
hysteresis over the whole aging period. AV remains ~1.0 V even after 4 weeks, finally reaching a
maximum average AV ~3.0£0.7 V after 10 weeks. This is particularly important, as small

hysteresis is crucial to obtain reproducible performance of sensors.
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Figure 4.12 Hysteresis of uncapped (red) and capped (blue) graphene devices as a function of

aging time.

Figure 4.13 and 4.14 also shows the electrical performance of 3 representative Hall bars (HB1-
HB3) on chip 3. We plot the resistivity (figure 4.13 (a)), Hall voltage (figure 4.13(b)) and S, (figure
4.13(c)) after device fabrication and PMMA capping.
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Figure 4.13. (a-c) Electrical performance of Chip 3 after PMMA encapsulation, showing resistance

(a), Hall voltage (b) and current-related sensitivity (c) as a function of applied gate voltage.
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Compared to Chip 1 (see figure 4.4 (b)), the electrical performance of the sample is slightly
reduced, but device-to-device variation is small. Even after 10 weeks we measure resistivity (figure
4.14 (a)), Hall voltage (figure 4.14 (b)) and S, (figure 4.14(c)) values which compare well with
SOTA performance of devices based on CVD graphene.
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Figure 4.14. (a-c) Electrical performance of chip 3 after 10 weeks of aging, showing resistance (a),

Hall voltage (b) and current-related sensitivity (c) as a function of applied gate voltage.

Table 4.1 compares our results to other Hall sensors presented in literature, listing figures of merit
such as Sy, 4 and n* (where available), as well as the compatibility of the adopted materials with
wafer-scale fabrication. As it can be noted, the sensitivity of our devices well compares to that
obtained with only exfoliated flakes of graphene and hBN. Yet, our devices offer scalability and

thanks to the polymeric capping approach the issue of overtime stability is also addressed.

Table 4.1. Comparison of figures of merit for graphene Hall sensors fabricated with different
approaches and the data measured in this work.

Type S M n* Potential
VALTY (cm? V1 s (cm?) scalability
Exfoliated graphene encapsulated with 5700 N/A N/A No
exfoliated hBN [148]
Polycrystalline CVD graphene 97 1200 N/A Yes
encapsulated with CVD hBN [144]
Single-crystal CVD graphene on SiO; 2745 7800 1.75x10% Yes
[119]
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Single-crystal CVD graphene 2270 ~17 000 N/A No
encapsulated with exfoliated hBN on
Kapton [159]

This work ~5030 ~12 000 9.5x10%0 Yes

(~2130 after 10
weeks)

4.3 Conclusions

In this chapter, we have demonstrated a facile and scalable approach to fabricate highly sensitive
graphene-based Hall sensors. As-fabricated, our devices have high average carrier mobility
~1.2x10* cm?Vv-1st with a low residual charge carrier density <1.0x10% cm, This allows us to
reach high Hall voltage, corresponding to average current-related Hall sensitivity of ~4600 VA
T-1 (with the best-performing device showing >5000 VA™T1), which is a record value for devices
based on CVD graphene. We use a polymeric (PMMA) capping to minimize the effects of
atmospheric adsorbents, thus ensuring stable performance (i.e. low hysteresis <1 V) of our devices
even when measured in ambient conditions. Furthermore, PMMA capping slows down the
degradation of device performance even when stored in air for prolonged times (up to 10 weeks).
It is also notable that the deposition of PMMA capping does not require highly specialized
equipment (i.e., only a simple table-top spin-coater and a hotplate) and provides a simple way to
stabilize the fabricated devices for ambient environment measurements. However, more detailed
research of wafer-scale encapsulants, providing scalable, ambient stable graphene based Hall
elements is very much necessary for future integration of graphene in upcoming magnetic sensing
technologies. Our work ultimately demonstrates that monocrystalline CVD graphene on Si/SiO2
can be a viable material for scalable production of Hall sensors whose performance exceed those
fabricated using conventional technology.
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Chapter 5

Graphene pn-junction as a visible light photovoltaic sensor

In this chapter, a facile and scalable approach to design a stable graphene pn-junction based
photodetector is described. In particular, fast and stable detection of visible light is vital in
optoelectronic devices while utilizing them in different technologies i.e., automotive application.
However, due to gapless and atomically thin nature, bare graphene usually shows low absorption
of light which limits its use in photodetection. Therefore, an alternative to bare graphene is needed.
For this purpose, we have demonstrated an approach to create stable graphene pn-junction
fabricated by using EBL technique. These graphene pn-junctions are ambient stable owing to a
thin PMMA layer deposited on top, which not only provides the stability to the device but — if
opportunely tailored — can also act as an antireflective coating [160] and hence boosts the light
sensing performance. We have investigated the electrical and optical performance of graphene
based pn-junction devices thoroughly followed by structural and doping analysis by Raman

spectroscopy.

5.1 Advantage of graphene pn-junction for visible light detection

Photodetectors are key components for different types of technologies such as optical
communication in vehicles,[81] and in other technological applications where photonic circuits
are needed.[10,78,161] Graphene, owing to its exceptional properties, has shown a great potential
not only for electronics but also for optoelectronic applications [113] becoming one of the best
candidate materials for converting light signals into electrical signals in future photonic
devices.[162-166] Due to the zero-bandgap, graphene is ideal for broadband light detection,
although is atomic thickness limits its light absorption and solutions are called to augment the

photoresponse of graphene-based photodetectors.[167,168]

The idea of a p—n junction was first presented by Ohl [169] in 1941 at the Bell Laboratories.
Basically, a p—n junction was designed at the lateral interface between n-type and p-type silicon.
At the interface, charge rearrangement took place, producing a built-in potential which helped in
the separation of the excited electron and holes when the energy of incident photons exceeded the

bandgap of silicon, facilitating its applicability in optoelectronic devices.[170]
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To exploit the full potential of graphene as a visible light photodetector, the fabrication of graphene
pn-junctions, which are pivotal in semiconductor-based photodetectors [171,172], is required.
Over the years, different type of procedures have been employed to fabricate graphene pn-
junctions for light detection such as multiple gating,[173,174] chemical doping, [175] different
metal contact deposition, [176] and lateral junctions with other 2D materials.[177,178] However,
all the methods mentioned above present technological limitations that need to be overcome.
Various systems have been already employed to boost the performance of graphene-based
photodetector such as graphene decorated with quantum dots, where the detector speed needs to
be improved, and integration into photonic waveguides, which is not trivial in terms of fabrication
steps (being the adopted photonic structures complex).[179-181] [182] [183].

In recent times, there has been a quite extensive amount of research devoted to defining the doping
in graphene while using focused ion or electron beams.[184,185] In particular, it has been
experimentally shown that by controlling the energy of the focused electron beam, a p-type or n-
type doping of graphene can be achieved.[186] To date, graphene based pn-junctions defined by
electron and ion beams have been demonstrated while using mechanically exfoliated graphene and
often measured in vacuum atmosphere.[186-188] To augment the technological potential of these
solutions, one would need to extend the study to CVD-grown graphene and perform measurements

in ambient conditions.

