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Abstract

The combination of unique properties - high electrical mobility, thermal
conductivity, transparency and mechanical flexibility - make graphene promising
for a wide variety of applications, including transparent electrodes, flexible displays,
touch-screens and wearables. One of the main reasons that prevent its wide-spread
use is the difficulty to maintain all of the previously mentioned properties when
grown using industrial grade techniques. The most widely used technique for
growing graphene on a large scale is Chemical Vapor Deposition (CVD), where
graphene is, typically, first deposited on a Cu catalyst foil and then transferred to a
target substrate using additional sacrificial materials (polymers). The transfer is
time-consuming and can worsen the graphene properties and its quality. For
instance, residues from transfer materials can alter the doping level.

This thesis has investigated the direct growth, dry transfer and doping control of graphene
on glass substrates, suggesting new methods and designs to improve the use of
such substrates in devices, with a particular focus on optical applications where
preserving the transparency is often required.

The thesis demonstrates direct growth of graphene on the desired target substrate using
two techniques without any transfer step. In the first technique, graphene was
grown on large patterned areas by using catalytic ultra-thin metal films (UTMFs)
made of Ni, with thicknesses ranging from 5 to 50 nanometers. The dewetting of
Ni UTMF when exposed to high growth temperatures allows graphene to deposit
on the glass surface while the metal film is breaking and is retracted. In the second
technique, graphene was grown on large areas covered by Cu nanoparticles, which
can be arranged into different patterns and with surface densities. Tuning the Cu
density by dip-coating and evaporation techniques and the possibility of etching
the Cu afterwards allow the growth of flat graphene networks, but also of graphene
assembled into three-dimensional shapes with high effective surface area, which
opens up more potential applications.

CVD of graphene on Cu foil is a powerful growth technique, but its transfer is still
a challenge. This thesis has demonstrated a successful dry fransfer technique for
graphene on glass substrates using interfacial polyimide layers, which is faster,
easier and more scalable while preserving the electrical transport and optical
properties.



The doping of graphene through the substrate surface or the additional top layers
is not always easy to control. If not propetly carried out, it can degrade the
graphene properties, even when the previous growth and transfer steps have been
successfully performed. This thesis has investigated a doping control post-processing
technique, called “thermal poling” of glass, to induce the charge at the surface of
the glass substrate and thus modify the electronic carrier density of graphene. The
charge in the glass originates from the displacement of ions that become mobile at
temperatures above 100°C and when subjected to an electrical voltage of up to few
kV. The corresponding stable and “frozen-in” electric field is responsible for the
doping of graphene.

The results of this thesis widen the range of graphene applications where large-
scale growth, practical transfer and doping control are required. At the same time,
the thesis also opens new research avenues, especially to improve further the
graphene quality when incorporated in devices.



Resumen

El grafeno es un material tnico y prometedor debido al conjunto de excelentes
propiedades que presenta, entre las cuales destacan su elevada conductividad
eléctrica y térmica, asi como su transparencia y flexibilidad. I.a concentracién de
todas estas caracterfsticas en un unico material hace que el grafeno sea objeto de
estudio para su futura aplicacién en diversos ambitos, como pueden ser en
electrodos transparentes, dispositivos flexibles, pantallas tactiles y “wearables”, o
tecnologia ponible.

No obstante, una de las razones que esta frenando el uso del grafeno en la
actualidad, y con especial dificultad cuando esta tecnologia se quiere aplicar a escala
industrial, es la conservaciéon de sus excelentes propiedades desde la etapa inicial,
en la que el grafeno es fabricado, hasta que se implementa en el dispositivo para su
aplicaciéon final. En este ambito, la técnica mas prometedora para la sintesis de
grafeno a escala industrial es la Deposicion Quimica en Fase Vapor (CVD), la cual
permite crecer grafeno de alta calidad normalmente sobre una lamina de cobre. No
obstante, para su posterior aplicacion, el grafeno ha de ser transferido al substrato
final mediante un proceso durante el cual el grafeno es normalmente protegido
mediante polimeros. Esta etapa puede ser perjudicial para el material, ya que
ademas del tiempo que conlleva la transferencia, las propiedades y calidad del
grafeno puede verse afectada, como por ejemplo debido al dopaje proveniente de
residuos del polimero.

