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Abstract

Due to its unique mechanical, optical and electrochemical properties, graphene
has raised great interest for biosensing and bioelectronic applications. Although
current graphene-based technology has demonstrated remarkable potential in
the biomedical field, fundamental knowledge about graphene interaction with
the media surrounding it is still missed. This PhD thesis is devoted to the study
of interfacial phenomena that can govern the performance of graphene devices,
from its synthesis to the final application.

Concerning graphene synthesis, we prepare rigid, flat and reusable copper
supports for the growth of high-quality, large-scale graphene to be used in
electronic devices. The engineered Cu-based substrates are presented as a
promising alternative to the currently most used Cu foils for graphene growth.

Graphene based electronic devices in biomedical applications are aimed to work
in an aqueous media. In this dissertation, we study how the graphene/substrate
and the graphene/electrolyte interfaces govern the electronic performance of
such devices. Furthermore, a study of the impact of the wafer-scale fabrication
is conducted, highlighting the importance to preserve the graphene surface
throughout the process for optimal and reproducible performance of graphene
SGFETs.

For biosensing applications, graphene functionalization is key. In this work,
we propose a novel approach based on the in-vacuum sublimation of a pyrene-
based molecule. This molecule can be deposited on the graphene surface in
a controllable, reproducible way. A methodology for the characterization of
the resulting functionalized graphene surface, as well as for the quantification
of the functionalization is discussed. The functionality of the functionalized
graphene SGFETS is tested in different pH conditions and compared with
standard, non-functionalized devices. With that, we demonstrate that the
proposed functionalization approach is a promising path towards the optimization
of graphene-based biosensors for the detection of a variety of biomolecules,

including neurotransmitters.






Resum

El grafe és un material de gran interes per a aplicacions biomediques, gracies
a l’excel-lent combinaci6 de les seves propietats mecaniques, optiques i electro-
quimiques. Actualment, tot i que la tecnologia basada en grafé ha demostrat
el seu potencial en el camp de la biomedicina, és necessari aprofundir en el
coneixement sobre les interaccions que s’estableixen entre aquest material i el
medi que I'envolta. Aquesta tesi doctoral es centra en 'estudi dels fenomens
d’interficie que poden regir el comportament dels dispositius de grafe, des de la
seva sintesi fins I'aplicacié final.

En relacio a la sintesi escalable de grafé per a dispositius electronics, s’han
preparat substrats reutilitzables, rigids i de baixa rugositat basats en coure.
Aquests substrats es presenten com una alternativa prometedora a les lamines de
coure, que actualment s’utilitzen majoritariament per la preparaci6é de grafe.

Els dispositius electronics de grafé, quan s’utilitzen per aplicacions
biomediques, es troben en medi aqués (electrolit). En aquesta tesi, s’estudien
les interaccions grafe/substrat i grafe/electrolit i la seva influéncia en el
comportament electroquimic dels dispositius SGFETs. Aixi mateix, s’avalua
I'impacte del procés de fabricacié a escala d’oblia dels SGFETs en el seu
rendiment. Especialment, es remarca la importancia de preservar la superficie
del grafe durant cada pas del procés per tal que el rendiment sigui optim.

Per a la fabricaci6é de biosensors de grafe, cal funcionalitzar-lo. En aquesta tesi,
es proposa un metode basat en la sublimacié en buit d’un derivat del pire, una
molecula que pot ser dipositada a la superficie del grafe de manera controlada i
reproduible. Per a caracteritzar i quantificar la funcionalitzacié, es desenvolupa
una metodologia basada en tecniques espectroscopiques i de microscopia de
forca atomica. Els dispositius fabricats de grafe funcionalitzat demostren ser
viables en diferents condicions de pH. Per tant, es demostra que el meétode de
funcionalitzacié proposat és prometedor i podria aplicar-se per la fabricacié
de sensors capacos de detectar una amplia varietat de biomol-lécules, inclosos

neurotransmissors.
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Motivation & Objectives

Materials science has shaped human history by enabling the accomplishment of
crucial technological milestones that have led us to the world as we know it today.
Since the Neolithic Revolution, 12,000 years ago, until the recent advancements
in artificial intelligence in the recent years, the evolution of humanity has been
strongly linked to the properties that new materials offer. One of the most recent
and important technological milestone reached was the invention of the first
transistor in 1947 by researchers at Bell Laboratories [1]. This was possible after
key advances in the semiconducting materials field, both gaining theoretical
knowledge and succeeding in the isolation of germanium and silicon crystals [2,
3]. Silicon-based transistors have enabled the development of compact computers,
playing a pivotal role in stimulating the invention of powerful technologies in
many different scientific areas. Recent developments have pushed the down-
scale of commercial transistors to dimensions < 2 nm. Keeping this scalability
trend is not easily allowed by using silicon-based technology [4]. The irruption
of bidimensional (2D) materials, that started with the isolation of graphene
20 years ago [5], has the potential to revolutionize the field of electronics and
optoelectronics, which could imply almost limitless number of applications [6].
The Advanced Electronic Materials and Devices (AEMD) group at the Catalan
Institute of Nanoscience and Nanotechnology (ICN2) was established in 2016
and, since then, focuses its work on developing a 2D materials-based technology

for the pioneer development of the next generation neural interfaces.
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The main requirements of neural implants are the efficient recording and
stimulating of neural activity and stability. High stability of neural implants in
contact with the brain tissue is achieved by ensuring high biocompatibility and
flexibility [7]. High biocompatibility, meaning the high capability of a material
to be in contact with human tissues without harming them [8], is required to
ensure a long-term stability of the devices and to avoid complications after
surgical implantation in the nervous system. The biocompatibility of an implant
is determined by its position in the organism, the probe geometry and also the
mechanical and chemical properties of the materials conforming it, as those
will govern the bidirectional tissue-implant interaction [9, 10]. Biocompatibility
studies using SiO,/Si-based implants have revealed a level of tissue damage
that limit their implementation in humans [11, 12]. Given the curved surface of
the brain and the mechanical matching between tissue and soft materials, the
use of flexible materials for neural implants is a promising strategy to enhance
biocompatibility [13, 14]. In that direction, silicon nanomembranes on flexible
substrates have been tested [15]. However, there has been no success in insulating
silicon from the biological fluids to prevent device degradation. Other materials
based on organic semiconductors have been proposed to be used as neural implants
[16]. However, their electronic properties do not fulfill the requirements to be
promisingly applicable in a near future [17]. Additionally, transparent neural
implants would enable simultaneous imaging, which is strongly desired to widen
the devices functionality [18]. From the electronic properties point of view, it
is also important to note that an optimal material to be implemented as a
neural interface with sensing capabilities requires semiconducting or conducting

properties with high electrical mobility [19].

Graphene properties

Since its discovery, graphene has been foreseen as a revolution in materials science
due to its unique combination of mechanical, optical, chemical and electronic
properties. Graphene is known as the strongest bidimensional material, with a
Young’s modulus of 1 TPa and high breaking and intrinsic strength (42 N m~1!
and 42 N m~! respectively) [20]. Due to its low thickness, graphene is highly
transparent in the visible spectra range [21]. As a carbon allotrope, made by sp?
carbon atoms, it has a high chemical stability. Nevertheless, surface engineering
of graphene is also possible thanks to the ability of the delocalized electrons
of the sp? system with other molecules of interest, as it will be discussed later.
As for the electronic properties, they are governed by graphene’s unique band

structure, explained in more detail in Section 2.1. Graphene possesses high charge



carriers mobility, which makes it highly interesting to be explored for electronic
applications.

Graphene-based materials offer a plethora of possibilities in the biomedical
field. Since the first years after its experimental isolation, graphene has been
widely explored for the development of novel medical diagnostic and therapeutic
technologies. For instance, graphene-based materials have been investigated for
biomedical imaging [22, 23], drug delivery [24], antibacterial agents, optogenetics
[25] and biosensing. But one of the field where graphene-based materials have
most potential in biomedicine is in implantable electronic devices for the diagnosis
and treatment of neural-related illnesses. For that, graphene-based implants such
as retinal and brain implants have raised great interest [26, 27].

Particularly in the field of brain neural implants, graphene-based devices
overcome the main issue from current silicon-based technology, mainly thanks
to their transparency and flexibility, and therefore, being less invasive and
offering high spatial resolution both for recording and stimulation, while enabling
simultaneous imaging [22, 28]. Currently, graphene-based brain implants have
demonstrated high potential in neural activity recording and stimulation [29, 30,
31, 32].

Graphene synthesis

Synthesis of graphene can be conducted by different methods. In brief, graphene
can be obtained by mechanical exfoliation of graphite, by epitaxial growth on SiC
or by chemical vapor deposition (CVD) growth on diverse substrates. Mechanical
exfoliation of graphite has been reported to produce the highest quality graphene,
with high carrier mobilities (up to 1.4:-10° cm?/V's at room temperature) [33].
However, CVD growth, based on the decomposition of a carbon precursor and
graphitization on a catalytic substrate, has been demonstrated to be the most
promising technique for the production of large-area high quality graphene.
Using CVD, production areas of tens of inches have been reported, with carrier
mobilities of 5.1-10* em?/V-s at room temperature [34]. Hence, CVD is the most
used technique for graphene synthesis in the fabrication of electronic devices for
biomedical applications, as in other fields.

In general, CVD graphene growth is performed using substrates, mostly
metallic catalysts, that are different from the ones that configure the electronic
devices in an application. Growth substrates strongly influence graphene quality.
Nowadays, most of the substrates used for CVD graphene growth, for instance
metallic foils, are not specifically produced for the semiconductor industry; for that

reason, their morphology and chemical composition can be very different between
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suppliers and different batches [35]. During the last decade, high-quality graphene
grown by CVD has been achieved thanks to the progress in understanding the
graphene growth mechanism and how to control growth parameters (pressure,
precursor, temperature, and growth time) [36]. However, due to the properties
of the used metallic substrates, graphene growth conditions are irreproducible
from batch to batch and when changing suppliers of the growth substrate. This
highly compromises the scalability of the synthesis of high quality graphene,
hindering the development of graphene-based technology and, consequently, the

commercialization of CVD graphene products [37].

Characterization of graphene surfaces

Graphene’s morphology, structure and carrier mobilities are generally charac-
terized in dry conditions using different microscopic (e. g. scanning electron
microscopy), spectroscopic (e. g. Raman spectroscopy) and electronic techniques.
However, when being part of an electronic device for biomedical applications,
graphene is in a liquid environment containing ions and molecules that may
interact with its surface and affect its electronic properties and, therefore, its
applications [38, 39]. Numerical simulations and experiments have revealed that
the electrolyte ionic composition and concentration determine the ionic adsorption
and the properties of water in the direct vicinity of the graphene surface [40, 41,
42]. Moreover, it has been proved that the substrate underneath graphene also
plays a role in governing the electronic performance of graphene-based devices in
liquid. Therefore, it is important to use suitable in situ characterization methods
capable of studying the interfacial substrate/graphene/electrolyte phenomena to

understand graphene’s electronic behaviour in liquid environments.

Wafer-scale fabrication of graphene devices

Reproducible, clean, cost-effective and large-scale methods for the fabrication of
graphene devices is as crucial as graphene synthesis optimization for pushing the
boundaries of graphene technology [43]. The fabrication of graphene electronic
devices mostly requires a series of photolithography-based processes performed
in cleanroom facilities. Those processes require dedicated technical equipment
and specific protocols, which are nowadays generally adapted from the ones used
for the production of silicon-based technology. However, differently from the case
of silicon and due to the bidimensional nature of graphene, the impact that these
fabrication protocols may have on graphene’s properties and, therefore, on the

performance of the devices, is not fully understood.
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As a first step of the fabrication process, graphene needs to be transferred
from the growth substrate to the substrate patterned with metal tracks, that will
configure the final devices. A great number of transfer processes are reported
in literature, and the choice to use one or another depends on the strength of
the substrate/graphene interaction, the area of the samples to be transferred
and the application [44, 45, 46, 47]. Despite that, graphene transfer is a highly
manual process in most of the cases and, moreover, requires graphene to be in
contact with polymers [48]. The fact that this process is not yet automatised in a
reproducible way, and the introduction of residues from the polymer(s) in contact
with graphene that may be not effectively removed, difficult the translation of
the process into an industrial scale.

Once graphene is transferred to the target substrate, the subsequent
fabrication steps involve the use of a series of photolithography resins and cleaning
methods that may have an impact on the morphology and the chemical stability
of graphene. This, consequently, compromises the device-to-device homogeneity
and the efficiency of the fabrication process, meaning that the yield of operational
devices per wafer is suboptimal [49]. High efforts are being devoted to overcome
these challenges. In general, a promising approach relies on graphene protection
using sacrificial metallic or dielectric layers covering its surface throughout the

fabrication process, subsequently being removed as a final step [50].

Graphene functionalization

As previously introduced, graphene’s chemical structure makes it a very stable,
biocompatible material. At the same time, the high stability of the graphene’s
delocalized 7 electrons limits its reactivity, thus the applicability in the biomedical
and sensing field is hindered unless undertaking surface modification. Hence,
graphene functionalization is widely investigated to modulate chemical and
physical properties of graphene, widening the range of the applications of graphene-
based electronic devices.

The functionalization of graphene can be conducted by two types of strategies:
covalent, and non-covalent [51]. The covalent functionalization is based on
the formation of a covalent bond between graphene and the desired molecule.
Consequently, the pristine structure of graphene is altered, and so its intrinsic
properties. For some applications, this may be desired. Nevertheless, the
functionalization of graphene while maintaining its pristine structure unaltered is
object of high interest. Non-covalent functionalization of graphene, based on the

-7 interactions between graphene and the desired molecule, preserves graphene’s
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morphology while introducing novel functionalities at the graphene structure
[52].

The next generation of neural implants is aimed to combine not only recording
and stimulation functionalities, but also controlled drug delivery and chemical
sensing functionalities [53]. Hence, incorporating in-situ biosensing of molecules
related to neural diseases would provide deeper understanding of how the brain

works, thus helping in the development of new diagnostic tools and therapies.

1.1 Scope and objectives of this thesis

Although graphene-based devices have demonstrated potential capabilities as
neural interfaces, high efforts are devoted nowadays to overcoming the following

main challenges:

e Reproducibility in high quality graphene synthesis: although much
has been advanced in the development of graphene growth techniques, a
reproducible, high-quality, large-scale method has not been yet achieved.
This is mainly due to not employing substrates specially designed for
graphene growth, but relying on commercial suppliers. Advances in substrate
engineering for graphene growth would provide growth substrates with very
low impurity levels and reproducible morphology for high-quality, scalable
graphene growth.

e Development of advanced characterization methods to study
the substrate-graphene-electrolyte system: graphene-based devices for
biomedical applications are aimed to work in an aqueous environment,
as neural implants will be placed inside the brain, but also biosensors need
to be in contact with the liquid media containing the analyte to detect.
Therefore, the study of the electrochemical behavior of graphene in aqueous
solutions is crucial. Until now, regardless its importance, little is known
about the graphene-water interface and its dependence with factors such
as the graphene surface quality, the interaction with the substrate, the
electrolyte ionic concentration, pH and the adsorbed residual charge at
graphene’s surface. Furthermore, when considering graphene biosensors,
there is still much unknown regarding graphene chemical surface engineering

through functionalization with molecules to enhance specificity to analytes.

o Improving wafer-scale fabrication of graphene-based technology: current
microfabrication methods fail to accomplish clean and homogeneous devices.

While diverse approaches have been proposed to protect graphene’s surface
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throughout the fabrication process, there is still room for improvement.
Surface and interfacial phenomena between the graphene and its supporting

substrate influence the potential success of the proposed approaches.

e Improving graphene functionalization control, specificity of the func-
tionalization and characterization. Graphene surfaces must be clean
for an effective functionalization. As commented before, this involves
advances in the methods employed for the devices fabrication. Currently,
characterization of functionalized graphene surfaces with different molecules
does not provide quantification. That is, although electrochemical techniques
allow the determination of the surface coverage, it is difficult to quantify
the homogeneity and the number of layers of molecules that are placed at

the graphene surface.

Responding to the challenges above, this PhD thesis studies graphene-related
interfaces as a step towards the development of the next generation biomedical

devices, with the following specific objectives:

o The construction of a chemical vapor deposition (CVD) reactor at the
AEMD laboratory to initiate the study of graphene growth on rigid copper
catalytic substrates, to set the basis in the group for the advancement
towards a reproducible, large scale, high quality and cost-effective synthesis
method.

e The development of a detailed study about the interfacial phenomena
occurring at the substrate-graphene-electrolyte interface and the assessment
of how water impacts on graphene’s electronic properties and on the

techniques to measure them.

e The exploration of an alternative to the standard fabrication of graphene-
based devices, which incorporates a copper sacrificial layer to protect the
graphene surface and preserve its structure and properties through the

process.

e The study of a proposed novel approach for graphene functionalization with
1-pyrenebutyric acid (PBA), a molecule capable to bind with graphene’s =

system and attach to an aptamer for biosensing purposes.

Therefore, this doctoral thesis is structured in 5 chapters: Chapter 2
provides an explanation of the materials and methods used, with descriptions
of the information provided by each characterization technique and the data

interpretation. Chapter 3 corresponds to the first chapter of results. After an
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introduction containing the state of the art of graphene synthesis techniques and
a more detailed explanation of the one used here, CVD, it continues with the
explanation of the activities carried out to start the new research line in the group
about graphene growth on rigid substrates. This Chapter, thus, is about the
construction of the CVD reactor, the optimization of copper-based substrates and
the first experiments regarding graphene growth on them. Chapter 4, the second
chapter including results, starts with an introduction about the electrochemical
double layer at the graphene/electrolyte interface and an important technique for
its characterization, electrochemical impedance spectroscopy. After presenting
the main challenges of the study of the substrate/graphene/electrolyte and
the importance of its study for advancing in graphene-based technology, the
results and its discussion are presented corresponding to each study. Finally, after
highlighting one of the main challenges currently existing in the fabrication of
graphene-based devices, an alternative fabrication approach is explored. Chapter
5 is the last chapter of results. Its introduction explains the use of graphene
devices as biosensors, while presenting the current functionalization approaches
and the challenges of the technology, nowadays hindering its functionality in the
biomedical field. Then, results regarding the study of graphene functionalization
with PBA using a method based on the molecule sublimation in vacuum are
presented, followed by an extensive characterization of the graphene/PBA surface
and an evaluation of the fabricated devices functionality. Finally, Chapter 6 is
dedicated to sum up the conclusions from the experimental studies and discussions
developed in each chapter. Experimental studies to further continue with the
scientific lines involved in this dissertation are also proposed.

In summary, in this thesis we investigate the fundamental interfacial
phenomena in graphene-based materials, devices and applications to provide
insights on the importance of this basic research towards overcoming current

challenges in graphene synthesis, fabrication and functionalization.



Materials & Methods

Each chapter of this dissertation is dedicated to study a different aspect of
the graphene technology: the synthesis of the material, the fabrication and
electrochemical properties of the devices and the functionalization for new
applications. These studies have required the development of a variety of
experimental methods and characterization techniques, but also incorporating
a detailed understanding of the information provided by them, as well as its
interpretation and correlation. In this chapter, we provide information about the

materials and methods used throughout this PhD thesis.

2.1 Electronic properties of graphene

Graphene is a one-atom thick layer of carbon (C) distributed in a honeycomb
lattice, as represented in Figures 2.la,b. In graphene, the C atoms have an
sp? hybridization, with a bond-dissociation energy of 3.6 eV, resulting in a
mechanically and chemically stable C-C covalent bond. The distance between C
neighbouring atoms is of 1.42 A.

The extraordinary electronic properties of graphene are consequence of its
band structure, determined by the p, orbitals perpendicular to the graphene plane,
which configure a delocalized m-orbital [54]. Graphene’s valence and conduction
bands meet at the corners of the Brillouin zone, named Dirac points, with a

specific Dirac energy (Ep). Figure 2.1c represents the band structure of graphene
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with a zoom in the electronic dispersion at the vicinity of the Dirac point. There,
the calculation of the energy dispersion relation in graphene is given by [54]:

e
Ei ~ htvs|k — K| (2.1)

N
where h is the reduced Plank constant, k£ is the wave vector, vy is the Fermi

- =
velocity (10 m/s) and |k — K| is the momentum vector of the corner of the
Brillouin zone.
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Figure 2.1: Graphene honeycomb lattice and graphene electronic
dispersion - (a) Graphene lattice structure, with two interpenetrating triangular
lattices. a; and as are the lattice unit vectors and § is one of the nearest vectors.
(b) Brillouin zone of the lattice structure. (c) Energy spectrum for ¢ = 2.7 eV and
t' = 0.2t with a zoom at the energy bands at the vicinity of one Dirac point, being

Ep the Dirac energy. The Dirac points are located in the K and K’ points in (b)
Adapted from [54].

Two important consequences are derived from graphene’s band structure: first,
the effective mass of the charge carriers is null in the vicinity of the Dirac points.
Consequently, they are described as massless Dirac Fermions. The unique behavior
of these charge carriers enables the reported high charge carrier mobilities in
graphene, with values higher than 1-10° cm?V~!'s™! for suspended graphene

at low temperatures [55]. The second consequence is the low density of states
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(DOS) at the Dirac points, which has consequences for the so-called quantum

capacitance. This will be further addressed in Section 4.2.2.

2.2 Standard graphene growth on copper foils

The AEMD group has a protocol for the synthesis of high quality CVD graphene
on commercial Cu foils!. This graphene is used for the fabrication of wafer scale
electronic devices for biomedical applications, e.g. neural implants [30, 32] and
biosensors [56]. Figure 2.2a shows a picture of the CVDI reactor at the AEMD
research laboratory. It consists of a quartz tube (length: 1600 mm, diameter: 60
mm) with its central part placed inside a three-zone furnace and connected to
a vacuum pump. To perform the desired processes, gases are introduced inside
the tube and their gas flows are controlled by mass flow controllers. The process
gases are argon (Ar), hydrogen (H3) and methane (CH,). Temperature, pressure
and gas flows are controlled by a dedicated software. Standard graphene growth
process performed in this reactor consists on the following (see scheme in Figure
2.2b): first, the 4x8 cm Cu foil placed at the central part of the tube on a quartz
frame is annealed at 1050 °C in an Ar atmosphere (P~100 mbar) during 90
minutes. Then, for the growth step, the temperature is increased up to 1065°C,
and Hs and CHy are introduced at 20 and 0.7 sccm respectively during 20 minutes
(P~25 mbar). After the growth, fast cooling is performed by taking the quartz
tube out of the furnace and leaving an Ar flow of 400 sccm for 30 minutes.
Samples are removed from the reactor and stored in a desiccator. The quartz
tube is periodically annealed at 1200°C during 60 minutes in a Ar/Hs atmosphere
(see Figure 2.2c). This cleaning step is important to avoid the accumulation of

residues from growth processes and thus to ensure reproducibility.

1Graphene Platform; 99.95%, 0.035 mm
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Figure 2.2: Graphene growth at the CVD1 reactor - (a) Photograph of
CVDL. (b) Standard graphene growth process on Cu foils. (¢) Process for reactor
cleaning.

Commercially available Cu foils are electrochemically polished previously to
be introduced in the CVD reactor for the graphene synthesis, following a method
adapted from [57]. The aim of the electropolishing process is to remove surface
contamination and reduce its roughness. A solution containing H3POy, urea,
ethanol, isopropanol and HyO is prepared and introduced in an electrolytic cell
(Figure 2.3). Two pieces of Cu foil are cut (14x16 cm) and immersed in the
solution attached to Teflon holders. The two foils are connected to two terminals
of a DC power supply and a voltage of 7 V is applied during 5 minutes (current
density of ~90 mA /cm?). One of the foils acts as an anode and it is etched away,
while the other acts as a cathode. After 5 min, the Cu foil - anode - is demounted
from the holder and rinsed first with distilled HoO, then with isopropanol and
ethanol ensuring that it does not dry in between. Finally, it is blow-dried with
nitrogen. The borders of the Cu foil are cut, obtaining a 4 x 8 cm final piece,

where graphene will be grown.
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Figure 2.3: Electrochemical polishing of Cu foils before graphene growth -
(a) Anode and cathode Cu foil pieces inside a beaker filled with the electropolishing
solution and connected to the DC power supply. (b) Photograph of a copper foil
piece after the polishing process. The brighter part corresponds to the area that
has been electropolished.

2.3 Graphene growth on rigid substrates

In the framework of this PhD thesis, a CVD reactor was built-up for graphene
growth on rigid substrates (Chapter 3). A photograph of the reactor, named
CVD2, is shown in Figure 2.4a. Analogously to CVD1, CVD2 consists of a quartz
tube connected to a vacuum pump, a furnace and mass flow controllers for Ar, Ho
and CHy. After installation, processes carried out at CVD2 include the annealing
of the Cu-based rigid substrates and the subsequent graphene growth on them.
Figure 2.4b summarizes a typical graphene growth process. The optimization of
the annealing of the Cu substrates will be discussed in Chapter 3. After each
growth, the tube was annealed with the same conditions used for reactor CVD1
(Figure 2.2c).

b
/. ANNEALING GROWTH COOLING
{ o 1000°C
§
= € \ g Ar (98 sccm)
A\ | 8 3 E Ar (70 sccm) Ar (70 sccm)
@ - . a
gauge Pressure b £
‘ Hy (7 scem) Hy (7 scem)
@)? eeratu re - Hj (2 scem) -
/ ~—
CH, (x scom)
Growth time 30 min Time (min)

Figure 2.4: Graphene growth at the CVD2 reactor - (a) Photograph of
CVD2 at the AEMD laboratory, which was built-up as part of this thesis. (b)
Graphene growth process on Cu rigid substrates.
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Copper rigid substrates

The optimization of the Cu rigid substrates preparation for graphene growth
is further discussed in Chapter 3. There are basically two experimental steps,

schematically represented in Figure 2.5:

Copper (Cu)
c-plane sapphire O-terminateq c-plane O-termlnateq c-plane
sapphire sapphire
Surface treatment: Copper evaporation
O, atmosphere, electron-beam
1200°C, 2h

Figure 2.5: Representation of the surface preparation for graphene growth on
rigid substrates, including c-plane sapphire annealing in oxygen atmosphere and
copper evaporation by electron-beam.

1. Sapphire annealing: the use of sapphire as the support substrate will be
explained in more detail in Section 4.3. Prior to Cu deposition, sapphire
substrates? were annealed to obtain the desired surface termination. To
accomplished that, the as-received sapphire are cut, the resulting pieces
rinsed with deionized (DI) water and put in a clean ceramic crucible. The
crucible is then introduced inside a high-temperature furnace (Hobersal, see
Figure 2.6) and sapphire is annealed at 1200°C during 2 hours in oxygen
atmosphere (50 sccm). Heating and cooling rates are set at 600°C/h and
300°C/h, respectively.

2Siegert Wafers; c-plane <0001> oriented, 99.998% purity, 400 pm thickness
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Figure 2.6: Sapphire annealing oven - (a) Ceramic crucible containing sapphire
substrates. (b) Hobersal furnace (st.16 6060) capable to reach temperatures up
to 1600°C. A high thermal resistant 99.7% pure alumina tube is fixed inside the
furnace, where the crucible containing sapphire substrates is placed. Heating and
cooling rates are regulated by a control panel at the bottom part of the furnace. A
mass flow controller enables control over gas flow.

2. Copper evaporation: deposition of Cu on the sapphire substrates is
performed by electron-beam evaporation, which is explained in more detail

in Annex F.1.1.

2.4 Graphene-based devices fabrication

2.4.1 Graphene transfer

After grown on the catalytic support, graphene needs to be transferred to the
desired target substrate. The unavoidable need of performing a transfer process
has led researchers to devote numerous efforts to its optimization. Currently,
there exist two main graphene transfer approaches: wet transfer [58] and dry
transfer [59]. For graphene grown on Cu foils, we used the wet transfer approach
as follows (see schematics in Figure 2.7). First, a PMMA A4i layer is spin-
coated on the Cu/graphene and cured at room temperature overnight. Then,
the graphene grown at the Cu backside is removed by an etching step at an
ICP-RIE? of 40 W HF, 40 sccm Ar and 40 scem Oz at 80 mTorr during 6 minutes.
After that, the Cu/graphene/PMMA stack is placed floating on an etchant
solution of 0.5 M FeClz: 2 M HCI (1:2), with the Cu in contact with the solution
overnight for a complete Cu etching. The sample is then transferred to a beaker

containing deionized water (DIW) and left there with the graphene in contact

3MicroChemicals GmbH
4PlasmaPro 100 Cobra, Oxford Instruments

15



2. Materials & Methods

with DIW for 2 hours. This DIW cleaning step is repeated one more time and
the sample is left to another beaker with new DIW for one hour. After this time,
the graphene/PMMA is fished with the target substrate and left on a hotplate
at 40°C for 2 hours to ensure complete evaporation of water. Once dried, the
substrate/graphene/PMMA is high vacuum-annealed (P~10~7 mbar) at 180°C,
1 minute, using a heating ramp rate of 6°C/min. When the sample has cooled
down back to room temperature, PMMA is removed by immersing (30 minutes)
the sample in a beaker containing acetone, and then immersing it (30 minutes) in
another beaker containing isopropanol. Finally, the substrate/graphene is blown
dry with nitrogen.
ICP-RIE for graphene
back etching

N

—

Copper/graphene Copper/graphene/PMMA ﬁ ﬁ ﬁ ﬁ

Cleaning in
e —_—> DI water 2x

(2h + 1h)
FeCly/HCI DI water

Vacuum annealing

> - _>‘

Substrate/graphene/PMMA Substrate/graphene

1. Acetone 30 min
2. Isopropanol 30 min

Figure 2.7: Graphene wet transfer - Schematics of the graphene wet transfer
process steps used in this thesis.

Despite being widely established as a common transfer process in research
and development (R&D) laboratories, the wet transfer presents a major challenge,
which is the complete removal of PMMA residues. Numerous works have been
published reporting different ways to clean graphene from PMMA [60]. However,
most of them can compromise graphene mechanically - in terms of creation of
defects - or electronically - in terms of doping -. This will be discussed in more
detail in Chapter 4.

In this thesis, depending on the study, graphene is transferred on SiO/Si,
pyrex (both isolating substrates), indium-tin-oxide (ITO, semiconductor sub-

strate), or gold (Au, conductive substrate).
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2.4 Graphene-based devices fabrication

2.4.2 Wafer-scale fabrication

The wafer-scale fabrication of graphene devices, both electrodes and transistors,
is based on a series of photolithography steps, which have been standardized by
the group using SiO2/Si substrates during the last years. In general, graphene is
transferred to the target substrate previously patterned with metal tracks and
pads, then, graphene is defined according to the device active area and finally
passivated to leave only graphene exposed to the media. The individual steps
conforming this process are represented in Figure 2.8. In Chapter 4, Section 4.5,
an alternative fabrication protocol is explored, based on the use of a Cu sacrificial

layer on graphene to preserve its structure throughout the process.

Substrate >> AZ 5214 >> 1st metal layer: Ti/Au

T
/mﬂ?\n\q\\\\y\\\w\\

T~

—

Graphene transfer HPIR

~—
Graphene definition: RIE >> 2nd metal layer: Ni/Au >> Passivation

Figure 2.8: Fabrication of graphene devices - Process steps for the wafer-scale
fabrication of graphene devices.

A summary of the fabrication steps is described below:

e Track metalization: metal tracks are defined by photolithography using
AZ 52145, which is a negative resist.

o First metal layer: titanium/gold (Ti/Au, 10/100 nm) is evaporated by
e-beam (see Annex F.1.1) followed by lift-off in acetone.

e Graphene transfer: detailed in Section 2.4.1.

« Graphene definition: HPIRS positive resist is used to define the graphene

at the device’s active area. Etching of the unprotected graphene is performed

5AZ 5214 E, Merck Performance Materials GmbH
SHPIR 6512, FujiFilm
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2. Materials & Methods

by ICP-RIE (40 W HF, 40 sccm Ar and 40 sccm O2 at 80 mTorr during 1

minute).

o Second metal layer: nickel/gold (Ni/Au, 20/200 nm) is evaporated by

e-beam and a subsequent lift-off process in acetone.

o Passivation: to leave only the graphene active area in direct contact with

the media, the metal tracks are passivated with a SUS resist”.

Apart from residues coming from the graphene transfer process (PMMA),
additional residues remaining from the fabrication processes described above
may affect the final performance of the devices. Thus, improving the fabrication
protocol is highly relevant towards obtaining cleaner, high quality devices. As
mentioned, the development of methods for monitoring surface residues on
graphene and a proposed approach to avoid them is described in Chapter 4,

Section 4.5.

2.5 Advanced characterization procedures

2.5.1 Raman spectroscopy and spectroelectrochemistry

In this thesis, Raman spectroscopy and spectroelectrochemistry are used for
different purposes: in Chapter 3, we assess graphene quality of the as-grown,
as-transfer and fabricated samples; in Chapter 4 we study graphene surface
doping in a liquid environment and with the application of a potential. Finally, in
Chapter 5 we investigate the degree of functionalization of graphene samples and
perform doping quantification. A more detailed explanation of the fundamentals
of the technique, as well as of the equipment used can be found in the Annex F,
Section F.2.

Due to its particular electronic structure, graphene enables what is known as
resonant Raman conditions [61] at the vicinity of the K point of the first Brillouin
zone. This is because in those regions, the energy difference between the last
occupied orbital () and the first empty orbital (7*) is null, enabling the resonant
conditions for any excitation energy. As a consequence, Raman spectroscopy
on graphene monolayers provides intense and clear features. A typical Raman
spectrum of graphene, depicted in Figure 2.9, presents two principal bands: (i)
one at ~1580 cm ™!, known as G band [62, 63], corresponding to the in-plane
vibrational mode (stretching) of graphene sp? carbon atoms, a doubly degenerate

zone center E o mode; (ii) one at ~2700 cm™!, related with the second order of

7SUS8 2005, MicroChemicals GmbH
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2.5 Advanced characterization procedures

zone-boundary phonons, known as 2D band [62, 63]. In defective graphene, a
third band is observed at ~1350 cm™!, known as D band [62, 63]. In monolayer
graphene, the relation of intensities between the 2D and the G bands (Iop/Ig
coefficient) is < 2 [64, 65, 66].

a b
T T T T T T T T T T
2D
Ep
G
L . 1 : L . L : L Grabr:eﬁe K
1200 1800 2400 3000 3600 point

Raman shift (cm™)

Figure 2.9: Raman spectroscopy of graphene - (a) Typical Raman spectrum
of graphene. (b) Graphene electronic band structure represented at the vicinity of
the K point, where Raman resonance, represented by the black arrows, is enabled.

The assessment of the mechanical strain and doping levels in graphene can
be performed by correlation analysis of the Raman G and 2D modes [67]. This
analysis will be used in Chapter 3 to qualitatively evaluate the reproducibility of
the graphene growth using Cu foils and Cu-based rigid supports, in Chapter 4 to
analyse the effects of the fabrication process of graphene devices on the graphene
strain and doping levels and in Chapter 5, as part of the characterization of
graphene/PBA surfaces. Knowing that strain and surface charge variations in
graphene induce changes in wop and wg [68, 69, 70, 71], a graphic representation
of wap vs wg (see Figure 2.10) enables the determination of the strain and doping
separate contributions in graphene samples [67]. According to this methodology,
based on a vector model, the linear dependence of the wop and wg ratio under
pure uniaxial strain has a slope ((Awap/Awg)strain) of ~ 2.2. Under pure hole
doping, the slope ((Awap/Awea)doping) is of ~ 0.7. The origin of the strain and
doping vectors is taken from the wop and wg values of free-standing graphene
(1581.6 cm~* and 2676.9 cm ™!, respectively), or, alternatively, from the reference

sample used in each study.
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Figure 2.10: Raman wsp-wg correlation map of a graphene sample - The
green dots correspond to data obtained from an as-transfer graphene sample on
pyrex. Red and black lines indicate doping and strain steps, respectively. The
slopes of the lines and the corresponding doping and strain levels are extracted
from [67].