Here, we demonstrate an approach to define lateral pn-junctions on scalable CVD-graphene by
partially exposing the graphene device channel with electrons while protecting the device with a
thin PMMA layer. PMMA layer semi-encapsulation of the graphene channel helps to preserve the
doping created by the electron beam and thus define a pn-junction (irradiation induces band
bending at the SiO2/graphene). Electron-hole pairs are generated in graphene and charged carriers
are trapped at the interface of Si/SiO2 due to the mismatch of Fermi energy.[187,189] The as
designed graphene pn-junctions are used as a visible light sensors at zero applied bias displaying
self-powered photodetection mechanism. A large photoresponse compared to bare graphene is
achieved without applying any external bias while shining the light at the lateral graphene pn-
junction. This methodology allows us to define stable CVD graphene pn-junctions and utilize them
as self-powered visible light sensors, demonstrating the potential of graphene for low power

consumption optoelectronics.
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5.2 Experimental results and discussion

5.2.1 PN-junction device fabrication process

Firstly, the graphene single-crystals were grown by using CVD within a cold wall reactor with a
procedure reported in reference[60] and already described in detail in chapter 2. The graphene
single-crystals were then transferred on Si/SiO2 by using the semi-dry transfer technique reported
previously and discussed in chapter 3.[94,155] Afterwards, electron beam lithography was
implemented to define the device (GFET) channel at 20 kV and 60 um aperture with ~ 0.85 nA of
current and at 270 uC/cm? of dose. The extra graphene was etched away by using reactive ion

etching with oxygen and argon plasma with flow of Ar/O2:5/80 sccm.
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Figure 5.1. Schematics (a-d) depicting the process flow of fabrication of CVD graphene pn-

junction and its use as a visible photodetector. Half of the channel is exposed with e-beam to create

n-type doping.

The metallic contacts were later deposited on graphene by following the same electron beam
lithography procedure. A positive e-beam resist (PMMA AR-P 672.045) was always used in each
step of lithography. In addition, once the graphene FET was ready, a layer of ~ 240 nm PMMA
was deposited and half channel of the graphene device was exposed to the electron beam radiation
in a controlled manner with scanning electron microscope (SEM) at 20 kV acceleration voltage

and 500 pC/cm? dose with nearly ~ 1 nA of current for 8 seconds. A schematic depiction of the
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graphene pn-junction fabrication process is shown in figure 5.1. The size of graphene device

channel was of 30 um in length with a width of 6 um.

5.2.2 Raman spectroscopy analysis of the pn-junction

Firstly, to elucidate the impact of e-beam irradiation on the graphene channel, Raman spectroscopy
was used to investigate the structural and doping profile. Raman spectroscopy was performed on
both the unexposed and the electron beam exposed portion of the device. In particular, figure 5.2
(a) is depicting the D-peak Raman intensity map of the unexposed and the e-beam exposed
graphene with their respective spectra in figure 5.2 (b). It can be evidently seen that the exposed
graphene region possesses a clear D-peak at ~ 1341 cm™, while unexposed graphene does not

present it.
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Figure 5.2. (a) Raman mapping of the D-peak intensity on the channel of graphene pn-junction

field effect transistor (FET); (b) Raman spectra of both e-beam exposed and unexposed graphene

after electron irradiation.

The appearance of a D-peak in e-beam exposed graphene is due to the lattice defects created after
electron bombardment.[185] The average value of the intensity ratio of D and G-peak (Ip/lg) for
the e-beam exposed graphene is ~ 0.75+23 while for unexposed graphene is ~ 0 as expected and
depicted in figure 5.3. The intensity ratio of the D and G-peak is indicative of the structural

integrity (i.e., presence of defects) of graphene and the data confirm that e-beam
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Figure 5.3. Depicting intensity ratio of the D and G-peak of the e-beam exposed portion of the

graphene channel.

exposed graphene portion is more defective compared to the unexposed graphene portion. Figure
5.4 (a) shows the correlation plot of the intensity ratio of 2D and G peak (l2o/lg) and the G peak
position in the graphene channel. The average value of Iop/lg for unexposed graphene is around
~5 while for exposed graphene it is nearly ~ 2.8 which is due to the 2D peak intensity decreases
after electron beam irradiation confirming graphene quality degradation.[187] Another reason for
the decrease in I2p/lg can be considered the amorphization of graphene, [184] under electron beam
irradiation. However, the amporphization usually happens for long exposure time (> 50s), [187]
while in our case the exposure time was ~ 8s. Furthermore, the average value of the position of G-
peak for the unexposed graphene channel is around ~1584 cm™ compatible with what measure for
p-type doped graphene due to ambient exposure during transfer and device fabrication

process.[139]
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Figure 5.4. (a) Depicting the intensity ratio of the 2D and G-peak; (b) 2D peak position as a

function of G-peak position of e-beam exposed and unexposed graphene channel.

process.[139] However, for the electron irradiated graphene the G-peak position is higher, around
~1585.9 cm™ as depicted in figure 5.4 (b). The strong blue shift in the G-peak position of graphene
after electron beam irradiation could be attributed to the charge transfer from the electron
irradiation resulting in n-type doping of graphene [190], similar to what reported in [186]. In
addition, the position of the 2D-peak does not show any strong shift or dependence to the electron
irradiation as depicted in figure 5.4 (b). Additionally, we plot the Raman correlation maps of the
full-width at half maximum (FWHM) of G-peak and the area ratio of the 2D and G-peak versus
the position of the G-peak as depicted in figure 5.5 (a) and (b), respectively.
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Figure 5.5. (a) FWHM of G-peak as a function of G-peak position; (b) area ratio of 2D and G-peak

position of e-beam exposed and unexposed graphene channel.

The FWHM of the G-peak for the unexposed graphene channel averages at ~ 12.7 cm™ wile for
exposed graphene is around ~ 10 cm™ as shown in figure 5.5 (a). Figure 5.5 (b) is depicting the
area ratio (A2n/Ac: similar to what found in panel 5.4 (a) for the exposed graphene region the area
ratio of the 2D and G peak is lower (~ 7.9) than for the unexposed one (~ 10.8), a further indication
of defect formation in the irradiated portion of the channel.[102,155] In conclusion, Raman

analysis indicates that irradiating graphene with electron beam induces defects and doping in the

crystal.
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5.2.3 Electrical properties investigation

We now move to study the electrical behavior and doping profile of the devices by electrical
characterization. After graphene FET fabrication, and before e-beam irradiation of the channel,
electrical measurements were performed in four probe configuration. A constant current of 1 pA
was applied to the graphene channel and the voltage drop was measured while applying a back
gate voltage using Si as a back gate by following the same approach discussed in chapter 3 and
chapter 4. The bare graphene device shows a CNP value ~ 5.5 V in ambient at room temperature
(blue line in figure 5.6), indicating p-type doping as it is typically observed in as fabricated

graphene FETs (as a consequence of ambient exposure and polymeric residues).
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Figure 5.6 Transfer curve of the graphene FET device measured before and after creating the pn-

junction with e-beam irradiation.

However, when part of the graphene channel is irradiated with controlled electron beam, the
resistance measurement shows two separate peaks, at ~-1.5 V and ~27.5 V, corresponding to
different CNPs in the p-type and n-type regions of the graphene channel. The band bending at the
SiO2/graphene interface arises when energetic electron beam irradiates the sample. Electron-hole
pairs are generated in graphene and charged carriers are trapped at the interface of Si/SiO> due to
the mismatch of Fermi energy.[187,189] The so-generated static electric field induces an n-type
doping in graphene.[187] An increase in p-type doping in the non-irradiated region might arise
due to atmospheric exposure,[139] as graphene is exposed to air during some steps of the

fabrication process.
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The mobility of charge carriers is an essential factor to asses the quality of the graphene device.
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Figure 5.7. Displaying the electron and hole mobility of bare graphene device immediately after

fabrication in ambient at room temperature.
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Figure 5.8. (a) Depicting Electron and hole mobility as a function of carrier density of p-type
graphene; (c) and n-type graphene channels created with focused e-beam.