Esta tesis ha investigado e/ crecimiento directo, transferencia por via seca y el control de dopaje
del grafeno en vidrio, sugiriendo nuevos métodos y diseflos para mejorar el uso de
estos substratos en dispositivos, especialmente para aquellos con aplicaciones
opticas donde es necesaria una elevada transparencia.

La tesis demuestra el crecimiento directo de grafeno en el substrato final deseado,
usando para ello dos técnicas diferentes que evitan cualquier etapa de transferencia.
En la primera técnica, el grafeno se ha crecido en areas grandes y predisefiadas
usando como catalizador laminas ultra-finas (UTMFs) de niquel con espesores
comprendidos entre 5 y 50 nanémetros. Cuando estas laminas metalicas son
expuestas a las temperaturas elevadas necesarias para crecer el grafeno ocurre el
fenémeno de dewetting, en el cual la lamina se rompe y el metal se retrae, lo que
conlleva que el grafeno que ha crecido en el niquel se deposite en la superficie del
vidrio. En la segunda técnica, el grafeno se ha crecido sobre nanoparticulas de



cobre que han sido depositadas previamente en vidrio con diferentes estructuras y
densidad superficial. La variacion de densidades obtenidas en las nanoparticulas de
cobre durante su deposiciéon en vidrio, mediante técnicas de inmersién y
evaporacion, y la eliminacién posterior del cobre permiten el crecimiento de
grafeno en forma de red plana, pero también en estructuras tridimensionales con
mayores areas superficiales, lo que incrementa las posibles aplicaciones futuras.

El crecimiento de grafeno mediante CVD en una lamina de cobre es la técnica mas
prometedora a nivel industrial, pero su transferencia desde el metal hasta el
substrato final es aun cuestionable y supone un reto para lograr la completa
implementacién de esta tecnologfa. Esta tesis demuestra la capacidad de una #nica
por via seca y escalable a nivel industrial, para transferir grafeno de manera efectiva,
rapida y sencilla en substratos de vidrio, utilizando poliamida como material
intermedio entre ambos y preservando las propiedades eléctricas y Opticas del
grafeno.

El dopaje de grafeno que se adquiere bien por la superficie del substrato final o por
la contribucién de capas depositadas encima, es dificil de controlar y puede
conllevar a la degradacion total de las propiedades elétricas del material, incluso
cuando las etapas de sintesis y transferencias se han llevado a cabo de manera
correcta. Esta tesis ha investigado la aplicacién de una técnica para controlar el dopaje
del grafeno a posteriori, es decir, una vez que ha sido depositado en el vidrio. Esta
técnica se conoce como polarizacion térmica del vidrio y consiste en la induccion
de una carga en la superficie del vidrio que provocara una modificacion controlada
del dopaje del grafeno. Esta carga superficial del vidrio se origina por el
desplazamiento de iones provenientes de aditivos del vidrio, que comienzan a
moverse a temperaturas superiores a 100°C y cuando se aplica un voltaje externo
de kV. Este proceso da lugar a un campo eléctrico muy estable, confinado y
“congelado” dentro del vidrio a temperatura ambiente que sera el responsable de
la modificacion del dopaje del grafeno.