The combination of electrochemical techniques with Raman spectroscopy
results in what is known as Raman spectroelectrochemistry, which is very
powerful for monitoring graphene’s doping level, as well as for monitoring surface
charge modulation in contact with electrolytes. This is thanks to the strong
electron-phonon coupling in graphene and the relation between the frequency of
the G band (wg) with the Fermi level, described by equation 2.2 [71]:

hwea
4

2|Ep| — hwg

ﬁw(;—ﬁwgz)\ﬂEﬂ—F 2|EF|+FLOJG

In| (2.2)

where w® is the wg at the Dirac point and A is directly proportional to electron-
phonon coupling and indirectly proportional to the Fermi velocity vg [71]. Hence,
by monitoring wg with respect to different voltages applied, we can analyse
the voltage-dependent electron-hole modulation in graphene. Furthermore, this
analysis enables the quantification of the amount of surface charge carriers
(electrons or holes) by using [71]:

- ColVy = Vbirac) 23)

e

being C, the gate capacitance (or alternatively the interfacial capacitance),
Vpirac the gate voltage corresponding to the CNP and e the electron charge
(1.6-107°C). In Chapter 4, this equation will be used in an equivalent form.
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2.5 Advanced characterization procedures

To perform Raman spectroelectrochemistry, the graphene sample is placed
inside a cell containing an electrolyte (see Figure 2.11). Graphene acts as the
working electrode, which is connected to a potentiostat® in a 2-electrode config-
uration, using a Ag/AgCl reference electrode. Raman spectroelectrochemistry
measurements are realized by applying a gate voltage between graphene and
the reference electrode while simultaneously acquiring a Raman spectra. In this
thesis, we have used phosphate-buffered saline (PBSE) solutions as electrolyte.
The pH was adjusted by the addition of small amounts of HCl 1M or NaOH 1M.

|

5

‘ RE
(Ag/AgCl)

Potentiostat

Figure 2.11: Raman spectroelectrochemistry setup - Schematic representa-
tion of the Raman spectroelectrochemistry setup: the Raman objective is immersed
in the electrochemical cell containing the working electrode (WE, graphene) and
the reference electrode (RE, Ag/AgCl) immersed in an electrolyte. The application
of different voltages is enabled by the connection to a potentiostat.

For comparative studies using Raman spectroelectrochemistry on graphene
electrodes before and after fabrication, we designed macroelectrodes as follows
(Figure 2.12). Titanium and gold (Ti/Au) were deposited by electron-beam
according to Section F.1.1. 5x5 mm graphene pieces were transferred to the
desired substrates. For pyrex/graphene electrodes, Ti/Au (15/150 nm) contacts
were evaporated leaving a 2 mm diameter circle in the centre, which was
subsequently covered with the 5x5 mm graphene sheet. For the ITO/graphene
electrodes, Ti/Au contacts were evaporated leaving a 10 mm diameter circle in the

centre, where the graphene sheet was placed without being in direct contact with

8Bio-Logic SP-200
9Merck Life Science S.L.U.
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2. Materials & Methods

the Ti/Au. For Au/graphene electrodes, Ti/Au (15/150 nm) were evaporated
on SiO9/Si and the 5x5 mm graphene sheet was placed in the center of the
substrate. The passivation was made manually in all cases with PDMS, leaving

an exposed graphene area of 0.0314 cm?.

PDMS (diameter: 1 mm)
Ti/Au (15/150 nm)

SiO,/Si

Pyrex/graphene ITO/graphene Aul/graphene

Figure 2.12: Representation of graphene macroelectrodes - (a)(b)(c)
Pyrex/graphene electrode, ITO/graphene electrode and Au/graphene electrode,
respectively. Ti/Au (10/100 nm) were evaporated previously to graphene transfer,
as follows: leaving a 3 mm diameter circle at the center of the pyrex substrates, a
10 mm diameter at the center of the ITO substrates and covering completely the
SiO2/Si substrates.

2.5.2 Atomic Force Microscopy and Kelvin Prove Force

Microscopy

Atomic force microscopy (AFM) provides topographic information of surfaces
with atomic resolution and offers high versatility as it can be operated in multiple
different modes. For a complete study of graphene systems, which is the aim of
this dissertation, topographic information is valuable to assess the roughness of
the surfaces and its morphology with high resolution. Hence, we used dynamic
AFM (also known as tapping mode) to analyse the morphology of the substrates
used for graphene growth (Chapter 3). Dynamic AFM was also used to assess
the surface of as-transfer and after functionalization graphene devices (Chapter
5). The explanation of the AFM fundamentals is provided in Annex F, as well as
information about the equipment used. Figure 2.13 shows an AFM topographic

image of graphene on a pyrex substrate.
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2.5 Advanced characterization procedures

Figure 2.13: AFM of graphene on pyrex - AFM topographic image of a
graphene sample transferred to a pyrex substrate. The white arrow indicates a
pyrex feature; the green arrow points to a graphene grain boundary; the yellow
arrow indicates particles corresponding to residues at the graphene surface, mostly
coming from the transfer process.

The surface roughness (standard root mean square roughness, RMS) of the
samples is a widely used parameter for surface analysis, thus, we used it in this
thesis. It is the average of the height deviations within the measured length and

extracted from the mean lines, as indicated by the expression [72]:

N

1
MS =/ — 2 2.4
RMS \/N;n (24)

where N is the number of points and r; is the height of each point ¢ minus the

average value of the sample height.

Kelvin Prove Force Microscopy (KPFM) is a variation of AFM that
enables the analysis of the surface potential distribution of a sample’s surface
and the measurement of its work function (see Annex F.3 for more details).
Additionally, in this thesis we used a particular mode of KPFM that allows
operating in liquid environments: Dual Harmonic KPFM (DH-KPFM). A detailed
explanation of DH-KPFM is provided in the Annex E.

2.5.3 Scanning Electron Microscopy and Electron backscat-
ter diffraction

Scanning Electron Microscopy (SEM) is a microscopic technique based

on the interaction of a focused electron beam on a sample, widely used for

morphological and compositional analysis of surfaces. We used SEM mainly for

the morphological characterization of copper surfaces and graphene grown either
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2. Materials & Methods

on Cu foils and on rigid substrates (Chapter 3). Statistics on Cu grain size were
obtained performing an analysis with the ImageJ software (see details in Annex
F.5). Figure 2.14 shows SEM images of different graphene samples on Cu foils:
when the graphene layer is not closed, a good contrast facilitates the observation
of the grains on the substrate. Analogously, SEM also allows identifying the
presence of second nucleation on graphene. On the contrary, when the graphene
layer is closed, only a fair contrast enables the observation of graphene grain

boundaries.
| - | - | -

Figure 2.14: SEM images of graphene grown on Cu foils - (a) Open
graphene sample. (b) Closed graphene monolayer. (¢) Closed graphene with
second nucleation (darker features). Scale bars (top) = 5 um; (bottom) = 50 pm.

Electron backscatter diffraction (EBSD) is used to obtain crystallo-
graphic information of the orientation of the Cu grains on rigid substrates,
complementary to X-ray diffraction data (Section 2.5.4). The crystallographic
orientation of a solid refers to the spatial arrangement of its atoms, thus we
used EBSD to analyse the Cu atoms arrangement when deposited on a solid
substrate. Cu has a face-centered crystal structure (fcc), meaning that its unit
cell corresponds to a cube with an atom at each vertex and at the center of each
face, as shown in Figure 2.15a. If x, y and z axes are considered defining the
spatial position of the cube, there are different planes that can be defined with
three points, one in each plane. In Figures 2.15b-d, the 001, 101 and 111 planes
are illustrated.
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Figure 2.15: Cu crystallographic structure and orientations defined
by Miller indices - (a) Representation of the face-centered (fcc) Cu unit cell.
(b)(c)(d) 001, 101 and 111 crystallographic planes of the fcc structure.

Using EBSD, we can obtain information about the Cu crystallographic
orientation perpendicular to the surface where it is deposit, that is, the "out-of-
plane" orientation, defined by the way the planes (Figure 2.15b-d) are oriented.
This information usually is extracted in the form of a colour map, each colour
relating to a crystallographic orientation. As an example, Figure 2.16 corresponds
to an EBSD measurement of a commercial Cu foil prior to graphene growth,
showing its polycrystallinity. As it will be further explained, Cu <111> orientation
is the most favourable for high-quality graphene growth, providing an optimal

Cu-graphene interface (see Section 3.1.1, Figure 3.4).
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Figure 2.16: EBSD map of a Cu foil - (Left) Polycrystalline Cu foil before
graphene growth, with no preferential orientation. Scale bar is 100 ym. (Right)
colour legend indicating the orientations correspondence.

2.5.4 X-ray diffraction

X-ray diffraction (XRD) is another technique that allows the analysis of the
crystallographic structure of a sample, that can be used complementary to EBSD.

The basis for the development of this technique was mainly set by W. H. Bragg
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and W. L. Bragg, fundamented on the discovery of X-ray diffraction in crystals
by M. von Laue [73]. Nowadays, the versatility and non-destructive character
of XRD has made it extensively used in the nanomaterials science field. More
information about the fundamentals of the technique, as well as on the equipment
used is provided in Annex F.6.

We used XRD to characterize the Cu surfaces (thin films on rigid supports)
for graphene growth. More specifically, XRD allowed us identify the evolution of
the crystallographic orientation of the Cu grains with the annealing temperature
and time (this study is presented in Chapter 3). First, the out-of plane orientation
of a sample is analysed in terms of its out-of-plane orientation by performing
the so-called 20-w scans, which consist on irradiating the sample with X-rays
varying the incident and reflected beams (w and 26, respectively). As stated,
more details of the setup are specified in Annex F.6. Figure 2.17 depicts a 26-w
scan of Cu evaporated on a sapphire substrate with the peaks labelled with the
corresponding orientations.

To obtain information about the distribution in the plane parallel to the
substrate (in-plane) of the out-of-plane Cu<111> orientation, we performed
another what is called a pole figure scan (PF). This consists on fixing the 20
angle for the corresponding 200 planes (see Figure 2.18) and rotate the plane
of the sample to be able to observe its reflections, which will be exclusively
coming from the family with Cu<111> out-of-plane orientation. In general, when
performing a PF scan, the planes fixed are chosen depending on the sample. A
typical representation of a PF measurement is shown in Figure 2.18b, where the
external numbers of the circle indicate the ® angles and the concentric circles
correspond to the y angles. In our study, as we fixed the Cu 200, the resulting
PF is expected to have the following features for an out-of-plane Cu<111>
preferentially-oriented sample: (i) 12 possible poles at xy = 54.7°, corresponding
to the 4 groups of 3 poles rotated in ® by 30°, as indicated by the blue arrows in
Figure 2.18a, (ii) a secondary pole at the central part of the circle corresponding
to a <100> out-of-plane orientation, (iii) the intensity measured between the
poles forming a ring may be possibly due to other contributions coming from
the substrate or scattering of the different families of in-plane distributions. In
general, a highly oriented Cu<111> surface with only one family of distributions
in-plane would show three intense poles at the x = 54.7° ring, one at each vertex

of the triangle formed by the in-plane orientation.
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Figure 2.17: XRD measurement of evaporated Cu on sapphire - 20-w
scan, where each peak indicates an out-of-plane orientation. The peaks labelled
with an * symbol indicate a contribution from the sapphire substrate.
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Figure 2.18: Description of the common features for a Pole Figure scan
of a Cu<111> oriented surface. - (a) Representation of a Cu crystal domain
oriented <111> out-of plane (red arrow) and its corresponding 200 directions
corresponding to its distribution in-plane. (b) Representative PF scan for the 200
in-plane orientation of the Cu<111> out-of-plane. The main features of the figure
are the vertexes of the blue triangles represented, which indicate the locations of
the poles that would appear from the 200 distribution of the <111> out-of-plane
orientation.
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2.5.5 Electrical characterization of graphene Solution-
Gated Field Effect Transistors

A Field Effect Transistor (FET) is an electronic device capable of modulating
the current flow through a semiconductor channel. It consists of three elements,
named terminals: the source (S), the drain (D) and the gate (G). The source
and the drain are connected by the semiconductor channel and the gate is where
the voltage (bias) is applied to. When a voltage is applied to the gate (V,), the
conductivity of the channel is altered. The so-called graphene Solution-Gated
Field Effect Transistors (g-SGFETS) use graphene as the channel material, which
is directly exposed to a liquid solution and is capable to transduce physical
property of interest of the electrolyte into an electrical signal. Figure 2.19a
depicts the schematic structure of a g-SGFET using Ag/AgCl as a reference
electrode, which applies the gate voltage in this case. As represented, graphene
in g-SGFETs is in direct contact with an electrolyte containing different ions
and molecules, including analytes of interest in case of the device being used as
a biosensor, while the drain and source terminals are typically not in contact
with the electrolyte. In the case of their use as neural sensors, neural activity,
governed by action potentials, modifies local electric fields and thus can be
monitored by measuring changes in graphene’s drain-source intensity response to
the gate-source voltage, defined as the I;5-V,s (or I-V) transfer curves (Figure
2.19b) [74, 29]. Thanks to that, g-SGFETs are powerful devices for brain activity
recording [30, 32] and for sensing of biomolecules [75, 76, 77, 78, 79].

a g E|ectr0|yte b lds i VgS»DC + Vgs+s\g
Gate , ¢ "7 L E

G, / Ids = Ids—DC + lds-slg

\/ Vds' Vgs Vgs

Figure 2.19: g-SGFET - (a) Schematic representation of a g-SGFET with
the graphene channel, the passivated metal contacts - source and drain - the
electrolyte and the gate electrode (Ag/AgCl). (b) Typical transfer I-V curve of
a g-SGFET, obtained varying the Vg5 with a fixed V4s. The resulting V-shaped
curve is consequence of the ambipolar electronic nature of graphene. Adapted from
[80].
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The analysis of g-SGFETs I4-Vgs transfer curves can provide useful
information. There exist a direct relation between the drain-source current

I4s and the mobility of graphene (1), given by:

Tgs < p- Cipg (2.5)

where C;,; is the interfacial capacitance. Taking this into account, when a gate
voltage is applied, the graphene Fermi level Ep is shifted, which results in the
modulation of free carriers in graphene. This modulation is reflected in the
I4s-Vgs transfer curve, with a minimum corresponding to the minimum number
of free carriers in graphene, hence the minimum of conductivity, reached at the
point where the valence and conduction bands meet: the Dirac point. The gate
voltage at which this minimum of conductivity is reached is known as the charge
neutrality point, CNP. In a transistor configuration, the current in the graphene
channel at V,s<Vonp is dominated by holes, while the current at Vgs>Veonp
is dominated by electrons, as represented in Figure 2.20. When using a Ag/AgCl
reference electrode, a graphene CNP of ~0.15V is expected due to the difference
between the Ag/AgCl electrochemical potential level (Ey ac = 4.7 €V) and the
work function of pristine graphene, 4.6 eV [81, 82, 83].

It is important to note that, when measuring in electrode configuration, the
voltage applied with respect to the reference electrode, V vs Ag/AgCl, is the
contrary of what is understood of V4. Hence, the current in the graphene active
area at V vs Ag/AgCl < Veonp is dominated by electrons, while the current at
V vs Ag/AgCl > Vo p is dominated by electrons. In this thesis V vs Ag/AgCl
or Vg, are used depending on the measurement configuration, and results are

interpreted accordingly.
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Figure 2.20: Graphene field-effect transistor transfer curve (145-Vgs) - (a)
Graphene I45-V4s curve. The electronic transport is governed by holes or electrons
when the voltage applied is above or below the CNP. (b) Graphene valence and
conduction bands and its variation with the application of different voltage, which
changes the Fermi energy (Er).
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Another important parameter that can be extracted from the transfer curves

is the transconductance, g,,:

0l

Im v, (2.6)

Vs

as described by the equation above, g, monitors the ratio of small variations of I,
resulting from local changes in V4, at a fixed Vg,. Given that the transconductance
provides information about the device sensitivity to Vg, the higher it is, the
higher the device’s ability to detect smaller signals and thus the device has more
sensitivity [84, 75].

Random current fluctuations are intrinsic to any semiconductor (internal
noise) [85]. In general terms, it is agreed that the sources of noise in graphene
SGFETs may include charge traps at the substrate interface, as well as what is
called charge noise [86]. Dividing the intrinsic device current noise (I.,,s) of the
g-SGFET by the g;,, we obtain the effective gate noise (V') a figure of merit
that can be used to assess the signal-to-noise ratio (SNR).

In this PhD thesis, g-SGFETs are characterized in Chapter 4 and 5 (see
Sections 4.5, 5.6 and C.3). Our focus was the assessment of the graphene doping
(in relation with CNP), the device sensitivity (g,) and the noise level (V{7'*).

g-SGFET arrays

Figure 2.21 shows a fabricated 4-inch wafer including 7 chips of 48 g-SGFETs
(channel length is 50 pm). In this thesis, these devices are used for electrical
characterization, using SiO/Si and pyrex substrates. The experimental details

of the measurements are explained in Annex F.7.

Figure 2.21: Graphene SGFET wafer-scale devices - Photograph of a 4-inch
Si02/Si wafer with fabricated g-SGFETs and zoom in the central part of one chip
showing the 48 g-SGFETs.
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Substrate engineering for

graphene growth

3.1 General overview of graphene synthesis tech-

niques

In real applications, graphene properties are governed by the used synthesis
method. Hence, the selection of one or another depends on graphene’s given
final application. Graphene synthesis techniques can be classified in top-down
or bottom-up approaches. Initially, in graphene’s first experimental isolation
by Novoselov et al. [5], it was obtained by mechanical exfoliation from its bulk
material, graphite — a top-down approach -. Nowadays, mechanical exfoliation
still provides the highest quality of graphene samples. Therefore, this method
enabled the study of the outstanding properties of graphene — mechanical, optical,
and electronical -, which was pivotal to raise the interest of the community in a
great number of application fields [54, 87]. However, the difficulty to obtain large
area, reproducible and scalable monolayer graphene by mechanical exfoliation
raised the need of finding alternative synthesis approaches. Up to now, substantial
progress has been achieved and the use of techniques ensuring large areas of high

quality graphene for electronic applications is broadly adopted.
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Figure 3.1:
Timeline of graphene growth techniques since its first isolation in 2004. Adapted
from [88].

Bottom-up synthesis methods are promising for obtaining large scale
monolayer graphene samples, which is highly challenging in the case of top-down
preparation techniques. Among all of them, epitaxial growth on silicon carbide
(SiC) and chemical vapor deposition (CVD) are possibly the most relevant.

Investigations on epitaxial graphene on SiC have been based on the early
studies by van Bommel et al [89] demonstrating the formation of graphitic
layers upon heating 6H-SiC(0001) and (0001-) surfaces. From 2006 on, many
publications have revealed the mechanisms and characteristics of graphene on
SiC [90, 91, 92, 93]. Remarkably, they strongly depend on the face -Si or C- where
the graphene is grown [90]. For instance, the first carbon layer grown on the top
of the Si face is bonded to the Si atoms, therefore it is called the buffer C layer
and graphene grows on it [94, 95]. Differently, a buffer C layer is not formed if
the C face is used, yet graphene grows in a way which hinders the control of
the number of layers formed [90, 96]. Although being promising [97], nowadays
epitaxial graphene growth on SiC does not fulfill one important requirement
needed to develop graphene technology for biomedical applications, which is
it being cost-effective [98]. Furthermore, using epitaxial growth on SiC would
unavoidably necessitate a transfer process for the incorporation of the material
to the group’s current technology. This represents an additional inconvenient due
to the lack of reported knowledge on that matter.

Chemical Vapor Deposition (CVD) is currently the predominant technique
for large scale graphene growth for applications in electronics. It has emerged as
the most promising approach to provide cost-effective, large area, high quality
monolayer graphene [99]. The use of a metallic catalytic substrate for CVD
graphene synthesis is currently widespread, while direct growth on dielectric
substrates, despite raising interest, remains challenging [98]. The first works on
CVD for graphene synthesis were reported on 2006-2009 and employed nickel (Ni),
iridium (Ir) and copper (Cu) substrates [100, 101, 102]. These were followed by

numerous publications that explored CVD graphene growth on different catalysts
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3.1 General overview of graphene synthesis techniques

such as platinum (Pt), germanium (Ge) and palladium (Pa) [103, 104, 105] and on
metal alloys (for instance, Cu-Ni or Cu-Pt [106, 107]). Thanks to the low carbon
solubility on Cu, the use of this metal as the catalytic substrate enables higher
controllable monolayer growth [108] (see Section 3.1.1 for a detailed explanation
on the graphene CVD growth mechanism). Moreover, Cu supports enable a non-
difficult, cost-effective, scalable integration into device manufacturing processes.

For all of that, nowadays CVD graphene is prevalently grown on Cu foils.

3.1.1 Chemical Vapor Deposition for graphene growth

In general terms, CVD consists on the deposition of a thin solid film on a substrate
by enabling a chemical reaction that decomposes a specific precursor in its vapor
phase. For the case of graphene synthesis, diverse variants of CVD have been

reported depending on the processing parameters, as summarized in Figure 3.2.
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nature
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Figure 3.2: Classification of CVD methods - Different types of CVD processes
depending on growth parameters. Source: [109]

The following items and parameters are important to be mentioned:

e Substrate: the substrate material influences the formation of graphene,
for instance depending on carbon solubility, thus allowing the control of
the carbon supply and therefore the crystal structure of graphene. Copper
has a low carbon solubility [110], which favours the bidimensional growth
and enables control over monolayer graphene growth. Differently, nickel
presents higher carbon solubility, favouring multilayer graphene formation
[111].
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3. Substrate engineering for graphene growth

e Carbon precursor: even though the most used C precursor for graphene
growth is in a vapor form, methane (CHy), there have been other reported
precursors suitable for CVD in a liquid form (i. e. hexane) [112] and even
solids (i. e. polymethyl methacrylate, PMMA) [113]. CH4 or other vapour
precursors are preferred, instead of the liquid or solid ones, for stability

reasons.

e Pressure: graphene synthesis has been demonstrated in high vacuum,
atmospheric and low pressure [114, 115, 116, 117]. This parameter influences
Cu sublimation at the growth stage, and, in consequence, its surface
morphology. Growth pressure also influences graphene homogeneity by
favouring or not a smooth monolayer formation and the shape of the
graphene crystals. More than controlling the total pressure of the growth
process, it is key to regulate the partial pressure of the C precursor and

other growth gases, namely Ha, to tune graphene’s grain sizes [118].

o Temperature: graphene nucleation density and growth dynamics are also
influenced by temperature, and the optimal one for the obtention of a
high-quality graphene varies depending on the catalytic substrate and the
above-mentioned parameters, as it has been reported [66]. For Cu substrates,
growth temperatures of 600°C-800°C are considered low [57], while typical
growth temperatures range between 900 and ~1000°C [119].

We used low pressure CVD (LPCVD) on copper for the studies performed
in this dissertation. Figure 3.3 represents the mechanism of graphene thin film
formation on a Cu substrate: carbon is supplied by the precursor, methane (CHy),
which is decomposed as a result of a dehydrogenation process in the reaction
chamber (quartz tube) under optimal temperature and pressure conditions. CHy
is introduced together with hydrogen (Hs) and argon (Ar) as a carrier gas. Inside
the chamber, most of the carbon is adsorbed on the Cu surface with minimal
penetration into the bulk, thanks to the low C solubility of Cu. The role of Ho
is to catalyse the CH, dehydrogenation at the Cu surface. This process results
in the formation of active C species whose concentration is expressed as C¢,, in
Figure 3.3); like C*, CH*, CH3 and CH3, being CH* the most favorable one and
therefore breaking its C-H bond results in the rate-limiting step. C adsorption
on the Cu surface competes with a previous dissociative chemisorption of Hs.

In this PhD thesis, we employ both Cu foils and Cu thin films: on one hand,
Cu foils are used for the preparation of the standard CVD graphene following
the established protocol of the AEMD group (Section 2.2). On the other hand,
we work on the preparation of Cu thin films on rigid supports as a part of the

experimental studies, which are explained in Section 2.3. At the Cu surface, the C
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3.1 General overview of graphene synthesis techniques

species migrate towards graphene nucleation and subsequent growth is started. As
depicted in Figure 3.3, sp? C-C dimer formation is recurrent during the process,
owing to their stability on Cu, higher in comparison with the monomer. After
nucleation, graphene grains start to grow as a result of carbon incorporation at
the edges of the nuclei. At a certain point, a bidimensional graphene layer is

formed on the Cu surface and entirely covers it.
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Figure 3.3: CVD graphene growth mechanism - (a) Schematic illustration
of the growth of graphene in a CVD reactor. The precursor and process gases (CHy,
H; and Ar are introduced inside the quartz tube, where the growth substrate (Cu
foil) is, in controlled pressure and temperature conditions. During the growth
time, different processes take place at the Cu foil: chemisorption-desorption,
attachment-detachment and bulk diffusion. (b) Graphene grains nucleation and
growth evolution with time. First, graphene nucleation sites are formed until
reaching a saturation level, C,,.. Then, graphene crystals start growing thanks
to the attachment of other C atoms. The growth of the graphene grains can be
stopped either by the depletion of absorbed C atoms or due to the C atoms merging
together. At the end of the process, an equilibrium between graphene, surface
carbon and CH4/H> is reached. The concentration of carbon species on the surface
at the equilibrium level is represented by Ceq. Adapted from [120].

Graphene quality strongly depends on the substrate used for growth. The
widely employed commercial Cu foils present a number of important drawbacks.
First, the main use of commercial Cu foils is not intended for semiconductor
technology, which makes it extremely challenging to maintain reproducibility
and low impurity control from batch to batch [35]. Thus, each new Cu batch
requires a re-adjustment of graphene growth parameters. Second, the roughness
of commercial Cu foils is too high to ensure low density of defects on the resulting
graphene surface. As defects represent potential nucleation clusters, minimizing
their presence on Cu enhances the probability of achieving high quality graphene

surfaces. Furthermore, it has been demonstrated that the surface roughness of
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3. Substrate engineering for graphene growth

the as-grown graphene strongly influences the roughness of the graphene after
transfer [121, 122, 123, 124]. In this line, when comparing graphene roughness of
transferred samples, flatter graphene is achieved when using flatter substrates
[125]. Last, reusability of Cu foils is not easy. Instead, the growth of graphene
on Cu thin films specifically prepared to that use presents a promising pathway
for seamless integration into device fabrication in a high-scalable, cost-effective
way. This approach allows complete control on the impurities and morphology
of the catalytic substrate, which can be engineered to present significant lower
roughness than Cu foils, smooth Cu grain boundaries and a continuous Cu <111>
orientation, optimal for graphene growth.

The first reported attempts of graphene synthesis on Cu thin films used
evaporated Cu on SiO2/Si [126, 127, 128, 129, 130]. These early works proved
that graphene on Cu films can be grown over a wide temperature range (875°C
- 1000°C); further, the growth temperature was found to be related with the
Cu film thickness [130]. Nevertheless, Cu films on SiO3/Si do not present large
grains with preferential <111> orientation and, thus, compromise the quality
of graphene and its electronic properties [131]. The formation of C-C bonds is
stabilized over a <111> oriented Cu surface, as represented in Figure 3.4, due
to the hexagonal lattice of Cu <111>, matching graphene’s crystallographic
geometry [132]. Large copper <111> grains can be obtained after a thermal
annealing of the evaporated Cu film. The optimal conditions of this annealing

depend on the substrate underneath and the Cu thickness.

OnCu<111> OnCu<110> On Cu<100>

Figure 3.4: Representation of the lattice mismatch between graphene, e.g. Csa,
(yellow) on different Cu orientations (blue). Graphene on Cu <111> is rotated 0°.
Adapted from [133].

Alternatively to SiO4/Si, various attempts on growing graphene on Cu thin
films prepared on sapphire have reported promising results [134, 135, 136]. In this
chapter, we discuss the preparation of smooth, <111> oriented copper thin films
on sapphire to be used for high-quality, large-scale graphene growth. Moreover,

we explore the reusability of the substrate towards a cost-effective technology.
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3.2 Sapphire substrate preparation

3.2 Sapphire substrate preparation

It is known that the underlying substrate strongly affects the crystal orientation
of Cu grains on it. In the following, we study the sapphire surface reconstruction
and how it influences the quality of copper thin films. Sapphire is the name given
to the a phase of aluminum oxide (a-AlyO3) single crystals. Previous research
developed in the group demonstrated precise control over the sapphire surface
topography and chemical composition by annealing in controlled temperature
and atmosphere, in agreement with literature [137, 138, 139, 140]. The sapphire
crystal structure is depicted in Figure 3.5a: it consists on an hexagonal crystal
with unit cell lattice constants of a = 4.76 A and ¢ = 12.99 A. Specifically, c-plane
sapphire (c-sapphire [Al;O3(0001)]) is used in this thesis. Figure 3.5¢ illustrates
the characteristic stepped surface of sapphire (terraces), which can be obtained

after a controlled annealing [141].

C[0001]
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Figure 3.5: Sapphire crystal structure and vicinal structure - (a)
Corundum crystal structure of the a-Al2Os. The conventional unit cell is
highlighted in yellow and the crystallographic axes are marked in red. (b) Side-view
of the stepped a-AlyO3 surface. The step height h is typically a multiple of the
Al-O-Al distance ¢/6. The terraces width is a parameter that depends on the
manufactured miscut angle «. From [142].

According to literature, the terraces step height A are in direct relation with
the annealing conditions [141, 143]. However, the terrace width w for a specific h
depends on what is known as the nominal miscut angle a towards the crystalline
plane (c-) [144] and on the surface chemical structure [145]. c-sapphire surface
reconstruction was studied after two different annealing treatments: at 1200°C
during 2 hours in oxygen atmosphere (see Section 2.3) and the same one followed
by an annealing treatment at 1200°C, 2h in Hy/Ar (5% Hz). Figures 3.6a-d show
the terrace formation characterized by AFM in all the annealed samples, and
the dependence on the miscut angle: wider terraces were formed on sapphire

substrates with lower miscut angle, as expected from [145]:
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tan(a) = % (3.1)

The chemical structure of the sapphire surface can be either O-rich or Al-rich.
Reflection high-energy electron diffraction (RHEED) is a useful technique for
crystallographic analysis and here it is used to characterize the sapphire surface.
RHEED measurements showed the characteristic diffraction patterns along the
[1 10 0] zone axis (ZA) of Al;O3. The as-received sapphire surface presents a
RMS of 0.69 nm and a diffraction pattern with a (1x1) surface reconstruction
(Figure 3.6a,e, respectively), in agreement with literature [146]. After performing
an annealing step to substrates with 0.2 and 0.05 miscut angle at 1200°C during
2 hours in oxygen atmosphere, the RHEED analysis along the [1 1 0 0] ZA
(Figures 3.6f,g) reveals that the (1x1) structure is maintained, but with a higher
degree of crystallinity at the lowest miscut angle, 0.05°, as the Kikuchi lines
appear more defined. An annealing treatment at 1200°C, 2h in Hy/Ar (5% Ha)
following the first Os-annealing results, as mentioned, in another terrace-like yet
Al-rich surface (Figures 3.6d,h). For this last case, it is important to note that
the RHEED characterization performed does not enable a clear visualization of
the characteristic (v/31 x v/31)£R9° reconstruction (the corresponding features
are fairy observed in the area marked with a white square). However, the Al-
termination is assumed at the c-sapphire after the annealing treatment in Hy/Ar,

according to a more detailed RHEED characterization performed previously in
the group [142].

. O-terminated O-terminated Al-terminated
c-sapphire c-sapphire, 0.2° c-sapphire, 0.05° c-sapphire, 0.2 °

Directbeam

(12) (12) (12) (12) " 2
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Figure 3.6: Sapphire surface reconstruction - Characterization of untreated
c-sapphire, O-terminated c-sapphire with o 0.2° and 0.05°, and Al-terminated
c-sapphire with « 0.2° by (a)(b)(c)(d) AFM and (e)(f)(g)(h) RHEED.
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The surface morphology and orientation of Cu films deposited on untreated
c-sapphire and treated c-sapphire with miscut angles of 0.2° and 0.05° were
analysed after annealing (1000°C, Oz 50 sccm, 60 min'), and were compared
with Cu deposited on SiO5/Si. The Cu evaporation rate was determined after the
analysis of a series of samples evaporated at 3 different deposition rates (2 A/ S,
4 A/s and 6-8 A/s). Samples were analyzed by AFM right after evaporation and
after an annealing process (800°C in Ar:Hy (10:1) at 50 mbar during 6 minutes).
The mean square roughness (RMS) obtained by AFM (see Section 2.5.2) can
be used to optimize the Cu deposition rate for our specific application. Already
after evaporation (Figure 3.7a), we observed that smoother Cu surfaces (lower
roughness RMS) were obtained increasing the deposition rate. Moreover, this
correlation is maintained after annealing (Figure 3.7b). We tentatively explain
this by hypothesizing that the substrate temperature may increase when higher
evaporation rates are used, which can increase the mobility of the Cu atoms
reaching the surface, resulting in a smoother surface. Reported studies have
demonstrated that maintaining the substrate at a controlled temperature is
required to achieve smoother Cu surfaces with reduced grain boundaries [147].
Unfortunately, due to equipment restrictions, it was not possible to carry out
such study in this thesis.

a 2 Als 4 Als

nm

Figure 3.7: Cu deposition evaporation rate study - (a)(b) AFM images
and roughness RMS values of Cu on Siz/Si at different evaporation rates, before
and after annealing, respectively. The RMS values in (b) were calculated excluding
the Cu grain boundaries. This study was carried out using SiO2/Si as a support.

1Cu annealing conditions are discussed in Section 3.2.1
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3. Substrate engineering for graphene growth

Figures 3.8a-c, depict the SEM images of the analysed c-sapphire samples after
Cu deposition and annealingi. A smooth surface with no grooves between large
Cu grains could only be achieved using O-terminated c-sapphire with a miscut
angle of 0.05°. In the case of the untreated c-sapphire, we obtained significant
smaller and less homogeneous Cu grains in comparison with the O-terminated
surfaces. The EBSD analysis (Figures 3.8e-g) revealed that the 0.05° miscut angle
highly favours the desired Cu <111> orientation. Differently, the Cu on untreated
c-sapphire showed a higher degree of polycristallinity with <001> (~24%), <101>
(~12%) and <111> (~64%) orientations detected. O-terminated c-plane sapphire
with a miscut angle of 0.2° presented a preferential <111> orientation (~64%)
with a smaller percentage of <101> (~36%). These results confirmed that using
sapphire with low miscut angle was of paramount importance in the preparation

of the copper thin films.

. O-terminated O-terminated . .
c-sapphire b c-sapphire, 0.2° c-sapphire, 0.05° Si0,/Si

M

d 001 101

Figure 3.8: Sapphire surface impact on Cu thin film - (a-d) SEM images
of Cu evaporated on c-sapphire, O-terminated c-sapphire with a miscut angle of
0.2, O-terminated c-sapphire with a miscut angle of 0.05 and SiO2/Si, respectively.
Scale bar in all images is 50 pm. (e-h) EBSD images of the same samples in a-d.
Scale bar in all images is 10 pm.

In Figures 3.8d,h we show the analogous SEM and EBSD analysis of Cu
deposited and annealed on SiO9/Si. Cu on SiO3/Si presented grains of < 5 ym in
average without a predominant orientation, with <001> (~18%), <101> (~26%)
and <111> (~56%).

Another important aspect to take into account is the dewetting of copper, a

phenomenon that is favoured when metals are heated close to its melting point

2Cu annealing conditions are discussed in Section 3.2.1
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[148], which is our case for Cu. In the areas where Cu has been dewetted from
the substrate, graphene can’t grow. The inset at the SiO2/Si/Cu SEM image
in Figure 3.8d depicts Cu dewetting observed at the SiO;/Si/Cu surface. It is
important to mention that dewetting was predominantly observed when using
SiO2/Si substrates, rather than when Cu was evaporated on sapphire, in good
agreement with literature [135].

In summary, O-terminated c-plane sapphire with miscut angle a of 0.05°
allowed the preparation of smooth, <111> oriented Cu surface. These results
are consistent with literature, which argues that an enhanced substrate-graphene
interaction is achieved in sapphire/Cu substrates [149]. Taking this into account,
the following studies were conducted using Cu thin films on O-terminated c-plane

sapphire with a 0.05°.

3.2.1 Copper annealing

The main objective of performing an annealing of the substrate/Cu is to prepare
the surface for the growth of graphene. To this end, the goal is to obtain a smooth,
<111> oriented Cu surface with large grains. Three main parameters have been

optimized to achieve that: the content of Hs, temperature and time.