Figures 5.7 and 5.8 depict the mobility of both holes and electrons in bare graphene and in p-n

junction graphene created by e-beam irradiation, respectively. Before the junction fabrication the
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mobility of hole (un) and electron (e) is 6604 cm?/Vs and 5780 cm?/Vs, at a carrier concentration
of 10%2 cm™, which falls within the upper range for non-encapsulated graphene on SiOz in ambient
conditions reported.[94,112] After the e-beam exposure, the electron and hole mobility for p-type
graphene is observed around pe ~ 6516 cm?/Vs and pn ~ 4518 cm?/Vs. In the p-type portion of the
device, the electron mobility remains almost unchanged while a decrease in the hole mobility is
observed which might be due to the fact that graphene is exposed to ambient several times during
p-n junction fabrication. Additionally, the air exposure usually makes graphene more p-doped,
leading to a higher hole density and consequently lowering hole mobility due increased carrier
scattering.[139] While, in case of n-type channel, both hole and electron mobilities decrease
compared to pristine graphene showing values of pe ~ 4478 cm?/Vs and pn ~ 5569 cm?/Vs. The
reduction in the carrier mobility of the n-type region can be attributed to the carrier scattering from
defects created in graphene after electron beam irradiation.[191] Meanwhile, a slight decrease in
the channel resistance is observed in graphene p-n junction which might be due to the PMMA
coating which leads to interface charge trapping suppression via blocking adsorption of O, and
H>0 molecules from ambient.[192] For each type of graphene channel, electron and hole mobility
values were calculated by using Drude model at technologically relevant carrier density of 1 x 10*2
cm2.[120]

5.2.4 Optical response of the pn-junction device
After investigating the structural properties and doping profile of graphene pn-junction devices

with Raman and electrical measurements, we move to characterize their optoelectronic properties.

Laser (532 nm)
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Figure 5.9. Displaying three different regions of the graphene pn-junction device where the laser

is focused to detect any possible photocurrent.

In particular, these pn-junction based on PMMA covered graphene are used as visible light sensors.
In order to detect the light, the pn-junction was initially placed in the optical system (Raman
spectrometer) while the source-drain contacts were used to detect any possible current generation
at the junction after shining the light. For this purpose, the graphene pn-junction FET device was
placed under a laser of 532 nm of wavelength, focused with a microscope optics (50x
magnification) and a spot size of 2 um. The laser was focused on three different areas of the
channel: the unexposed region (p-type), the e-beam exposed region (n-type) and the pn-junction
as shown in the schematics in figure 5.9. In particular, zero external source-drain bias (Vsp = 0)
and gate bias (Ve = 0) was applied to the device in order to investigate the possible self-powered
nature of the device. When the laser with a power of 12 mW was illuminated on the unexposed (p-
type) graphene channel a negligible change in the source-drain current was observed as expected

due to low light absorption of graphene as shown in figure 5.10.[193]
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Figure 5.10. Representing source-drain current (Isp) of the graphene pn-junction as a function of
source-drain voltage (Vsp) in the dark mode and under laser shined on p-type, n-type and at pn-
junction separately at V¢ =0. Laser of 532 nm wavelength with a power of 12 mW and spot size

of ~ 2 um is used.
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A similar effect of light illumination was observed on the e-beam exposed (n-type) side due to
negligible amount of light absorption by graphene depicted in figure 5.10. This negligible change
in Isp might be due to the compensation of doping for graphene on SiO2 under laser
illumination.[194] However, when the laser was focused on the junction created after controlled
e-beam irradiation, an obvious amount of change was observed in Isp which is assigned to the
photocurrent generation at the junction as shown in figure 5.10. The reason behind the
photocurrent generation at the graphene pn-junction can be due to the photovoltaic effect as
previously also observed for lateral graphene pn-junctions.[172,187,193,195] A schematic of the
photovoltaic mechanism behind the photocurrent generation is depicted in figure 5.11. In
particular, when the laser is illuminated at the graphene pn-junction, electron-hole pairs are
generated which are further separated by the built-in electric field at the junction, showing self-

powered mechanism.

Figure 5.11. Schematic of photovoltaic effect, responsible for photocurrent generation at the
graphene pn-junction under laser illumination. Laser of 532 nm wavelength with a power of 12

mW and spot size of ~ 2 um.

To understand the time response of the pn-junction graphene photodetector, the laser was switched
on/off on the three different regions of the device. Figure 5.12 is depicting the photocurrent
generated at p-type, n-type and at pn-junction of graphene as function of time where laser is
switched on/off manually at 20 s of interval at zero applied gate and source-drain bias (Ve = Vsp

= 0). The photocurrent (lphoto) generated at n-type and p-type is around ~2 nA and ~ -2 nA,
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respectively, while at pn-junction is around ~ -120 nA. It can be clearly seen that the photocurrent
(lphoto) generated at the pn-junction is 60 times higher than the value observed for exposed or
unexposed graphene. The photocurrent generated at graphene p-n junction is comparable to the
previously reported values of lateral graphene p-n junction photodetectors.[187,196—198]
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Figure 5.12. photocurrent generated at n-type, p-type and at the pn-junction as a function of
switching on/off time at Vsp = Vg = 0. Laser of 532 nm wavelength with power of 12 mW and
spot size of ~ 2 um is used. The polarity of the photocurrent generated at the graphene pn- junction
is in clear agreement with the polarity of the p—n junction characterized electrically as shown in

figure 5.6.
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Figure 5.13. (a-b) Zoom in of the time scale as a function of photoresponse of the PMMA protected

graphene based pn-junction photodetector showing rise and fall time.

The rise and fall time of the pn-junction photodetector were recorded at a power of 6.0 mW while
the laser was switched on/off manually and the relative measurements are shown in figure 5.13. In
particular, the value of the rising time was recorded to be ~ 197 ms and the falling time was ~ 198
ms. The response time is possibly limited by the measurement setup rather than the photodetector
itself as the laser was manually switched. To better understand the behaviour of our graphene p-n
junction photodetector, we compared the photo response at different values of laser power. In
figure 5.14, the Isp versus VSD is shown for different laser power on p-n junction (VG = 0): a
clear increase in Isp as a function of the laser power is observed, due to more electron-hole pairs

generated at the junction.
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Figure 5.14. Depicting source-drain current (Isp) of pn-junction as a function of applied source-
drain bias (Vsp) at zero gate voltage (Ve = 0). A laser of 532 nm wavelength at power 1.2 mW,
6mW and 12 mW was used.

Another comparison can be directly made between the optical power applied to the pn-junction
photodetector and the photocurrent generated. A clear representation is made in figure 5.15

showing the increase in photocurrent with the applied optical power.
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Figure 5.15. Depicting photocurrent as a function of optical power applied to the pn-junction

device. The laser of 532 nm wavelength at different power of 1.2 mW, 6 mW and 12 mW is used.

Additionally, the photoresponse of the pn-junction photodetector was measured as a function of

time at different applied optical power for the same device channel while the laser was switched
on/off each 20 s manually.
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Figure 5.16. Portraying photocurrent as a function of laser switching at different laser optical

power.



As expected, the photocurrent increases after each increment in the optical power and the
photoresponse is stable at each applied optical power as depicted in figure 5.16. This optical

response is recorded at zero applied source-drain and gate voltages (Vsp = V¢ = 0) showing a self-
powered behavior.