Los resultados de esta tesis amplian el rango de aplicaciones del grafeno donde es
necesarios su crecimiento a gran escala, un método de transferencia efectivo y
practico y un control sobre su dopaje final. Del mismo modo, esta tesis también
abre nuevas vias de desarrollo e investigacion, especialmente para mejorar la calidad
del grafeno cuando éste es incorporado finalmente en dispositivos.
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Nomenclature

@: Diameter

na: Charge carrier mobility

2D: two dimension

2D-G: Graphene film (2D structure)

3D: three dimension

3D-G: three dimensional graphene

3D-GB: Graphene nanoballs

3D-GS: Graphene sponge

A: Absorbance

AC: Alternating current

AFM: Atomic Force Microscopy

APTMS: 3-aminopropyltrimethoxy-

silane

B: Magnetic field

Ci, Ci: Geometrical factor for Rs
calculation

Cu NPs: Copper nanoparticles

CVD: Chemical Vapor Deposition

DC: Direct current
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Introduction

n recent years, the control and manipulation of atoms and molecules have
led to greater study and research in physics, chemistry, engineering and
biology. This field of research is known as nanoscience, and allows the
understanding of fundamental processes and interactions between particles
occurring at the nanoscale. In other words, when a material is reduced in size
down to the atomic and molecular scales, fascinating and unique interactions
occur. This novelty has motivated the scientific community not only to create new
materials, but also equipment and tools that can measure these extraordinary
effects, which were impossible to detect with previous systems. The study, design,
characterization and production of materials controlling size and shape within
ranges of 0.1-100 nm is known as nanotechnology.
Nanotechnology is currently one of the most important fields in research and
development and has achieved a rapid progress since it was first introduced in
1959 by the Physics Nobel Laureate Richard Feynman. Some potential
applications involve energy production, conversion and storage, electronics,
photonics, water treatment, drug delivery, pollution control, food treatment and
health monitoring and control.

In particular, the following are examples where nanotechnology has provided a
breakthrough or where it is a hot research topic nowadays in an extended variety
of disciplines:

e FElectronics: with the fabrication of transistors whose size has been
decreased to the nanoscale and which can be found in millions of
computer processors.



e Medicine and biology: some examples are the development of systems for

efficient drug-release, and cancer treatments using nanoparticles, etc.

e Chemistry: with the fabrication of chemical nanosensors for

environmental/food control or security applications. Nowadays, this is a
hot topic of research based on the interaction of the detected substance
when it is exposed to a nanomaterial. The advantage is the high sensitivity
and low dimensions of the device, as only a very small amount is required
to react or modify the properties of the nanomaterial.

Within the scope of nanotechnology, this thesis focuses in graphene, a novel and
interesting material of only one atom thickness. Its first isolation in 2004 by A.
Geim and K. Novoselov [1,2] was a breakthrough in nanoscience as they
demonstrated for the first time the separation of a stable two-dimensional carbon
layer of only one atom thick with gate-tunable electronic properties. This
revolutionary discovery was rewarded with the Nobel Prize in Physics six years
later (2010), which opened up a novel and broad scientific research line, still
continuing nowadays and covering:

Study of new properties and potential applications of graphene, such as
transparent electrodes, electronic and optoelectronic devices, composites,
etc.

Research into improving graphene, solving issues related to fabrication,
quality, electrical properties etc.

Fabrication of insulating, semiconducting and superconducting two-
dimensional materials (e.g., MoS,, h-BN, WS,, MoTe,, MoSe», NbSe», TaSes,
etc.), which complement graphene’s semi-metallic properties.

Research into exciting potential for new devices and applications which take
advantage of the outstanding properties of these materials individually and in
combination (e.g., for novel nano-optoelectronic devices).

This thesis addresses the following questions, related especially to the second
point above:

Can we find industrially compatible techniques, which improve on existing
procedures for graphene fabrication while preserving its properties?

Can we transfer graphene nanotechnology to the macro-scale and make it
more suitable for large-scale production?
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1.1. Graphene

1.1.1. Definition and structure

Graphene is a single layer of carbon atoms arranged in a honeycomb or
hexagonal geometry, as represented in Figure 1 (a). It has been studied theoretically
for many years as the building block of graphite and graphitic materials in other
dimensions [3,4]. The discovery by A. Geim and K. Novoselov in 2004 [1,2] proved
for the first time the isolation of stable graphene sheets.