Content of H, flow

Hydrogen is a well known reducing agent and there exists evidence in literature
of its impact in copper surface modification, mostly on Cu foils [150]. However,
there is still not consensus regarding the convenience of using Hy in the Cu
annealing step of the graphene growth [132, 151, 152, 153, 154, 155].

To evaluate the impact of Hy during the heating and the cooling steps in our
reactor, we performed two treatments: the same temperature and time conditions
were maintained in both, yet the time of Hy exposure varied (Hs 7 sccm, Ar 70
scem, 800°C, P~50 mbar). AFM roughness analysis revealed smoother Cu grain
boundaries in samples annealed maintaining an Hy flow during the heating and

cooling steps (see Figure 3.9).
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RMS: 8.0 1.5 nm RMS: 17.2 £ 0.9 nm

Figure 3.9: Impact of H, on the Cu roughness - AFM images of sapphire/Cu
surfaces after annealing (800°C, 6 min, P~50 mbar) in the presence of Hy (a)
during the whole process and (b) only during 6 minutes while at 800°C. The
roughness RMS values were measured excluding the Cu grain boundary regions.

Annealing temperature and time

A series of sapphire/Cu samples were annealed varying temperature and time
conditions: from 800°C to 1000°C and from 6 to 60 minutes. Gas flows were always
kept at 70:7 sccm (Ar:Hs). Analysis of the annealed samples was conducted by
SEM (grain size), AFM (roughness, RMS) and XRD (grain orientation). Figure
3.10 depicts the results for the temperature series, showing that Cu grains became
larger as temperature increases, going from ~12 pum? (800°C) to ~8-10% pm?
(1000°C). Knowing that Cu melting point is ~1085°C [156], we did not perform
any annealing at > 1000°C, as this would increase the probability of dewetting
and thus decrease the quality of the resulting Cu surface. Regarding surface
roughness, the RMS parameter calculated from AFM images (excluding the
grain boundaries) increases with temperature (Figure 3.10b shows an image
corresponding to the sample annealed at 1000°C) until decreasing again for
the sample at 1000°C, which is the one with larger grains (see Figure 3.10c).
Although temperature has an effect of smoothing the Cu boundaries, it does
not prevent them; Cu boundaries may have a detrimental impact on graphene
growth. As previously, mentioned, to eliminate grain boundaries on evaporated
Cu on sapphire, literature indicates that the substrate must be maintained at a
certain, controlled temperature during evaporation [147]. Unfortunately, this was
impossible to be performed in the framework of this thesis, due to equipment
limitations. Given that, the chosen annealing temperature for Cu on sapphire
was 1000°C.
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Figure 3.10: Effect of annealing temperature on Cu surfaces - (a) SEM
images corresponding to each sample of the temperature series, with an annealing
time of 60 minutes. Scale bar in all images is 100 pm. (b) AFM image of the
sample annealed at 1000°C. (c) Obtained roughness RMS and grain size for each
sample. The grain size was measured using the ImageJ software, as explained in
the Annex F.5. Results are averaged from 5 different images.

Figure 3.11 shows the results corresponding to the annealing time series,
revealing that Cu grains became larger with increasing annealing time, going
from ~20 pm? (6 minutes) to ~8:10% ym? (60 minutes). Results obtained at
annealing times > 60 min were unfavourable, as commented below. Large grain
sizes reduces the number of grain boundaries per sample, which is an important
fact for subsequent graphene growth. This is expected to lower the possibility of
obtaining defective graphene [157, 158]. Surface roughness excluding the grain
boundaries decreased with increasing annealing time, as smoother Cu surfaces
were obtained. Thus, the sapphire/Cu annealing process was optimized at 1000°C,
60 min in Ar:Hy (70:7 sccm) at 40-50 mbar.
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Figure 3.11: Effect of annealing time on Cu surfaces - (a) SEM images
corresponding to each sample of the time series, with an annealing temperature of
1000°C. Scale bar in all images: 100 pm. (b) AFM image of the sample annealed
during 60 minutes at 1000°C. (c) Obtained roughness RMS and grain size for each
sample. Results are averaged from 5 different images.

The Cu orientation of the sapphire/Cu samples was evaluated using XRD.
In Figures 3.12a,b, we present 20 — w scan measurements for the samples of
the annealing temperature and time series, which provide information about the
out-of-plane crystallographic orientation (see Section 2.5.4). As observed in the
20 — w scans, the stronger peaks corresponding to Cu<111> and Cu<200> were
registered in all sapphire/Cu surfaces, together with the secondary Cu<222>
and Cu<400> peaks. To quantify the proportion of Cu<111> orientation in each
sample, and visualize possible correlations with the annealing temperature, in
Figures 3.12¢,d, we show the extracted <111> maximum intensity value divided by
the maximum of <200> (I<1115 /T<200> ). The sample annealed at 1000°C exhibits
the highest preference for Cu<111> orientation, being its Io111s /I<200> one order
of magnitude higher than the lowest 11115 /I<200> measured, corresponding to
the sample annealed at 900°C. Interestingly, the I<111s /I<200> for the sample
annealed at 800°C is significantly higher, closer to the one at 1000°C than to
the ones at 900°C and 950°C. Looking at the time series results, we observe that
the sample showing the highest preference for Cu<111> is the one annealed for
shortest time, 6 min. Increasing the annealing time beyond 60 minutes was tested
with the aim to keep increasing Cu<111> over Cu<200>. The I<111s /T<a00> for
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annealing time of 120 minutes increases with respect to the 60 minutes sample.
However, this also resulted in dewetting of the Cu film (see Figure 3.13b), which

is strongly undesired for graphene growth.
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Figure 3.12: Effect of temperature and time of annealing on the
orientation of the deposited Cu - (a)(b) 20 — w spectra of sapphire/Cu
samples prepared for the annealing temperature and time series, respectively.
Samples corresponding to the temperature series were annealed during 60 minutes
and the ones of the time series were annealed at 1000°C. The peaks in a and b
marked with * correspond to the sapphire substrate. (¢)(d) I111/I200 corresponding
to spectra in (a) and (b), respectively.
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Figure 3.13: Annealing of sapphire/Cu at 1000°C for 120 minutes - (a)
20 — w spectra shows preferential Cu<111> orientation. The peaks marked with
an * are of the sapphire substrate. (b) SEM image with white arrows indicating
Cu dewetting. Scale bar is 200 pm.

To complete the Cu crystallographic orientation analysis of the annealing
temperature and time series, we performed X-ray PF scans. The use of this
technique, which is explained more in detail in Section 2.5.4, enables the
characterization of the crystallographic in-plane distributions of the out-of-plane
preferential Cu <111> orientation. Therefore, by combining information from
20 — w scans and PF scans, it is possible to determine the epitaxial character of
the analysed surfaces [159], thus, providing information about the crystallographic
lattice structure alignment between Cu and c-sapphire [160]. If the Cu thin film
grows epitaxially on the c-sapphire substrate, the possibility of obtaining a smooth,
defect-free surface increases. Hence, for graphene growth on Cu surfaces, not only
a highly-oriented Cu<111> is preferred, but also a preferential family of in-plane
distributions, since this would imply reduction of Cu grain boundaries and, thus,
a smoother, more stable surface [159, 161, 134, 149]. Reported studies about
deposition of Cu films on c-sapphire (a-Al;O3 [0001]) indicate that epitaxiality is
highly dependant on the Cu evaporation and annealing conditions [162]. The PF
scans of the Cu samples of the annealing temperature and time series are shown
in Figure 3.14. The typical 3 intensity peaks forming an inverse triangle that
appear when a sample is preferentially <111> oriented were observed only at
the sample annealed at 1000°C during 60 minutes. This signifies that both high
temperature and sufficiently long time are needed to achieve a preferred in-plane
Cu <111> orientation. In terms of epitaxiality of the Cu on the c-sapphire, it is

only achieved at the sample annealed at 1000°C for 60 minutes, as it shows a
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highly-preferred Cu<111> out-of-plane orientation with one preferential in-plane

distribution.
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Figure 3.14: Pole figures of annealed sapphire/Cu - (a)(b) Pole figures of
the temperature and time series of the sapphire/Cu.

To sum up, we optimized the preparation of a Cu <111> surface on c-plane
sapphire. We confirmed that the use of c-plane sapphire with a miscut angle of
< 0.5° is key to achieve the desired Cu orientation. Detailed surface analysis of
sapphire/Cu using different techniques such as SEM, AFM, EBSD and XRD
revealed that it is possible to achieve a reproducible, well-oriented surface by
performing e-beam evaporation of Cu at high rate (6-8 A/s), followed by an

annealing step in vacuum at 1000°C during 60 minutes.

3.3 Graphene growth

Based on the knowledge previously gained in the group regarding CVD graphene
grown on Cu foils, we were able to adapt the conditions to grow graphene on our
sapphire/copper substrates. For the growth step, we used 0.5 sccm CHy flow in
Ar:Hy (98:2 sccm) at 1000°C and 60-70 mbar. SEM analysis confirmes that a
graphene monolayer was closed in 1.5 minutes using these conditions (see Figure
3.15a). Raman spectroscopy analysis (Figures 3.15b-d) shows that the I>p/Ig
ratio is 2.6 + 0.4, in good agreement with the reported values corresponding to
closed graphene monolayer [62]. Furthermore, the lack of Ip indicates a very low
density of defects at the graphene surface. Raman analysis also suggests that Cu
grain boundaries act as nucleation sites for graphene growth, revealing a more
intense G band in the grain boundary regions than outside them (see Figure
3.15d).
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To specifically determine the graphene grain size of our samples, we carried
out different growth attempts to obtain an open graphene sample. However, the
short time needed for the graphene layer to close made it impossible at this
point. In that direction, further work would include the growth of a monolayer
graphene and subsequent oxidation of Cu through the graphene grain boundaries
by heating the sample or oxidizing it in a controlled atmosphere [163, 164]. We
tentatively consider that the graphene grains obtained by our process are > 50
pm, as SEM analysis suggests that graphene grain boundaries mainly follow
the copper grain boundaries, which act as nucleation sites for graphene growth.
In some areas of the samples, the visualization of graphene grain boundaries is
possible, and the calculated grain size was > 50 pum in all cases. As said before,
further experiments and analysis may contribute to a more detailed quantification.
To further increase the graphene grain size beyond ~ 50 pm, changing growth
parameters could help. However, having confirmed that Cu boundaries act as
preferential nucleation sites for graphene, we suggest that any attempt to increase
graphene grain size should be intended after reducing the presence of Cu grain
boundaries. This, as mentioned before, would be possible if Cu is deposited on

sapphire while this is maintained at a certain temperature [147].
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Figure 3.15: Characterization of graphene grown on sapphire/Cu - (a)
SEM images of different regions of a graphene sample grown on sapphire/Cu.
White arrows indicate graphene grain boundaries, while orange arrows indicate Cu
grain boundaries. (b) Optical image of the graphene area where the Raman map
was performed (left) and corresponding I>p /I Raman map (right). (c) Histogram
of the Isp/I¢ from the Raman map at (b). (d) Average Raman spectrum (black)
of the Raman map, representative spectrum of the graphene at the Cu boundary
(red) and graphene at the flat Cu grain region (green). Raman map size: 30x30

pm.

To evaluate the reproducibility of different graphene growths, we performed
Raman wyp-wg correlation maps (see Section 2.5.1) of multiple samples and
compared them with the standard graphene from CVD1 on Cu foils. In Figure
3.16, Raman wyp-we correlation maps reveal a high reproducibility achieved for
the samples from the rigid sapphire/Cu substrates, as no significant differences
were observed in strain (¢) or in doping. For the samples grown on Cu foils,
we measured certain non-homogeneity between samples, in comparison with
the high homogeneity observed for graphene on Cu films, and non-homogeneity
within same samples, evidenced by the outlier points at the bottom part of the
plot (Figure 3.16b). Regarding the strain gradient, the data clouds were more
dispersed for graphene grown on Cu foils (Ae = 2.4%) than on Cu films (Ae =
1.6%). The strain differences may be attributed to the different Cu orientations
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3. Substrate engineering for graphene growth

that may exist more prominently at the Cu foil surface. Variations in the doping
of the samples were similar comparing graphene grown on Cu films and on Cu
foils. These results demonstrate a promising high reproducibility level of graphene

growth on the engineered rigid supports.

Cu thin films on sapphire Cu foils (standard)
a b
2800 T T T T - 2800 T T T T T T T T
) ) strain i
doping
2760 2760
a 2720 £ o 2720
~N o~
3 3
2680 2680 pLA0:
2 1 1 1 1 1 1 1 1
1570 1580 1590 1600 1610 1620 1570 1580 1590 1600 1610 1620
-1
g (cm™) wg (cm™)

Figure 3.16: Reproducibility of graphene growth - Raman wap-wa
correlation maps of graphene samples grown on (a) c-sapphire/Cu rigid supports
in the CVD2 and (b) commercial Cu foils in the CVD1. n = 6 samples. Raman
maps size: 30x30 pum, acquired at the central part of the samples.

3.3.1 Graphene transfer and device fabrication

We evaluated the transfer and wafer scale fabrication process using our graphene
grown on sapphire/copper. The dry transfer method has been presented as an
interesting alternative to the wet transfer, this last one based on the chemical
etching of the metallic growth support. The dry transfer offers a better industrial
scalability and reduced doping effects related with the metal etchant [123, 165].
However, dry transfer is very challenging and not fully optimized. Although we
explored the dry transfer of the graphene grown on the Cu-based rigid supports,
we decided to use wet transfer after observing that the Cu was peeled-off together
with graphene. In view of that, we carried out the transfer process described
in Section 2.4.1 on pyrex substrates, with a slight modification: after PMMA
spin-coating and curing, the sapphire/Cu/graphene samples are immersed in
the FeCls/HCI solution during 2 hours. Once Cu is etched and the graphene
layer is separated from the rigid support to remain floating on the solution’s
surface. The subsequent steps are the same than as for the standard protocol.
AFM showed that the sapphire surface contains residues after graphene transfer
(Figure 3.17a). XPS analysis revealed that no Cu was detected on the sapphire

after the graphene was peeled-off, as no signal was measured at the Cu 2p XPS
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3.3 Graphene growth

spectrum (Figure 3.17b), and that the contamination observed by AFM was

mainly due to Fe compounds (Figure 3.17c¢).
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Figure 3.17: Sapphire substrate after graphene dry transfer - (a) AFM
image of the sapphire surface after peeling of the Cu/graphene. (b) XPS Fe 2p
core level spectrum showing Fe traces left at the sapphire surface. (¢) XPS Cu 2p
core level spectrum showing no Cu was left on sapphire after graphene transfer.

With the aim to compare the quality of the devices prepared with graphene
grown on the sapphire/Cu with that of devices prepared using graphene grown
on Cu foils, we carried out the transfer process on SiO;/Si, (Figure 3.18a).
We completed the standard fabrication procedure (see Section 2.4) obtaining a
finalized device (Figure 3.18a). Raman spectroscopy characterization at each stage
(Figure 3.18b) indicates the appearance of the graphene D band after transfer,
which was not present in the as-grown case, and increased after fabrication, with
an Ip /Iyp ratio < 0.5. In Figure 3.18c, the wap-wg correlation map shows that
the main effect of the fabrication process is a variation in the strain level of
0.65%, which is consistent with the reported range [166] and may be attributed
to the different substrate-graphene coupling [167]. Regarding doping variations,

the transfer and subsequent fabrication processes induced inhomogeneity, as we
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3. Substrate engineering for graphene growth

observed increasing dispersion outside of the reference doping line (red line in

Figure 3.18c). The doping level after fabrication increased to 2-10'% cm~2.
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Figure 3.18: (a) Schematic representation of the process from the graphene
growth to the fabricated device. The transfer performed in step I is detailed in
Section 2.4.1. The fabrication performed in step II is described in Section 2.4.
(b) Average Raman spectra of the three samples prepared with the Iop/Ig maps
obtained for the as transfer and after fabrication ones. (¢) w2p-wg correlation map
of the three samples analysed. Strain and doping levels are included according to
[67]. Maps were of 30x30 um for as grown graphene and of 10x10 pm for both as
transfer and after fabrication.

3.4 Substrate reusability

Reusing the substrates for multiple graphene growth processes would represent
a huge advantage in terms of achieving a cost-effective methodology. Substrate
reusability can be considered in two directions: first, Cu could be reused if a
dry transfer approach was available; second, sapphire reusability may be studied
after Cu etching. As we worked with the wet transfer, here we present results
regarding sapphire reusability.

After transferring the graphene, we treated the sapphire with HCI 5M to
remove any remaining Fe residues from the Cu etchant solution. Results from the
AFM and XPS analysis are shown in Figure 3.19. AFM measurements revealed
that the c-sapphire terraces were maintained after Cu etching. However, we
couldn’t achieve the complete removal of small particles, that we attribute to

Fe impurities. XPS confirmed that Fe residues were insignificant already after 3
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3.4 Substrate reusability

hours of cleaning in HCI. Figure 3.19b and the Fe 2p corresponds to background
signal.

To test subsequent graphene growth on the same c-sapphire substrate after
Cu etching, we further proceeded with e-beam Cu deposition, annealing (Ar:Hs
(70:7 scem), 1000°, 60 minutes, P~50 mbar) and graphene growth (0.5 sccm
CH, flow in Ar:Hy (98:2 scem), 1000°C and P~60-70 mbar). SEM images of
the sample after graphene growth (Figure 3.20), reveal large Cu grains and a
smooth graphene surface. However, the SEM images also revealed the appearance
of dewetting (white arrows in the right image). The presence of graphene was

confirmed by Raman spectroscopy, as depicted in the left image.
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Figure 3.19: Sapphire surface after graphene wet transfer - (a) AFM
image of the sapphire surface after graphene wet transfer and cleaning in HCI
5 M, 24 hours. (b) XPS Fe 2p core level spectra of the sapphire substrate after
graphene transfer and cleaning in HC1 5 M for 3 and 24 hours.

Figure 3.20: Graphene grown on a reused c-sapphire substrate - SEM
images of a graphene sample grown on a reused c-sapphire sample, after a new Cu
evaporation. Scale bar is 50 pm in both images. Raman average spectrum of an
area of 400 um?.
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3. Substrate engineering for graphene growth

These preliminary results demonstrated the feasibility of sapphire reusability
for graphene growth. However, further work is necessary to evaluate the scope of
it: a series of experiments involving more repetitions of Cu deposition, annealing,
graphene growth and transfer on the same c-sapphire substrates, including AFM
and SEM analysis to monitor the surface changes would allow the assessment of
the impact on the sapphire surface, as well as on the graphene quality achieved

after each serie.
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Physicochemical
characterization of the
graphene/substrate and

graphene/electrolyte interfaces

4.1 Graphene electronic devices in aqueous me-
dia

Being a bidimensional material, graphene is extremely affected by its surrounding
media. Hence, the interfacial phenomena at the graphene interface dictate the
operational performance of electronic devices working in aqueous conditions.
Traditionally, the graphene-electrolyte interface has been studied both using
experimental and theoretical approaches. Despite of the numerous published
works on this crucial topic [38, 39, 40, 41, 42], fundamental questions yet remain
to be answered. The reason why we still have little understanding of the interface
between substrate-graphene-electrolyte is the complexity of the experimental

approach to study it. First, highly reproducible, non-defective graphene sheets
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are required. As commented in the previous chapter, this is a challenge on its own.
Moreover, graphene in finalized devices contains impurities in form of adsorbed
surface charges resulting from the transfer and lithography processes that alter
its interface with the liquid and, consequently, have a negative impact in device
performance. Despite the fact that a variety of surface cleaning approaches have
been proposed up to date [168, 169, 60, 170, 171], this is still an unsolved matter.

Besides these residual charges, other factors may affect the electrochemical
double layer (EDL) at the graphene-aqueous electrolyte interface: the ionic
concentration [40, 41, 42], the pH or the nature of the substrate where graphene
is supported [172, 173]. In addition, not only the bulk water from the electrolyte
at the upper face of graphene has to be considered, but also the intercalated
water between graphene and the substrate underneath it due to its influence
on the electrical coupling with the substrate [174, 175]. This intercalated water
comes from the wet transfer process, it is hard to completely remove and persists
throughout the fabrication of the devices. Importantly, water intercalation is also
a dynamic process that occurs while the graphene-based devices are working in
an aqueous - biological- environment [176]. Having this in mind, even performing
a water-free transfer process does not ensure avoiding substrate-graphene water
intercalation, which makes it an important parameter to be taken into account.

In this chapter of the thesis, the impact of the above-mentioned factors
in graphene interfacial phenomena is evaluated after providing a theoretical
introduction of the graphene-electrolyte interface and the principal electrochemi-
cal technique to characterize it, followed by a discussion of the measurements
performed towards the understanding of the whole substrate-graphene-electrolyte

system.

4.2 Electrochemical double layer at the graphene-

electrolyte interface

4.2.1 Electrode-electrolyte interface: Electrochemical Dou-

ble Layer

Electrochemical measurements are the basis of electrode-electrolyte interface
studies. When graphene is in contact with an aqueous electrolyte, a local potential
difference appears at the interface between its surface and the electrolyte solution.
The structure of this potential difference follows a distribution of charge that
configures what is known as the electrochemical double layer, EDL. During

electrochemical measurements, a voltage is applied to the electrode -graphene- and
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4.2 Electrochemical double layer at the graphene-electrolyte interface

the EDL structure changes, which can be monitored by measuring the interfacial
impedance. Modelling of the EDL has evolved since the first approaches based on
the ideal polarizable electrodes (IPE) concept [177] to the Gouy-Chapman-Stern
model. In 1853, Helmholtz proposed the first description of the EDL [178]. Its
model was based on a thermodynamic analysis of the electrochemical interface in
a situation of no electrochemical reactions inducing charge transfer processes. The
Helmholtz layer consists on a linear potential gradient between the two plates of
the capacitor, the electrode and the electrolyte. This gives the Helmholtz double

layer capacitance, expressed by:

€0€HA

Ch .

(4.1)
where ¢y and ey are the permittivity values of vacuum and of the electrolyte,
respectively, A is the electrode surface area and dp is the distance between the
charges in the electrolyte and the charges in the electrode, often considered, in
an approximation, as the Debye length [179].

The Helmholtz model does not take into consideration the application of a
potential to the electrode, as it describes capacitance independent from voltage,
neither the derived thermal motion of the ions and the interaction between the
dipole moments of the solvent molecules and the electrode. Gouy and Chapman
developed a model including these factors, but treating the ions as points of
charge that can arbitrarily approach the electrode surface [179]. Consequently,
the Gouy-Chapman (GC) model does not differentiate between high and low
electrolyte concentrations, which is not corresponding to reality. In 1924, Stern
proposed a combination of the Helmholtz and the GC models, reaching a more
accurate description of the EDL. Stern introduced a plane, called the outer
Helmholtz Plane (OHP), which includes the ions closest to the electrode surface
and result in the so-called Helmholtz capacitance, Cg. The bulk electrolyte, out
of the OHP, follow the GC theory and conforms what is known as the diffusive
layer [179, 180]. In summary, the Gouy-Chapman-Stern (GCS) model describes
the total capacitance of the EDL, Cgpy, as:

L1
Cepr Cu Cgc

(4.2)
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Figure 4.1: Model of the electrochemical double layer (EDL) - Illustration
of the ionic distribution in the Gouy-Chapman-Stern model of the EDL and
electrostatic potential distribution across the interface.

4.2.2 Graphene Quantum Capacitance

When considering graphene electrodes, equation 4.2 does not describe the
experimentally measured capacitance. The reason of that is the additional
contribution of the quantum capacitance, Cg. The existence of the Cg in graphene
is consequence of the electronic structure of this material. Close to the Fermi
level, graphene has a low density of states (DOS), which is contrast to the case of
a pure metal [181], and with a symmetric distribution with respect to the Fermi
level. Consequently, the charge density @Q in graphene, which is the difference
between the electron and hole densities in the electrodes, can be expressed as

[181]:

Va

Q=q [ dBUELE v )= fEE e 43

where q is the magnitude of the electronic charge, E is the energy, g(E) corresponds
to the DOS, f(E) is the function of the Fermi-Dirac distribution, Vg is the band
gap energy, V is the local electrostatic potential, and Ep is the Fermi energy taken
to be midgap when V is 0. When applying a voltage to graphene, the energetic
distribution of the DOS enable the creation of holes or electrons according to the
voltage applied. Taking this definition of  and the definition of graphene’s DOS,
the Cg of graphene is described by the combination of the following equations

Co = 2L (ng| + In*])? (4.4)
hl/F\/Tr
qVen 2
= 4-
na hVF\/’iT ( 5)
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4.2 Electrochemical double layer at the graphene-electrolyte interface

being h the reduced Planck constant, vr the Fermi velocity, ng the voltage-
induced carrier concentration, n* the effective charge impurity concentration and
Ven, the electric potential at the graphene electrode.

Thus, Cg is an additional capacitance appearing in graphene and connected in
series to the total capacitance of the EDL. As a consequence, the total capacitance,

Ctotal i, of a graphene-based electrode is considered as [182, 183, 179]:

L1
Ciotat  Cepr  Cqg

(4.6)

The typical value of the graphene’s Cg is on the order of 1-10 uF/cm ™2 (184,
179], depending on the applied voltage range. Figure 4.2 is a graphical illustration

of the series combination of the Crpr, and the Cg of graphene.
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Figure 4.2: Capacitance at the graphene-electrolyte interface - Simulation
of the graphene-electrolyte capacitance distribution at different Vgs. Ciotar is the
combination in series of the double layer capacitance, Cgpr, and the graphene
quantum capacitance, Co. Adapted from [185].

4.2.3 Electrochemical Impedance spectroscopy

Electrochemical Impedance spectroscopy (EIS) is a powerful technique for the
characterization of the graphene-electrolyte interface. By applying an alternating
current voltage (Vac) to an electrode at different frequencies, it measures the
resulting current response. When applying a V¢, the sinusoidal nature of that

voltage (V' (t)) is expressed by:

V(t) = Vhsin(wt) (4.7)

1n literature, Cyopq; can be also found as Cipy
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where V (t) is the potential at a certain time, ¢, Vj is the amplitude of the signal,

and w is the radial frequency
w=2nf (4.8)

while the current response presents a shift in phase, being expressed by:
I(t) = Ipsin(wt + ¢) (4.9)

Taking that into account, the voltage-current relationship when a V¢ is applied
is expressed as impedance, Z, which is composed by a real and an imaginary part,

Zre and Zp,,, respectively, and can be represented by the following expression:
Z(w) = ZRe — iZ]m (410)

There are different ways to represent the Z response to the frequency of
an electrode in an electrolyte, allowing the visualization of both the real and
imaginary components (modulus and phase). To interpret the data obtained by
EIS, we used the Bode plots form of representation (see Figure 4.3a), which
represent Z and phase as a function of frequency, enabling the visualization of the
electrochemical response of the electrode at the whole frequency range measured.
Thus, different regimes can be identified according to the different contributions
from the processes happening at the interface. In the Faradaic regime (very low
frequencies), reactions at the electrode surface involving charge transfer affect
the EIS response. In the capacitive regime, the EIS response is dominated by the
capacitive contribution of the electrode. Finally, in the solution regime (very high
frequencies), the resistive components of the system, which include the solution
resistance, govern the EIS response.

Generally, EIS data analysis is performed taking an equivalent electrical circuit
as a reference. A typical equivalent circuit representing the electrode-electrolyte
system is composed by a resistance (related with the electrode contact and the
electrolyte solution) and a capacitance (related with the charging of the double
layer) connected in series. To account for all the possible processes happening
at the interface and for deviations from the ideality of a pure capacitor, one of
the most common circuits used for EIS data fitting is the Randless model [180],
which is represented in Figure 4.3b. In a Randless model, Ry, is the resistive
element that includes the the resistance of the solution and the contact resistance,
and the CPE is the constant phase element, which substitutes the Cy to consider
non-idealities in the electrode such as surface roughness or distributed time

constants for charge-transfer reactions, and thus improve the accuracy of the
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4.2 Electrochemical double layer at the graphene-electrolyte interface

model [186, 187]. The CPE impedance is expressed as:

Zopp = e~iom/2 (4.11)

wQ
where w is the angular frequency, i is the imaginary unit and a (0 < a < 1) is
the ideality coefficient, giving a pure capacitor behavior when o = 1 (and then
Q is equal to the capacitance), and a pure resistor when o = 0 (and then Q
is 1/R) [188]. In systems where processes involving charge-transfer are present
(i. e. reduction-oxidation reactions or adsorption-desorption processes), the R;
element of the Randless circuit accounts for the charge transfer resistance. Finally,
to describe diffusion processes, the circuit includes what is known as the Warbug
impedance, W [180].
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Figure 4.3: Bode representation of the frequency response of the
electrode/electrolyte interface and Randless equivalent circuit - (a) Bode
plot of a typical surface responding according to a Randless circuit, represented in

(b).

In this dissertation, we use potentiostatic electrochemical impedance spec-
troscopy, PEIS, which is the EIS technique performed fixing the voltage, to
assess variations in the measured capacitance of graphene aqueous systems on
substrates of diverse conductivity nature. For that, we work with a three-electrode
configuration, illustrated in Figure 4.4a.

To interpret the PEIS data, we use different equivalent circuits to model each
system studied, which will be explained further in the results discussion. When
analysing the data to evaluate differences in the electrochemical behavior of the
different graphene electrodes (detailed in the following section), we generally

focus on these features of the Bode plot:

o Capacitive (CPE) regime: this is defined by the frequency range where the

phase magnitude is approximately between 90° and 45°.
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e Low-frequency limit: At low frequencies, the graphene electrodes can be

charged and thus show a behavior dominated by the capacitance (CPE). The
impedance at low frequencies is higher and decreases when the frequency
is increased. Phase values approaching to -90° are indicative of a more
capacitive nature of the electrode. At very low frequencies (<10 Hz), the
electrochemical response belongs to the so-called Faradaic regime, where
lower phase values (closer to 0) are indicative of reactions involving charge
transfer at the electrode surface [180].

High-frequency limit: at very high frequencies, the contribution to the total
impedance from the CPE decreases as the electrochemical response is more
dominated by the resistive components of the system, including R [180].
There, changes in the ionic strength of the electrolyte, for instance, may
result in variations of the |Z|, as illustrated in Figure 4.4. Phase values

close to 0° represent a more resistive behavior.
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Figure 4.4: PEIS experimental setup and Bode plot illustrating changes
in R, - (a) Schematic illustration of the setup for the measurement of the
electrochemical response of the graphene electrodes, representing a graphene
electrode in contact with an electrolyte, where the reference electrode (RE) and
the counter electrode (CE) are immersed. We used the same Bio-Logic SP-200
potentiostat as for the Raman spectroelectrochemistry measurements (see Section
2.5.1). (b) Representative Bode plot of a graphene electrode indicating the effect
on the |Z| at high frequencies of variations in Rs produced by an increment of the
ionic strength of the solution.

4.3 Substrate effect on the electronic properties

of graphene

In order to study the influence of the substrate nature on the characteristics
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graphene electrodes, we chose pyrex, ITO and Au substrates, as representative

of a non-conductive transparent oxide, a semiconductive transparent oxide and
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a metal, respectively. The graphene used in the study was grown in the CVD1
reactor following the method explained in Section 2.2. Once grown, graphene
pieces of 5x5 mm were transferred to the three mentioned different substrates
and the samples were prepared as explained in Section 2.5.1 (see Figure 2.12).
PEIS was performed using an experimental setup based on a three-electrode
configuration, according to what is explained above.

Figure 4.5 shows the PEIS Bode plot measured in PBS ([KCI] = 150 mM) pH
7 for the pyrex/graphene, ITO/graphene and Au/graphene electrodes, together
with the proposed equivalent circuit models for each electrode configuration,
detailed further below. We note the following observations from the Bode plots.
The capacitive regime is extended from 40 Hz to ~2-10 in the ITO/graphene
system, while for pyrex/graphene and Au/graphene electrodes the capacitive
response is extended to higher frequencies. For the same ionic strength (i. e.
same Ry), the ITO/graphene capacitance is higher than the pyrex/graphene and
Au/graphene (see Table 4.1).
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Figure 4.5: Electrochemical Impedance spectroscopy of graphene
electrodes - (a-c) PEIS Bode plots of the different configurations of graphene
electrodes, pyrex/graphene, ITO/graphene and Au/graphene. Different colours
of the lines correspond to the data obtained at different voltages. The red dots
at high frequencies correspond to results of measurements performed at higher
electrolyte ionic concentration ([KCI] = 400 mM) to illustrate the effect of the ionic
strength on the |Z|. (d-f) Corresponding equivalent circuit models. The dashed
black lines represent the fitting results.
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Table 4.1: |Z| values from PEIS measurements at low and high frequencies

|Z] (Ohm)
Pyrex/graphene ITO/graphene Au/graphene
40 Hz ~10° ~5-10% ~10°
10* Hz 5-102-9-102 ~10! ~10?

In the resistive regime (frequencies > 10* Hz), ITO/graphene and
Au/graphene are only barely sensitive to the DC voltage. This is not the
case of the pyrex/graphene system, which shows significant voltage dependence
of the impedance at all frequencies. When graphene is supported on conductive
substrates, its associated sheet resistance, Ry, is lower than the resistive
component associated to the substrate, Rgups, thus the Rg; dominates the
impedance. On the contrary, the R4 effect on the impedance in graphene on
non-conductive substrates is lower. The |Z| at high frequencies of measurements
performed increasing the ionic strength of the electrolyte are plotted in Figure 4.5
(red dots) for each system. As observed, the effect of the ionic strength on the |Z|
is more noticeable for ITO/graphene and Au/graphene, than for pyrex/graphene
electrodes. Finally, a DC voltage-dependency of the impedance is expected
for graphene [38]. This dependence is not observed in the ITO/graphene and
Au/graphene systems, and it is further studied in this section.

In the following, the equivalent circuit models describing each studied system
are explained (see Figures 4.5d-f). Ry contributes to the resistance-dominated
region of the system and CPE is the constant phase element representing the
double layer capacitance, whose origin is explained in the previous section, Rgy,
represents the distributed sheet resistance of the graphene layer and Rgyps refers
to the resistive component of the substrate. Rs,ps tends to oo for the case of
pyrex and is considered null for the case of ITO and Au. Ry, is the distributed
graphene sheet resistance. In the circuit model representing the Au/graphene
electrode, an approximation to a CPE connected in series with R, represents the
system. An in-house code (see Annex B) has been used to perform the PEIS
fitting of the experimental data. This code takes the defined equivalent circuit
equation and returns fitted values for each parameter. The fitting parameters can
be found in Annex B. Due to the limited conductivity of graphene, the frequency
response of graphene devices is governed by a distributed configuration of the R
and CPE elements in the graphene-electrolyte interface. This model has been

described by Drieschner et al. [189], and the total impedance of the electrode
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4.3 Substrate effect on the electronic properties of graphene

following it is calculated by:

—ano(bL, UJ)

(w) = 3w LbJy (b, w) (4.12)

where L is the electrode radius, Jy and J; are the hyperbolic Bessel functions of
the first kind and of the zeroth and first order respectively, and b is expressed as:

ot (4.13)

QWTW

A detailed analysis of the PEIS measurements is presented in Figure 4.6. First,
we show the DC voltage dependence of the impedance module (]Z]) measured at
high frequency, ~10° Hz (Figures 4.6a-c), where the |Z| response is mostly
dominated by the resistive components of the circuit. The pyrex/graphene
electrode exhibits the expected graphene dependency, an inverted V-shaped
curve [182]. This results from graphene’s zero bandgap electronic structure,
enabling ambipolar (hole and electron) conductivity, that can be modulated
by the application of a voltage [84, 190] and reaches a minimum at the Dirac
point, when the valence and the conduction band meet [185]. In relation with
the sheet resistance, at more negative voltages (V < CNP), the Ry, decreases
as the applied voltage increases due to the increasing carrier density (holes
conductivity in electrode configuration). At more positive voltages (V > CNP),
the Ryp, also decreases as the applied voltage increases due to the increasing
electron conductivity. For the case of conductive substrates, ITO and Au, the
contribution of Ry, is negligible, such that the impedance at high frequencies is
dominated by the R,. In Figures 4.6d-f, we show the |Z|-V modulation at 54 Hz,
where all electrodes have a capacitive behavior. Similarly to what is observed at
high frequencies, only the pyrex/graphene electrode shows an inverse V-shape
dependency of |Z|. As observed in Figures 4.5d-f, phase values at 54 Hz do not
completely reach -90° in any studied case, which would correspond to a pure
capacitor characteristic. This justifies the use of the constant phase element
(CPE) for the analysis of this PEIS data and correspond to deviations from
ideality, as explained in section 4.2.3. Figures 4.6g-i show the o values associated
to the CPE element for each electrode. As previously explained, this parameter is
related with the degree of capacitive (resistive) behaviour of the electrode, being
it more capacitive (resistive) when « tends to 1 (0) [188]. In our case, the fitted
« parameter is close to 1 (~ 0.9) in all electrodes, and with a very low voltage

dependency.