One of the main characteristics of a photodetector is the responsivity, which can be calculated by
using relation;

Responsivity = Iphoto/P Eq. 4.1

where P is the optical power and Iphoto is generated photocurrent. The calculated responsivity in
our case is ~ 18 pA/W for laser power of 1.2 mW shown in figure 5d while comparing the

responsivity with optical power, which is on par for lateral graphene p-n junction.[196,197,199]

It is important to note that bare graphene photodetector suffers the lack of electrical stability and a very
slow response due to the continuous ambient exposure triggering photo-induced molecular adsorption on
graphene surface.[200] The semi-encapsulated graphene pn-junction photodetector presents
enhanced stability, similar to what reported in [201,202], as shown in figure 5.17.
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Figure 5.17. (a) Showing photocurrent of air exposed graphene photodetector without pn-junction

and PMMA protection; (b) photocurrent of PMMA passivated graphene pn-junction photodetector
at 532 nm laser wavelength.
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Furthermore, to includie graphene-based visible light sensors in technological applications such as

in the automotive field, scalability and reproducibility of the adopted techniques should also be
considered.
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Figure 5.18. (a) Optical image of 5 pn-junction photodetector devices on same chip; (b) image of
graphene pn-junction photodetector mounted on Raman system for optical characterization; (c-d)

photocurrent and responsivity of 5 different pn-junction photodetectors at 6 mW of power and 532
nm laser wavelength.

Therefore, we have fabricated five different PMMA capped graphene based pn-junction

photodetectors on a single chip. In particular, the photocurrent generated at each device and the
corresponding responsivity are shown in figure 5.18.
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Figure 5.19. Depicting the resistance as a function of applied back gate voltage of PMMA capped

graphene pn-junction device and after PMMA removal.

The results demonstrate a reproducible behavior for the visible light photodetectors. Additionally,
figure 5.19 shows that the n-type doping of the graphene photodetector is protected by the thin
PMMA layer. Once the PMMA layer is removed, the n-type doping gets erased due to ambient
exposure[139] and the device becomes p-type again with the junction behavior erased as well.

5.3 Conclusions

In this chapter, we have demonstrated a simple, reproducible and scalable approach to realize CVD
graphene based pn-junctions by using electron-beam irradiation. Raman and electrical
measurements confirms the pn-junction formation in CVD graphene by e-beam irradiation. The as
-abricated graphene pn-junctions are employed as a visible light sensor. The graphene pn-junctions
present photocurrent generation of about ~ 120 nA and a reasonable responsivity of ~ 18 nA/W
with response time of ~ 197 ms at 532 nm and 12 mW of laser wavelength and power, respectively.
We assign the photoresponse in our graphene pn-junctions to the photovoltaic effect as the
electron-hole pairs are generated at the pn-junction due to the light absorption and further separated
by built-in electric field. Moreover, this work shows the possibility of using electron beam
irradiation and PMMA semi-encapsulation to create stable and scalable pn-junction based on CVD
graphene which might be of interest in different technological applications including those in the

automotive sector.
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Chapter 6

Interfacing graphene with rubbers: from electrical properties to
functionalization studies

Graphene high thermal and electrical conductivity, and peculiar tribological properties (e.g., high
Young modulus and breaking strength) make it an enticing candidate for tire applications. To this
end graphene needs to be included in rubber blends and the effect of the interfaced rubbers on the
properties of graphene needs to be unveiled. In this chapter, we explore from a fundamental
perspective the potential integration of graphene and rubbers by investigating the effect that
different rubbers, typically adopted in tire industry, have on the electronic properties of graphene.
Additionally, graphene functionalization with different organic molecules that could be adopted
in rubber blends is also carried out to investigate whether functionalization approaches could be

put in place to improve graphene dispersion in the final composite material.

6.1 Graphene and graphene-based materials in tires

Rubbers, due to their viscoelastic nature and peculiar properties, have enabled different
applications, and have a widespread use in the tire industry.[203] In tires, reinforcing fillers are
mixed within rubbers to increase tire longevity, strength and in some cases to decrease greenhouse
emissions. Carbon black is a popular filler due to its high tensile strength.[84] However, carbon
black’s recognized drawbacks are lack of improvement in rolling resistance and wet traction.[84]
Moreover, carbon black is typically a derivative of crude oil and its production generates
substantial waste and greenhouse gas emission. Currently, silica is also widely used as a filler
material within tires.[204] It delivers superior resistance to wear and tear, lower heat build-up and
improved tensile strength.[205] However, the lack of dispersity is particularly an issue with silica
particles when being compounded in non-polar rubbers.[84] Recently, research has shown that
graphene-based materials are potential candidate fillers: even low loadings of graphene have
shown to provide rubber composites with improved mechanical properties.[84] Nowadays,
graphene-enhanced tires are present in the market.[86] Major claims for such tires are improved
grip, wear and weight reduction, and thermal dissipation as well as reduced weight. Yet, the
dispersion of graphene in a rubber matrix is still a challenging task due to the high specific surface

area and the van der Waals interactions characteristic of the material.[206] To obtain optimal
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graphene and rubber composites, graphene needs to be homogeneously dispersed within the rubber
matrix. The influence of graphene and graphene-based materials on the vulcanization process of
the rubber composite should be fully understood as well as how to generate a strong interfacial
interaction between graphene and rubbers. Also, the resulting properties of the final composite
such as electrical conductivity which shall be guaranteed to avoid static charge buildup on the
vehicle shall be investigated. To date, graphene functionalization has been shown to be essential
to activate the interfacial interaction between graphene and rubbers [207] and might be a potential
tool to improve dispersion and positively influence electrical conductivity. While choosing the
functionalizing agent care should be posed (as for the fillers) due to increasing global warming
issues so to reduce greenhouse gasses. To date, nitrogen containing compounds such as pyrroles
and tetrazoles have been shown to hold great potential as functionalizing molecules for graphene
in rubber blends.[208]

In this chapter, we investigate the electrical properties of graphene interfaced with rubbers, and
investigate potential graphene functionalization pathways. We initially probe the interaction
between rubbers and CVD graphene to understand at a fundamental level what are the effects of
these rubbers on the properties of graphene. Different characterization techniques such as Raman
spectroscopy, AFM and electrical transport measurements are utilized to assess changes in the
properties of graphene when interfaced with rubbers. Then, we investigate CVD graphene
functionalization with a simple, sustainable, environmentally friendly and economically viable
method, suitable for large scale development while maintaining the ideal graphene structure.
Different functionalizing molecules such as pyrrole and tetrazole are exploited for this purpose.
Finally, functionalization of graphene inks with tetrazole is explored as a realistic route for tire
applications.

6.2 Experimental methods and results

Graphene single-crystals were synthesized and later deposited on SiO»/Si substrates by using the
CVD [92], semi-dry transfer and 2SC cleaning approaches [155] described in chapters 2 and 3. By
using the 2SC a very clean graphene surface could be ensured, thus allowing us to fully assess the
doping effect of different rubbers and molecules on graphene. To understand the doping effect of
rubbers and molecules on CVD graphene, Raman spectroscopy measurement were conducted by
using a Renishaw InVia system accompanied with a 532 nm laser and x100 objective.
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Additionally, back gated graphene FETs were patterned by using EBL as discussed in chapter 2.
The electric field effect was measured by using a pair of Keithley 2450 source-measure units for

a 4-terminal resistance measurement and back-gate sweep.

The polymers NeocisBR (cis Polybutadiene) and SLR (Styrene 1,3- butadiene copolymer) were
supplied by Versalis (Italy) and TRINSEO LIMITED (UK), respectively. Before depositing the
polymers on graphene, 0.85 g of each polymer were diluted with 30 ml of toluene and stirred at
500 rpm at room temperature for 24 hours in a dark environment. The diluted solutions were then
spin coated on the SLG graphene/SiO2 samples at 3000 rpm for 60 seconds to obtain a thin uniform
film of the polymers on the two different materials. The substrates were then heated at 120°C for
30 minutes to completely remove the residual solvent which was used to dilute the polymers. To
get the information about the surface morphology of graphene and of the deposited thin films,
atomic force microscopy (AFM) was performed with a Dimension ICON-PT (Bruker) and care

was taken to avoid damaging the surface with the tip.

For heterocyclic molecule functionalization, both pyrrole and tetrazole were dissolved in THF
(tetrahydrofuran) at concentrations varying from 0.1 mM to > 9mM and then drop casted on
graphene. Raman spectroscopy was performed to analyze any doping and functionalization effect.
Additionally, graphene inks were also utilized as ideal playgrounds to attempt functionalization
instead of CVD graphene. To this end, graphene inks were sonicated in acetone for 15 minutes
and then the tetrazole molecule was added to the solution and sonicated again for 15 minutes in a
ratio of 2:1 respectively. Later, the solvent was stirred at 500 rpm and heated at 180°C for 3 hours
to induce covalent functionalization. Afterwards, the graphene ink with tetrazole was centrifuged
and washed several times in acetone and then deposited on SiO/Si substrates. Raman spectroscopy

was performed to investigate the functionalized inks.

6.2.1 Morphology of rubbers deposited on graphene

In order to better understand the interactions between rubbers adopted in tires and graphene and
facilitate the modeling of complex blends we started by investigating the morphological
characteristics of rubbers deposited on CVD graphene. Specifically, two different types of high
molecular weight rubbers were used for this purpose, i.e., NeocisBR and SLR, which are used for
tire applications. Morphological characterization of CVD grown SLG where rubbers where

deposited via spin-coating, was performed by AFM as shown in figure 6.1. More specifically,
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figures 6.1 (a),(d) are showing the topography and height profile images of the edge of a graphene
crystal transferred onto SiO2/Si by using the 2SC method as explained in chapter 3. The RMS
roughness of the pristine graphen surface is ~ 0.6 nm. After deposition of NeocisBR on graphene
a homogenous carpet could be observed in topography (Figure 6.1b) and the measured RMS
roughness was observed to be ~ 0.65 nm. AFM analysis performed for graphene after deposition
of SLR revealed a similar morphology with surface roughness of about ~ 0.9 nm as illustrated in

figure 3f with height profile in figure 6.1 (c).
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Figure 6.1. AFM images and relative line profiles of (a, d) pristine CVD graphene, (b, €) NeocisBR
on graphene and (c, f) SLR on graphene.
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The AFM analysis indicates that NeocisBR and SLR films are homogeneously distributed on the

graphene surface after spin coating.

6.2.2 Raman spectroscopy of graphene with deposited rubbers

After AFM, we conducted Raman spectroscopy to investigate in a non-destructive way the effect
of rubbers on the electrical and chemical properties of graphene. [95] Figure 6.2 is depicting the
Raman spectra of bare graphene on SiO2/Si (blue line), NeocisBR (black line) and NeocisBR

deposited on graphene (red line).

;Graphene/NeocisBR

NeocisBR

Intensity (a.u.)

Graphene

It

1400 1600 " 2600 2800
Raman shift (cm™)

Figure 6.2. Depicting the Raman spectra of graphene on Si/SiO2, NeocisBR and graphene with

NeocisBR on top. Raman spectroscopy was performed with a laser of 532 nm of wavelength.

The 2D-peak position in bare graphene was located at ~2674.1 cm™ while the G-peak at ~1582.8
cm, originating from second order phonon and C-C bond stretching, respectively.[209] These
values agree well with those reported in Table 3.1 of chapter 3 for graphene cleaned with the 2SC
approach. The Raman spectra of NeocisBR shows a strong peak at ~1650 cmt, in agreement with
literature.[210] After depositing the NeocisBR on graphene, the 2D-peak and G-peak values were

shifted to higher values by ~3 cm™ and ~2.6 cm™ respectively. The shift in the peak positions
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towards higher value can be related to the doping occurring in graphene after NeocisBR deposition,
which can also be confirmed in figure 6.3a.[211] The FWHM of the 2D is instead found to be very
similar before and after deposition of NeocisBR (figure 6.3b), indicating no significant changes in
the strain inhomogeneigty distribution within graphene. Finally the decrease In FWHM of G in
figure 6.3d is a further indication of the doping effect of the polymer. Other important parameters
one can extract from Raman spectra to evaluate doping effects in graphene are the area Axp/Ac
and intensity ratios lop/lc of 2D and G-peak of graphene.[102] Azp/Ac was initially ~8.3 while
after depositing NeocisBR became ~7.2, an indication of doping in graphene (see figure 6.3 (c)).
Similarly, for bare graphene the value of l.p/lc was nearly ~4.7 while after depositing NeocisBR

was around ~3.1, ad additional indication of graphene doping upon NeocisBR deposition (see

figure 6.3 (e)).[100]
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Figure 6.3. Portraying the Raman correlation of (a) Pos(2D) vs Pos(G), (b) FWHM(2D) vs Pos
(G), (c) area ratio of 2D and G-peak, (d) FWHM (G) vs Pos (G) and (e) intensity ratio of 2D and

98



G-peak for bare graphene (blue) and graphene with NeocisBR (red). Raman spectroscopy was

performed with a laser of 532 nm of wavelength.

Raman spectroscopy was performed also after depositing a SLR film on graphene (see figure 6.4).
The 2D and G-peak position of bare graphene were, again in agreement with Table 3.1 of chapter
3, recorded around ~2675.5 cm™ and ~1583.6 cm™, respectively. A measurable indication of
doping was retrieved in this case as well after depositing SLR on graphene with a shift towards
higher values of the 2D and G peaks of ~6.7 cm™ and ~2.8 cm%, respectively. For SLR, a strong
Raman signal around ~1650 cm™ with some other low signals around ~1450 cm™ and ~1300 cm’

! was measured, in agreement with literature. [212]

y
7/F

Graphene/SLR

Intensity (a.u.)

A Graphene

1400 1600 " 2600 2800

Raman shift (cm™)

Figure 6.4. Showing the Raman spectra of graphene on Si/SiO2, SLR, and graphene with SLR

deposited on top. Raman spectroscopy was performed with a laser of 532 nm of wavelength.

The relevant ratios Axp/Ag, l20/lc, FWHM(G) and FWHM(2D) showed also a similar behavior
to those measured for NeocisBR. The value of A2p/Ac was around ~6.8 for bare graphene and

later reached ~3.7 after SLR deposition while the I2p/lc was initially ~3.3 and later decreased to
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~2 as shown in figure 6.5. Again, the FWHM of the 2D peak was found not to change after
deposition of SLR, while the FWHM of the G peak inreased.
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Figure 6.5. Portraying the Raman correlation of (a) Pos(2D) vs Pos(G), (b) FWHM(2D) vs Pos
(G), (c) area ratio of 2D and G-peak, (d) FWHM (G) vs Pos (G) and (e) intensity ratio of 2D and
G-peak for bare graphene (blue) and graphene with SLR (red). Raman spectroscopy was

performed with a laser of 532 nm of wavelength.

Notably, no graphene D-peak was observed upon deposition of both NeocisBR and SLR
confirming that there was no defect formation in graphene after deposition of these thin layers,
and therefore no covalent functionalization. In conclusion, Raman analyses show that SLR and

NeocisBR deposition on graphene induce doping but no structural modification.

6.2.3 Electrical properties of graphene interfaced with rubbers

While Raman can only provide a qualitative indication of SLR/graphene and NeocisBR/graphene

doping, electrical measurements can provide a quantitative evaluation. For this purpose, we have
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fabricated graphene based FETs by using EBL, and performed electrical measurements in four-
probe configuration. Figure 6.6 is depicting the optical image of a typical graphene FET realized

for this purpose (panel (a)), together with a sketch of the electric field measurement configuration
(panel (b)).
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Figure 6.6. Optical image of graphene FET covered with polymer (NeocisBR or SLR); (b)

schematics of back gated graphene FET device.