65



4. Physicochemical characterization of the graphene/substrate and
graphene/electrolyte interfaces

Pyrex/graphene ITO/graphene Au/graphene
a b c
700 FT T T T L T T T v T T T T T T
£ o 450 1 Eas0} g
£ o o 3 £
o o e )
N 525 1 N N
T . s T 300} 4 T30} g
Py Py P
2 . . © 2
= . = =
‘“350_ & -.. i o e —— ] (AR R R R R R EEE RN
N e N 150 {1 N0t e
. . . . . L L L L ' . L \ . \
04 02 0.0 0.2 0.4 04 02 0.0 0.2 04 04 02 0.0 0.2 0.4
d V vs. Ag/AgCI (V) e V vs. Ag/AgCl (V) f V vs. Ag/AgCl (V)
T v T T v T T T T T T T T T T
T 90 |- 1 ~ 9} 4 9% E
£ S
£ £ £
poeor - * e 1 Nt - Noeor g
3 . . 3 sest et 3
® ° ° % o0 ® ® 0000000 e,
N 3ol e*° Ceey g 1 Roaf Seeees
L ! ! ! g 1 1 1 1 1 1 i L Il 1
04 02 0.0 0.2 0.4 04 02 0.0 0.2 0.4 0.4 0.2 0.0 0.2 0.4
" V vs. Ag/AgCI (V) h V vs. Ag/AgCI (V) i V vs. Ag/AgCI (V)
1.0 T T T T 1.0 T T T T 1.0 T T T T
®e000e®0g000000
0.9 .....0'0""0.0 B 09+ B 09| ee®eceeo0ccccce -
3 3 3
0.8 = 0.8 = 0.8 =
01 Lu . ) L ) 01 s L s L 0.1 Lo s L L s
04 02 0.0 0.2 0.4 04 02 0.0 0.2 0.4 04 02 0.0 0.2 0.4
V vs. Ag/AgCI (V) V vs. Ag/AgCI (V) V vs. Ag/AgCI (V)
] . : . ; — K . . - . - | . : . : :
40 - B 9l e
3 1 oo
N 935 %o b 5;6
o [ e, o 3 . a°r 1
wo ° 3 J WL \ i L
& . . & See S, Setens |
'. .. 000 eee ®0ececees
L oo i 25 | 4
. 1 L | . 1 L . L L ol L L L .
04 02 0.0 0.2 0.4 04 02 0.0 0.2 0.4 04 02 0.0 0.2 0.4
V vs. Ag/AgClI (V) V vs. Ag/AgCI (V) V vs. Ag/AgCI (V)

Figure 4.6: Electrochemical Impedance spectroscopy analysis of
graphene electrodes -(a-c) Impedance module (|Z|) for each applied V at
10° Hz. (d-f) |Z| for each applied V at 54 Hz. (g-i) « response to V. (j-1) CPE
modulation with V for the three systems studied. Values are extracted from
the fitting using the distributed model for pyrex/graphene and ITO/graphene
electrodes and the simple model for the Au/graphene electrodes, as explained in
the text. n = 3 electrodes.

Finally, Figures 4.6j-1 show the voltage response of the CPE parameters
for the three electrode systems. The pyrex/graphene electrodes exhibit the
expected symmetrical V-shape response of graphene, with values of ~1.5 Ss®, in
good agreement to the ones reported in literature [184, 191] and corresponding
to the series combination of graphene’s quantum capacitance (Cg) and the
electrical double layer capacitance (Cgpyr). The minimum of the curve, the CNP,

corresponds to graphene’s minimum conductivity [192], as previously explained.
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4.3 Substrate effect on the electronic properties of graphene

For the ITO/graphene case, we observe clear qualitative and quantitative
differences with the pyrex/graphene in the CPE-V curve: on the one hand, the
absolute CPE values are higher, reaching ~35 Ss®. A non-symmetrical behavior
of the CPE-V curve is also observed in the Au/graphene electrodes, which present
a stepped trend, with slight higher values, around 3 Ss®, than the ones of typical
graphene Cg, in agreement with reported literature [193].

To provide more understanding of the PEIS analysis, we performed the
equivalent PEIS measurements for the bare ITO and Au substrates, without
graphene on top of them. These measurements are shown in Figure 4.7. The CPE
values for the bare ITO and Au substrates, ~140 Ss® and ~40 Ss® around 0.0 V
respectively (see Figure 4.7c), are in good agreement with the literature [194].
Interestingly, the magnitude of the CPE values measured for ITO/graphene and
Au/graphene electrodes (see Figures 4.6k,1) is lower than the ones measured
for the bare ITO and Au electrodes, but higher than the ones associated with
the graphene Cg. The phase values for bare ITO and Au (see Figure 4.7d)
are > 0.95, that, as commented above, confirm a capacitive behavior of both
electrodes. From now on, we will focus on the ITO/graphene system. The ITO
substrate used in this thesis is an n-type semiconductor, with a carrier density of
1.12:10"8cm ™3, as extracted from the Mott-Schottky plot analysis? in Figure 4.8a,
and its linearly-decreasing CPE behavior with increasing voltage can explain the

lack of symmetric behavior of the ITO/graphene electrode (see Figure 4.6k).

2The Mott-Schottky theory is useful for the determination of the doping level of a
semiconductor, using the Mott-Schottky equation for n-type semiconductors:

1 ( 2
CQ - SEEoAQND
where e is the electron charge, € is the semiconductor dielectric constant, £g is the permittivity
of vacuum, K is the Boltzmann constant, T" is the temperature, Cs. is the space charge layer

capacitance, A is the electrode area, Np is the concentration of dopands, E the bias voltage
and Epp the flat band potential [195] which is detailed in the description of the Figure 4.8.

JE —Erp — %) (4.14)
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Figure 4.7: Potentiostatic Electrochemical Impedance spectroscopy of
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Figure 4.8: Mott-Schottky plot of ITO substrate for doping level
calculation and band structure alignment with graphene - (a) Mott-
Schottky plot for bare ITO. Doping level is calculated using the slope of the plot
(8.42:1072 uF?/V) and considering the Mott-Schottky equation (4.14) for n-type
semiconductors. (b) Band diagram model of ITO and graphene derived from
photoemission (UPS) studies, explained in detail in Section 4.5.

The differences of measured CPE between the pyrex/graphene, the
ITO/graphene and the Au/graphene electrodes give rise to questioning if the the
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4.3 Substrate effect on the electronic properties of graphene

effective charge modulation in graphene can be limited by the ITO or Au band
structures. To shed light on that, we performed Raman spectroelectrochemistry,
as it provides a direct measurement of the graphene surface charge density
[71]. Raman maps of the graphene electrodes immersed in PBS (pH 7) were
acquired while applying different voltages (-0.35 to 0.35 V) vs Ag/AgCl, using
the experimental setup explained in Section 2.5.1. Figure 4.9 show two exemplary
Raman maps of the frequency of the graphene G band, wg, for the three
electrodes studied at V = 0.0 V and 0.3 V. Measuring Raman maps instead of
single spectra minimize graphene inhomogenities affecting the interpretation of
the data, offering statistical information. Thus, the results presented are obtained
from the analysis of measurements at each pixel of the map areas (see Figure
4.9). At a first glance, the wg shifts with voltage changes in the three systems.

These differences, attested in the histograms in Figures 4.9¢,f,i, are discussed

below.
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Figure 4.9: Raman spectroscopy measurements of graphene electrodes
- (a)(b)(d)(e)(g)(h) Raman maps (256 um?) of the wg of pyrex/graphene,
ITO/graphene and Au/graphene electrodes at 0.0 V and 0.3 V. Scale bar = 3 um.
(c)(f) (i) Corresponding histograms of the wg at the indicated voltages.

As previously mentioned (Section 2.5.1), thanks to the strong electron-phonon
coupling in graphene, the energy of graphene G phonon relates with its Fermi

energy (Er) according to equation 2.2, reproduced here,
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Moreover, according to the following expression, graphene’s Ep relates with the

carrier density, n [196]:

Er = sgn(n)hvp/w|n| (4.15)

To properly describe the doping-dependence of the graphene G-band, it is
important to analyse the phonon self-energy [197, 198], whose real part is the wg
and the imaginary part is the full-width-half-maximum (FWHM), T'¢ [196]. T
variations are related with the G-phonon decay into an electron-hole pair (see

inset at Figure 4.10d), and follow the expression [196]:

AT = L (-6 — ) - (6 py) (116)
being wd the phonon frequency at Er=0, f(E) = [1+exp(E/kpT)]~" the Fermi-
Dirac distribution at a temperature T, the Ar the coeflicient of the electron-
phonon coupling strength at the gamma point, and I'g the part of the G band
FWHM that contains all sources of broadening not related with the carrier density
[196]. When representing graphene AT as function of the applied voltage (or the
Er) the AT'¢ has an inverted V-shape, which drops at |Ep| > hiw? /2 responding
to the exclusion Pauli principle [199, 196]. On the other hand, the wg behavior
with Eg considers a contribution of G-phonon interactions with virtual electron-
hole pairs (see inset at Figure 4.10e) and follows a V-shape trend, which can be

approximated to [196]:

Achely, (| Ep — /2

hA ~ \r|FE
wo ~ Ar|Ep + = [|EF+M%/2

] (4.17)

Additionally, it is possible to correlate the applied voltage with the Ep by [196]:

2
ekt

e )iC, (4.18)

E
V-V= ?F + sgn(EF)
The AT'¢ and Awgi as a function of V, respectively, are presented in Figures
4.10d,e. A theoretical fitting is included (black dashed lines), which is performed
according to [196], using equations 4.16 and 4.17 with Ar = 0.02 and C, i =27
pF /em? (pyrex/graphene) and 2.3 uF/cm? (ITO/graphene and Au/graphene) to

3For clarity, here we plot Al'g (Awg) calculated as the difference between the I'g (wg)
values measured at each V and the minimum of these values for the V sweep.
4As extracted from equation 4.18, Cy4 can be obtained from the slope of the Awg-V curves.
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4.3 Substrate effect on the electronic properties of graphene

fit AT'¢ and wg data. In these Raman spectroelectrochemistry measurements,
the voltage can be approximated as applied at very low frequencies. Hence,
we can consider the C, values as frequency-independent. Those values can be
compared, in a first approximation, to the CPE values measured by PEIS for the
pyrex/graphene electrode, which are in the range of the reported graphene Cg
[184, 191].
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Figure 4.10: Raman spectroscopy analysis of graphene electrodes - (a-c)
Average spectra in the G and 2D band regions of graphene supported on the three
different substrates of study. Raman maps surface: 256 pm?. (d)(e) AT'¢ and Awg
modulation with V and the corresponding fitting following the model explained in
the text.

ATl'g is analysed first. When graphene is on a substrate, the electron-phonon
coupling can be affected by charge density variations resulting, among others,
from the substrate self-doping effect. As no significant differences are observed
in AI'g modulation with V (Figure 4.10d), the electron-phonon coupling in
graphene on pyrex, ITO and Au can be considered invariable. This fact allows
the evaluation of the charge modulation with V by using the method described
above, correlating Awg with V (Figure 4.10e). Interestingly, an identical voltage

dependence for graphene on pyrex, ITO and Au is observed. Thus, the Raman
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spectroelectrochemistry results indicate that the same charge modulation can
be effectively induced in graphene by the application of an external potential
regardless of the substrate conductivity nature. Moreover, the slopes of the Awg-
V curves do not present any significant difference, which confirms that the same
charge modulation of graphene can be achieved in the three electrodes.
Considering the outcome of the Raman study and comparing it with the PEIS
results, which reveal a different impedance for the different electrodes (i.e. one
order of magnitude CPE and no V-shape dependence with applied voltage for
the ITO/graphene electrode), we dedicate the following discussion to provide
an explanation to these observations. We focused this part on the study of
pyrex/graphene and ITO/graphene electrodes, provided that both pyrex and

ITO are transparent oxides with very different conductivity.

When performing PEIS measurements, the total capacitance of the system of
study is measured. The fact that ITO/graphene electrodes show higher magnitude
of capacitance than pyrex/graphene ones indicates an additional contribution
of the ITO substrate to the total capacitance, beyond that of graphene. Given
that ITO is a conductive substrate and pyrex is non-conductive, it is reasonable
to think that this additional capacitive contribution may come from the ITO.
Considering the PEIS results, this contribution requires the existence of an
electrical contact between the substrate (ITO) and the bulk electrolyte. To
answer the question, we will discuss the water intercalation phenomenon, briefly
introduced at the beginning of this chapter and further explained here.

When graphene devices are immersed in an aqueous electrolyte, for instance
during the fabrication of the devices, from the transfer process [200] or during their
normal use in applications in which contact with aqueous solution is required
(biosensing or bioelectronic applications), water can intercalate through the
grain boundaries and thus be present between the graphene and the substrate
underneath [201]. As water intercalates through the graphene grain boundaries
[176, 202], its dynamics and amount depend on the graphene quality. Consequently,
its impact on the measurement of the electronic properties of those devices is
undetermined.

Figure 4.11 shows experimental proof of water intercalation in our devices.
Specifically, Figure 4.11a depicts Raman spectra of graphene, extracted from
Raman maps, before and after immersion in water for 2 hours; Figure 4.11b
displays a histogram of the wsp, corresponding to the Raman maps in Figure
4.11a. Shifts of the wop have been previously attributed to graphene-substrate
decoupling due to water intercalation [203, 204]. After 2 hours immersion in

water, the wsp presents a down-shift of ~3.5 cm™!, which we attribute to
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4.3 Substrate effect on the electronic properties of graphene

water intercalation. Furthermore, the increased dispersion observed in wop after
immersion in water evidences a non-uniform water intercalation between graphene
and the substrate, that has been explained by a non-uniform penetration of water
through graphene’s grain boundaries [200]. Figure 4.11c shows the evolution of
wop during the time the graphene electrode is immersed in water, revealing that
the wop down-shifts progressively during the first 90 minutes. Finally, Figure
4.11d shows contact potential difference (CPD) maps acquired using KPFM (see
Section F.3 for more information about the experimental details), before and
after immersion in water. The CPD map after immersion unveils the presence
of regions with different CPD, which we attribute to water islands remaining
between graphene and the substrate, in agreement with the inhomogeneous
presence of intercalated water reported in literature [174, 205].
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Figure 4.11: Experimental visualization of water intercalation in
graphene electrodes - (a)(b) Raman spectroscopy of a graphene electrode
(pyrex substrate) and histogram of the wap before (red) and after (blue) immersion
in water (2 hours). (¢) Evolution of wep with time during electrode immersion in
water. Raman maps dimensions: 400 um?. (d) CPD map obtained by KPFM on a
12030 pm graphene transistor (SiO2/Si substrate) before (left) and after (right)
immersion in water (2 hours). The histogram in the inset of the right image shows
the potential distribution of the CPD measurement.

Once confirmed the presence of the water intercalation in our graphene devices,
we now discuss about its impact on capacitancei measured for pyrex/graphene and
ITO/graphene electrodes. This part of the thesis includes numerical simulations

performed in collaboration with the Pervasive Electronics Advanced Research

5For clarity, we refer to capacitance in this part of the dissertation, instead to CPE.
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Laboratory (PEARL) of the University of Granada (UGr)S. Considering the
experimental observations, the reality of the graphene electrodes when in liquid
is the coexistence of different areas: one where graphene is in direct contact with
the substrate (without water intercalation) and another one where graphene is in
contact with intercalated water. The electrical circuits that describe the resulting

capacitance of these different areas are represented in Figure 4.12.

Electrolyte

Figure 4.12: Different coexisting interfaces formed on a graphene elec-
trode in contact with an aqueous electrolyte - (a)(b) Schematic illustrations
representing the areas without and with water intercalation, respectively, of the
graphene electrode illustrated in the centre, including the representative electronic
circuits defining the capacitance distribution of each system. Cg, is the graphene
capacitance, Crro is the ITO capacitance, Cgr 7 is the graphene contribution
to the capacitance considering the regions with water intercalation. C?"Tnof is the
ITO capacitance considering the regions with water intercalation. Cgy.' ! is short-
circuited with C?i}"g and thus not contributing to Cintercalation. The water present
between graphene and the substrate in the areas with water intercalation is referred
in the text as confined water, and it has reduced dielectric properties in comparison
with bulk water [206, 207].

As derived from the representations in Figure 4.12, the contributions of Cg;
and Cyro are in series for the case without water intercalation, being the total
capacitance of the circuit defined by the expression:

1 1 1
= + (4.19)

*
Cno—inte?“calation OGr ITO

where the Cg, is considered as the experimental capacitance obtained from the
PEIS of pyrex/graphene, as the substrate contribution to the total capacitance
in this case is negligible, given the non-conductive nature of pyrex. The ITO
capacitance Cj o, however, cannot be experimentally obtained from the PEIS
measurements of bare ITO electrodes. In the case of bare ITO electrodes, the
measured capacitance, that is named CY% . corresponds to a situation in which
the ITO electrode is directly in contact with the bulk electrolyte. Cjpo can be

described by two-parallel plate elements, in correspondence with the beginning of

6The PEARL group, lead by Prof. Andrés Godoy, is part of the Department of Electronics
and Computer Technology of the UGr.
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the depletion region of the ITO and its surface, being the distance between them
the size of the depletion region (see Figure 4.13). On the other hand, Cl}’#g is
spatially defined by the electrolyte and the substrate. The electrolyte corresponds
to the first plate and it is ultimately determined by the closest layer of ions
to the substrate, which corresponds to the second plate and is associated to
the depletion region in the ITO. Taking the Cjp, and C44E descriptions into
account, it can be assumed that Chp, > CYE. Furthermore, considering that
Car < CBIE as extracted from the PEIS measurements, and that Cipo >
Chuk then we can conclude that Cg, < Cjpq. Consequently, we arrive to the

assumption that C,o—intercalation 1S governed by Cegy:

Cnofintercalation = CG’I‘ (420)

. 00 4 . Electrolyte

Depletion region

Waept~ I/ND
ITO

Figure 4.13: Depletion region between an ITO substrate and the
electrolyte - Schematic illustration representing the charge distribution between
ITO (n-type semiconductor) and an electrolyte. Despite the charge distribution at
the electrolyte depends on the electron density, it can be approximated as a metal
in this case. Wyep is the width of the depletion region formed between the two
parallel plates: the ITO and the electrolyte, and it is inversely proportional to the
square root of the doping density.

For the case of the electrode areas with water intercalation, the presence
of water enables an electrical connection between the substrate and the
bulk electrolyte and thus there is a parallel distribution of the graphene an
ITO contributions to the total capacitance, Cintercalation (See Figure 4£b)

Considering that Cq, < C?}"g , we can conclude that C;,tercalation iS governed

by the interfacial capacitance of ITO in contact with the confined water, C;‘}"g :

Cintercalation = C;%Tg (421)
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Hence, to know the contribution of Cintercaiation t0 the total capacitance
of the graphene electrode, it is necessary to know the magnitude of C;"T”Of . As
we do not have direct experimental access to Cjoud, we collaborated with the
PEARL group to perform numerical simulations to support this analysis. All
the numerical simulations here were realized using an in-house code [208, 209],
being the main parameters the permittivity (e,,) and the thickness (t,,) of the
confined water layer, as these parameters are known to vary with respect to
the ones for bulk water [207]. First, the Cl}"Tlg was simulated to prove that the
model used is consistent with the experimental PEIS data of Figure 4.7 for the
bare ITO electrode. Then, the simulation of C?}’g was performed following the
approach detailed in Annex B, considering a layer of confined water above the ITO
surface with reduced ¢,, and certain t,,. To assess the model’s sensitivity to these
parameters, in Figure 4.14 we depict the calculated C?OTng varying them in a range
that accounts for the reduced dielectric properties of the confined water [207].
To visualize the impact of €,, on C;OT"(; (Figure 4.14b), we considered one layer
of water (t, = 3.4 A) and varied ,, from 5¢¢ to 25¢. C?OTnOf increases with &,,.
The minimum that appears around 0.2 V is attributed to the minimum of charge
density reached by the bulk electrolyte and the confined water, explained by its
charge density profiles (see Annex B). This minimum becomes less evident with
lower values of ¢,,. Furthermore, a maximum at ~ 0.3 V is observed for lower ¢,,
values, which we attribute to a change in the contribution to the total capacitance
of the regions corresponding to the confined water and the bulk electrolyte. At
~0.3 V, the accumulated charge in the confined water region reaches a value
capable to partially screen the substrate effect, which consequently reduces
the charge modulation in the bulk electrolyte (see Annex B for more details).
Regarding the impact of the number of layers of confined water (t,, variations)
on CS2 (Figure 4.14c), we observe that C4onS decreases with increasing t,, for
a fixed €,, of 15.6¢¢. Hence, a thicker confined water region leads to a reduction
in the coupling between the bulk electrolyte and the ITO. Consequently, a higher
impact of the confined water region is manifested for higher t,, values, as revealed

by the maximum at ~0.3 V for those curves.
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Figure 4.14: Numerical simulations on the ITO-intercalated water-
graphene-bulk electrolyte interface - (a) Schematic illustration of the
substrate (ITO)-graphene-electrolyte interface at the regions with intercalated

water. (b)(c) Effect of the confined water permittivity and thickness, respectively,

. f
on the ITO capacitance, Ci7g -

After having evaluated the impact of the key parameters of the confined
water region, &, and t,, on Cf‘}"of , we now calculate the total capacitance
of the ITO/graphene electrode, Cyprqr- As previously explained and confirmed
experimentally, water intercalation in graphene electrodes occurs non-uniformly,
in the form of cluster or islands [205]. Taking this into account, we can define Cy 14,
as a weighted sum involving the regions without and with water intercalation, as

indicated in equation 4.22:

Ctotal — GCnofintercalation + (1 - 9>Cintercalation (422)

where 0 and 1-0 are the surface coverage of each region, respectively. Figure
4.15a shows that the numerical simulations were able to reproduce the PEIS
experimental data for the ITO/graphene electrode (previously presented in
Figure 4.6k and reproduced again here) considering ¢, = 15.6¢¢, t, = 3.4 A
and 6 = 0.231, meaning that about an 80% of the electrode area presents water
intercalation. As stated before, the degree of water intercalation in graphene
devices may vary depending on the graphene quality, i. e. the amount of grain
boundaries and the defect density, and the substrate hydrophobicity. To provide
an indication of how the amount of water intercalation varies the magnitude
of the measured capacitance, in Figure 4.15b we depict Cyotq; simulated for a
range of 6, from 0 (highest amount of water intercalation) to 0.95 (low amount
of water intercalation). These results confirm that increasing water intercalation
enhances the graphene-substrate decoupling and enables the electrical connection
of the substrate with the bulk electrolyte, which results in a measured Ciytq;

with higher contribution from the capacitance of the ITO substrate. This effect

"The numerical model developed enables the simultaneous variation of €y, ty and 6.
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would not be observed for the case of graphene electrodes using non-conductive

substrates, as pyrex.

a b .
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Figure 4.15: Numerical simulations for the calculation of Cisa - (a)
Comparison of the experimental PEIS data, CPE of the ITO/graphene electrode
and simulated Ciotqr using the €4, t,, and 6 parameters indicated in the text. (b)
Simulated Cyoq; for different 0 values.

An equivalent study could be applied to explain the electrochemical response
of Au/graphene electrodes. In this case, the different substrate hydrophobicity,
substrate-graphene adhesion, as well as the Au conductivity and its band
alignment with graphene should be taken into account. From this point, discussion
will be focused on pyrex/graphene and ITO/graphene electrodes. The experiments
performed on Au/graphene electrodes, not considered for the discussion, are

provided in Annex B.

4.4 Electrolyte effect on the electronic properties

of graphene

Results presented until now have revealed the impact of water intercalation on
the electrical response of graphene-based devices. As stated at the introduction
of this chapter, when graphene devices are in an aqueous electrolyte, not only
the substrate nature affects its electrical performance, but other parameters
such as the electrolyte ionic strength and pH are important. Here, we assess
the effect of those parameters, ionic strength and pH, on the characteristics of
as-transfer graphene electrodes. It is known that, depending on the composition
of the electrolyte in contact with graphene, there may be variations in the
electrostatic charge screening at the surface, the reactions happening at the

graphene surface and the doping level [210], which can be associated with the
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4.4 Electrolyte effect on the electronic properties of graphene

amount of surface charge on graphene, o,4s. In literature, there is a controversy
regarding graphene’s sensitivity to pH. In this regard, two hypothesis have been
considered. The first one assumes graphene sensitivity to pH due to charging
of the Cgpy, as a consequence of ion adsorption at the graphene surface [211].
The second one establishes that clean graphene surfaces cannot sense pH due to
their lack of chemically-charged groups exposed to the electrolyte [212]. Hence,
graphene’s pH sensitivity is considered to be due to its interfaces with the
substrate and the charged species on its surface [213]. To resolve this, it is of
importance to distinguish clean graphene from contaminated graphene. The
differences between them, as well as its impact on graphene technology and the
consequence challenges associated are further discussed in the following section.
Having said that, here we use as-transfer pyrex/graphene electrodes (as in Section
4.3), considering them clean graphene.

The influence of ionic strength on EDL can be studied by different methods.
Our aim here is to identify possible variations in graphene’s capacitance and
charge modulation with voltage. For that, the pyrex/graphene electrodes were put
in contact with PBS of different pH (3, 7 and 10) and two different ionic strengths,
adjusted by [KCIl]: 150 and 400 mM. PEIS and Raman spectroelectrochemistry
were performed following the same experimental procedures described in Section
4.3.

Figure 4.16a shows the Bode plots of the pyrex/graphene electrodes at different
electrolyte pH and ionic strengths, measured with the application of voltage.
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Figure 4.16: Electrolyte pH and ionic strength effect on electrochemical
response of pyrex/graphene electrodes - (a) Bode plots of a pyrex/graphene
electrode measured in PBS pH 3, 7 and 10, [KC1] 150 mM and 400 mM. Different
lines of a same colour correspond to different applied voltages (from -0.35 V to 0.35
V, in steps of 0.1 V). In each plot, the more intense lines are the measurements at
-0.35 'V, 0.0 V and 0.35 V. (b)(c) Capacitance extracted from Bode plots at 100
Hz (red dashed lines in (a)) and |Z| extracted at 10* Hz (purple dashed lines in
(a)) for pyrex/graphene electrodes. n = 3 electrodes.

A noticeable observation is the different phase modulation at low frequencies

depending on the pH. At pH 3, there is a small phase change, which appears

at different frequency depending on the electrolyte ionic strength (at ~100 Hz
for [KC]] = 150 mM and at ~300 Hz for [KCl] = 400 mM). At pH 7, this phase
change is not observed. At pH 10, the phase starts decreasing at ~100 Hz at

some voltages. This is attributed to electrochemical reactions at the electrode
surface involving oxygen-reduction (ORR), as reported in literature [214]. These
changes in phase at different pH have been previously attributed in literature to

an additional RC element at the system [215]. In the case of the pyrex/graphene

electrodes studied here, this could be originated by residues at the graphene

surface remaining from the transfer process (see Section 2.4.1), thus, PMMA.
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4.4 Electrolyte effect on the electronic properties of graphene

The dashed red lines in the Bode plots of Figure 4.16a indicate the frequency
(100 Hz) at which the capacitance, C, is obtained using equation @ , and plotted
as a function of the voltage in Figure 4.16b. The selection of this frequency allow
us to minimize the contribution of the additional RC element at pH 3 and avoid
the ORR reactions at pH 10. However, in Figure 4.16b we observe that the
capacitance modulation is lower at pH 3 than at pH 7 and 10. Interestingly,
the CNP of the curves at each pH and ionic strength are centered at 0.0 V. To
explain these observations, assuming that clean graphene is not sensitive to pH,

we consider at the PMMA chemical response to pH, illustrated in Figure 4.17.

a
CHs CHs
HaC CH H HaC CHs
¢ T == i + HO-CH,s
0”0 H,0 0~ ~OH
CHy
Polymethyl methacrylate Poly(methacrylic) acid
PMMA PMA
b
CH, CHg CHg
HaC cHy~ M he cH, M He CHs )
= S +  "O-CHg
n n
H,0 0o H,0 —
Bl 7 OJOHCIJ 2 0~ ~OH
CHg CHg
CHg CHs
— HC CHy + HO-CHy ——= HSC%CHS + HO-CH,
n n
070 T S HO 00 o
excess Na

Poly(methacrylic acid)
sodium salt

Figure 4.17: PMMA stability under different pH conditions in aqueous
media - (a)(b) PMMA in acidic and basic media, respectively. In acidic media,
the PMMA ester group gets protonated, resulting in the carboxylic acid group. As
a byproduct, methanol (HO-CHs) is formed. Basic conditions enable a nucleophilic
attack by OH™ to the carbonyl carbon of the ester group in PMMA. As a result,
a tetrahedral intermediate is formed with the hydroxide attached to the carbonyl
carbon. After the intermediate is broken, resulting in the formation of PMA, the
methoxy group (CHs-O7) intervenes deprotonating PMA. An excess of NaOH
allows the formation of the PMA sodium salt. Adapted from [216].

In acidic media, protons interact with the methyl of the ester group of the
PMMA to form the poly(methacrylic) acid, PMA [216]. This reaction is reversible,

and it is also influenced by the ionic strength of the electrolyte. For instance, in an

8Note that, differently from Section 4.3, the PEIS data is not fitted to an equivalent circuit
here, as the effect of the electrolyte pH and ionic strength on pyrex/graphene electrodes can be
analysed, in a first view, without the need of performing a fitting.
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excess of NaOH (basic conditions), the PMMA can result in the poly(metacrylic
acid) sodium salt [216]. Considering the complex, pH dependant, chemistry of
PMMA, we tentatively explain the lowest C modulation at pH 3 by the effect of
PMMA (PMA) residues, as these can affect graphene charge mobility. Moreover,
as previously mentioned, the amount of residues in the as-transfer graphene/pyrex

electrodes is considered to be very low.

Figure 4.16¢ presents the modulation of |Z| with V at a high frequency, 104
Hz. According to what has been discussed in the previous section, the value
of |Z| at high frequency is barely altered with the ionic strength in the case of
graphene electrodes on a non-conductive substrate such as pyrex. In this case,
the R4, dominates the electrochemical response, being Ry, > Rs. However, the
|Z|-V curves in Figure 4.16c show slight differences in the |Z]-V modulation for
the different ionic strengths. Close to the CNP, that is, at V. = 0, Rsp, has its
maximum value, thus its contribution to |Z| will be Rs;, > Rs. Differently, at
V # 0, Ry, decreases, thus the contribution of Ry to |Z| is greater at V # 0,
which explains the slight difference in its modulation with V when increasing the
ionic strength of the electrolyte. Despite that, the effect of the ionic strength
on the pyrex/graphene electrodes observed in Figure 4.16¢ is lower than the
one observed in graphene electrodes on conductive substrates, as it has been
discussed in the previous section (see Figure 4.7).

To analyse the graphene charge modulation, Figure 4.18 presents the graphene
G band frequency response to the applied voltage, obtained from the analysis of
Raman maps. In Figure 4.18a, we show an exemplary set of the data acquired (V
= -0.3 V) of measurements performed at pH 3 and 10. In Figure 4.18b, we depict
the wg-V curves from the statistical analysis of each Raman map. The charge
neutrality point (CNP) is mostly centered around 0.0 V for pH 3, 7 and 10. This
further confirms the PEIS results, from which we concluded that the as-transfer
pyrex/graphene electrodes can be considered clean (with minimal amount of
PMMA residues). The position of the CNP curves presents a very low (below the
Raman pixel-to-pixel resolution, 3 cm~1!) yet unexpected shift towards positive
V from low to high ionic concentration. This low shift is slightly larger at pH 10,
but still under the Raman pixel-to-pixel resolution. Further exploration would

be useful to confirm that.
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Figure 4.18: Ionic strength and pH effect on measured we by Raman
spectroelectrochemistry - (a) Histograms of the wg values at each pixel of the
Raman maps measured in PBS pH 3 and 10, applying -0.30 V. (b) wg vs V for
pyrex/graphene electrodes in PBS ([KCl] = 150 mM and 400 mM) at pH 3, 7 and
10. Results are obtained from the Raman maps measured at each V.

At this point and considering the discussion above, we can conclude that the
electrolyte pH and ionic strength in the studied range do not significantly affect
graphene charge modulation in as-transfer pyrex/graphene electrodes.

The evaluation of the effect of residues on graphene, as well as the discussion

about ways to quantify and control it is presented in the following section.

4.5 Effect of adsorbed charge on graphene elec-

trodes performance

Until this point, all shown experiments were conducted with electrodes using
as-transfer graphene electrodes. This enabled the assessment of the impact of
important parameters in graphene technology such as the conductive nature of
the substrate and the electrolyte pH and ionic strength. An important parameter
to evaluate now is the impact of wafer scale fabrication on device performance.

A methodology for the study of the impact of the wafer scale residues on the
electrical performance of graphene has been developed in this section based on
the combination of PEIS and Raman spectroscopy. As briefly introduced before,
in both dry and wet graphene transfer approaches, a support layer is generally
used, normally a polymer; in our case, PMMA (see Section 2.4.1). Once the
PMMA /graphene stack is transferred to the target substrate, PMMA is cleaned

away with acetone/isopropanol. Despite this cleaning step, it is a great challenge
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to obtain a residues-free graphene layer. This implies that a certain amount of
residues on the as-transfer samples has to be always taken into account, also
confirmed by the discussion in Section 4.4.

PEIS measurements were performed on pyrex/graphene and ITO/graphene
after mimicking the clean room wafer-scale fabrication process of electrodes’.
Figures 4.19a,b shows the Bode plots for each electrode system at pH 7. In
Figures 4.19¢,d, we plot the capacitance of both systems extracted at 10 Hz'°,
from PEIS performed at pH 3, 7 and 10 (Bode plots measured at pH 3 and
10 are depicted in the Annex B, Figure B.6). The dashed black lines in the
C-V plots correspond to the capacitance values of the as-transfer samples. As
for the as-transfer electrodes (see Figure 4.7), the pyrex/graphene electrode
presents |Z| modulation with V, differently from the ITO/graphene. For the case
of pyrex/graphene electrodes after fabrication, it is still possible to observe the
modulation of C with V (see Figure 4.19d). However, the minimum of the curves
is shifted towards negative voltages with respect to the as-transfer curve, and the
shift slightly depends on the electrolyte pH. ACNP is larger at pH > 7. This is
attributed to the presence of charged residues, 0,45, in graphene. Noticeably, as
already observed in as-transfer samples (Figure 4.16b), the slope of the C curve
at pH 3 is slightly lower than at pH 7 and 10. Interestingly, the ITO/graphene
electrode system shows higher impedance (lower C values) than the as-transfer
system (see Figure 4.7). We hypothesize that the residues and/or residual charge
at the graphene surface may significantly influence water intercalation. According
to this hypothesis, surface contamination could prevent intercalated water to
contact the substrate and the bulk electrolyte.

An important aspect to be discussed when considering the Bode plots in
Figure 4.19 is the phase behavior. For pyrex/graphene, a phase change (blue
dashed line, not present in the as-transfer electrodes), is observed between 102
and 10* Hz, which is voltage-dependant, further analysed in Figure 4.20. For
ITO/graphene, this phase change appears mostly between 10? and 2-10% Hz. The
voltage dependency of the ITO/graphene case is lower, yet still significant, and
inverted to the pyrex/graphene: positive V show less modulation than negative
ones. The origin of this is attributed to an additional RC element at the system’s
equivalent circuit, which may be originated by charged residues remaining at the

graphene surface after the fabrication process [217, 218].