Initially, the field effect measurement was performed on a FET device fabricated on bare graphene
and the CNP value was observed to be around 2.2 V, further confirming that graphene after 2SC
is very much electrically neutral. After coating the device with a thin layer of NeocisBR, the CNP
reached 15.26 V, as shown in figure 6.7 (a). Similarly, after SLR deposition the CNP reached
29.67 V (shifting from an initial 13.4 VV measured for the bare graphene device) as depicted in
figure 6.7 (b). The CNP shift measured after rubber deposition is indicative in both cases of

graphene p-type doping [213].
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Figure 6.7. Showing resistance curve as function of applied back gate voltage (a) before and after

NeocisBR deposition, (b) before and after SLR deposition.

In particular, both hole and electron mobility values were found to decrease after deposition of
NeocisBR and SLR. The average mobility of pristine graphene was measured to be around ~ 8000
cm?V 1st (~ 7750 cm?V s 1) and was reduced down to ~ 4200 cm?V 1s ! (~ 3300 cm?V ts-
1y after NeocisBR (SLR) deposition. The reason behind the reduction in mobility is likely related
to the charge carrier scattering induced by the interaction between the rubber layer and graphene.
Nonetheless, no obvious change in the resistivity of the graphene is observed after interfacing it

with both rubbers.
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Figure 6.8. Displaying CNP evolution of graphene after deposition of SLR and NeocisBR.

The reported behavior was confirmed by fabricating 10 different devices. Also in this case a similar
shift was observed in CNP values after SLR and NeocisBR depositions as shown in figure 6.8. In
conclusion, it is evident from both Raman and electrical measurements that graphene upon
deposition of SLR and NeocisBR displays increased doping while structurally no damage is

observed.
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6.3 Graphene functionalization with heterocyclic molecules

After investigating the effect of rubbers at nanoscale on graphene properties, the next step was to
identify a molecule which can be produced through a sustainable and eco-friendly approach and
used to functionalize graphene to improve dispersion of graphene in rubber blends. Nitrogen
containing compounds are very widespread in nature and, among them, particularly suitable for

tire applications are pyrrole and tetrazole based molecules.
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Figure 6.9. (a) and (b) are represent the chemical structure of bis-tetrazole and 1, 2, 5 — Trymethyl

pyrrole.

For this thesis work we have investigated the functionalization of graphene with bis-tetrazole and
1, 2, 5 — Trymethyl pyrrole (TMP) are shown in figure 6.9. The characterization of funonalized

graphene with Raman spectroscopy and electrical measurements as explained in the next sections.
6.3.1 Raman analysis of graphene functionalized with pyrroles

Initially, the effect of TMP functionalization on graphene was investigated. Graphene was grown
on Cu foils and transferred on Si/SiO, substrates as done in the rest of the thesis prior to the
functionalization. Pyrrole molecules were dissolved in THF (at 0.1nM, 3mM, 9mM and > 9mM
concentration) and then deposited on graphene by drop casting and annealed in vacuum at different
temperatures (i.e., 150°C, 170°C and at 190°C) from 30 minute to 3 hours. [208] Vacuum was
required to avoid graphene damage that instead was observed when performing such a process in
air. In fact, in air, most of the CVD graphene crystals present on SiO. were damaged as could be
observed by optical microscopy and confirmed by Raman spectroscopy as shown in figure 6.10.
Raman spectroscopy performed on graphene heated with pyrroles in vacuum, revealed a little shift

in the G-peak position of nearly <10 cm™, and a lower l20/lg ratio, both indicating doping in
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Figure 6.10. (a) Optical image showing the damaged graphene crystal when functionalized with

TMP in air, (b) Raman spectra of remaining graphene/TMP with laser of wavelength 532 nm.

graphene probably due to charge transfer between graphene and pyrrole as can be seen in figure
6.11. However, no detectable D-peak was observed, indicating that no covalent functionalization
of graphene was achieved. No significant differences were observed in the Raman spectra for
different concentrations of TMP or different annealing temperature or time. During preliminary
experiments, we also adopted graphene grown on sapphire, where the interaction with the growth
substrate is expected to be stronger (with respect to graphene transferred on SiO>/Si).
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Figure 6.11. (a) Raman spectra in the range of the G-peak, (b) 2D-peak of graphene before and

after functionalization with TMP and (c) Raman spectra of TMP with laser of wavelength 532 nm.

Yet, after attempting pyrrole functionalization with the same process as that described above,
similar results were obtained. Additionally, Raman spectrosocopy was also performed to evaluate
the effect of the solvent (THF) deposited on graphene while annealing at 170°C for 3 hours to get
an impression of any possible covalent functionalization or doping. However, as can be seen from

figure 6.12, THF does not induce any doping or structural modification effect on graphene.
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Figure 6.12. Raman spectra of graphene before and after THF measured with laser of wavelength
532 nm.

To stimulate covalent functionalization, pristine graphene grown on Cu and not transferred was
also adopted and cyclic voltammetry (CV) attempted. Graphene on Cu was immersed within a
pyrrole solution (5Mm) where NMP was used as solvent. Yet, Raman analysis revealed that the
TMP molecules were binding to the uncovered Cu areas rather than to graphene (see figure 6.13).
Even by adopting CV no covalent functionalization was observed. As covalent functionalization
of graphene would be highly desirable to improve the properties of the final blend in tire
applications, those results were not seen as encouraging. Yet, one might have to consider that we
are attempting to functionalize a nearly perfect crystalline structure with very few edges with
respect to the planar area. This assumption is confirmed by STM studies of our material, Raman
analysis (absence of D peak among other features) and the extremely high mobility measured on

our CVD samples [72,155], signifying very high crystallinity.
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Figure 6.13. (a) Picture of the CV apparathus used for functionalization, (b) optical image of
Cu/graphene/TMP after performing CV and (c) Raman spectra measured on Cu and Cu/graphene

indicating presence of TMP only on the Cu area.

The absence of preferential binding sites where covalent functionalization shall take place is hence
a characteristic of the used material. On the other side, by using graphene inks the number of sites

for covalent functionalization (i.e., edges, defects) shall significantly increase.

6.3.2 Raman and electrical analysis of graphene functionalized with tetrazole

Out of the different tetrazole molecules available, we have adopted bis-tetrazole for these
experiments, which has already shown potential for graphene functionalization in literature. The
process adopted was similar to the one developed for pyrroles: bis-tetrazole was dissolved in THF
at concentrations varying from 5mM to 10 mM and drop casted on graphene, then annealed in
vacuum at 170°C for 3 hours. In figure 6.14, the Raman spectra of graphene and graphene
functionalized with 5mM tetrazole molecule is depicted. Interestingly, upon tetrazole
functionalization, the emergence of graphene D-peak around 1345 cm™ was observed in some
specific locations (see figure 6.14). A Raman map of Ip/lc after graphene functionalization is

reported in figure 6.15, which clearly shows the spatial localization of the defects.
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Figure 6.14. Raman spectra of graphene before and after functionalization with tetrazole.

Measurement taken with laser of wavelength 532 nm.

Figure 6.15. Raman map of 10x10 pm? showing the intensity ratio of D and G peaks after
functionalizing graphene with bis-tetrazoles. Measurement taken with laser of wavelength 532 nm.