9The preparation of graphene electrodes mimicking the fabrication process consists on:
graphene wet transfer to the target substrate, graphene definition and passivation (see Section
2.4.2. Thus, no track metalization and second metal layer were performed here.
T TUC values were obtained using equation 4.11 with a=1.
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Figure 4.19: PEIS of graphene electrodes after fabrication to assess im-
pact of contamination - (a)(b) Bode plots of pyrex/graphene and ITO/graphene
electrodes after fabrication. Measurements in PBS, pH 7. (c)(d) C vs V extracted
at 10 Hz. Dashed lines correspond to the measurements of as-transfer graphene
electrodes.

Considering the pyrex/graphene system, Figure 4.20 shows the Bode
representation, separating the impedance response in magnitude and phase.
A clear phase change is observed, which shifts with pH. The pH-dependent phase
change reveals the presence of a frequency range where the electrode has a clearly
non-capacitive response, in particular at pH 3. The absence of this phase change
in as-transfer graphene electrodes (see Figure 4.5) is an additional evidence of
the fact that the pH sensitivity of graphene is originated by the charged residues

on its surface.

85



4. Physicochemical characterization of the graphene/substrate and
graphene/electrolyte interfaces

a 10° gy T T T b 0 T T T
pH7

10° 4 —~ 20+ 4 pH10
= &
< 2
O 10*EF | ® -40 | d
= @
N =

L ] o -60 | -

-80 L -
102 -|_I 1l 1 1 3 Il 1 1 1
10' 10? 10° 10* 10 10? 10° 10
Frequency (Hz) Frequency (Hz)

Figure 4.20: PEIS of a pyrex/graphene electrode after fabrication at
different pH - (a)(b) |Z| and phase vs frequency of a pyrex/graphene electrode
after mimicking the fabrication process at the clean room at pH 3, 7 and 10, at V
=03V.

To test the hypothesis that charged residues, 0,45, at the graphene surface
affect electrochemical processes at the graphene-electrolyte interface, we focus
the discussion in measurements at pH 7, where the phase change in PEIS
is observed at higher frequencies and, thus, the analysis of the phase at low
frequencies can be performed. Moreover, differences are noticed when comparing
the phase of pyrex/graphene electrodes from the Bode plots of as-transfer and
fabricated samples (see Figures 4.5a and 4.19a, for the Bode plots of as-transfer
and fabricated samples, respectively). In Figure 4.21, the phase values at 10
Hz of pyrex/graphene electrodes before and after fabrication are plotted vs V.
At this low frequency, the phase values that start deviating from 90° indicate
charge transfer-related processes. Remarkably, the phase values at 10 Hz of the
fabricated electrodes start decreasing (less similar to 90°) at higher V (~0.35
V) than in the as-transfer electrodes, where the phase decrement is observed
at ~0.15 V. These indicate that surface residues lower the potential barrier at

which these processes take place.
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Figure 4.21: Pyrex/graphene phase modulation with voltage at 10 Hz
from PEIS measurements - Phase values extracted from PEIS measurements
(Bode plot in Figure 4.19a) at 10 Hz, where ORR starts being visible, for
measurements in PBS pH 7 on as-transfer and fabricated graphene electrodes. Red
and blue lines are a guide to the eye of the tendency of the phase values.

To complement the last PEIS results discussed, in the following we study
the effect of surface charge (0445) on graphene supported on pyrex and ITO
by Raman spectroelectrochemistry. Raman maps on statistically representative
areas of each sample were performed in liquid conditions (PBS) varying the
electrolyte’s pH. Samples were prepared as transfer and after mimicking the clean
room fabrication process (see Section 2.4). As explained before, the energy of
the G phonon of graphene (wg) is related to the Fermi level (Ep) according
to equation 2.2. wg on clean graphene has a value of 1581.3 ecm ™! on SiOy/Si,
with no voltage applied. This value depends on the substrate, on the presence of
residues and on the applied voltage.

In Figure 4.22, the wg in as-transfer and after-fabrication electrodes (a, b,
respectively) is shown for different electrolyte pH and ionic strengths. Due to the
presence of 044, and in agreement with the PEIS experiments (Figure 4.19), the
pyrex/graphene and ITO/graphene electrodes after fabrication present a CNP
shift (ACNP) towards more negative voltages. ACNP is larger in ITO/graphene
electrodes than in pyrex/graphene electrodes, thus indicating higher amount of
Oads on the graphene surface in the case of ITO substrate. Nevertheless, the C,
extracted from these Raman measurements, that, as previously mentioned, can
be related with the slope of the wg-V curves, is of the same order. As discussed in
Section 4.3, similar C, in the pyrex/graphene and the ITO/graphene electrodes
indicates similar charge modulation of graphene in the two systems. Regarding pH

response of the electrodes after fabrication, it is more noticeable in I'TO/graphene
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than in pyrex/graphene. These results indicate that the amount of residues on
graphene after the fabrication process depends on the substrate, which is further

confirmed in the following.
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Figure 4.22: Raman spectroscopy of graphene electrodes - (a)(b) wa
modulation with applied V for pyrex/graphene and ITO/graphene before and after
mimicking the wafer-scale fabrication process, respectively. Each curve results from
measurements at different pH (3, 7 and 10) and ionic strength ([KCl] = 150 mM
and 400 mM).

An XPS study was conducted to assess the contamination introduced by
the fabrication process. Figure 4.23a,b depicts the corresponding C 1s and O
1s core levels of the pyrex/graphene and ITO/graphene samples and the bare
substrates, pyrex and ITO. Regarding that in the O 1s core level analysis the
oxygen contribution is mainly related with the substrates, spectra were energy
corrected with respect to the SiOg, at 533.0 eV [219] for the case of pyrex samples
and to the Inp,Og, at 531.0 eV for the case of ITO samples, and fitted as explained
in Section E.4.

In pyrex/graphene, the analysis of the C 1s core level of the as-transfer sample
shows the presence of four components, assigned to Csp? at 284.1 eV, which is
the most intense contribution, Csp?/C-H at 284.8 eV, C=0 at 286.0 eV and
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0-C=0 at 288.4 eV. The Csp? contribution is mainly attributed to the presence
of graphene and sp? coordinated amorphous carbon, in agreement with literature
[220]. The rest of the assigned contributions are mainly attributed to the presence
of amorphous carbon [221] and PMMA residues from the transfer process (see
chemical structure of PMMA in Figure 4.17). The analysis of the C 1s core
level of the fabricated pyrex/graphene sample presents four main contributions,
assigned to the Csp?, Csp?/C-H, C=0 and O-C=0. In this case, we attribute
the presence of these contributions to PMMA and residues from the cleanroom
fabrication process, e. g. the SU8 photoresist, used in the passivation step. Given
that the compounds used in the graphene devices fabrication process, which are
the source of the residues, are mainly composed by carbon and oxygen, and the
exact chemical composition of all of them is not accessible, the XPS analysis
here is semi-quantitative. Nevertheless, the increasing C:O intensity ratio, when
comparing bare substrate, as-transfer sample and fabricated sample (see Figure
4.23c), is indicative of the increasing amount of carbon species at the surface,
which is associated, in a first approximation, with the amount of graphene surface
contamination.

In ITO/graphene, the deconvolution of the C 1s core level shows the same
four contributions mentioned for the pyrex/graphene sample, mainly associated
to amorphous carbon and PMMA residues. In the fabricated sample, similarly to
pyrex/graphene, the amount of carbon species on the surface is increased, attested
by the increase in the C:O intensity ratio (see Figure 4.23d). Analogously, this is
associated to an increased amount of residues on the graphene surface, which is
even more noticeable in the ITO/graphene samples than in the pyrex/graphene
samples, as previously observed by Raman spectroelectrochemistry (Figure 4.22).
Interestingly, the O 1s peak in the ITO/graphene case presents a noticeable change
from the bare ITO and as-transfer ITO/graphene to the fabricated ITO/graphene
sample. Although the main contribution of this peak is the substrate [222], the
increasing contribution mainly assigned to C-OH confirm the increased presence

of residues.
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Figure 4.23: XPS analysis of graphene samples on different substrates -
(a)(b) C 1s and O 1s peak deconvolution for pyrex/graphene and ITO/graphene,
respectively. (c)(d) C:O ratio calculated in area of bare substrates, as-transfer
and fabricated samples.

UPS (He-I, 21.2 eV) was performed to obtain the workfunction (¢) of
graphene and to evaluate graphene doping induced by the surface residues.
The measurements were performed under application of -10 V sample bias to
shift the secondary electron background above the work function of the analyser.
The procedure of Diaz et al. [223] was followed for work function calculation,

knowing:
IP =21.2eV — Eeut—opr — E¥ g (4.23)

®=1IP-Ef, (4.24)

where IP is the ionization potential, the Ecy:—of is the secondary electron cut-off
and Ef 5 is the valence band edge. Table 4.2 summarizes the extracted values

from the UPS analysis. IP and ® values are in good agreement with reported
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data for bare ITO, as well as for graphene on pyrex (insulating substrate) [224,
82] and graphene on ITO (n-type semiconductor substrate with a ® very similar

to pristine graphene) [225].

Table 4.2: Band structure extraction from UPS. Energy difference Ef 5 between
the Fermi level and valence band maximum Eypg, secondary electron cut-off
Ecut—oyys, ionization potential IP and work function ®, extracted from UPS spectra
of the graphene on pyrex and ITO, and of the bare ITO samples.

Sample El s (eV) Ecu—of-Ef 5 (eV) IP (eV) @ (eV)
Pyrex/graphene 0 16.7 5.0 4.5
0 16.1 5.9 5.1
ITO /graphene 0 16.7 4.5 4.5
0 15.9 5.3 5.3
bare ITO 3 13.8 7.4 44

Table 4.3 presents the data related to these measurements (see Figure 4.24).
The obtained ¢ values of graphene on the different substrates, pyrex and ITO,
which is strongly affected by the type and strength of the substrate-graphene
interaction, are in good agreement with literature [226]: being an insulator, pyrex
is not expected to alter the graphene’s ¢, which has a reported value of 4.5 +
0.1 eV [185]. ITO is an n-type semiconductor with a reported ¢ of 4.4 eV [227],
which was also confirmed by our experimental measurements. When supported on
ITO, the measured graphene’s ¢ of 4.5 eV reflects low ITO-graphene interaction.
Overall, the ¢ of the samples after fabrication increased (0.6 eV for graphene
on pyrex and 0.8 €V for graphene on ITO), illustrating a p-doping due to the
residues remaining on the graphene surface. The higher doping observed in the
fabricated ITO/graphene surface is in good agreement with the XPS and Raman

spectroelectrochemistry results commented above (see Figure 4.22).

Table 4.3: Workfunction values of graphene on different substrates obtained by
UPS

Substrate As-transfer After fabrication A¢
Pyrex 4.5 5.1 0.6
ITO 4.5 5.3 0.8
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Figure 4.24: UPS analysis of graphene-based surfaces - (a) UPS spectra
(He-1, 21.2 €V) and (b) the secondary electron edge (Ecut—off). The UPS spectra
were corrected with respect to the valence band edges to avoid any charging effects
due to the insulating pyrex substrate affecting the absolute position of the Ecyi—off
and valence band edge positions.

Assessment of adsorbed charge on graphene electrodes

With the results discussed until this point, it is clear that fabrication residues
impact the electronic properties of graphene electrodes. Considering the difficulty
of achieving a completely clean surface after graphene devices fabrication and
the challenge of ensuring wafer to wafer reproducibility, we decided to develop
a non-destructive method to assess the presence of adsorbed charge, 0,45, On
graphene based on Raman spectroscopy. We focused this part of the discussion
on the analysis of graphene on pyrex substrates, as pyrex is a non-conductive
oxide that allows a clear analysis of the Raman spectra of graphene. Before
discussing the experimental results, a brief explanation of the modelling of the
graphene/electrolyte interface is provided.

In general terms, the graphene/electrolyte interface system is composed by
the substrate, the graphene layer, the residues on graphene and the electrolyte.
The charge balance at the graphene/electrolyte interface is described by the

equation:

Osubs T Ogr + Oads + Odiff = 0 (425)
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where Osubs, Ogr, Oads and og;¢ fi are the charges attributed to the substrate,
the graphene, the surface residues and the electrolyte, respectively. For the
case of graphene supported on non-conductive substrates, ogyps is considered a
fixed charge. Theoretical modelling of the graphene/electrolyte interface as a
function of ion concentration and pH is complex. Here, we use an approximation
based on the model by Hértl et al [228], which considers the charge balance in
equation 4.25 and is graphically represented in terms of potential and charge
distribution in Figures 4.25a,b, respectively. When applying Vs < Vpirac, there
is an electrostatic potential (¢) drop from the graphene surface. o, is assumed
to have a negative surface charge, according to the model [228, 229] and it
drops to the negative surface potential (¢aif¢), being Ay, = @gr — @airs. The
potential drop in the diffuse region is described by the model explained in the
introduction of this chapter, and it reaches the potential of the reference electrode
(¢rer) in the bulk electrolyte. To fulfill charge neutrality, o4 and o455 have to
compensate ogyups and aadsz. In general, the charge carrier density in graphene

can be expressed as:

ogr = CgAy = Cy(@gr — Pdifs) (4.26)

where Cg is the capacitance of the inner Helmholtz plane (defined as the gate
capacitance in equation 2.3, which, as introduced in Chapter 2, is an equivalent
form of equation 4.26. Knowing the charge balance expressed by equation 4.25,

for a certain o445, 04 Will depend on og;fs.

Hodiff is directly associated with the ionic concentration of the electrolyte and can be
modeled by the so-called Grahame equation, in a first approximation [84].

12Considering that ¢,q, is negative. For a positive 0,45, the diagrams in Figure 4.25 should
be modified accordingly.
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Figure 4.25: Potential and charge schemes of the graphene/electrolyte
interface assuming a negative adsorbed charge - (a) Schematic potential
profile of the interface when graphene is biased in the hole regime. (b) Corre-
sponding charge profile of the interface when o,4s < 0. The relative size of areas
is an approximation and does not correspond to the relative size of charges. In the
electron regime, the application of a Vgs > Vpjrqc results in a potential increment
from @4, to the ¢,ef, described analogously as the potential drop in the holes
regime. A more detailed description of that can be found in [229]

As for changes in the electrolyte pH, we consider the approximation described

by the equation [230]:

1
11 10K —pH)

Oads X (4.27)

where m is the heterogeneity index of a material, being approximated to 1 for
a bare graphene surface [229]. Given that, the important outcome is that o,qs
depends on the electrolyte pH and the pKa of the residues on the graphene
surface.

According to equation 4.26 and taking into account the relation between
the graphene wg and the graphene surface potential, explained above, Raman
spectroscopy was performed in an electrolyte environment with increasing ionic
strength (adjusted by [KCIl] in PBS) to calculate the amount of contamination-
related charged species at the graphene surface. To this end, we prepared different
pyrex/graphene samples: as-transfer electrodes (2 mm diameter), macroelectrodes
(2 mm diameter) and wafer-scale electrodes (1 mm diameter). The macroelectrodes
were prepared mimicking the cleanroom fabrication protocol, as previously
explained; the electrodes were fabricated following the wafer-scale protocol
detailed in Section 2.4.

Figures 4.26a,b present the wg shift, Awg, of graphene on pyrex when
increasing the [KCl] of the electrolyte (PBS pH 7) for the different pyrex/graphene
samples (as-transfer, macroelectrodes and wafer-scale). As expected, the wg
and so the Ay, and the charge density remain invariable with ionic strength

([KC1)) variations for the as-transfer graphene. However, for the case of the
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macroelectrodes and the wafer-scale electrodes, wg varies with [KCl]. Higher shifts
(~8 cm™1) are observed for the wafer-scale electrodes than for the macroelectrodes
(~3.5 cm™1), which following the discussion above, can be related to higher
amounts of charged residues at the graphene surface. Specifically, a o445 of -
5.39-10'2 cm~2 and -2.36-10'2 cm ™2 are calculated using the model described
above and assuming monovalent charges directly at the surface [231], for the
wafer-scale electrodes and the macroelectrodes, respectively. The schematics in
Figures 4.26¢,d illustrate the charge balance in the substrate/graphene/electrolyte
interface for this case. For low 0,45 (Figure ﬁc), changes in og;fy result in
small changes in ¢,,. Differently, for high 0,4, (Figure ﬁd), the same variation
in 04,75 results in higher variation in o4, to maintain charge balance. From this

analysis we can correlate the wg shift with a certain o,4s value.
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Figure 4.26: Graphene G band frequency vs electrolyte ionic strength -
(a) Average Raman spectra from maps of 256 um? for as-transfer, macroelectrode
and wafer-scale electrode samples measured in PBS in increasing [KCl]. (b) Awa
as function of [KCl] in PBS pH 3 with different levels of o445, in relation with the
three samples studied. Awg is related with Ay and o4 according to equations
4.18 and 2.3, respectively. Black dashed lines are the fitting of the values according
to the model explained in the text. (¢)(d) Scheme of charge distribution in
the substrate/graphene/surface charge/electrolyte system and its variation with
increasing ionic strength of the electrolyte for different amounts of o445 (low and
high, respectively). osubs is nOt represented, as it is considered fixed for pyrex.
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In Figure 4.27, the Awg of the wafer-scale graphene electrode is evaluated
vs [KC]] at different pH. According to the relation of the wg with the graphene
Fermi level, the Awg is positive or negative depending on the type of charged
residues (positive or negative) at the graphene surface. The measured Awg is
shifted in opposite directions from low to high [KC]] for pH 3 and 10. At pH
7, a lower shift (~2 cm™! with respect to the ~8 cm™! at pH 3 and 10) is
measured. According to the model explained above, these shifts correspond to
Cads 0f -5.39-10712cm ™2, -1.52-10~2cm~2 and 5.90-10~2cm~2 at pH 3, 7 and 10,
respectively. These differences confirm that the amount of positive and negative
charge on graphene is different, in agreement with the possible different types of

residues that may remain after fabrication.
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Figure 4.27: Raman spectroscopy of wafer-scale graphene electrodes
at different electrolyte pH with increasing [KCI]] - (a) Average Raman
spectra measured in PBS from maps of 256 um?. (b) Awg as function of [KCI] at
different pH of wafer-scale pyrex/graphene electrodes. Awe is related with Ap and
ogr according to equations 4.18 and 2.3, respectively. Black dashed lines are the
fitting of the values according to the model explained in the text. (¢) Scheme of
charge distribution in the pyrex/graphene/surface charge/electrolyte system and
its variation with the electrolyte pH. osubs is not represented, as it is considered
fixed for pyrex.
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Figures 4.27c,d schematically represent the charge balance at the sub-
strate/graphene/electrolyte system depending on the pH. At basic pH, in absence
of applied voltage, o4 is considered positive, as the charged groups at the
surface are deprotonated. Differently, at pH 3 (acidic pH), the charged species
are protonated, which agrees with a negative og,. Increasing og4;¢ (by adjusting
[KC1)) affects o4, increasing it to maintain the charge balance established by

equation 4.25.

Results depicted in Figures 4.26 and 4.27 correspond to the case of
pyrex/graphene, where og,ps is considered invariable with applied voltages.
However, when the substrate underneath graphene is conductive, ggyups con-
tribution to the global charge of the system can change. Hence, in conductive
substrates/graphene systems, it is not possible to apply the same analysis based
on Raman spectroscopy for the study of o44s. This is visualized in Figures 4.28a,b,
where we show the Awg with increasing [KCl] when supported on pyrex and ITO,
in as-transfer and fabricated electrodes. It is noted that, while Awg modulation is
observed for fabricated pyrex/graphene systems, negligible variations in the Awg
with [KC]] are measured for all the ITO/graphene cases. Given that previous
XPS and UPS analysis proved the presence of residues on the ITO/graphene
fabricated samples, one may expect the analogous Awg modulation than in
pyrex/graphene. However, as visualized in the schematics in Figures 4.28c,d, the
osubs Of a conductive substrate plays a role in compensating the charge induced

to the substrate/graphene/electrolyte system by changes in og;f;.
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Figure 4.28: Raman spectroscopy of pyrex/graphene and ITO/graphene
electrodes with increasing [KCI] - (a) Average Raman spectra measured of
graphene macroelectrodes in PBS pH 3 from maps of 256 pm?. (b) Graphene
Awg as function of [KCl] at a fixed pH (3) on pyrex and ITO substrates. Awg is
related with Ay and o4 according to equations 4.18 and 2.3, respectively.Black
dashed lines are the fitting of the values according to the model explained in
the text. (c¢)(d) Charge distribution scheme of the substrate/graphene/surface
charge/electrolyte system and its variation as a function of electrolyte’s ionic
concentration (ogifs) when graphene is supported on pyrex (non-conductive) and
ITO (conductive), respectively.

The above-discussed results provide insight on the quantification of adsorbed
charge on graphene. Remarkably, these results shed light to the existing
controversy about graphene’s pH sensitivity, confirming that graphene sensitivity
to pH is originated from the charged residues on its surface rather than from the

graphene itself, in agreement with reported studies [212, 230, 232].

4.5.1 Monitoring of wafer-scale fabrication residues on

graphene electrodes

The above-presented methodology, based on Raman spectroscopy, for the
assessment of 0,45 is useful when graphene is on insulating substrates. Thus, we
can use it for the evaluation of the degree of residual charge on graphene during
the fabrication, facilitating the optimization of the process towards a cleaner
fabrication. In principle, all fabrication processes involving the use of resins

can result in charged residues on the graphene surface. Huge efforts have been
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devoted to the optimization of the graphene transfer towards a cleaner procedure.
However, the complete removal of the residues from the fabrication is still highly
challenging, so it is the complete removal of the PMMA remaining after graphene
transfer. For that reason, it is also crucial to evaluate the fabrication process
effect on graphene.

To monitor the amount of residues introduced by each step of the fabrication
process, we conducted a systematic characterization using Raman spectroscopy.
For that, graphene was transferred on two pyrex wafers, each divided in two
parts each. A different fabrication step was performed in each half wafer (see
Figure 4.29):

e 1: Graphene transfer: graphene transfer from the growth substrate to

the wafer following the wet transfer method detailed in Section 2.4.1.

e 2: Graphene definition: protection of the graphene at the electrode’s
active area (channel) and subsequent etching of the graphene placed out
this area with an ICP-RIE step (see Section 2.4).

e 3: 2nd metal evaporation: evaporation of a Ni/Au layer using electron-
beam (see Annex F.1.1) followed by a lift-off.

 4: Passivation: SUS8 passivation (see Section 2.4).

1 1
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Pyrex wafers
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Graphene on
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Figure 4.29: Schematics of sample preparation for the assessment of
the impact of fabrication residues on graphene’s electronic properties -
CVD graphene grown on Cu foil is transferred to each half of the pyrex wafers.
In 1, only transfer is performed. In 2, process continues until graphene definition.
The process in 3 stops after the deposition and lift-off of the 2nd metal layer. In 4
the fabrication is performed completely, as its last step is the passivation.



4. Physicochemical characterization of the graphene/substrate and
graphene/electrolyte interfaces

Raman spectroscopy was performed in PBS varying the ionic concentration,
[KC], of the electrolyte at a fixed pH (10). As previously discussed, wg on clean
graphene has a value of 1581.3 cm ™!, depending on the substrate. With the
presence of residues on graphene, this value may vary indicating either holes
or electrons doping (negative or positive charge). Figure 4.30a shows the G
band frequency of graphene with increasing electrolyte [KCl]. As previously
observed, as-transfer graphene presents the lowest wg value, which is close to
1581.3 ecm ™!, indicating a low amount of adsorbed charge. Differently, after the
graphene definition step the wg reaches 1590.1 cm™! at the lowest [KCI]; the first
value is not changed after the second metal deposition. Finally, after passivation,
a significant dispersion of wg, ranging from 1582.8 cm™! to 1586.0 cm ™!, is
observed (Figure 4.30b depicts the 3 measured electrodes after passivation, to
visualize the differences in these 3 electrodes). This dispersion is indicative of
device-to-device doping inhomogeneity: solvents used during passivation could be
able to remove previous residues, but not homogeneously in different parts of the
wafer. On an electrode after the passivation step, we then performed the Raman
spectroscopy measurements in different [KCl] varying the electrolyte pH. Figure
4.30c shows the measured Awg modulation with [KCI] (pH 3-10). A higher Awg
modulation is observed at extreme pH (3 and 10), in agreement with the presence
of charged species. As previously explained, observation of the up and down shifts
of wg with increasing [KCl] for varying pH is related with functional groups on

the graphene surface that are protonated or deprotonated depending on pH.
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Figure 4.30: Impact of the fabrication on graphene assessed by Raman
spectroscopy - (a) Graphene wg variation with [KCl] in PBS pH 10 from
maps of 256 pm?>. n = 3 electrodes. (b) Zoom in the wg vs [KC]] results of the
three electrodes after the passivation step (4th sample in Figure 4.29). (c) Awc
modulation with pH for finalized graphene electrodes. Awg is related with Ay
and oy according to equations 4.18 and 2.3, respectively. Dashed lines are the
fitting of the values according to equation 2.3.

Alternative strategy for the wafer-scale fabrication

of graphene devices

To minimize the device-to-device and batch-to-batch inhomogenety resulting
from contamination induced by fabrication, many reported efforts have been put
to achieve a complete residues-free transfer process [123, 124, 233, 234]; yet, this
is far from being successfully accomplished in a reproducible, high-scalable way
without leading to graphene degradation [235, 232]. In parallel, researchers have
been exploring methods to protect the graphene surface throughout the devices
fabrication process. These strategies rely on the use of sacrificial layers, typically

metallic, deposited on graphene and removed at the final step of the process; for
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instance, titanium (Ti) and yttrium (Y) deposited on graphene at the beginning
of the fabrication process have demonstrated to preserve its surface clean [168,
50, 236]. However, these strategies present important drawbacks, for instance,
in the case of Ti, it requires the use of hydrofluoric acid, which is incompatible
with oxide substrates; in the case of Y, its low availability and high price are
certainly relevant issues. More recently, the use of aluminium (Al) as a graphene
protection layer has been reported [237, 238]. However, the complete removal of
Al was not fully demonstrated, thus potentially introducing undesired metallic
doping at the graphene sheet, as well as structural defects [238]. In the following,
we propose a not yet reported approach - to the best of our knowledge - to keep
the graphene surface clean from fabrication residues, as well as to improve device
homogeneity: the use of a sacrificial Cu layer. Cu is already used for graphene
growth and etched away as part of the fabrication in the transfer step. Hence,
it is attractive to consider the use of Cu to protect graphene in this alternative
fabrication approach. However, the adoption of this new fabrication strategy
requires a series of considerations, discussed here. The new fabrication procedure,

in comparison with the standard protocol, is presented in Figure 4.31.
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Figure 4.31: Schematics of the fabrication of wafer scale graphene devices
- Fabrication steps followed for the preparation of the two wafers conforming this
study: for the first wafer, we followed the standard AEMD fabrication protocol
(fair blue arrows). For the second wafer (dark blue arrows), we incorporated a Cu
sacrificial layer after transferring the graphene to protect its surface throughout
the process. The Cu layer was removed using ammonium persulfate at the end of
the process.

In the first place, Cu deposition conditions, i. e. e-beam evaporation rate
and thickness, had to be determined. Based on what is explained in Chapter 3, Cu
was deposited at 6-8 A /s. To ensure a complete protection of the graphene layer,
the Cu layer thickness was of 200 nm. As future work, this thickness is planned
to be reduced while still ensuring complete protection. Secondly, Cu etching

was optimized. Cu etching was performed chemically using ammonium persulfate,
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(NH4)2S20s (0.02 g/ml)'3. Etching using FeCls/HCI, which is employed in the
transfer process (see Section 2.4.1), was observed to damage graphene in this case.
The evaluation of the Cu etching time was carried out by electrochemical analysis
(cyclic voltammetry, CV) and XPS, as presented in Figure 4.32, on fabricated
graphene macroelectrodes. The CV study show that the peaks corresponding
to Cu oxidation (reduction) to Cu?* (Cu) [240] are not present after 7 min
immersion in (NHy)2S20g. Moreover, the XPS analysis of the Cu 1s region
confirms the absence of the Cu peak (~933) eV after etching.
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Figure 4.32: Assessment of the effectiveness of the Cu etching with
ammonium persulfate - (a) Cyclic voltammetry of a graphene electrode (Si/SiO2
substrate) fabricated with a Cu sacrificial layer before and after Cu etching by
immersion in (NH4)2S20s, 7minutes. Arrows indicate the Cu reduction/oxidation
peaks. CV measured in PBS. (b) XPS Cu 1s spectra of a graphene electrode before
and after Cu etching, and of a graphene electrode fabricated with the standard
protocol. The dashed line serves as reference of the metallic Cu 1s peak (~933 eV).

Finally, regarding the integration of the Cu protection strategy to
the standard fabrication protocol, two main challenges were identified. The
discussion of these challenges, strongly related with the Cu etching, is provided
in the Annex B.

To assess the Cu protection effect on the fabrication of graphene devices, we
prepared g-SGFETs on two different SiO4/Si wafers. The first wafer was prepared
following the standard fabrication explained in Section 2.4. In the second wafer
we evaporated Cu (200 nm) after the graphene transfer and a Cu definition step,
and continued following the fabrication protocol (see Figure 4.31). After the
passivation step and subsequent SU8 removing, the Cu layer on graphene was
wet-etched ((NHy)2520g 0.02 g/ml). Figures 4.33a,b show the Raman wap vs wg

plots, used to account for the strain/doping level of graphene, before and after

13Based on previous studies performed in the group [239)].
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fabrication with the standard and the Cu protection protocols. As previously
explained, strain and doping can be differentiated according to the slope along
which the scattered data is distributed (see Section 2.5.1). As-transfer graphene
(black data) shows a well distributed tendency along a linear function of 2.2 slope,
indicating absence of doping and a slight strain gradient, in relation with its
coupling with the substrate [241]. After standard fabrication, graphene presents
larger dispersion and an increment of the doping level (5-10'2 ¢cm™2) reflected by
the data being distributed along a linear function of 0.7 slope. This confirms the
observation that the different resins used in the fabrication process leave charged
species remaining at the graphene surface in a non-controlled and inhomogenous
way. Differently, after fabrication using a Cu protective layer, the wop vs wg data
shows a distribution similar to the one observed for as-transfer graphene. The
main effect of the use of Cu is a slight variation in the strain level of graphene
(< 3%), that can be attributed to a change in the substrate-graphene coupling,
giving the different stiffness of the Cu layer.

To test the devices sensitivity to pH comparing the two fabrication protocols,
standard and with the Cu protective layer on graphene, Raman maps were
measured in PBS at different pH. In Figures 4.33¢c,d, the wg measured from the
graphene transistors is plotted vs pH. The standard fabrication protocol induces
significant device-to-device dispersion of the wg (Figure 4.33c), as two of the three
transistors measured presented pH sensitivity. To investigate the distribution
of the 0445 along the device, a map plotting the Awg of the pH measurements
performed in 22 transistors is depicted in the Annex B (Figure B.13), and reveals
a random distribution of the 0,4, thus confirming device-to-device dispersion.
However, after fabrication with Cu protection, the dispersion is reduced (Figure
4.33d), as a more homogeneous response to pH is measured. Particularly, in two
of the three transistors, a negligible pH response is detected (Figure 4.33d). These
observations confirm that graphene sensitivity to pH can not be attributed to
clean graphene, but to the charged species on its surface and that the use of a
Cu protection layer preserves graphene surface from charged contaminants along
the fabrication process, enhancing device-to-device homogeneity. The electrical

characterization of g-SGFETs can be found in the Annex B.
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Figure 4.33: Characterization of graphene surfaces on devices fabricated
with and without Cu protection - Raman wg-wa correlation maps of graphene
transistors before (black data) and after fabrication using (a) the standard protocol
and (b) a Cu protection layer. Measurements performed in dry conditions. (c)(d)
Sensitivity to pH assessed by Raman spectroscopy (wa vs pH) of graphene surfaces
on transistors fabricated without and with Cu protection layer, respectively. n = 3
channels.
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Graphene functionalization
towards a universal biosensing
platform based on

graphene/pyrene surfaces

The last part of the PhD dissertation is dedicated to study the interface created
between graphene and molecules, aiming for applications in the biosensing
field. Biosensors are fundamental devices in medicine, being capable to measure
biochemical reactions and translate them into signals that can provide information
about the concentration of a certain compound - analyte - involved in the reaction.
Biosensors are nowadays widely used for diagnosis, disease monitoring and drug
discovery among other analytical, biomedical-related applications. Since the
beginning of the 20th century, when their basic principle was first reported (M.
Cremer, 1906 [242]), biosensors have continuously evolved in alignment with
scientific advancements, improving either detection capabilities and information
processing. As explained further below, devices based on graphene are currently
being explored as promising biosensors.

In this chapter, we highlight the importance of a controlled and reproducible

graphene functionalization to develop specific, sensitive and stable biosensors,
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with the ultimate aim to integrate them in the next generation of neural implants.

In that line, the specific objectives are:

1. To demonstrate the feasibility of a dry graphene functionalization approach
with 1-pyrenebutyric acid (PBA).

2. To quantitatively characterise the graphene/PBA platform by combining

different experimental techniques.

3. To evaluate the impact of the functionalization on the performance of
graphene SGFETs.

5.1 Graphene devices for biosensing applications:
g-SFETs

As introduced earlier in this thesis, the use of graphene for biomedical applications
has promising perspectives. Among them, graphene-based neural implants have
demonstrated to be suitable for brain activity recording [29, 31, 30, 243]. This
not only provides deeper understanding on the intriguing mechanisms of the
human brain, but also fosters the development of more advanced diagnostic tools.
Moreover, graphene-based neural implants have demonstrated their efficacy in
stimulating neural structures [244, 245], which contribute to the advancement of
new therapeutic treatments of diseases affecting both the central or peripheral
nervous systems. The functionality of the next generation of neural implants goes
beyond recording and stimulation of brain activity and aims to incorporate drug
delivery and in situ biosensing of biomolecules functionalities [53, 246, 247].

In general, a biosensor is composed by three parts: a biological part, which is
the tissue or the biological media from where the parameter of interest is located,
a transducer, or material that translates the signal from the biological part and
the electronic part, which is engineered to make the signal comprehensible and
measurable by the user.

Prior to the experimental isolation of graphene in 2004 [5], carbon nanotubes
(CNTs) were extensively studied as biosensors, and they have continued being
studied [248, 249, 250]. However, during the last years, graphene has demonstrated
great potential as a transducer in biosensing devices thanks to its outstanding
electronic properties, combined with its transparency, flexibility, biocompatibility
and high surface to volume ratio [75]. Particularly, this last characteristic is
key for the enhancement of a sensor’s sensitivity. The first use of graphene as a
biosensor is reported in literature in 2008 [251]. In contrast to CNTs, graphene

provides easier integration in bulk electronic devices. CNTs are characterized by
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being distributed in an anysotropic way at the biosensor active area, as they can
interact vertically and horizontally among them, and thus are difficult to control,
which is not happening in a bidimensional material like graphene [252]. On top of
that, CNTs have been classified as a material with suspected toxicity for human
health, thus raising concern about their applications in biomedicine [253, 254,
255]. Graphene-based biosensors are based on electrodes [256] or on field-effect

transistors, and they rely on the electrochemical detection approach [257].

5.2 Graphene functionalization strategies

Despite the above-mentioned properties that make graphene suitable for
biosensing, graphene is not selective to specific analytes. It is for this reason that
functionalization of graphene surface needs to be carried out for it to be used
as a biosensor. Once functionalized with biomolecules, graphene’s applications
perspectives cover a wide range of fields [258, 259, 260, 261]. For instance, in
electronics, functionalization of graphene enables the tunability of its band
structure, offering band-gap engineering. This may be of high interest to develop
microelectronic devices requiring graphene with an electronic band-gap. Moreover,
as a result of functionalization, graphene’s work function can be tuned [262,
226]. This can be used for the fabrication of n-type or p-type semiconductors.
Functionalization of graphene may as well modify not only its electronic, but
its mechanical properties, which enable the fabrication of nanodevices with an
outstanding combination of these properties for a specific kind of application
[263, 264]. In the particular case of biosensing, in which we focus, graphene
functionalization with biomolecules is crucial to enable sensing specificity and
enhance sensitivity. In the following, the discussion of the state of the art of
graphene functionalization will be focused on the biosensors field.
Functionalization of graphene can be achieved covalently or noncovalently
[51]. Both approaches constitute a challenging and interesting matter of study,
theoretically and experimentally. By covalent functionalization, graphene’s
extended m-conjugation is altered, which does not happen in noncovalent
functionalization [258, 265, 78]. Choosing one or the other approach will depend
on the specific requirements of the final application. In this PhD dissertation,
noncovalent functionalization is used in order to maintain graphene’s electronic

properties unaltered.
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5.2.1 Noncovalent functionalization of graphene: pyrene

derivatives

Noncovalent functionalization of graphene can be based on ionic interactions [266],
hydrogen bonding [267], van der Waals forces [268] or m — 7 interactions (between
the graphene’s electronic 7 system and the one from the molecule of interest),
being the two latter the most spread ones. In view of that, graphene can be
functionalized with a variety of biomolecules, polymers, drugs, metals and metal
oxide-based nanoparticles, quantum dots, magnetic nanostructures, other carbon
allotropes (fullerenes, carbon nanotubes), and even graphene analog (MoSs,WSs)
[52]. Typically, van der Waals forces are developed between graphene and organic
molecules or hydrophobic polymers. On the other hand, m — 7 interactions are
common between graphene and molecules with short to highly extended 7 system.

The strength of a m-m interaction is lower than a covalent bond
[wetzl__covalent__2023-1] and it depends on the combined effect of attractive
and repulsive forces between graphene and the specific countermolecule.
Nevertheless, theoretical studies have proved that these m-interactions have
a great effect in tuning the properties of a nanosystem [52]. Particularly,
when functionalizing graphene with an organic molecule, the strength of the
resulting m-7 interaction may be affected by the size of its m system and the
functional groups conforming the molecule, which may act as electron donors
or acceptors. Pristine graphene demonstrates stronger interaction with small
aromatic molecules, due to its extended aromatic system. Pyrene (see Figure
5.1a) is a small molecule composed by four benzene rings, thus constituting a flat
aromatic system capable of strongly interaction with the 7 system of graphene
[269]. Pyrene derivatives (see Figure 5.1b for an example, further detailed in the
next section), which are organic molecules composed by a pyrene unit and other
functional groups, offer interesting possibilities when combined with graphene, as
they can tune graphene’s electronic properties and can also induce selectivity and
specificity towards molecular recognition, which is fundamental for biosensors
[270].
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Figure 5.1: Pyrene and 1-pyrenebutyric acid - (a) Schematic of a pyrene
molecule on graphene. From [269]. (b) Chemical structure of a 1-pyrenebutyric
acid (PBA) molecule, a pyrene derivative.

5.2.2 Graphene functionalization with 1-pyrenebutyric acid

1-pyrenebutyric acid (PBA) is an organic molecule composed by an aromatic part
and an alyphatic chain of 4 carbons ended with a carboxylic acid group (Figure
5.1b). The aromatic system of PBA is pyrene, which allows a 7-7 interaction
with graphene, as previously explained. On the other hand, the alyphatic chain
allows the covalent interaction with any other molecule capable to create a bond
with the carboxylic group. Hence, PBA on graphene can act as a linker between
the bidimensional material with other molecules of interest.

A number of publications have reported the use of PBA-functionalized
graphene for sensing applications [271, 272, 273, 274, 56]. However, despite
the relevance of the topic, there is still a lack of understanding the graphene/PBA
interface. Reported functionalization methods do not present a complete
functionalization control, neither a quantification of the amount of the PBA
layers on graphene, which is of paramount importance for the development of
biosensing devices based on graphene/PBA.

Up to date, most of the reported studies on graphene functionalization with
PBA or PBA-derivatives are based on a liquid functionalization strategy, to the
best of our knowledge [275]. This basically consists on having the graphene in
contact with a solution containing the dissolved PBA molecule and incubate it
during a certain time, waiting for graphene and PBA to interact. Afterwards,
graphene is removed from the solution and a cleaning step is performed to remove
any excess of PBA. Despite being widely used, the liquid-based functionalization
presents several drawbacks. First, 1-pyrenebutyric acid’s solubility in aqueous

solvents is limited. Hence, sometimes organic solvents (e.g. dimethyl sulphoxide,
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DMSO) may be needed to enhance its dissolution, which can result in undesired
doping, as well as in changes in graphene’s morphology. Furthermore, selective
functionalization in a specific area of the electronic devices is difficult to achieve
by the liquid-based functionalization strategy. Finally, it is very challenging to
have reproducibility and high control using the liquid-based functionalization.
To overcome the mentioned disadvantages, we propose an alternative method
based on the sublimation of 1-pyrenebutyric acid in high vacuum. By means of
the vacuum-based functionalization, we avoid the graphene to be in contact
with any type of liquid during the process. Furthermore, by the enabled
tunability of the deposition parameters, we allow high control of the deposition
of PBA on graphene, which is key for an optimal device design. Finally, the
vacuum-based functionalization enables a facile selective functionalization. In
the following sections, the results obtained regarding the optimization of the
graphene functionalization with PBA with the proposed approach are presented
and discussed, the quantification and characterization of the resulting interface
is performed and, finally, the evaluation of the performance of the functionalized

devices is conducted.

5.3 PBA sublimation for graphene functionaliza-
tion

First, the viability of PBA sublimation was tested by Differential Scanning
Calorimetry (DSC)l, as presented in Figure 5.2. The DSC measurement consisted
on placing a small amount of PBA, a solid powder in ambient conditions, as
shown in Figure 5.2c, inside a sample cell and vary the temperature of the cell,
first heating and then cooling it at 20°C/min and heating and cooling again at
50°C/min, while monitoring the heat flow. Heat flow changes vs temperature can
be then associated with phase transitions of the material under study [276]. In
particular, the glass transition temperature (T,) is a thermodynamical parameter
that indicates the temperature at which a molecule changes from a glassy (hard)
state to a rubbery (soft) state. Often, the T, is associated with the melting
temperature (T,,) of a small organic molecule. Figure 5.2a,b depicts the results
of the Differential Scanning Calorimetry experiment. When performing the first
heating ramp, two melting points are visible (marked with arrows in Figure
5.2b). After the second heating ramp, only one melting point appears. The two
cooling ramps showed one crystallization point each (Figure 5.2a), meaning PBA

crystallizes after each heating-cooling series. In view of that, it is confirmed that,

IPerkinElmer 7 DSC. Javier Rodriguez-Viejo’s group (ICN2-UAB).
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after a first heating ramp up to > 187°C and subsequent cooling, a crystalline
pellet of PBA is formed (see Figure 5.2d), which can be used for sublimation
multiple times. These results confirmed the usability of the compound for our

proposed functionalization approach.
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Figure 5.2: Differential Scanning Calorimetry - (a) DSC curves of PBA. (b)
Zoom out of the melting point regime of part (a). (c) amount of PBA as-received”
placed inside a ceramic crucible. (d) PBA after heating it at 210°C in a vacuum
annealing oven for 10 minutes, under argon atmosphere.

Once proved that the PBA is suitable for in-vacuum sublimation, the viability
of the vacuum-based functionalization of graphene with PBA was preliminary
tested using XPS. For that, an Organic Molecular Beam Epitaxy (OMBE)
evaporator containing PBA was coupled to the XPS equipment (see Annex
F.4, Figure F.8) and a pyrex/graphene sample was introduced inside the XPS
preparation chamber, maintaining the graphene surface oriented towards the
evaporator. When reaching P~10~8 mbar and after annealing the pyrex/graphene
at 150°C, 10 minutes, the temperature of the crucible with the PBA (Tppa) was
gradually increased. When reaching 185°C, slight P increments were detected,
attributed to PBA sublimation. At this point, time was controlled and the

pyrex/graphene sample was transferred to the analysis chamber to perform XPS
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measurements after 10 minutes, 10+20 (30) minutes and 10420430 (60) minutes.
Finally, the PBA temperature was decreased and the pyrex/graphene sample
was annealed at 200°C, 10 minutes, before another XPS measurement. Results
are presented in Figures 5.3 and 5.4, with the analysis of the C 1s, O 1s and Si
2p peaks. In this study, the Si 2p signal is attributed to the substrate (pyrex),
and therefore the XPS data was energy corrected to the Si’V" reference peak at
103.3 eV [277]. At a first view, the C 1s core-level spectra in Figure 5.3a show
that the peak intensity increases with increasing time of PBA sublimation, which
can be explained by an increasing amount of PBA deposited on graphene. In
parallel, the intensity of the oxygen peak (O 1s core-level in Figure 5.3b) decreases
with increasing PBA sublimation time, confirming that the major contribution
to the intensity of this peak comes from the substrate. Interestingly, a shift is
observed at the C 1s (Csp? peak) and the O 1s spectra after subsequent PBA
depositions. The Si 2p core-level spectra (Figure 5.3c) also confirms that for
larger PBA sublimation time, less contribution from the substrate to the XPS
spectra. Remarkably, the carbon, oxygen and silicon XPS signals at the initial
and final conditions of the experiment, that is, the bare graphene annealed at
150°C, 10 min and the graphene with PBA annealed at 200°C, 10 min, are
similar. This confirms that the PBA deposited on graphene after the subsequent
sublimations can be removed if the graphene/PBA structure is annealed at a
certain temperature (T > 200°C). The deconvolution of the XPS spectra in
Figure 5.3 is depicted in Figure 5.4.
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Figure 5.3: XPS monitoring of graphene functionalization with PBA
- (a)(b)(c) C 1s, O 1s and Si 2p XPS spectra of the different graphene and
graphene/PBA surfaces studied, as explained in the text.

114



5.3 PBA sublimation for graphene functionalization

C1s O1s Si2p
T T T Si02I T T T
Csp?, / 150°C, 10 mi
C-0 C-H  Csp? so, | @ 1o min
0-C=0 /A7 /
S5 /‘L 5 J\ 5
U /] © © PN
7] 7] @ Increasing
£ // = £ evaporation
/ time
2 2 2
‘j @200°C, 10 min
pa
288 284 536 532 528 108 104 100

Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 5.4: XPS monitoring of graphene functionalization with PBA.
Peak deconvolution - C 1s, O 1s and Si 2p core-level spectra deconvoluted for
the different graphene and graphene/PBA surfaces of the XPS study.

From the above-commented XPS measurements, we confirmed the feasibility
of the in-vacuum functionalization of graphene with PBA. However, a more
complete understanding of the graphene/PBA surfaces needs further study. For
that reason, the design, assembly and setting-up of a dedicated vacuum chamber
with all needed coupled components has been part of this PhD thesis, as a
fundamental step in this project. The equipment prepared for the in-vacuum
functionalization of graphene (Figure 5.5) consists of: (1) a NTEZ evaporator®
where the crucible containing the PBA is placed; (2) Vacuum pumps to ensure
high-vacuum conditions: one mechanical and one turbo pump; (3) Chamber
with a sample holder placed between a heater for substrate temperature control
and a shutter. The chamber is opened breaking the vacuum with nitrogen flow

controlled through a needle valve; (4) a Proportional-Integral-Derivative, PID

3Natural Thermal Energy Zone (NTEZ) evaporators are commonly used for the evaporation
of organic molecules.
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system for crucible and substrate temperature adjustment; (5) Water-based

cooling system to prevent overheating of the equipment.

'%utter

Figure 5.5: Laboratory equipment assembled and used for vacuum-
based functionalization of graphene - (a) Photograph of the vacuum chamber
connected to the NTEZ evaporator, with the principal parts numbered to match
its description in the main text. (b) Zoom out inside the vacuum chamber, which
includes the sample holder, substrate heater and shutter.

Using the information provided by the DSC analysis, the preparation of PBA
for graphene functionalization in vacuum is performed as follows. Certain amount
of PBA is weighted and placed inside the crucible (filling less than one third
of the crucible, as in Figure 5.2c). Then, the crucible containing PBA is placed
inside a vacuum annealing oven and it is heated to 120°C for 10 minutes at
atmospheric pressure in an Ar-rich atmosphere. Finally, PBA is cooled down to

room temperature. Heating and cooling ramps are set to 10°C/min. Once the
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1-pyrenebutyric acid is prepared for sublimation (Figure 5.2d), the crucible is
placed inside the NTEZ evaporator (see Figure 5.5, component [1]).

The evaporation procedure was performed as follows. First, the graphene
substrates are introduced inside the evaporation chamber and activate the
pumping system. To reach vacuum values at the range of 10~8 mbar, at which the
evaporation takes place, the system is left pumping overnight. Then, the substrate
temperature (Tsyps) is set to 350°C and leave at this temperature for 75 minutes.
The aim of this step is to remove possible residues remaining at the graphene
surface (see Figure 5.6) and ensure the same initial conditions each time we
functionalize different samples. It is key to perform this pre-cleaning step inside
the vacuum chamber where the deposition of 1-pyrenebutyric molecules takes
place, to avoid any recontamination of the surface just before functionalization.
After these 75 minutes, the PBA and substrate temperatures at which the process
will be performed are set. After stabilization conditions, the shutter is open and
the evaporation starts. When sublimation is completed, the shutter is closed and
the system is cooled down to room temperature.

As observed in Figure 5.6a, a sample annealing at 350°C for 75 minutes was
demonstrated to be effective in removing undesired surface contamination. In
agreement with that, the correlated Raman analysis in Figure 5.6b pointed that
the annealing treatment decreased the initial p-doping [67] from the as-transfer

graphene, mainly due to PMMA residues.
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Figure 5.6: Characterization of annealing of as-transfer graphene samples
- AFM images before (a) and after (b) annealing in ultra-high vacuum conditions.
(¢) Raman spectra (average of Raman maps of 100 um.) and (d) Raman wazp-wa
correlation maps before and after annealing.

The main techniques used for the characterization of the graphene/PBA
surfaces are Raman spectroscopy and AFM. The reason why the study of the
in-vacuum functionalization of graphene with PBA is based on those techniques
and not on XPS, complementary, is the following. The PBA molecule (Figure
5.1) is composed of carbon, oxygen and hydrogen atoms. Among those, carbon
and oxygen are detectable using XPS, as hydrogen does not have core electrons
[278]. When deposited on graphene in very small amounts, the detection of PBA
is highly difficult if the deposition is not performed inside the XPS vacuum-
system, as the incorporation of carbon-based species from the atmosphere when
samples are exposed in non-vacuum conditions may take place. The possibility to
incorporate a different atom to the PBA molecule, e. g. nitrogen or even fluor to
enable an easier detection by XPS was first considered. However, this approach

was not carried out, as this kind of chemical modification of the PBA would
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5.3 PBA sublimation for graphene functionalization

substantially vary the functionalization conditions. Nevertheless, it is important
to note that XPS and other characterization techniques, that will be further
mentioned, are considered fundamental to be used in future works.

The Raman spectra of PBA deposited on graphene, which is compared with
a bare graphene spectra in Figure 5.7, presents six peaks at around 1140, 1240,
1400, 1500, 1560 and 1620 cm™!, that have been reported as characteristic
pyrene features [279, 280]. Specifically at the vicinity of the graphene G band
(Figure 5.7b), the PBA presents 4 peaks. These peaks are The graphene/PBA
spectrum shown in Figure 5.7 was obtained from a graphene sample after in-
liquid incubation with a PBA 5 mM solution in ethanol, which is the standard
method described in literature [56]. However, the strong peaks obtained from this
Raman spectra of a graphene/PBA surface correspond to high amounts of PBA
deposited on graphene. For lower amounts of PBA on graphene, which is the
case of the studies presented in the following sections, the Raman spectroscopy
analysis of graphene/PBA is not fundamentally based on the analysis of the
characteristic pyrene peaks, as their intensity is very low. For that reason, an

advanced characterization methodology is developed, as explained below.
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Figure 5.7: Raman spectra of graphene and graphene/PBA - (a) Raman
spectra of as-transfer graphene and as-transfer graphene after PBA incubation
from solution (5 mM). The spectra are acquired in-liquid (PBS). (b) Zoom in the
shaded area of the graphene/PBA spectrum.
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5.4 Optimization of the evaporation parameters

5.4.1 PBA evaporation temperature

Here, results of the study of the optimal temperature at which PBA must be
evaporated, Tppa, for the graphene functionalization in vacuum are presented.
Considering the DSC results (see Figure 5.2), we performed an evaporation series
changing Tppa from 90°C to 130°C, while maintaining time and T, fixed at
15 minutes and 80°C, respectively. After each evaporation, Raman spectroscopy
and AFM analysis were conducted to study the characteristics of the evaporated
film.

Figure 5.8a depicts average Raman spectra obtained after each evaporation at
the specified Tpp 4 and the corresponding maps showing the G band frequency
and the Iop /Ig ratio. As explained previously in this thesis, Raman spectrum of
graphene on SiO,/Si presents a G band at ~1580 cm ™!, a 2D band at ~2700
em~! and, for defective graphene, a D band at ~1350 cm ™. From Figure 5.8a,
we observe that the presence of characteristic PBA bands (see Figure 5.7) is
very difficult to visualise, not even observed at T < 105°C. However, as Tppa
increases, these bands appear more prominently. Fortunately, the presence of
PBA can be detected by monitoring changes in the Raman spectra of graphene
itself. In Figure 5.8b, we depict wg and Iop /1 as function of the Tppa, and we
clearly observe that wg increases with increasing Tppa, while Isp /I decreases.
The w¢ upshift is explained by an increasing of the graphene doping level, induced
by the m — « interaction with the PBA. At the same time, Ig increases with
Tppa, as the amount of Csp? increases with respect with a bare graphene sample
due to the incorporation of the pyrene system. From the presented analysis, we
confirmed an increasing amount of PBA on graphene as increasing Tpp 4. Further
analysis is performed in Figure 5.8c, where we present the wg-wap correlation
maps for bare graphene and PBA functionalized graphene: when evaporating at
Tppa = 90°C, we observed a slight variation in the strain level, of ~0.1%, and a
very low doping. After evaporation at Tpga = 115°C, slight larger doping and

tensile strain with respect to bare graphene sample is measured.
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Figure 5.8: Raman characterization of the Tppa series - (a)Average
Raman spectra of graphene after functionalization with PBA at different Tppa, as
indicated. Results are average from maps of 100 zzm?, shown in the right side of the
spectra (scale bar = 2 ym). (b) Iop/I¢ and wg at each Tppa obtained from the
corresponding maps. (¢) wg-w2p correlation maps for graphene and functionalized
graphene samples.

Figure 5.9, shows the AFM analysis of the Tpp4 series. We can observe a
direct correlation between Tppa and roughness of the deposited layer, with the
roughness RMS increasing with the evaporation temperature. An increase of

roughness corresponds to a more irregular surface. A more significant increase
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in roughness is measured at Tpga = 130°C. Correlating AFM with the Raman
analysis in Figure 5.8, it is confirmed that at Tppa < 105°C, very small amount
of PBA molecules is deposited on graphene, whereas at Tppa > 115°C, larger

amount of molecules is detected.
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Figure 5.9: AFM characterization of the Tpp4 series - (a)(b) AFM images
of the graphene/PBA samples after evaporation at each T ppa studied, maintaining
Tsubs=80°C and the bare graphene. Scale bar is 400 ym. (c)) Roughness RMS
values for each evaporation temperature.

In view of these results, it can be concluded that the PBA deposition on
graphene increases with the evaporation temperature, Tpp4. Despite having
confirmed the presence of PBA molecules on graphene at Tpga = 90°C and
105°C by monitoring the graphene G band frequency shifts, a higher doping
was confirmed at Tpp4 = 115°C. The higher inhomogeneity measured for the
graphene functionalized sample at Tppa = 130°C can indicate an uncontrolled
distribution of the PBA layers on graphene at Tppa > 115°C. Therefore,

experiments from this point will be conducted using Tppa = 115°C.
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5.4.2 Substrate temperature

Another parameter to be optimized for graphene functionalization with 1-
pyrenebutyric acid is the temperature at which the graphene substrate is heated
during the PBA deposition in the vacuum chamber. For that, we evaporated the
PBA at 115°C during 15 minutes at different substrate temperatures (Tgyps):
40°C, 60°C, 80°C and 100°C. These temperatures were chosen considering the
DSC results (Figure 5.2). As for the previous section, we conducted Raman
spectroscopy and AFM for analysis.

Raman spectroscopy was performed to confirm the presence of 1-pyrenebutyric
acid on graphene in the prepared samples. Results are shown in Figure 5.10 and
reveal the presence of PBA in all the cases. For Ty, = 40°C and 60°C, the
characteristic peaks of the molecule were detected, with a measured w¢ upshift
with respect to the bare graphene reference sample. For T, = 80°C and 100°C,
the pyrene-peaks were not as clear, but the wg upshift confirms an increase in
the doping level (see Figure 5.10b).
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Figure 5.10: Raman characterization of the T,,s series - (a) Average
Raman spectra of graphene after functionalization with PBA at different Ty,
as indicated. Results are average from maps of 100 ym?. (b) Iop/I¢ (green) and
wa (dark blue) versus Tsyps. The orange points plotted at Tsyps=40°C and 60°C
correspond to the refined Raman analysis described in the text.

In addition, the analysis of Iyp/Ig reveals a decreasing of Irp /I with lower

Tsups With respect of the bare graphene reference, indicating a higher amount
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of pyrene-like structures at the samples with lower Tg,ps. In this line, the fact
that the PBA characteristic Raman peaks were clearly observed only at Tgups =
40°C and 60°C confirms a higher amount of PBA deposited on graphene with

lower Tyyups.

Figure 5.11 depicts the AFM images with their roughness RMS values after
each evaporation. At the lower Ty, aggregations are observed (signaled with
red arrows in the image). These are attributed to PBA clusters deposited non-
uniformly on graphene; these low substrate temperatures do not allow the arriving
molecules to rearrange on the surface. At Ty s > 80°C, these agglomerations are
not observed, indicating a more uniform arrangement of the PBA molecules on
graphene, previously confirmed by Raman spectroscopy. Roughness RMS values
are extracted in the flat regions of the images, and reveal a decreasing tendency

as Tgups increases.
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Figure 5.11: AFM characterization of the T, series - (a)(c) AFM images
corresponding to graphene/PBA samples with PBA deposition conducted at Tsyps
40°C, 60°C, 80°C and 100°C and to bare graphene. Red arrows point to PBA
aggregates. AFM scale 1 um for the 5 pm? images and 400 nm for the 2 pm?
images. (b) Roughness RMS versus Tsyps-

To refine the analysis and investigate the presence of PBA in the areas not

corresponding to the clusters of molecules, we analyzed the Raman spectroscopy
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maps differentiating the regions with and without PBA aggregates that appeared
at Tsups = 40°C and 60°C. The result of this analysis, performed eliminating
the PBA clusters, is shown in Figures 5.12 and 5.13, and Table 5.1.
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Figure 5.12: Tg,,s 40°C refined Raman spectroscopy characterization -
Raman analysis based on clustering the two differentiated graphene/PBA surface
regions: in red, the ones showing PBA aggregations and in violet, the flatter regions
without PBA aggregations. Scale bar = 2 pm.

Tsups = 60°C

Intensity (a.u.)

1 N 1 L gy 1

1000 1500 " 2500 3000

-_— Raman shift (cm™)

Figure 5.13: T,,s 60°C refined Raman spectroscopy characterization -
Raman analysis based on clustering the two differentiated graphene/PBA surface
regions: in red, the ones showing PBA aggregations and in violet, the flatter regions
without PBA aggregations.
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Table 5.1: wg and Iop/Ie values for the samples corresponding to the Tsyps
study. For Tsups = 40°C and 60°C, the two values correspond to the two areas of
the samples, with and without PBA aggregates.

Touss (°C) 40 60 80 100
we (em-1) 15945 /15964 1590.3 / 1591.3 1590.1 1589.3
Lp/Ic 1.02 / 0.71 154/ 1.04 173 1.76

While the average spectra of the regions with PBA clusters clearly showed
the characteristic pyrene-related Raman features (red spectra in Figures 5.12 and
5.13), the flat regions presented them with less intensity for the case of Tyups =
60°C than for the Ty,ps = 40°C (violet spectra), more resembling the average
spectra of samples at Tg,ps = 80°C and 100°C. Particularly looking at the flat
regions (violet), we observe a wg increasing with lowering the Tgyps, meaning
higher amount of PBA molecules deposit on graphene as T, is lower.

To estimate the number of PBA layers deposited on graphene, we performed
AFM, as shown in Figure 5.14, where we compare a bare graphene and a
functionalized sample after PBA deposition (Tppa = 115°C and Tyups = 80°C,
15 min). The AFM images were acquired at a step area created after peeling-off

the material on the substrate.
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Figure 5.14: AFM step characterization of graphene/PBA - AFM images
for (a) bare graphene on pyrex and (b) graphene/PBA on pyrex with their
corresponding histograms of the height distribution.
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Table 5.2: Thickness of functionalized graphene. Step analysis of AFM images in
Figure 5.14

Graphene 1-pyrenbutyric acid (PBA)
Graphene Pyrex Graphene/PBA Pyrex
Height (nm)  1.12 0.06 0.10 -2.80
Step (nm) 1.06 2.90

By analysing the step created between the material and the substrate, the
calculated thickness of the deposited PBA layer on graphene is of 1.84 nm (see
details in Table 5.2). To calculate the amount of PBA layers on graphene, the
following considerations can be made: (i) a carbon atom occupies 0.09 nm; (ii) the
m—m stacking distance, or distance between two PBA molecules is estimated as the
graphite interlayer spacing, that is 0.335 nm [281]; (iii) the steric hindrance of the
PBA aliphatic chain and experimental constraints (AFM resolution and ambient
conditions) difficult to quantify but can affect the result only by decreasing the
final amount of PBA layers obtained. Based on these considerations, the number
of PBA layers is estimated as nppajgyers = 1.84/(0.094-0.335) = 4.3. Thus, by
this method, a control of PBA functionalization of graphene can be achieved
with a very low amount of PBA layers, in this case < 4.

In summary, in this section we confirmed the feasibility of in-vacuum graphene
functionalization with PBA and the control of the resulting graphene/PBA
system by the tunability of the deposition parameters. Further studies would
be necessary to validate the presence of a uniform, full-covered PBA monolayer
on graphene; the establishment of a more complex and refined characterization
would involve even more characterization techniques, as briefly introduced at the
beginning of this chapter. For instance, quartz crystal microbalance (QCMB)
would help in the quantification of the thickness of the PBA deposition. Based
on the piezoelectric properties of quartz crystals, QCMB allows the monitoring
of mass variations on very thin materials [282]. In-situ thickness control of PBA
deposition using a quartz crystal-based system was not possible in the home-built
equipment used for in-vacuum functionalization of graphene (Figure 5.5). However,
future experiments can be designed to complement the thickness quantification
of the PBA layers after the deposition is completed and the sample is taken
out from the evaporation chamber. Besides QCMB, electrochemical analysis,
specifically through cyclic voltammetry for the determination of surface coverage
and PEIS, can be useful to complement the graphene/PBA characterization.
Finally, synchrotron-based techniques are also to be considered. In that direction, a

preliminary test using Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS)
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is shown in the Annex C. Although this work is planned for the future, in this
thesis this has not been conducted, as the studies presented cover the initial stage
of the proposed in-vacuum functionalization, which requires the construction of
the evaporation chamber, the understanding of the evaporation dynamics and
the development of an advanced characterization method for very low amount of
PBA on graphene.

In the framework of this PhD dissertation, we continued with the analysis of
the graphene/PBA surface using Tppa = 115°C and Tyups = 80°C, 15 minutes
as the evaporation parameters, as these ensured the presence of a flat PBA

coverage on graphene.

5.5 Graphene/PBA surface characterization

A study based on electrical characterization and Raman spectroelectrochemistry
was conducted to complete the study of the graphene/PBA functionalization. For
that, the charge neutrality point correlation with the electrolyte pH of graphene
functionalized with PBA in an as-transfer graphene sample was investigated. To
complete the analysis, the study of a graphene surface functionalized with an
analogous pyrene-based molecule but with opposite charge, 1-aminopyrene (AP),
was developed (see Annex C for more details about graphene functionalization
with AP).
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Figure 5.15: (a) Schematics of the acid-base equilibrium for AP and PBA with
its corresponding pKa values. Ips - V4 transfer curves of (b) bare graphene, (c)
graphene/AP and (d) graphene/PBA acquired in PBS 150 mM in different pH to
favour the neutral or protonated/deprotonated form of the functional groups at
the graphene surface.

Figure 5.15 shows the Ipg-Vg,s transfer curves measured for each sample in
PBS at different pH. For bare graphene (see Figure 5.15b), the CNP is located
close to 0.0 V, more precisely at ~-0.04 V, as expected for an as-transfer graphene
sample. When measuring Ips-V, in bare graphene at different pH, we observe
no CNP shift, confirming that the quantity of possible residual PMMA from
the transfer process is negligible (see Chapter 4). Ipg - Vg, transfer curves for
graphene/AP and graphene/PBA (Figure 5.15c and d respectively), also present
CNP values close to 0.0 V when measuring in PBS at a pH, in which the molecule
is in neutral form. When changing the pH of the solution to deprotonate the
carboxyl group of PBA, that is, at pH 7, the CNP of the corresponding transfer
curve (blue in Figure 5.15¢) is shifted 0.06 V towards more positive voltages. In
contrast, when protonating the AP amino group at the graphene/AP sample, at
pH 3, a CNP shift of 0.08 V is observed towards negative voltages.
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These results provide experimental proof of graphene functionalization with
the desired molecule. Now, to complete the analysis quantitatively, the specific
doping level induced by each functionalization can be calculated using Raman
spectroelectrochemistry (see Section 2.5.1). Figure 5.16 depicts the Awg curves
acquired as a function of applied voltage (axis below) and charge density (n, axis
on top for b and ¢ plots)i. Charge density is calculated using n = Cy(Vy,—Veonp)/e,
[71] where C, = 2.3-107% F/cm?.
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Figure 5.16: Raman spectroelectrochemistry for doping quantification -
Awg-V curves of (a) graphene/AP, (b) bare graphene and (c¢) graphene/PBA
acquired in PBS 150 mM in different pH to favour the neutral or proto-
nated/deprotonated form of the functional groups at the graphene surface.

In good agreement with the electrical characterization results, bare graphene
does not exhibit a variation of the CNP at different pH. For the case of
graphene/AP and graphene/PBA, n-doping and p-doping is confirmed, accounting
for the CNP shifts measured respectively. Furthermore, functionalization with
PBA induces a charge density of ~2.01-10'2 cm~2 (holes) to the graphene
surface in PBS pH 7, where PBA appears in its deprotonated form, and AP
functionalization induces a charge density of ~1.24 -10'2 ¢cm~2 (electrons) to the

graphene surface in pH 3, where AP is protonated.

5.6 Electrical characterization of graphene/PBA
SGFETs

Once the functionalization of graphene with 1-pyrenebutyric acid is demonstrated,

the next step is to assess the effect of graphene functionalization on the

4CNP shifts measured by Raman spectroelectrochemistry are in the opposite direction to
the ones measured by electrical characterization, due to the configuration of the potentiostat

(Biologic) and the way the voltage is applied (Vgs 7# V vs Ag/AgCl), as explained in Section
2.5.5.
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performance of SGFETs. Hence, the main aim is to confirm that graphene/PBA
transistors are operational. For that, SGFET arrays were fabricated following the
microfabrication process explained in Section 2.4.2, on both pyrex and SiO/Si
supports. Taking into account that the graphene functionalization studies in this
dissertation were performed on pyrex, we wanted to further study it in fabricated
devices. Moreover, being SiO5/Si the standard substrate for the established
technology in the AEMD group, it was included in this study. After device
fabrication (see Section 2.4.2), graphene functionalization was carried out with
PBA at Tppa = 115°C, T4ups = 80°C, 15 min deposition time.

Electrical measurements were performed at the setup described in the Annex
F.7, using PBS at different pH. Figure 5.17 presents the electrical characterization
of the transistors on pyrex. In Figure 5.17a, I45-Vys curves analysis reveal a CNP
shift (92 mV) towards more positive voltages after PBA deposition, confirming
that graphene is effectively functionalized (p-doping induced by the presence of 1-
pyrenebutyric acid in a deprotonated form at pH 7). Figure 5.17b shows the CNP
values of the measured I4,-Vys curves from pH 2 to pH 10, of bare graphene and
graphene/PBA transistors. In general,graphene/PBA transistors present higher
CNP values at all pH and higher device-to-device homogeneity. Interestingly,
the CNP behaviour with pH follows a similar tendency when comparing the
bare graphene and the graphene/PBA transistors. As discussed previously (see
Chapter 4, Section 4.5), the sensitivity to pH of graphene-based devices is
originated mainly from the charged species at the surface originating from surface
contamination. The CNP vs pH tendencies observed in Figure 5.17b indicate
that PBA on graphene is not the only charged specie present, as other residues
from the fabrication process may also contribute to the pH response. Figure
5.17c depicts the transconductance, g, of the curves measured at the different
pHs. A slight improve in the graphene/PBA devices is observed, indicating
that functionalization with PBA may possibly increase device sensitivity [283].
Finally, Figure 5.17d shows the measured effective gate noise, Vs, of the
SGFETs. The origin of the effective gate noise in g-SGFETs has been object of
discussion and controversy [86, 284, 285, 286, 287]. Different strategies to reduce
it have been suggested, but continue being investigated due to its importance
in device performance [288, 289, 290, 291, 292]. The measured V,.,,s is lower in
magnitude at all pHs after graphene functionalization. However, the measured
Vims of the graphene/PBA SGFETs shown in Figure 5.17d are in the range
of what can be obtained considering batch-to-batch inhomogenity (see Annex
for more data corresponding to a different fabrication batch of SGFETs). What
is important to note, yet, is the higher homogeneity in the V,.,,s values of the
graphene/PBA SGFETs. More statistics should be needed to confirm weather
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graphene functionalization with PBA could increase device-to-device homogeneity,

which would improve the devices performance [293].
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Figure 5.17: Electrical characterization of pyrex/graphene transistors
before and after PBA functionalization - (a) I4s-Vgs curves of graphene
and graphene/PBA sGFETs on pyrex. (b)(c)(d) CNP, transconductance, g, and
effective gate noise, V,ms vs pH, respectively. n = 12 channels.

In Figure 5.18, we depict the electrical characterization of the SGFETs
supported on SiOs/Si. As for the case of the SGFETs on pyrex, a shift of the
CNP towards more positive V is measured at pH 7 for the graphene/PBA
transistors. In this case, this shift is slightly lower ((14 mV, see Figure 5.18a). A
lower CNP shift is attributed to a lower doping level. This is probably related
to the different substrate-graphene interaction, depending on graphene being
supported on pyrex or on SiO4/Si, as it has been demonstrated that the substrate
underneath graphene can influence the noncovalent functionalization of the
material [294, 295]. SiO2/Si contains different charge trap density that influence
graphene carrier distribution [296, 297], differently from the pyrex substrate. We
hypothesize that this different charge distribution of the substrate affects the
PBA deposition when graphene is on SiOs/Si, which will be stronger (weaker)

in the areas where substrate-graphene electronic coupling is weaker (stronger).
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This would possibly signify a less uniform functionalization when compared
with pyrex supported graphene. In Figure 5.18b, it is observed that the CNP
variation with pH is similar between graphene and graphene/PBA SGFETS, in
agreement with what is extracted from Figure 5.17b. As for transconductance,
gm (Figure 5.18¢), no significant variations are detected at all pHs, except for a
slight improvement after functionalization at pH < 7, meaning that the sensitivity
of the graphene and graphene/PBA SGFETSs is not different in functionalized
devices. Regarding noise characterization, Figure 5.18d shows a slight decrease
of the V,,,s magnitude in graphene/PBA SGFETSs, yet in the range of what is

considered standard (see Annex C).
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Figure 5.18: Electrical characterization of SiO2/Si/graphene transistors
before and after PBA functionalization - (a) I4s-Vgs curves of graphene and
graphene/PBA sGFETs on SiO2/Si. (b)(c)(d) CNP, transconductance, g, and
effective gate noise, V,.,,s vs pH, respectively. n = 12 channels.

In summary, the results presented in this section reveal that graphene/PBA
SGFETs are functional at a pH range of 2-10 and show equivalent performance
before and after graphene functionalization. In SGFETs on pyrex, the device-
to-device homogeneity is increased in graphene/PBA, in comparison with bare

graphene SGFETs; the origin of this improvement in homogeneity is not yet
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5. Graphene functionalization towards a universal biosensing platform
based on graphene/pyrene surfaces

understood. The sensing capabilities of graphene/PBA SGFETs were tested using

thrombin. This proof of concept experiment can be found in the Annex C.3.
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Conclusions & Outlook

This PhD thesis has contributed with an extensive study of the graphene-related
interfacial phenomena, including the material synthesis, surface modification and
conforming electronic devices working in liquid and in biomedical applications.
In this line, it contributes to the development and understanding of systematic
and detailed characterization methodologies to assess graphene interactions with
the media surrounding it. Specifically, it responds to main current challenges in
graphene technology, which are reproducible high quality, large scale graphene
synthesis, improving the wafer-scale fabrication of graphene devices and gaining
knowledge and control of graphene functionalization.