To better shed light on this finding, which were obtained with a first batch of graphene samples,
additional graphene samples were functionalized with bis-tetrazole in the same way as described
above. However, in none of the second batch of samples Raman analysis revealed the occurrence
of a D peak. Knowing that after some transfer processes we had observed some residual Cu coming
from the original growth substrate on our graphene we hence started to weight the possibility that
Cu contamination present in the first batch of transferred graphene might lead to the presence of

ions acting as coordination centers for tetrazole binding.[214,215]
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Hence, to probe whether Cu ions could be responsible for the observed local covalent
functionalization, we used a copper (I1) chloride (CuClz) mixture with tetrazole with THF as

solvent (10mM) and used it to functionalized graphene with the standard process reported above.
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Figure 6.16. Raman spectra of (a) graphene and graphene/CuClz; (b) graphene after

functionalization with CuCl,/tetrazole.

Indeed, the copper (1) chloride alone does not appear to create defects in graphene when deposited
at 170°C for 3 minutes in vacuum (see red line in figure 6.16(a)). However, when tetrazole is
mixed in and functionalization is performed at the same experimental conditions, the collected

Raman spectra reveal a clear D peak (figure 6.16(b)).
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Figure 6.17. (a) Schematics of GFET with tetrazole functionalization; (b) resistance vs applied

back gate voltage for graphene and tetrazole functionalized graphene.
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We also performed field effect measurement on GFET before and after functionalization with bis-
tetrazole. These measurements were performed for the samples where no covalent
functionalization was observed. As shown in figure 6.17, the CNP value of bare graphene was
around ~18 V while after functionalizing the same sample with tetrazole, the CNP value reached
nearly ~38 V. The positive shift in CNP value of graphene is related to the doping coming from
tetrazole as a consequence of charge transfer. As the functionalization experiment was performed
under vacuum, the possibility of graphene doping from ambient, previously reported [216], is very
low. The mobility of bare graphene calculated with the Drude model at a carrier density of 1x10%2
cm?, was initially around ~ 6200 cm?V-1s? for holes and nearly ~ 5800 cm?V-!s for electrons.
After functionalization with tetrazole both the hole and electron mobility values were reduced to

~ 4900 cm?V1st and ~ 2900 cm?V-1st respectively as shown in figure 6.18.
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Figure 6.18. Displaying electron and hole mobility of graphene before and after functionalization

with tetrazole.

The reduction in graphene mobility values can be attributed to the charge carrier scattering after
functionalization.[121] In conclusion, our functionalization attempts of CVD graphene with
tetrazole molecules indicate that most likely covalent functionalization is only achieved when Cu
ions (leftover from the transfer process on graphene) act as a coordination centers for tetrazole
attachment.[215] Yet, it should be noted that the graphene adopted in these experiments does not
offer preferential binding locations such as instead the graphene oxide adopted in [217] where the

starting amount of defects and active edges is significantly higher as also demonstrated by Raman
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analysis. For this reason we proceeded by attempting graphene ink functionalization with

tetrazoles as described in the next section.

6.3.3 Graphene ink functionalized with tetrazole

Graphene inks present sp® carbon bonds, which offer preferential binding locations helping to
initiate covalent functionalization.[218] Here, the impact of tetrazole was investigated on few-
layer graphene-based inks obtained from BeDimensional (G-Leaf conductive inks). Few-layers
graphene was suspended in DMF by sonicating the ink in the solvent for 15 minutes. A small
amount of this suspension was drop casted on SiO2/Si substrate and dried for further
characterization. Figure 6.19 (a), displays the optical image of few-layer graphene deposited on
SiO./Si substrate and the relative 10x10 pm? Raman map of the D-peak intensity.

Counts (a.u.)

On the flake

1500 1800 2100 2400 2700
Raman Shift (cm-")

"t 4— 1350 cm”

- - -
I n = h % At the edge N
X-ym [ S, v
A 5 ~~~~~~ Lo Graphene_ink
Gr_ink on SiO, : 1500 1800 2100 2400 2700

Raman Shift (cm™)

Figure 6.19. (a) Optical image of few-layer graphene ink deposited on SiO./Si substrate
superimposed with a 10x10 um? Raman map (0.5 um step size) of the D-peak intensity; (b) Raman

spectra of few-layer graphene flakes at the edge and at the center (shown in the inset).

Figure 6.19 (b) reports the Raman spectra of the graphene ink measured at the edge of a flake and
at the center of it (the latter in the inset). As expected, at the edges of the flake sp3-bonds are
evidenced by the presence of a D-peak (~ 1350 cm™).[219] The average value of Ip/lc was found
to be <0.2.[219] Moreover, at the center of the few layer graphene, no defect peak was observed
indicating edge defect domination. These Raman spectra were later considered as a reference for

further experiment with tetrazole functionalization.
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To implement tetrazole functionalization, a suspended solution of graphene and tetrazole with 2:1
ratio was sonicated in DMF for 15 minutes and subsequently heated at 170°C for 3 hours in
nitrogen atmosphere with low vacuum. The solution was then centrifuged at 12000 rpm for 5
minutes followed by 3 times DMF and acetone washing. Afterwards, the mixture was drop casted

on the SiO»/Si substrate and dried in vacuum.
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Figure 6.20. (a) Optical image of few-layer graphene ink functionalized with tetrazole with
superimposed a 14x14 um? Raman map of the D-peak intensity; (b) Raman spectra of a few-layer

graphene flake at the edge and at the center (shown in the inset).

In figure 6.20, we report representative Raman spectra and D-peak map measured after the
functionalization attempt with tetrazoles. No D-peak was observed at the center of the flakes,
indicating that no covalent functionalization was achieved. At the edges of the flake D-peaks were
observed. However, when comparing the Ip/lc ratio measured for multiple maps after
functionalization (averaging < 0.1) with that measured before (averaging < 0.2) we observed a
general reduction of the value. The possible reason for the measured reduction could be defect
healing, as tetrazole molecules are rich in C-atoms and might be filling the vacancies at the
graphene edges. Overall, three samples of graphene ink were functionalized with tetrazole,
yielding consistent results as those reported above (see figure 6.21). No significant changes were
measured for the G and 2D peak positions. From the evidence above we hence hypothesize a
simultaneous covalent functionalization and reduction of graphene layers at the edges with a small

amount of tetrazole molecules, in agreement with literature reports.[220]
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Figure 6.21. Raman spectra of a pristine graphene ink deposited on SiO2/Si and of three different
tetrazole functionalized graphene ink on SiO2/Si substrates. D-peak reduction is observed in each

of the tetrazole-functionalized samples.

6.3.4 Graphene ink functionalized with tetrazole with Cu as catalyst

As a final experiment, a similar approach was followed as in the case of CVD graphene, by using
Cu ions as catalysts to promote covalent functionalization of graphene inks with tetrazoles. A
mixture of graphene ink, tetrazole and CuCl> with DMF was sonicated and dispersed in similar
way as for graphene ink and tetrazole with a ratio of 2:1:1 respectively. As shown in figure 6.22,
when few-layers of graphene were functionalized with tetrazole/CuCly, a clear change in the D-
peak intensity was observed. Moreover, the Ip/lg ratio was increased on average from < 0.2 to <
0.9, which confirms the formation of covalent bonding between graphene and tetrazole (most
likely with Cu ions acting as coordination centers). Furthermore, a shift towards lower
wavenumbers in the position of the G-peak is compatible with functionalization induced doping

(see figure 6.22). Ultimately, these results well agree with those obtained for CuCla/tetrazole
functionalized CVD graphene.
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Figure 6.22. Raman spectra of graphene ink and graphene ink functionalized with tetrazole/CuCl..