In the first chapter of results, we report on the setup and operation of a CVD
reactor for the optimization of new Cu-based rigid supports for the large area
growth of high-quality graphene. The main experimental part of this chapter is
focused on the study of c-sapphire surface reconstruction and the optimization
of the Cu thin film deposited on it, with the objective of accomplishing a desired
orientation and low roughness for subsequent graphene growth. This study
explored the influence of sapphire annealing parameters (Hg, temperature and
time) on the resulting Cu surface. We were able to obtain smooth Cu surfaces with
large grains and <111> orientation, which were characterized by complementary
techniques (SEM, AFM, XRD, EBSD). The main challenge to overcome in this
regard was the smoothing of the Cu grain boundaries - grooves -, which were
unavoidably present in our surfaces. We identified a technical requirement to

avoid them, which involves incorporating substrate heating during Cu deposition;
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6. Conclusions & Outlook

unfortunately, this was not available in the framework of this thesis, yet is planned
to be incorporated in future studies. The consequent problem of having deep
grooves at the Cu surfaces is that these introduce non-homogeneity, and thus
possible discontinuities at the graphene layer synthesised on them. Despite that,
we were able to successfully synthesize high-quality graphene, evidenced by SEM
and Raman spectroscopy. From SEM analysis, we assumed that graphene follows
the Cu morphology and, thus, the grain sizes are expected to be larger than 50
pm. With this grain size, the event of having grain boundaries inside a transistor
channel is unlikely, as the typical channel length for graphene transistors applied
to biomedical applications are 50 um approximately. The transfer process of the
synthesised graphene was tested successfully, based on a standard wet approach
with slight modifications. A full device fabrication process in cleanroom at wafer
scale was accomplished and characterized. In summary, the growth of graphene
in the engineered substrates presented opens a path towards the optimization of
automatized transfer methods, as well as enabling surface modification before

graphene transfer.

In the second chapter, we study the interfacial phenomena of graphene-
based electronic devices by considering the whole substrate/graphene/electrolyte
system. We present a systematic study involving ad hoc techniques for the
physicochemical characterization of graphene surface and complementary in
operando morphological characterization. In particular, we analysed as-transfer
graphene supported on different substrates, pyrex, ITO and Au, to understand the
effect of the substrate nature and the electrolyte pH and ionic strength. Our results
highlight the role of water intercalation phenomena, confirmed by KPFM and
Raman spectroscopy, confirming a key effect on the electrochemical performance
of graphene electrodes. Furthermore, numerical calculations helped us evaluate
the impact that the confined water between the substrate and graphene has
on the capacitance of graphene electrodes. We also studied the influence of the
electrolyte (pH and ionic strength) on the performance of graphene electrodes.
Our results shed light to the current controversy in literature about graphene
sensitivity to pH, as we demonstrate that clean graphene does not respond to
pH variations. On the contrary, charged species remaining as residues from the
wafer-scale fabrication process govern this response. This understanding is key to
direct efforts towards alternative fabrication strategies that protect the graphene
surface from fabrication residues, which are unavoidable in the current technology.

Considering the framework of this dissertation, which is the use of graphene
devices in the biomedical field, it was important to analyse the wafer-scale

fabrication process impact on the performance of graphene devices. We
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demonstrate that adsorbed residues from the fabrication process unavoidably
remain at the graphene surface, evidenced by techniques like PEIS and Raman
spectroscopy /spectroelectrochemistry. By including XPS and UPS, we confirmed
that the type and amount of adsorbed charge on graphene after fabrication
depends on the nature of the substrate underneath. With that, we provided a
systematic procedure based on in situ Raman spectroscopy to determine the origin
of the residues remaining at the graphene surface after wafer-scale fabrication,
and to comparatively quantify the amount of adsorbed charge on graphene.
Remarkably, we showed that the graphene definition step adds a substantial
amount of adsorbed charge that remains homogeneous until the passivation step,
which is the final step in the fabrication process. As a result, device-to-device
homogeneity is not ensured within a wafer. This indicates that, although the
achievement of a clean transfer process is important to preserve the graphene
quality, the development of strategies to maintain the graphene surface clean
during the fabrication process is of utmost importance and still remains unsolved.

Advancing towards a cleaner and reproducible fabrication strategy of graphene
devices is matter of great concern and a major challenge nowadays. In that line,
we have proposed the incorporation of a Cu layer acting as a graphene protection
strategy throughout the whole cleanroom process. Raman characterization of
the Cu-protected graphene revealed that its high quality was preserved, and did
not exhibit adsorbed residual charge. Results from this highlight the importance
of adjusting current standard fabrication protocols to incorporate the discussed

Cu-protection strategy.

In the last part of the results of this thesis, we proposed a novel methodology
for a controlled graphene functionalization, a challenge which has limited the use
of graphene in biosensing applications. Our functionalization method is based
on the physical evaporation of 1-pyrenebutyric acid, a pyrene-based molecule
capable to 77 interact with graphene. We studied the deposition parameters,
demonstrating a controlled and reproducible graphene functionalization. The
developed characterization of graphene/PBA surfaces combines Raman spec-
troscopy, AFM and electrical measurements. Using that, we were able to quantify
less than 4 layers of PBA deposited on graphene. Further studies are suggested
(based on GIWAXS, QCMB, and electrochemical techniques) to quantify the
functionalization coverage. Moreover, variations between substrates should be
taken into account when extending the functionalization methodology to other
substrates, such as flexible ones.

In this part, we also performed electronic characterization of graphene/PBA

transistors. Our results revealed an equivalent performance of the functionalized

137



6. Conclusions & Outlook

devices to the standard graphene ones; in terms of transconductance and low
noise levels. Finally, we assessed the sensing capabilities of the graphene/PBA
platform created using thrombin, as a first proof-of-concept. Results revealed that
the fabricated graphene/PBA transistors were capable of thrombin detection,
opening the door towards depositing PBA on clean graphene surfaces, thus
boosting the possibilities of detecting a wide range of analytes. Further work is
required to improve sensitivity of graphene/PBA to analytes by achieving cleaner
graphene surfaces previous to functionalization. As it has been discussed before,
there are not yet effective methods of graphene transfer and surface cleaning

after wafer-scale devices fabrication.

All in all, we have demonstrated the importance of a profound understanding
on the physicochemistry at the interface between graphene and its surrounding
media at all levels, from the material growth to the applications, in order to
mature graphene technology and push it forward to its industrialization and

clinical translation.
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Chapter 3 complementary data

A.1 600 nm thickness of copper on c-sapphire

Analogously with the evaporation of 800 nm of Cu on c-sapphire discussed in
Chapter 3, we evaporated 600 nm Cu on c-sapphire (e-beam, rate 6-8 A/ s) and
performed annealing temperature and time studies. The aim was to explore
if reducing the Cu thickness resulted in an ultimate smoother Cu surface for
graphene growth. However, no significant improvement with respect to the 800
nm Cu layer was observed, while undesired dewetting was more likely to happen
with this thinner surfaces. For that reason, we conducted our experiments in
Chapter 3 with a 800 nm Cu layer. SEM and XRD results regarding the conducted
annealing processes are depicted in Figures A.1 and A.2.

Increasing the annealing temperature resulted in larger Cu grains, as expected
considering the results in Figure 3.10. As for Cu orientation, XRD 20 /w scans
clearly revealed a more preferential Cu<111> when annealing at 1000°C rather

than at lower temperatures.
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Figure A.1l: Temperature series of the annealing of Cu (600nm) on
c-sapphire - (a) SEM images of each sample of the temperature series. Scale bar
in all images: 100 pm. (b) 20 /w spectra of sapphire/Cu samples prepared. (c)
I111/I200 corresponding to spectra in (b).

Annealing time variations affected the Cu surface morphology and orientation

as well, with longer times favouring the prevalence of larger grains, which is

desired for an optimal graphene growth. Surprisingly, the most Cu<111> oriented

surface was measured for the sample annealed during 6 minutes, which was the

shortest time tested (see Figure A.2c). Annealing during 20 and 40 minutes

did not favour the Cu<111> orientation, while the sample annealed during 60

minutes showed more Cu<111> yet not as preferential as for the 6 minutes one.
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a
6 min 20 min 40 min 60 min
b c
T T T T T T T T T
111, —6min ——40min °
- L ——20min ———60min ] 105 b i
=}
s b . %2220 ] .
o

z \‘ | &
g E \}‘ | 1 \:
Q * | -
"E [ ] i
= r\\J\A | \200J_ it E

Nt a) I 10* b R

~a \| / \
3 t“zj“’*%‘:/ ‘\_:ﬁQSJ'-. ° °
1 1 1 1 1 1 1 1 1
0O 20 40 60 80 100 120 0 20 40 60
20-0 Annealing time (min)

Figure A.2: Time series of the annealing of Cu(600nm) on c-sapphire
- (a) SEM images of each sample of the time series (T = 1000°C). Scale bar in
all images = 100 pm. (b) 20 /w spectra of sapphire/Cu samples prepared. (c)
TI111/I200 corresponding to spectra in (b).

A.2 Heating and cooling rates of the copper

annealing

To investigate ways to improve the Cu surface quality (lower roughness and
smoother boundaries), we performed the 60 minutes annealing at 1000°C of
c-sapphire/Cu samples at lower heating and cooling rates with respect to the
standard parameters (heating rate = 30°C/min; fast-cooling). Figure A.3a shows
the resulting surface after performing the Cu annealing at 17°C/min, which
results in the Cu evaporation. In view of that, we tested the 17°C/min heating
rate, but reducing the annealing time from 60 to 30 minutes (Figure A.3b). The
resulting surface presented irregular grain sizes and contamination, which can be
clearly observed at the inset of the image at the right. The identification of the
source of this contamination was not possible, yet it may be attributed to the
quartz tube impurities or to contamination previously present at the c-sapphire

substrate.
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Non-annealed

Figure A.3: Variations in the Cu annealing heating rate - (a) (left)
Photograph of a sample before and after being annealed at 1000°C during 60
minutes (right) SEM image of the sample after annealing. Scale bar in all images
=100 pm. (b) .

In Figure A.4, we show the results corresponding to changes in the Cu
annealing cooling rate. In these cases, we observed an increasing of the dewetting
phenomenon with respect to the fast-cooling process (white arrows in the SEM
images). Furthermore, no smooth, large Cu grains were obtained. Thus, the Cu
surface was irregular in terms of smoothness, grain sizes and even impurities

were identified (yellow arrow).
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A.2 Heating and cooling rates of the copper annealing

Figure A.4: Variations in the Cu annealing cooling rate - SEM images of
annealed c-sapphire/Cu samples (1000°C, 60 minutes) with cooling rates of (a)
5°C/min and (b) 1°C/min. Scale bar in all samples = 100 pm.

In summary, lowering the heating and cooling rates of the Cu annealing

process did not result in an smoother, more homogeneous surface, as it is desired

for an optimal graphene growth.
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Chapter 4 complementary data

B.1 Resources available online

The Python scripts used to analyse and process the data presented can be found
in the "PhD Thesis Scripts" repository on my personal Github account:

e In-house Python code for PEIS analysis

e In-house Python code for PEIS fitting

B.2 PEIS fitting parameters

Table B.1: Fitting boundaries for each parameter of the Distributed model
equivalent circuit used to determine the CPE from the PEIS data. R, and Rt
(accounting for the processes at the electrode involving charge transfer), are the
two contributions of Rsp

Distributed model equivalent circuit
CPE o R, Ret R.

Pyrex/graphene 1.1079<3.107% <1  0.85<0.90<1 500<5-10°<8-10° 10-105<50-109<100-105  335<400<630

ITO/graphene 1-1079<3.107% <1  0.90<0.95<1 1-103<1.1-10*<1.5-10* 1-10°<5-10<1-108 150<150<154
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Table B.2: Fitting boundaries for each parameter of the Simple model equivalent
circuit used to determine the CPE from the PEIS data

Simple model equivalent circuit
CPE « Rsn R

Bare ITO 8.107%<50-10~% <300-1077 0.90<0.95<1 0.2:10°<0.5-10°<10-10°  145<155<170

Bare Au 1-.1078<5-10"8<200-10~ 7 0.85<0.90<0.99 0.4-10<1-105<10-10° 185<200<215

B.3 Capacitance simulation details and charge

density profiles

AnalySIS of Cno—intercalation

In the regions of the graphene electrodes without intercalated water
(Cro—intercalation) it is assumed that C,o—intercaiation = Cgqr, where Cg, is
the capacitance measured from PEIS on the pyrex/graphene electrode. Cir
can be roughly described by a two-parallel plate element, in correspondence
with the beginning of the depletion region of the ITO and its surface, being the
distance between them the size of the depletion region. On the other hand, C?Eﬂg
is spatially defined by the electrolyte (the first plate, ultimately determined
by the closest approach of ions to the surface) and the substrate (the second
plate, associated to the depletion region in the ITO layer). Considering these
descriptions, it can be inferred that Cj, > CE. Given that C, < CUE,
as extracted from the experimental results, and that Cjp, > CWE it can be
concluded that Cy, < Cirp. Introducing that in equation 4.20, it is achieved

that Cnofintercalation = Cgro

General considerations of the numerical simula-

tions

All the numerical simulations described regarding capacitance behaviour with
applied V were carried out with an in-house code that deals with the self-consistent
solution of the Poisson equation, that relates the electrostatic potential, V, and

the charge density distribution, p, in the structure of study, as defined:

V(EeVV)=p (B.1)

The charge density in the electrolyte is determined by the ions present in the
solution. The relation between the electrostatic potential and the ion distribution

is defined by the modified Boltzmann equation:
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B.3 Capacitance simulation details and charge density profiles

e—Zi(V—Vref)/HBT

1— 221 (1 — cosh(q|z| L=zel )

Cmax,i kT

(B.2)

where V,.y is the reference potential, cg; is the bulk concentration of ¢-th ion,
z; is the valence of the ¢-th ion and Cy,q4,; its maximum concentration. Thus,
it is key to add steric effects in the numerical simulation, which are specifically
included through the hard sphere model. In this model, each ion is characterized
by an effective ionic radius, Reyy, that is related with the maximum concentration
allowed (Cprez = 1/Ress). A more detailed description of this model is referenced
in [208, 209].

Modelling of C%f

The bare ITO substrate (see Figure B.1a left) is modelled as a boundary condition,
which agrees with its conductive nature. On top of it, an insulating layer models
ITO’s hydrophobicity. The parameters are set according to the profiles obtained
by Molecular Dynamic calculations near hydrophobic and hydrophilic surfaces
[298]. The thickness of the layer (1A) is the approximate size of the plateau
region for the hydrophobic profile (Figure B.1a right). The dielectric constant
of this region is tuned to fit the experimental data and achieved for 18z (see
Figure B.1b).

Modelling of C574

For the region with confined water at the ITO/graphene electrodes, a structure
similar with the bare ITO/bulk electrolyte one is considered. However, in this
case, the insulating layer is substituted by a 3.4A region with a reduced dielectric
constant (13e9) where only H* and OH™ ions are allowed. Steric effects in this
region are considered with an effective radius of 1.5 nm (see Figure B.1c). In

con f

Figure B.1d, the result modeling of the Cjr5 vs voltage is depicted.
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Figure B.1: Numerical simulations of C}%% and C$7% - (a) Simulation
of the bare ITO-bulk electrolyte system. (b) Modelled CY%& compared with the
experimental PEIS data. (c) Parameters considered for the simulation of the

ITO/confined water/bulk electrolyte structure. (d) Modelled C55 .

Extended analysis on the impact of ¢, and t, on

the total capacitance

The additional simulations presented here were performed for the ITO/confined
water/bulk electrolyte structure to evaluate the effect on the capacitance of
varying €,, and t,, of the confined water region. First, we focus on the ¢,,. Figure
B.2 shows the charge density profile of the confined water region (N,,) and the
bulk electrolyte (Np), and Figure B.3 depicts the contribution of these regions
to the total capacitance.
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Figure B.2: Effect of ¢, on charge density vs V profiles at the
ITO/confined water/bulk electrolyte structure - Charge density profiles of
the confined water region N,, and the bulk electrolyte region Ng vs voltage for
different ., values. The black line indicates the limit defined by the steric effects.
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Figure B.3: Contribution of the charge density of the confined water
region and the bulk electrolyte to the total capacitance for different ¢,
- (a, b) Capacitances between the ITO substrate and each of the regions of the
structure and (c) Modelled C4%5 compared with the experimental PEIS data. (c)
total capacitance of the structure.

The charge density profiles in Figure B.2 indicate that variations in the
behaviour with €,, at the confined water region is insignificant, while in the bulk
electrolyte region, the €,, has a higher effect. In Figure B.3a, a maximum in the
capacitance of the C,, agrees with the region at which the charge density (at
Ny ) starts to saturate. Figure B.3b shows that, at ¢ = 5.6¢¢, the capacitance is
slightly lower in the voltage range at which the confined water region is charged.

Focusing on t,, variations, analogous simulations are presented in Figures B.4

and B.5.
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Figure B.4: Effect of t, on charge density vs V profiles at the
ITO/confined water/bulk electrolyte structure - (a) Charge density profiles
at the confined water region N,, and bulk electrolyte Ng vs voltage for different
tw. The black line indicates the limit defined by steric effects. (b) Surface charge
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Figure B.5: Contribution of the charge density of the confined water
region and the bulk electrolyte to the total capacitance for different t,,
- (a, b) Capacitances between the ITO substrate and each of the regions of the
structure and (c) total capacitance of the structure.

As observed, at the vicinity of -0.3 V, the confined water region accumulates

enough charge to screen the ITO from the point of the bulk electrolyte. This

provokes a large accumulation of charge near the ITO surface, which results in the

maximum of C;ro around -0.3 V. At more negative voltage values, the confined

water region is not capable to accumulate more charge due to steric effects.

Consequently, the capacitance decreases. There, the main charge contribution
is attributed to the bulk electrolyte, yet it is less coupled with the ITO due

to the presence of the charged confined water region. As the permittivity of
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B.4 PEIS data of pyrex/graphene and ITO/graphene electrodes

the confined water region increases, the maximum generated by the confined
water region is less pronounced, while the capacitance magnitude is increased.
This is explained by the better ITO-bulk electrolyte coupling. In this case, the
contribution of the bulk electrolyte to the net charge is higher, thus reducing the
impact of the charge screening of the confined water region. That is why, for the
highest permittivity values, the expected ambipolar capacitance of the electrolyte
is observed, but with a decrease at Vy;qs < 0.3 V due to the saturation of the
confined water region. The profiles charge density profiles of N, do not reveal
variations with t,, (Figure B.4a), yet in the surface density obtained in Figure
B.4b it is observed that a thicker region provides a larger surface charge density.
This is in agreement with the capacitance profiles depicted in Figure B.5a. In
Figure B.4b the lowering of Cp around -0.2 V is evidenced and thus its relation
with the confined water region is clearer: the larger the magnitude of C,,, the

larger the reduction in the magnitude of Cp.

B.4 PEIS data of pyrex/graphene and
ITO/graphene electrodes

The data sets of PEIS measurements on pyrex/graphene and ITO/graphene
electrodes at pH 3 and 10 are presented in Figure B.6.
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Figure B.6: PEIS of graphene electrodes after fabrication at different
pH - (a)(b) Bode plots of pyrex/graphene and ITO/graphene electrodes after
fabrication at pH 3. (¢)(d) Bode plots of pyrex/graphene and ITO/graphene
electrodes after fabrication at pH 10.

B.5 Measurements on Au/graphene electrodes

As stated in Chapter 4, Potentiostatic electrochemical impedance, Raman
spectroscopy /spectroelectrochemistry, XPS and UPS measurements were also
conducted on Au/graphene samples. This section of the Annex depicts the results
obtained from them.

Figure B.7 presents the Bode plots and capacitance values at 10 Hz resulting
from PEIS measurements on Au/graphene fabricated electrodesi in PBS pH 3, 7
and 10.

Figure B.8 shows the wg modulation with V obtained from Raman spectro-
electrochemistry on Au/graphene electrodes in PBS in different pH and ionic
strength. After mimicking the fabrication process, a shift of the CNP towards

negative voltages is observed, as an indication of graphene doping.

IMimicking the wafer-scale fabrication process at the cleanroom.
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Figure B.7: PEIS of graphene electrodes after fabrication at different
pH - (a-c) Bode plots of Au/graphene electrodes after fabrication measured in
PBS at pH 3, 10 and 7, respectively. (d) Capacitance extracted at 10 Hz.
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Figure B.8: Raman spectroscopy of Au/graphene electrodes - (a)(b)
we modulation with applied V for Au/graphene electrodes before and after
mimicking the wafer-scale fabrication process, respectively. Each curve results
from measurements in PBS at different pH (3, 7 and 10) and ionic strength ([KCl]
= 150 mM and 400 mM.
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Figure B.9 shows the C 1s, O 1s and Au 4f core levels of bare Au and
Au/graphene samples. Spectra were energy corrected with respect to the Aug
(Au 4f7/5) peak at 84.0 eV [299] and the fitting was performed as explained in
Section F.4. The presence of carbon and oxygen in the bare Au sample is very
low, as the Au® peak is significantly more intense. The analysis of the C 1s core
level of the as-transfer sample shows the presence of two main components, Csp?
and Csp®/C-H. As previously explained (see Chapter 4), these contributions are
mainly attributed to the presence of graphene and sp? coordinated amorphous
carbon [220]. In the Au/graphene fabricated sample, a contribution assigned
to the presence of C-O appears, in addition to the two contributions at the
as-transfer sample. This is associated with the presence of residues from the
fabrication process. Regarding the analysis of the O 1s core level, the bare Au
does not show a significant amount of oxygen, which is expected. In as-transfer
and fabricated Au/graphene, a peak associated to the presence of C-O (~533 eV

300]) is measured.
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Figure B.9: XPS analysis of Au/graphene electrodes - C 1s, O 1s and Au
4f peak deconvolution for bare Au and Au/graphene samples as-transfer and after
fabrication.
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B.5 Measurements on Au/graphene electrodes

The UPS analysis of the Au/graphene and bare Au is summarized in Table
B.3 and Figure B.10. This analysis was conducted as detailed in Chapter 4,
Section 4.5.

Table B.3: Band structure extraction from UPS on Au/graphene. Energy
difference E¥ 5 between the Fermi level and valence band maximum Ey g, secondary
electron cut-off Ecyt—oss, ionization potential IP and work function ®, extracted
from UPS spectra of the graphene on Au, and of the bare Au samples.

Sample Ef s (eV) Ecu—of-Ef g (eV) IP (eV) @ (eV)
Au/ h 16.6 4.6 4.6
u ra ene
srap 16.0 5.2 5.2
bare Au 0 16.8 4.4 4.4
a b
—~ [ T T T ]
:f Au/graphene
8 S or as-transfer
g ,B‘ - - Au/graphene
@® B after fabrication
% GC_) 3 Bare Au
- " 16.0 eV
Z £ 1 1 i | ¢ Ole =

20 15 10 5 0 18 16 14
Binding energy (eV) Binding energy (eV)

Figure B.10: UPS analysis of Au/graphene electrodes - (a) UPS spectra
(He-I, 21.2 eV) and (b) the secondary electron edge (Ecut—ofs) of bare Au and
Au/graphene samples as-transfer and after fabrication.

Figure B.11 depicts the Raman spectroscopy analysis of Au/graphene
electrodes in PBS with increasing [KCl]. As discussed in Chapter 4, when graphene
is on a conductive substrate, the substrate contributes as a variable charge to
maintaining the system’s charge balance (see equation 4.25), represented for this
particular case in Figure B.11. This explains the lack of wg modulation with

increasing the electrolyte’s ionic strength (see Figures B.11a,b).
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Figure B.11: Raman spectroscopy of Au/graphene electrodes after
fabrication in PBS with increasing [KC]] - (a) Raman spectra from the
average of Raman maps (256 um?), PBS pH 3. (b) Awg as function of [KCI] at
different pH of wafer-scale pyrex/graphene electrodes. Awg is related with Ap and
ogr according to equations 4.18 and 2.3, respectively. Black dashed lines correspond
to the fitting of the values accordmg to equation 2.3, explained in Chapter 4. (c)
Scheme of charge distribution in the Au/graphene/surface charge/electrolyte
system and its variation with the electrolyte ionic strength.

B.6 Challenges on the integration of the Cu pro-
tection strategy to the standard fabrication

of wafer-scale graphene electronic devices

Ideally, Cu would have to be deposited on graphene right after graphene transfer,
to avoid the surface to get in contact with any photolithography resin. However,
this requires a Cu wet etching for defining the area of the Cu protection window,
instead of a Cu lift-off (with a previous Cu definition step). When this was
intended, the Cu layer was laterally overetched (see Figure B.12a). While this
issue remains under study, we decided to move forward by depositing the Cu on
graphene after a Cu definition step and assess the compatibility of this strategy
with preserving graphene’s structure and properties. The second challenge
identified is related with the difficulty to uniformly remove photolithography
resins, that may be overcured and thus compromise obtaining a high yield of
working devices. A representative image of an unsuccessfully etched transistor
channel after fabrication with Cu is showed in Figure B.12b. Optically, two
different areas are distinguished, one corresponding to graphene (as in the blue

square) and the other corresponding to graphene covered by a remaining resin
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B.6 Challenges on the integration of the Cu protection strategy to the
standard fabrication of wafer-scale graphene electronic devices

layer (as in the red square). Analogously to the first challenge described in

Chapter 4, this remains under study.

f{

Figure B.12: Issues in the integration of the graphene protection with
Cu to the standard fabrication protocol - (a) Cu layer on graphene during
the fabrication laterally overetched after a wet-etching step (NH4)2S20s 0.02 g/ml).
(b) Graphene of a transistor channel after fabrication with a Cu sacrificial layer
defined previously to Cu evaporation. The graphene channel (areas as in the blue
square) is partially covered by an undetermined resin layer (areas as in the red
square).

Figure B.13a shows an optical image of a 48-gSGFET array on SiOy/Si
fabricated following the standard procedure (see 2.4). In Figure B.13b, a map
depicting the Awg values measured according to each transistor is shown. As
stated in Chapter 4, this spatial map was represented with the aim to visualize the
0ads distribution along the array, which is inhomogenous. While the fabrication
protocol with Cu remains under study, electrical characterization of gSGFETSs
on SiO2/Si and on pyrex, without and with Cu protection, was conducted as
a preliminary experiment. Given the acquired knowledge about the influence
of the substrate on pH dependency, and knowing that the water intercalation
phenomena may enable the substrate to be in contact with the bulk electrolyte,
it is important to use substrates without surface functional groups that may
be charged. That justifies the use of pyrex in our case, alternatively to the
standard SiO5/Si. Figures B.13c,d, show the I45-V s transfer curves acquired.
Comparing the I4,-Vg4s curves, the Cu-protected ones show higher homogeneity
in both SiO2/Si and pyrex substrates, in agreement with the Raman spectroscopy
measurements (see Chapter 4). The fact that the CNP of the transistors fabricated
with Cu appears at higher voltages than the CNP of the transistors fabricated

using the standard protocol may be due to an incomplete removal of the Cu
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B. Chapter 4 complementary data

or of the photolithography resins. As explained before, this is currently being
addressed. Nevertheless, from these results, it is confirmed that the alternative

fabrication strategy with Cu protection is promising and, thus, needs more study.
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Figure B.13: Electrical characterization of gSGFETs fabricated by
standard fabrication and using a protective Cu layer - (a) Optical image
of the 48-gSGFETs array on SiO2/Si fabricated following the standard protocol
detailed in Section 2.4. (b) Map showing the Awg of each transistor measured
of the 48-gSGFETs array on SiO2/Si. (c¢)(d) Electrical characterization of the
gSGFETs on SiO2/Si an pyrex, respectively, fabricated with and without a Cu
protective layer on graphene. Measurements are performed in PBS, pH 7.

158



Chapter 5 complementary data

C.1 Aminopyrene deposition on graphene

A DSC of aminopyrene (AP) was performed” to test the suitability of the molecule
to be sublimated for dry graphene functionalization in vacuum. As depicted in
Figure C.1, AP presents one melting point at 118°C. Crystallization of AP after
each heating-cooling process carried out was confirmed by the crystallization

point maintained after the third cooling ramp, appearing at 84°C.

ILaboratory of the Thermal properties of nanoscale materials group, UAB-ICN2
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Figure C.1: Differential Scanning Calorimmetry (DSC) analysis of AP -
(a) All the curves measured (b) Final heating-cooling ramps showing one melting
point at 118°C and a crystallization point at 84°C.

In view of the DSC analysis, we prepared the AP to be used for graphene
functionalization by weighting a small amount of it inside the ceramic crucible
and annealing it at 140 °C in an Ar atmosphere (~ atmospheric pressure). Once it
was cooled down to room temperature, it was placed inside the vacuum chamber
5.5 for evaporation.

The in-vacuum graphene functionalization with AP was carried out with the
following parameters: Tap = 50°C, Tsups = 40°C, 5 minutes and the resulting
surface was analysed by Raman spectroscopy and AFM, as shown in Figure C.2.
The characteristic pyrene features in the Raman spectra (red arrows in Figure
C.2a) confirmed the presence of this molecule on graphene, and AFM did not
reveal the presence of big aggregations. Differently from when functionalizing with
PBA, where the aim was to advance towards the obtention of a controlled layer
of molecules on graphene, in this case, the objective was to ensure AP deposition
with any need of quantification control. Therefore, no further characterization

was performed.

160



C.2 Standard effective gate noise values of gSGFETs
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Figure C.2: Characterization of graphene/AP - (a) Average Raman spectra
of graphene before and after AP functionalization. (b) AFM image of the
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raphene/AP surface.

2 Standard effective gate noise values of gS-

GFETs

e electrical characterization of graphene and graphene/PBA SGFETS in

apter 5 shows that effective gate noise values, V,,s in the standard range of

the technology fabricated at the AEMD group. Figure depicts data corresponding

to different 48-gSGFETs array devices (see Figure 2.21).
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Figure C.3: Electrical characterization of graphene gSFETs (standard) -

(a)(b) CNP and effective gate noise, V,ms of gSFETs on SiO2/Si. Measurements
performed in PBS pH 7. n = 287.
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C.3 Aptamer incorporation to graphene/PBA

surfaces and thrombin detection

The aim of this study is to demonstrate the utility of the graphene/PBA surface
as a biosensing platform performing in-vitro thrombin detection, serving as a
fundamental starting point towards using this interface for the detection of a
broader spectrum of analytes, including neurotransmitters.

As for the previous section, the fabrication and functionalization of the
graphene/PBA SGFETs was conducted according to section 2.4 on a pyrex
support. The aptamer (TBA) attachment to the graphene/PBA surface was
performed by the formation of a peptide bond between the carboxyl group of the
PBA and the amine group of the TBA, based on [56]. The detailed mechanism
of this chemical process is represented in Figure C.4, and was performed in a
chamber where the graphene/PBA SGFETs were placed to enable the required
liquid conditions: first, the carboxyl group of the PBA was activated adding 100
mM of N-ethyl-N’-(3-(dimethylamino)propyl)carbodiimide (EDC) and 20 mM of
N-hydroxysuccinimide (NHS) prepared in PBS pH 7. Through the intermediate
(B) the NHS ester was formed (C) and we proceeded with the addition of the
TBA aptamer. This was left overnight and enabled the peptide bonds formation
between the PBA and the TBA (D). As a final step, the remaining terminal
carboxyl that were not bound to any aptamer unit were blocked with by adding a
100 mM ethanolamine solution in PBS. This was performed to prevent unspecific
binding with possible free carboxyl groups. At the end of the process, the resulting

system was the one represented in E.
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C.3 Aptamer incorporation to graphene/PBA surfaces and thrombin
detection

Figure C.4: Aptamer binding to graphene/PBA - EDC/NHS coupling
mechanism for the attachment of the TBA aptamer to the graphene/PBA surface
and subsequent free -COOH groups blocking. All the solutions were prepared
in PBS 10 mM (Sigma Aldrich), pH 7.4. After the formation of D and E, the
g-SGFETs surface was rinsed vigorously with PBS.

The evaluation of the sensing capabilities of the prepared g-SGFETs was
carried out by exposing them to different thrombin concentrations, ranging from
0.208 nM to 208 nM. To compare this with the reported results from an in-liquid
functionalization approach [56], we used SiO2/Si as substrate for the devices. After
confirming the graphene functionalization with PBA and subsequent aptamer
attachment (Figure C.5a), we monitored the CNP variations after incubation with
the different thrombin solutions (Figure C.5b). We observed that the measured
CNP shifted towards more negative voltages after each incubation, ending with
a total ACNP of 14 mV. The negative shift responds to n-doping induced by
thrombin, which is positively charged at pH 7 [301, 302]. The stabilization
of the CNP after incubation at [208 nM] suggested a saturation point at this
concentration [56]. A final incubation in PBS after the last thrombin concentration

resulted in a negligible ACNP. This confirmed the strong binding between the
TBA and the thrombin, which is reported to be Kd ~100 nm [303].
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Figure C.5: Thrombin detection - (a) [4.-Vys curves of the g-SGFETS: before
and after PBA functionalization and after TBA+Blocker addition. (b) CNP from
the curves in (a). (c) Lis-Vgs curves of the g-SGFETS: after TBA+Blocker addition
(dark blue) and after incubation in different thrombin concentrations, as indicated
by the legend. (d) CNP extracted from the 14:-Vg4s curves in (c). n=14 channels.
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C.4 Grazing Incidence Small-angle X-ray scat-

tering on graphene/PBA surfaces

Grazing Incidence Small-angle X-ray scattering (GIWAXS) is a non-destructive
technique that uses synchrotron radiation sources to analyze the structure (size,
geometry, alignment and distribution) of thin layers on flat substrates at the
nanoscale (3-50 nm). Because it uses a reflection geometry, it achieves surface
and near surface sensitive scattering, and its use has been increased lately due
to a the raising demand and the incorporation of dedicated beamlines at more
synchrotrons around the world. Hence, it is becoming a standard tool to probe
thin films and nanostructured surfaces, in combination with other techniques
such as AFM and transmission electron microscopy (TEM) [304].

GIWAXS measurements were carried out at the ALBA synchrotron facilities
(Cerdanyola del Valles, Barcelona) in order to advance in the quantification of
1-pyrenebutyric layers deposited on graphene with the dry approach presented
in Chapter 5. Specifically, we used beamline BL11 NCD-SWEET GIWAXS
endstation (energy 12.4 keV) with a Rayonix LX255HS detector. Figure C.6 shows
the 2D GIWAXS patterns obtained for a graphene/PBA sample (functionalization
conditions: Tpp4=115°C, T4ups=80°C, 15 minutes). Apart from a contribution
attributed to the substrate (pyrex, SiOs), no characteristic signal from the PBA
layer was measured. This can be due to different hypothetical situations: first,
that the PBA layer is too thin to be detected, or it is not showing enough
electronic contrast. Second, that the order level of the molecules is low or absent,
therefore no peaks from it are shown. In Chapter 5, we calculated < 4 PBA layers
on graphene with the cited functionalization conditions, which would explain
the absence of signal from the molecules in Figure C.6. For future analysis, we
propose the characterization of thicker PBA layers to evaluate the signals they
present, and subsequently decrease the layer thickness to ensure the minimum
visible thickness by GIWAXS.
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C.4 Grazing Incidence Small-angle X-ray scattering on graphene/PBA

surfaces
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Figure C.6: 2D GIWAXS of graphene/PBA - (a) 2D GIWAXS patterns
of a graphene/PBA sample on a pyrex support. The arrow indicates the signal

attributed to SiOz. (b) Corresponding azimuthal integrations of 2D GIWAXS
patterns.
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Water intercalation in

graphene devices

Confined water underneath graphene is present from the transfer process of
graphene to the substrate [201, 200, 176]. Furthermore, considering situations
in which graphene devices are immersed in an aqueous electrolyte, for instance
during the fabrication of the devices or their use for applications in biosensing,
water intercalation exists [202]. Therefore, even carrying out a water-free transfer
process, water intercalates while the device is being used. Since this phenomena is
unavoided, it is of paramount importance that we assess its impact on graphene-
based devices performance. Earlier in this thesis (see Chapter 4), we refer to a
study regarding this topic developed on graphene electrodes. Here, we discuss
water intercalation effects on g-SGFETs.

There are a number of experimental ways to observe intercalated water
between graphene and the substrate [174, 201, 305, 306, 176, 307]. However, a
specific quantification of this water is difficult. In view of that, we carried out a
preliminary study with the clear objective to see the water intercalation effect on
the device functionality.

Raman spectroscopy of graphene provides information about substrate-
graphene coupling by analyzing shifts in frequency of the 2D band (wsp), as
stated in Chapter 4. With the aim of monitoring water intercalation dynamics, we
performed time scan Raman spectra in PBS. While graphene is immersed in an

aqueous media, a red-shift of the wyp is observed progressively over time until 1.5
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D. Water intercalation in graphene devices

hours, when it stabilizes (Figure D.1a). A shift of around 3.5 cm™! is measured
and consistent for all the measured as transfer pyrex/graphene samples, as shown
in Figure D.1b. A wsp red-shift is indicative of graphene decoupling from the
substrate, previously attributed to water intercalation [203, 204]. Adhesion force
maps were also acquired for water intercalation observation. In Figure D.lc,
images correspond to maps acquired before and after the sample was immersed
in PBS for 2 hours, demonstrating the different behaviour depending on the
situation. After immersion, the tip-sample adhesion force registered decreased in
homogeneity along the scanned surface, indicative of a non-uniform intercalated
water distribution between graphene and the substrate underneath, which is

represented in the histogram at Figure D.1d.
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Figure D.1: Water intercalation in as-transfer graphene on pyrex - (a)
Graphene wyp evolution with time in PBS. (b) Statistical data corresponding to 3
different as transfer pyrex/graphene samples. (¢) AFM adhesion force map before
(left) and after (right) 2h in PBS and (d) the histogram adhesion force analysis
after immersion.

Moving forward, we evaluated the presence of water intercalation on fabricated
devices. To that aim, we designed a platform of g-SGFETs on a Si/SiOs
support, containing different transistors, specifically including different size and
width/length (W/L) ratios (see Figure D.2b) and different passivation designs
(see Figure D.2¢). In the AEMD group standard technology, passivation of the

graphene transistors is performed covering the two contact edges of the channel.
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This raised the question of the water being intercalated through the channel
edges or not. Therefore, we included a passivation covering the four edges of the

channel for this to be clarified.
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Figure D.2: Device under test (DUT) - (a) Mask of the DUT designed for
water intercalation studies. (b) Size and width/length (W/L) ratios. (c) Passivation
designs.

Figure D.3a depicts the Raman average spectra of a graphene transistor
before and after immersion in PBS (pH 7) for 2 hours, as shown in Chapter 4.
Figures D.3b,c show the histogram of the graphene 2D band position for a 50x50
pum and a 200x50 pm transistor respectively. A wyp red-shift of ~ 7.0 cm™! is
extracted for the smaller transistor, while a red-shift of ~ 3.5 cm™! is observed
for the larger one after the 2h immersion in PBS, in agreement with results
on as transfer graphene (Figure D.1b). Interestingly, no differences were found
regarding the passivation design, supporting the hypothesis of water intercalation

happening through graphene grain boundaries.
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Figure D.3: Water intercalation in graphene devices observed by Raman
spectroscopy - (a) Average Raman spectra of graphene as part of a transistor
channel in a DUT before and after 2h immersion in PBS. (b)(c) Histogram analysis
of the wep for graphene transistors of 50x50 pm and 200x50 pm, respectively.

Adhesion force AFM mapping was not possible for the fabricated samples as
residual charge on graphene surface impossibilited correct performance. Instead,
the KPFM images in Figure 4.11d (see Chapter 4) and the corresponding
histogram analysis demonstrate that, starting from a fabricated device, immersion
in an aqueous electrolyte (PBS) favours non-homogeneous water intercalation
between graphene and the substrate underneath, as water "islands" are clearly
formed.

The g-SGFETs electrical characterization is shown in Figure D.4. A decrement
of the devices noise level (V,,s) is measured, after being in PBS for 2 hours,
which represents an improving on the devices performance. Differently, regarding
transconductance (g,,), it decreased after PBS immersion, which involves a
negative effect in device performance, as it means a decrement in sensitivity [].
Finally, an important fact to be remarked is the absence of two differentiated
kind of behaviors that could be related to the two different types of passivation in
the device design. This allowed us to discard the hypothesis of water intercalation
occurring significantly through the transistors channel edges, and to confirm
that water mainly intercalates through graphene boundaries, in agreement
with literature [308]. Taking that into account, efforts towards finding effective
strategies to prevent water intercalation through graphene grain boundaries
should be considered. A proposed approach would be the addition of a very thin
layer of a dielectric, e.g. alumina (Al;O3) by selective atomic layer deposition on

the graphene grain boundaries, as it has been demonstrated using metals [309].
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Figure D.4: Electrical characterization of gSGFETs before and after
immersion in PBS - (a)(b)(c) L4s-Vys transfer curves, transconductance g,
and Vs from the DUTs characterization.

In summary, this study highlights the role of water intercalation in device
performance and remarks the difficulty to control the amount of confined water
in graphene devices from the earliest stages of preparation (graphene transfer) to
the latest. In one hand, graphene transfer has been intended to be optimized in
literature to avoid the presence of water underneath graphene by incorporating
annealing processes or improve dry approaches. Nevertheless, a complete, direct
substrate-graphene interaction is still challenging to be accomplished at this
stage. On the other hand, the wafer-scale fabrication process at the clean room
involves cleaning steps in-liquid, which despite being time-controlled, may also
induce non-homogeneities from sample to sample. Finally, if the final application
given for the fabricated graphene devices is developed in a liquid environment,
which is the case of neural implants or biosensing devices in the biomedical field,

water intercalation phenomena is of paramount importance to be controlled.
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In-liquid Dual-Harmonic
KPFM for the study of
electronic properties of

graphene materials and devices

In the line of gaining knowledge about the graphene-related interfaces in
an electronic device operating in liquid, we investigated DH-KPFM as a
complementary technique to the work discussed in this thesis. The training
and development of the experiments presented in this DH-KPFM study were
performed in the framework of an international research stay at the Functional
Atomic Force Microscopy Group (F-AFM), Center for Nanophase Materials
Sciences (CNMS) of the Oak Ridge National Laboratory (Tennessee, USA).
DH-KPFM is a derivative of KPFM that, contrary to this one, works
without applying a DC bias (Vp¢) between the tip and the sample. Thus, DH-
KPFM is known as an "open-loop" KPFM approach [310]. When a conductive
tip approaches a conducting sample, the electrostatic force induced has three
contributions. The first one, Fpc, appears due to the static DC bending. Then,
the second and third contributions come from the cantilever oscillating at two

harmonic frequencies: F,, and Fy,,. These harmonic responses are described by:
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E. In-liquid Dual-Harmonic KPFM for the study of electronic properties of
graphene materials and devices

dC )
Fw = E[VDC - VCPD}VAcSZTL(wt) (E].)
1dC_,
Fgw = _ZEVAccOS(QUJt) (EQ)

By combining E.1 and E.2, we can obtain the contact potential difference
(Vepp) between the tip and the sample, which can be further related with work

function values (see equation E.4 further above):

Ay cos(pw) Vac
A2w 4Xgain

Verp = (E3)

where A, and A,, are the electrostatic force first and second harmonic
amplitude responses respectively, X4, the coeflicient resulting of dividing the
gains of the cantilever at w and 2w and ¢, is the phase of the w response [311].
In DH-KPFM studies, the images corresponding to acquired mixed response of
the first harmonic (A, cos(¢,)), the Ay, and the resulting Vopp are generally
shown. The first harmonic mixed response contains information of both the
magnitude and sign of the sample’s surface charge with respect to the tip. The
second harmonic amplitude responds to changes in the probe-sample capacitor
geometry. Hence, contrast in Ao, images is related to changes in the capacitance
gradient (C’,) [311, 312]. Vepp can be related to the sample’s work function
(Psample) by [311, 313]:

VCPD:@:M (E.4)
e e

where e is the elementary charge.

In 2014, Collins et al demonstrated contact potential difference (CPD) imaging
of as grown graphene on a copper foil in a liquid media for the first time [311].
This opened a door to the direct observation of graphene electronic behaviour in
electrolytes, which is of high interest considering its applications in biomedicine.

We prepared graphene samples on pyrex and I'TO substrates to scan them by
DH-KPFM! and test the imaging capabilities in increasing ionic concentrations
of PBS. Additionally, we aimed to assess how the substrate nature influenced
the measurement of graphene work function in water. We scanned for image
acquisition at an area of the sample which included four different regions, as
indicated in Figure E.1: the bare substrate, bare Au, graphene on substrate and
graphene on Au. The bare Au region served as a reference. We used Multi75E-G
AFM probes? (Cr/Pt), with a resonant frequency of 75 kHz.

1Asylum Research MFP-3D.
2Budget Sensors
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Figure E.1: DH-KPFM setup - Schematic representation of the DH-KPFM
experimental setup used for the measurements in this study and the image area
where the scans were performed.

First, we performed the measurements in ambient (dry) conditions. Then,
we scanned in MQ-water and continued with subsequent measurements in the
different PBS solutions, starting with an ionic concentration of 1 uM. Results
are depicted in figures E.2 and E.3 for graphene on pyrex and ITO substrates,
respectively. As observed, measurements were possible until [PBS] = 1 mM, where
the electric double layer charge relaxation and Debye times are not low enough to

ensure operability due to mobile charged ions inducing charge screening, among
other related phenomena [311, 312].
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Figure E.2: In-liquid DH-KPFM on pyrex/graphene - First and second
harmonic responses (A, cos(pw) and A, respectively), and the resulting Vopp of
a pyrex/graphene sample in dry and in liquid conditions. Scale bar in all images is
20 pm.
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Figure E.3: In-liquid DH-KPFM on ITO/graphene - First and second
harmonic responses (A cos(pw) and A, respectively), and the resulting Vopp of
an ITO/graphene sample in dry and in liquid conditions. Scale bar in all images is
20 pm.

177



E. In-liquid Dual-Harmonic KPFM for the study of electronic properties of
graphene materials and devices

2; 7 ® Graphene on Px
L @ | @ GrapheneonITO
—~ 1 i
s .
[ 1]
N o e ® e PY
o L
O 4L _
2L i
L 1 | L 1 1
L T I T T ]
2 L - ® AuinPxsample
= { & AuinITO sample
—~ 1+ = |
2 -
Nn 0+ P B £ 4
o L
O 4L ,
2L i
L 1 1 1 1

Figure E.4: CPD values from DH-KPFM - CPD values of (top) tip-graphene
on pyrex and ITO substrates and (bottom) tip-Au, under different imaging
conditions: dry (air), MQ water and PBS in increasing concentrations. CPD
values of tip-graphene were calculated with respect to the tip-Au CPD values.

As plotted in Figure E.4, the CPD of tip-graphene in air was measured
to be 1.5484+0.065 V and 0.286+0.079 V when supported on pyrex and ITO
respectively. This is consistent with the conductive nature of the two substrates:
as ITO is conductive, its work function is more similar to the one of the tip,
thus the measured CPD of ITO/graphene is less than for pyrex/graphene, being
pyrex a non-conductive support. In MQ-water, the tip-graphene CPD values
were -0.96140.005 V and -0.008+0.004 V respectively. Remarkably, the sign of
the surface charge was shifted to the opposite with respect to the one measured
in air in both cases, as a consequence of a change in the first harmonic response.
Regarding the magnitude of the tip-graphene CPD, we observed a decrement in
both systems: |Acpp air—m@| ~ 1.56 and 1.24 V for graphene on pyrex and ITO
respectively. According to equation E.4, a decrement in Vopp is related with an
increasing of the ®s4mpie, in our case, the graphene’s work function. Knowing that
an increasing of the graphene’s work function indicates more p-doping level [314,

315], and that water on graphene induces p-doping [316, 317], our results revealed

that the water ability to induce p-doping is higher when graphene is on pyrex
than on ITO. The substrate influence on the graphene doping by its interaction
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with water has been previously studied [318]. However, the techniques used so far
(KPFM in controlled humidity levels) didn’t allow direct measurements in liquid.
Thus, the presented DH-KPFM measurements here not only represent the first
measurements of as-transfer CVD graphene on substrates of different nature, but
pave the path towards in-situ and in-operando monitoring of graphene devices

electronic behavior in water.

E.1 DH-KPFM of an in-operando gSGFET

One of the most important parameters to optimize for improving gSGFETs
fabrication is the devices contact resistance (R.) [319]. A high R, in graphene
transistors detriments its performance and is caused, among other parameters, by
the work function differences between graphene and the contacting metals [320,
321, 322, 323]. Thus, knowing the values of the contact resistance of a standard
fabricated device will facilitate the optimization of the fabrication procedure.
The contact resistance of graphene transistors can be evaluated by what is known
as the transfer length method (TLM), which consists on measuring the total
resistance of devices with different channel lengths, normally in a back gate
configuration, applying different back-gate voltages (Vg) [324, 325]. KPFM, as a
technique that allows the mapping of the graphene surface potential, has been
also used to obtain R, values of graphene devices [322] in dry conditions. To the
best of our knowledge, this parameter has never been measured using in-liquid
DH-KPFM. However, direct visualization of the surface potential distribution
while measuring the R, of gSGFETs in liquid is of high interest considering the
biological applications of the devices.

To perform in-liquid DH-KPFM of gSGFETs, we designed devices supported
on pyrex, as represented in Figure E.5, taking into account the following

requirements:

e Channel length: it must be in the range of the devices used in the standard
technology, while enabling a stable DH-KPFM measurement. Thus, the

designed devices were of 20 pm.

o A surface of the Au contacts must be left exposed (non-passivated). This
responds to the need of measuring the potential at the drain and the source

for subsequent R, measurement.
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Figure E.5: Transistor design for in-liquid DH-KPFM measurements -
Schematics of graphene transistors designed for in-liquid DH-KPFM measurements.
Its fabrication was carried out following the lithography-based protocol described
in section 2.4.2.

As a first experiment, we performed DH-KPFM in dry conditions. Image
acquisition was carried out while applying different Vpg, as presented in Figure
E.6, using an electrical force modulation (EFM) AFM probe® (Pt/Ir), with a
resonant frequency of 75 kHz. From the images in Figure E.6a-c, we confirmed
that a successful DH-KPFM measurement was achieved, as the voltage change
could be monitored accordingly. The analysis of the voltage drop through the
graphene channel in Figure E.6d demonstrated good correlation with analogous
KPFM experiments reported [322]. Then, we placed a droplet of Milli-Q water
on the device to perform in-liquid DH-KPFM. Figure E.7a-c show the harmonic
responses and the CPD along the analysed graphene transistor while applying
different V pg. Interestingly, the CPD distribution presented the behavior plotted
in FigureE.7d, which was different from the expected voltage drop through the
graphene channel measured in dry conditions. To provide an explanation of this,
more devices should be analyzed - unfortunately not possible within the duration
of this dissertation -. This would enable us to assess weather this measurement was
affected by any experimental perturbation, like a possible short-circuit enabled

by water in contact with the cantilever of the AFM tip.

3NanoWorld
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Figure E.6: DH-KPFM of an in-operando graphene transistor - (a, b,
¢) First and second harmonic responses and the resulting Vepp, respectively,
of a graphene transistor fabricated on a pyrex support while applying different
Vps, from 2.0 V to -2.0 V in steps of 0.2 V. The width of all images is 35 pum;
Xgain=1.05; Voc=1.5 V; DH=20 nm. (d) CPD analysis of the device, showing
some of the voltage profiles measured.
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Figure E.7: in-liquid DH-KPFM of an in-operando graphene transistor
- (a)(b)(c) First and second harmonic responses and the resulting Vepp,
respectively, of a graphene transistor fabricated on a pyrex support while applying
different Vps (0.0, 0.2 and 0.8V) in MQ water. The width of all images is 35 pm;
Xgain=1.05; Vac=1.4 V; DH=20 nm. (d) CPD analysis of the device, showing
the voltage profiles measured.
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Experimental techniques:

fundamentals and equipment

F.1 Metal deposition

Metal deposition was part of two global processes in this thesis:

1. Copper deposition: in Chapter 3, for the preparation of rigid substrates
for CVD graphene growth. 800 nm of 99.99% purity Cu! were deposited on
SiO2/Si and c-plane sapphire substrates. In Chapter 4, for the deposition
of a Cu protection layer during graphene devices fabrication, as a proposed
approach to prevent the accumulation of fabrication residues on graphene

surface.

2. Metallic contacts of graphene devices: for the first and second metal
layer as steps of the wafer scale fabrication process, detailed in Section

2.4.2.

Both kind of depositions were performed by electron-beam evaporation,

described below.

1Kurt J. Lesker
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F.1.1 Electron-beam evaporation

Metal evaporation by e-beam is carried out under high vacuum conditions. After
introducing the substrate inside the vacuum chamber, the process starts with
the heating of a tungsten filament at a temperature that enables the emission of
an electron beam. Thanks to the presence of electric and magnetic fields, this
beam heats a crucible containing the source material - the metal aimed to be
evaporated -. The high vacuum conditions allow the metallic particles to travel
from the crucible to the substrate in a direct path, with minimal collisions with
residual gas molecules.

The device where all the electron-beam (e-beam) evaporations of this thesis
have been performed is an AJA International Inc. ATC-8E Orion e-beam, placed
inside the ICN2 clean room and shown in Figure F.1. A load-lock chamber
connected to the main chamber through a load-lock valve allows the loading of
the samples without breaking the ultra high vacuum (1-10~8 mbar) needed for
the evaporation, which can be maintained at the main chamber. The e-beam gun
and the source metals are located inside the main chamber. Samples are placed
in holders facing down, as the deposition is performed vertically, from the source
metals inside inert crucibles at the bottom of the chamber. Possible contamination
from the crucibles containing the source metals is further prevented thanks to a
water cooling system, which ensures that the material right in contact with the
crucible remains in a solid form, and to the fact that the evaporation occurs at a
highly localized point. Moreover, the chamber contains a shutter located, in the
closed position, between the sample and the metal source. This shutter can be
maintained closed at the very first moments of evaporation, when degassing of
the crucible and the metal may occur and thus possibly contaminate the sample.
Then, the shutter can be opened and the evaporation on the sample starts. A
calibrated quartz crystal allows the in-situ control of the deposition rate and

thickness.
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F.2 Raman spectroscopy

Figure F.1: (a) Photograph of the AJA International Inc. ATC-8E Orion e-
beam used for metal deposition, where [1] is the load-lock chamber, [2] is the
load-lock valve, [3] is the main chamber, where the sample is placed facing down
for evaporation [4] is the sample manipulator that is used to align the sample at
the specific position for evaporation, [5] is where the crucible containing the metal
to be evaporated is placed, and [6] is the power supply to the electron gun. (b)
Heated crucible containing the metal to be evaporated.

F.2 Raman spectroscopy

Raman spectroscopy is a non-destructive vibrational technique that is broadly
used for the structural characterization of a wide range of surfaces and compounds.
This technique is named after the Indian physicist Chandrasekhara Venkata
Raman, who first explained the inelastic scattering of light phenomena and won
the Nobel prize in 1930 for its discovery. Since then, Raman spectroscopy has
been developed as light sources - lasers - and detection systems have evolved.
Nowadays, it is widely used in diverse scientific areas and has been paramount in
the development of the nanoscience and nanotechnology field.

Raman spectroscopy is based on the interaction of an electromagnetic radiation
with the chemical bonds of a sample. As a result of this interaction, the electrons

forming the chemical bond oscillate and emit radiation in all directions. The
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emitted photon to a higher virtual energy state resulting from the interaction
can return to the initial energy state in an elastic energy interaction, also known
as Rayleigh interaction. However, if the emitted photon returns to a different
vibrational state than the initial one, the interaction is defined as inelastic, also
known as Raman Stokes. Finally, if the emitted phonon goes from an excited
state to another one energetically lower, the interaction is defined by anti-Stokes.
The mentioned interactions are represented in a simplified manner in Figure
F.2, together with the mathematical expressions describing the energy of the

dispersed photon in each case.
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Figure F.2: Basic principle of Raman spectroscopy - Representation of the
different electronic states of a system with the given dispersions: anti-Stokes (red),
Rayleigh (blue) and Stokes (green). The curves underneath represent the intensity
relations of the Raman signals from the three dispersions. In this representation,
we follow the criteria that assigns positive Raman frequencies to the Stokes type
of dispersion and negative Raman frequencies to the anti-Stokes ones. However,
the anti-Stokes dispersion is higher in energy, according to E = hcv, where h is
the Planck constant and c is the speed of light.

Raman maps were acquired with a 488 nm laser (2 mW) and analysed with
the WITec PROJECT 5.0 software, using the algorithm options, as follows: (1)
Crop the spectrum in the x axis from ~900 cm ™! to ~3000 cm™!, which forms
the zone of interest (for graphene), (2) Cosmic-rays removal, this option filters

the signal to remove undesired artifacts, (3) Background subtraction using a

186



F.3 AFM and KPFM

polynomial function to flatten the spectra, (4) Fitting of the Raman bands
throughout the mapped area with a Lorentzian fitting function.

The Raman spectroscopy equipment used in this thesis is a WITec confocal
Raman spectroscope, shown in Figure F.3. It has an excitation laser source
(wavelengths of 488 nm and 633 nm available), a light collection system based on

lens with a monochromator, and a charge-coupled device (CCD) detector.

Figure F.3: Raman spectroscopy equipment - (a) Photograph of the WITec
Raman spectroscope used in this thesis, where [1] is the sample stage, [2] is the
stage with the microscope objectives, [3] and [4] are the 488 nm and 633 nm laser
sources, respectively, and [5] is the laser power meter (Thorlabs). (b) Photograph
of the CCD detector [6] and the monitor [7] of the computer coupled to the Raman
spectrometer.

F.3 AFM and KPFM

The Atomic Force Microscopy (AFM) basic principle was first introduced in 1986
by Binnig, Quate and Gerber [326]. It is based on the interaction between an
AFM tip mounted on a cantilever when being approached to a sample surface and
scanning it. AFM can be operated in diverse modes depending on the application
(contact, non-contact and intermediate), which makes it a very versatile tool
for surface analysis. For the studies presented in this thesis, we mainly used the
intermediate (widely known as tapping) mode.

When the tip and the sample are placed sufficiently close, the cantilever is
deflected obeying Hook’s law, as a result of a repulsive force created, oscillating
at its resonant frequency in tapping mode. The cantilever deflection responds to
changes of the sample surface, and its scanning is controlled by a piezoelectric
ceramic scanner that covers the xyz directions. The tracking of the deflection

changes is performed by a laser beam, which is aligned at the top of the tip
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position at the cantilever. The laser beam is reflected to a position sensitive
photodetector and the tapping AFM topography three dimensional image is
displayed as a pseudocolor plot. AFM resolution is given by the coefficient
between the cantilever resonant frequency and the frequency change at full width
half maximum (FWHM).

The Kelvin Probe Force Microscopy (KPFM) is a variation of AFM that
allows the measurement of a sample’s surface potential. Hence, it can be used
to obtain work function values. In KPFM, a conductive tip is placed close to a
conductive sample surface. This results in the generation of an electrical force.
When the tip and the sample are electrically connected, their Fermi levels align
and there exist a potential difference between the Fermi level of the element with
lowest work function and the vacuum level. Then, a V p¢ is applied compensating
the tip-sample work function difference. This voltage value is what is showed at
the resulting KPFM image, named the contact potential difference. Figure F.4

depicts a schematic representation of the KPFM working principle.
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Figure F.4: Representation of the KPFM working principle - (a) Scheme
of the main parts of the KPFM measurement, which is conducted in an AFM
equipment. Schematic energy diagrams of the Er of the conductive tip (M1) and
a sample (M2) during a KPFM measurement: (b) first, the tip and the sample are
not in electrical contact. (¢) When they are electrically connected, their Ep align.
(d) The application of a Vpc compensates the difference between the tip’s and
sample’s work function.

The AFM/KPFM equipment used in this thesis (Figure F.5) is a commercially
available MFP-3D Origin, from Oxford Instruments Asylum Research.
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Figure F.5: AFM setup - (a)(b) Photographs of the AFM equipment used
at the AEMD laboratory, where [1] is the AFM inside an acoustic enclosure
with vibrational isolation, [2] is the controller, which houses power supplies and
the electronics needed to control the scan motion and data acquisition from the
microscope, [3] is the lock-in amplifier needed for DH-KPFM measurements and
[4] is the bottom part of the AFM head, which contains controls to move the laser
spot and the cantilever along the sample’s surface.

F.4 X-ray and ultraviolet photoelectron spec-

troscopy

X-ray photoelectron spectroscopy (XPS) has been developed since the 1950s,
when the first application of photoemission as analysis method was presented ,
years after the first time it was performed (H. Hertz and W. Hallwachs, 1887)
and of the theoretical description of the photoelectric effect (Einstein, 1905 [327]).
XPS is nowadays extensively used for the analysis of the elemental composition
of surfaces. Ultraviolet photoelectron spectroscopy (UPS) is based on the same
principle as XPS, but it uses lower excitation energies. UPS is a powerful technique
for the measurement of valence band structures and the electronic properties of
materials [328].

We used XPS for the chemical analysis of sapphire and graphene surfaces
and UPS for the measurement of graphene work function when being supported
on different substrates.

When a material is irradiated with photons, electrons are ejected thanks to the
energy transmitted to them (photoelectric effect). In XPS, samples are irradiated
with soft X-rays (~6 keV) and the kinetic energy of the emitted electrons is

analyzed. At energies below the workfunction of the material, photons are not
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capable to eject electrons from the surface. At energies above, irradiating photons
are able to eject the highest energy electrons located at the Fermi level. Electrons
at the core level need an additional energy to be ejected, i. e. the binding energy
(BE). Hence, the kinetic energy (KE) that will be measured for a photoelectron

with an initial BE can be described as:

KE =hv—-BE— Dsample — (q)spectrometer - ‘I’sample) =hv—BE - Dypectrometer
(F.1)

where the spectrometer workfunction (®spectrometer) is @ constant value and
the BE is a material property, independent from the X-ray source used. In an XPS
spectrum, the photoelectron peaks that appear correspond to a specific element
and the orbital from which electrons were ejected (e. g. "C 1s" accounts for
electrons emitted from the 1s orbital of a carbon atom). Figure F.6 schematically

represents the theoretical principle of XPS.
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Figure F.6: Band diagram to illustrate the XPS basic principle - hv
corresponds to the energy of the photon absorbed by an electron at the core level
of an atom in the sample. This electron is ejected at a kinetic energy (KE), which is
the sum of the binding energy (BE) and the workfunction of the sample (®sampie)-
Adapted from [329].

Only the electrons at the surface of the sample are able to be emitted when
irradiated, as electrons situated deeper will be affected by inelastic scattering,
resulting in an energy loss. For that reason, XPS is a powerful surface technique,
and its surface sensitivity depends on the energy of the X-ray source [329].

UPS is based on the same physical principle as XPS. However, in this case,

the excitation of the sample core levels is performed with ultraviolet photons.
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Consequently, the measured spectra in UPS can be used to relate the peaks with
molecular orbitals.

The XPS and UPS measurements showed in this dissertation were performed
using a SPECS PHOIBOS 150 hemispherical energy analyser located at the ICN2
(see Figure F.7), with 3 UHV chambers (load lock, preparation and analysis). The
X-ray source (WR50) is equipped with aluminum and silver targets and a FOCUS
500 X-ray monochromator; and the analyser is an hemispherical Phoibos 150.
The photon energy used for the XPS experiments was 14886.6 eV. The samples
to be analysed were prepared and introduced inside the analysis chamber, which
operates at a pressure of <10~ mbar. The XPS and UPS data analysis was
performed using the CasaXPS v2.3.17 software. XPS peak fitting of the analysed
core level spectra involved: (1) reference peak adjustment to the 284.8 eV peak of
the Csp?-associated contribution. (2) setting of a linear background. (3) Use of
reference samples to set constraints for peak positions, FWHM and peak shapes.

To perform the measurements explained in Chapter 5, Section 5.3, corre-
sponding to in-vacuum graphene functionalization with PBA monitored by XPS,
an OMBE evaporator was coupled to the XPS equipment, as shown in Figure
F.8. The graphene sample is placed inside the XPS preparation chamber, where
it needs to be tilted for the graphene to face the crucible in the evaporator,
where the PBA molecules are located. The temperature of the crucible inside
the evaporator is monitored by a termocouple in direct contact with it, and it is
controlled using an external power supply?. After each evaporation, the graphene
sample is transferred to the XPS analysis chamber, always being maintained
under vacuum conditions, as the preparation and analysis chambers are connected.

Then, the measurement is performed using the conditions explained above.

2Keithley

191



F. Experimental techniques: fundamentals and equipment

Figure F.7: XPS-UPS equipment - (a) Photograph of the equipment used
to perform XPS and UPS measurements, where [1] is the analysis chamber, [2] is
the accelerator, [3] is the detector and [4] and [5] are the XPS and UPS sources,
respectively. (b) Analysis chamber showing the sample holder and the UPS source.
The XPS source does not appear in the image as it is located more at the left.
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Figure F.8: XPS system with a coupled OMBE evaporator - (a)
Photograph of the equipment used to perform XPS measurements after PBA
evaporation on graphene samples, where [1] is the whole XPS equipment described
in Figure F.7, [2] is the vacuum pump connected to the OMBE evaporator, [3]
is the water cooling source and [4] is the OMBE evaporator. (b) Zoom in the
OMBE evaporator coupled to the XPS preparation chamber. (c¢) Inside of the
OMBE evaporator, with 4 crucibles, one of them filled with an amount of PBA.
(d) Photograph showing the OMBE evaporator coupled to the XPS preparation
chamber.

F.5 SEM and EBSD

The fundamentals of SEM were first described by M. Knoll in 1935 and the first
time it was used to scan a solid surface was in 1942 by Zworykin et al [330].
Electron backscatter diffraction (EBSD) is a SEM based technique that allows
crystallographic analysis of a sample’s surface microstructure, thus providing
information about the orientation of single grains and phases [331]. Both SEM
and EBSD are non-destructive techniques. Nowadays, the use of SEM and EBSD
is highly extended in 2D materials and thin film research [332].
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In SEM, a conductive sample is introduced in a vacuum chamber where an
electron beam is focused on its surface and scans it in a rectangular raster pattern.
When an electron beam interacts with the sample, different signals are generated
depending on the depth of surface interaction. Among them, SEM mainly uses
secondary electrons (SE), which are of low energy (< 50 eV), reflected or back-
scattered electrons (BSE), which are of higher energy. The signal is collected
by a detector, amplified and converted into an electrical voltage. The scan lines
collected result in a picture point (pixel) array, and therefore an image can be
formed.

To measure the Cu grain sizes from the images obtained by SEM of the studies
showed in Chapter 3, we used the ImageJ open-source software [333]. From an
original SEM image, the analysis was conducted following these steps from the
automatized algorithm: (1) Set scale from original image, (2) Crop to remove
image caption, (3) Make binary, (4) Analyse Particles from the "Analyse" menu,
(5) the program provides a list of measurements including the are for each grain.
In some cases where the thresholding option resulted more complicated due to
low contrast in the images, the measurement was performed with the manual
option of the software, masking grain by grain. This manual option, although
being more time-consuming, ensured precision in those cases. Grain size results
with the average deviation are presented using the Origin data processor.

In EBSD, vacuum and sample requirements for optimal analysis, are analogous
to SEM. The main difference is that the sample is mounted in a platform which is
tilted at a certain angle facing a phosphor screen detector. This detector collects
the diffraction from back-scattered electrons that impact on atomic planes at

angles satisfying the Bragg equation:
nA = 2dsin(6) (F.2)

where n is an integer, A is the electron wavelength, d is the spacing of the
diffracting plane and 6 is the electrons angle of incidence). The diffraction of
BSE at the detector creates what is known as a Kikuchi pattern, which can be
visualized at a computer thanks to a CCD camera. Then, the lines conforming the
Kikuchi pattern are indexed by assigning Miller indices® to them and according to
the material that is being analysed. Finally, an image showing the crystallographic
orientation of the sample is generated in a form that each pixel corresponds to a

unique line/band.

3Miller indices are a notation system composed by three integers, <hkl>, used for the
description of a family of lattice planes in crystallography.
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The SEM measurements in this thesis were performed in a Quanta 650 FEG
with an Everhart-Thornley secondary electron signal detection (see Figure F.9.
Previously to be introduced inside the vacuum chamber for analysis, samples
were nitrogen-blowed. The working distance (between the sample and the beam
exit) set was 10 mm. In general we used 20 kV acceleration voltage for image
acquisition, except for the sapphire/copper samples, where we used 0.2 kV. The
EBSD measurements were performed in a Zeiss Merlin FEG-SEM with an EBSD
detector located at the Servei de Microscopia at the Biosciences Faculty of
the Universitat Autonoma de Barcelona (UAB) with the Channel 5 software
from Oxforn Instruments. Samples were also nitrogen-blowed previously to be
introduced inside the chamber. The working distance was set at 12 mm with an

acceleration voltage of 20 kV and the sample was tilted 70° from the horizontal.

b

Figure F.9: SEM Quanta 650 FEG at ICN2 - (a) Photograph of the equipment
used for the SEM measurements at ICN2, where [1] is the sample chamber, [2]
is the electron gun, [3] and [4] are the condenser and objective lens, respectively,
and [5] marks the secondary electron and backscattered electron detectors. (b)
Photograph of the inside of the sample chamber, with the secondary electron
detector (left) and the backscattered electron detector (right).

F.6 X-ray diffraction

In XRD, a sample is irradiated with X-rays and those interact with the electrons
of the atoms forming it. As a result, the X-rays are scattered in an array of

waves in different directions. These waves can cancel each other (destructive
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interference), or enable the diffraction (constructive) if the Bragg’s law is satisfied
(F.2). Each family of planes present in the sample produces a diffraction intensity
peak at a specific diffraction angle, which enables the identification of a present
crystallographic orientation at the resulting intensity peak spectrum obtained
after the measurement. There, the position of each peak is determined by the
distance between diffracting planes of atoms. We used XRD to characterize the
crystallographic structure of the prepared copper surfaces on rigid substrates
in Chapter 3, as a complement to the EBSD data. In particular, we performed
standard 20 — w measurements and Pole figures analysis, as explained in Section
2.5.4.

XRD was performed using a Malvern PANalytical X’pert Pro MRD (Materials
Research Diffractometer) located at the ICN2 facilities. Figure F.10 shows a
photograph of this equipment. The diffractometer consists of an X-Ray tube,
a horizontal 20 — w goniometer allowing sample rotation for the definition of
the incident (w) and reflection (¢) angles, and a diffraction intensity detector
(PIXcel). The equipment uses a monochromatic X-ray source radiation which is a
Cu K anode at a wavelength of A = 1.54187 A. Data analysis was performed using
the X’pert PAN Analytical data viewer software and the Origin data processor.

Figure F.10: XRD equipment - Photograph of the equipment used for the
XRD measurements, where [1] is the rotatory platform (goniometer) where the
samples are placed [2] X-ray tube and [3] is the PIXcel detector.
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F.7 Electrical characterization of gSGFETSs

The characterization of g-SGFETSs was performed in the setup shown in Figure
F.11. The sample is placed in a PDMS platform and the drain and source
channels of 24 transistors are connected to a Printed Circuit Board (PCB). This
is is connected to a Data Acquisition card (DAQ card), which digitalises and
transmits the measured signal to a computer. A direct current source polarises
the operational amplifiers from the PCB. The gate electrode is connected to the
socket and placed in the electrolyte container (PBS) of the PDMS platform, where
the sample is. An in-house Python script is used to control the measurements,
which applies the specified Vg, (generally between 0 and 400 mV with 20 mV
steps) and Vg, (50 mV), while measuring I 4.

Figure F.11: gSGFETs characterization setup - Photograph of the setup
used for the electrical characterization of fabricated gSGFETs, where [1] is the
PDMS platform, [2] is the PCB, with drain and source connections, [3] is the gate
electrode (Ag/AgCl) needed for the measurements and [4] is the DC source.
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