6.4 Conclusions

In this final chapter, we have explored the interaction of rubbers and molecules of interest for tire
applications with graphene. Concerning rubbers such as NeocisBR and SLR, it was found that
they did not alter the graphene structure or properties apart from a slight hole doping, which was
confirmed by Raman spectroscopy and electrical transport studies. Furthermore, due to the
challenges of obtaining a homogenous graphene dispersion in rubber blends for tire applications,
an approach to functionalize graphene with functional eco-friendly molecules was attempted. Two
different molecules, trimethyl-pyrrole and bis-tetrazole were used to functionalized CVD graphene
and the results were investigated with Raman spectroscopy and electrical measurement. Both the
molecules did not show any sign of strong covalent binding to graphene, under different conditions
and also when using different types of graphene (CVD on Cu, transferred CVD, CVD on sapphire)
as shown in the summary table 6.1 and table 6.2. Yet, for bis-tetrazole local D-peak was found to
emerge in the Raman spectrum, possibly indicating some local covalent bonding. Control
experiments allowed us to associate these findings with the presence of residual Cu from the
growth substrate acting as a coordination center for binding graphene and tetrazole. In fact, when
graphene was functionalized with tetrazole/CuCl. covalent functionalization was confirmed by

Raman spectroscopy.
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Table 6.1 Graphene functionalization with pyrrole summary.

Approach Drop casting (0.1nM, Cyclic Defect Immersion in
3mM, 9mM and >9mM) | Voltammetry | creation and | Pyrrole/N-methyl-
(Graphene on Sapphire, Cu (N2 drop casting pyrrolidone
and SiO, in IPA, Toluene) | environment, | (Graphene on | (N, environment at
(heating in air and in 0.5M Hcl) | sapphire and 150°C, 3 hours)
vacuum) (Graphene Si0,) (Graphene on Cu,
on Cu) Sapphire and SiO,)
Effect No doping and Pyrrole No change No
functionalization occurred | attachment even in functionalization
(graphene damaging above | only on Cu defected on sapphire and Cu
9mM and air annealing) no change in graphene without damage
graphene while on SiO,

graphene was
detached

Table 6.2 Graphene functionalization with tetrazole summary.

Approach Drop casting (5mM and 10mM) Drop casting (10mM)
(graphene on SiOz in tetrazole/THF) (graphene on SiO; in
(heating in vacuum) tetrazole/CuCly/THF)
Effect Randomly distributed D-peak A clear D-peak was observed
were observed (due to residual
Cu from growth substrate)

CVD graphene represent an ideal model system where defective sites as well as edges are reduced

to a minimum, and hence the results above are indicative of the difficulty of inducing covalent

functionalization of graphene with the used molecules and at the attempted conditions.

Furthermore, from a realistic point of view, functionalization of graphene inks with tetrazole was

attempted. Graphene inks possess inherent defective sites at least at the edges. Yet, we observed

via Raman spectroscopy defect reduction possibly as a consequent of defect healing, in agreement
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with what reported in [220]. Finally, graphene inks were functionalized with tetrazole/CuCl,. This
attempt was successful since Raman analysis indicated a strong increase in the D-peak thus further
confirming the role of Cu in promoting graphene functionalization with tetrazole. However, since
Cu is not a chemical element of choice for tire applications, other solutions shall be identified for
functionalizing graphene/rubber blends.
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Chapter 7: Summary and outlook

Being a wonder material with exceptional properties, graphene is becoming an optimal candidate
for future industrial application, especially within the automotive industry. The main goal behind
this thesis was to investigate the potential of graphene for different applications in the automotive

industry ranging from magnetic sensing, to light sensing and green tire technology.

As a starting point for the rest of the work, we show that it is possible to achieve ultraclean and
high-mobility scalable CVD graphene on technologically relevant substrates. We report, following
a tailored graphene cleaning approach, a mobility of nearly ~ 9000 cm?V-1s™ with low residual
carrier density of ~ 1.45x10! cm and almost strain-free and flat graphene on SiO,. The reported
cleaning approach indicates a straightforward route for the achievement of high-mobility scalable
graphene devices which are sought after by several electronic, optoelectronic and photonic

applications.

Additionally, apart from scalability and high quality, stability of graphene based devices is a key
element to be achieved for its integration in different technologies, especially for magnetic field
detection purposes. For this purpose, we have demonstrated a facile and scalable method to
fabricate highly-sensitive air-stable CVD graphene-based Hall sensors through a simple
fabrication method. A state-of-the-art current related sensitivity of ~ 5030 V/AT with carrier
mobility exceeding 10* cm? V! s and low charge inhomogeneity at the charge neutrality point
(CNP) n* ~1x10* cm 2 were retrieved. The stability in the overall performance of the Hall sensors
was achieved due to a facile and scalable encapsulation of the devices with a polymeric (PMMA)
layer. These capped Hall sensors displayed stable electrical behavior (i.e. low hysteresis <1 V)
even when measured in ambient conditions. Furthermore, PMMA capping was instrumental to
slow down the degradation of device performance even when stored in air for prolonged times (up
to 10 weeks). These are all relevant aspects for a realistic graphene integration in Hall sensing
applications. To further proceed in this direction, bi-polymeric layers or a proper enclosure of the
Hall sensors devices already capped with PMMA, should be further investigated. Our work
ultimately demonstrates that monocrystalline CVD graphene on Si/SiO2 can be a viable material
for the scalable production of Hall sensors whose performance exceed those fabricated using

conventional technology.
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Furthermore, in this thesis the possibility to adopt graphene to realize visible light sensors was
addressed. Light sensors are of interest in vehicle to vehicle communication, especially for future
self-driven automatic vehicles. We have developed sensitive, scalable, and self-powered graphene
based visible light photodetectors. A facile and reproducible approach was demonstrated to
fabricate semi-encapsulated, ambient-stable graphene-based pn-junction devices by using e-beam
lithography. The photodetectors displayed a measured photocurrent of ~ 120 nA and a reasonable
responsivity of ~ 18 pA/W with response time of ~ 197 ms at 532 nm of wavelength laser with 12
mW of power. The photoresponse in our graphene pn-junctions was assigned to the photovoltaic
effect. The reporteds results represent a first step, and further experiments and optimization in the
fabrication procedure are needed to improve the photodetection performance of such devices to

move towards the adoption of graphene for visible light sensing.

Finally, studies were devoted to understand the interaction between rubbers and graphene and its
functionalization in such systems, with an outlook of its adoption in the tire industry. Initially, the
impact of different rubbers was investigated on the properties of CVD graphene, and it was found
that normally adopted rubbers hole dope graphene. Furthermore, since a major challenge to include
graphene in rubber matrixes for tires is its poor dispersion, graphene functionalization approaches
were tested. Nitrogen rich molecules (pyrroles and tetrazoles) that can be obtained with eco-
friendly approaches were investigated as possible functionalization agents. However, we found
that CVD graphene cannot be covalent functionalized with such molecules under a wide range of
experimental conditions, probably due to the absence of active binding sites. To overcome this
challenge, we attempted functionalization of graphene inks, which typically present more defective
sites that shall facilitate covalent functionalization. However, we found that graphene inks display
a low amount of covalent binding with tetrazole molecules and a simultaneous reduction of
graphene due to defect healing. We observed that when adopting Cu rich chemistries instead,
covalent functionalization of both CVVD graphene and graphene inks with tetrazole was achieved
(with Cu acting as coordination center). In the future, different functionalization approaches
(including other green heterocyclic molecules) need to be tested. By demonstrating for the first
time the effect that rubbers have on the electrical properties of graphene, and investigating the low
reactivity of graphene to the tested tetrazole and pyrroles, our study provide novel information that

could be of interest to better understand the behavior of graphene/rubber blends.
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