Graphene’s hexagonal structure can also be observed as two triangular
lattices A and B with lattice vectors a;= (a/2) (3,V3) and @, = (a/2) (3,-V3), with
a= 0.142 nm being the distance between two carbon atoms. The bonds between
carbons in graphene are in sp® hybridization. Here, the electrons of the second
orbital 2s are mixed with only two (Zpx and 2py) of the three 2p orbitals, as shown
in Figure 1 (b), forming three strong o-type covalent bonds, which contribute to a
planar assembly of carbons at 120°. The 2pz orbital remains perpendicular to the
planar sp>-hybrid orbitals, forming a n-type bond, which can be seen as two lobes
centered in the nucleus. This electron is delocalized over the whole graphene
molecule and responds to the electric conductivity. The sp>hybrid orbitals form a
very stable structure of only one atom thick with a very strong binding, which gives
graphene its extraordinary mechanical strength, having a Young’s modulus of
~1TPa and tensile strength of = 100 GPa [5-7].

If several layers, as with multilayer-graphene, or thousands of layers, in the
case of graphite, are stacked together, the weak attraction between them, and
consequently what causes them to be stacked together, is a weak Van-der-Waals
force caused by the n-perpendicular orbital. The weakness of this force is what
makes graphite a very soft material, allowing its mechanical cleaving to isolate a
single layer. The overlap of the 2pz orbitals between consecutive carbon atoms
produces a filled band of T orbitals (valence band) and an empty band of "
orbitals (conduction band).

Due to the previously stated particular atomic arrangement of carbons in
sp’ hybridization, high quality graphene has unique and extraordinary properties,
such as high electrical conductivity (initially found to be 10.000 cm*/V"s [1], but
recently improved up to 350.000 cm®/V's [8]), high mechanical resistivity as
previously mentioned, high optical transmittance with an absorption of only 2.3%
in the visible spectral range, and high thermal conductivity (3000-5000 W/m-K
[9]), which would allow heat dissipation in large-scale integrated electronics.
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Figure 1. (a) Scheme of the graphene structure in a hexagonal honeycomb geometry of
carbon atoms. Carbons forming the hexagonal structure can be divided into two types, A
(red dots) and B (blue dots), which form two triangular lattices with lattice vectors a; and
a, @;= (a/2) 3N3), 3= (a/2) (3,-V3), a: C-C distance = 0.142 nm). (b) Difference
between electron occupation in orbitals at the valence band at the ground state and
forming sp? hybridization of graphene. (c) Scheme of graphene where one of the sp?
orbitals forms an o-bond with another sp? orbital from the next carbon atom, and the free
p-orbital perpendicular to the sp? forms a n-bond with the free p-orbital of the next carbon
atom.

Nonetheless, during graphene growth structural defects can occur within
the hexagonal lattice, which will cause the degradation of its unique properties.
Examples of these defects are point (also called zero-dimensional), or linear (one-
dimensional) defects (e.g., grain boundary), which are shown in Figures 2 (a, b) and
Figure 2 (c), respectively [10-12]. It has been demonstrated that both types of
defects serve as carrier traps and scattering centers, thus affecting graphene’s
electronic properties. In the case of a point defect, as it only affects a very small
area it will degrade graphene to a lesser extent than a linear defect. For the latter, it
has been theoretically calculated that there will be a drastic reduction in the
mechanical strength of the graphene. Moreover, it dramatically degrades carrier
mobility and thermal conductivity as the linear defect hampers catrier/heat flow.
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Figure 2. Examples of structural defects in graphene. (a-b) Point defects, and (c) Linear
defects (grain boundary). Specific type of defect in (a) is called Stone-Wales, while (b) is
due to a single-vacancy of carbon in the hexagonal structure [10-12].

1.1.2. Electronic transport properties

The hexagonal lattice of graphene give rise to a band structure with linear
dispersion (Figure 3 (a)) where the valence and conduction bands meet at the, so
called, Dirac points K and K. In neutral conditions, when graphene is undoped,
the Fermi energy lies at the meeting point between both bands (Figure 3 (b)).

Graphene also has an ambipolar electric field effect, which means that its
doping can be tuned electrostatically between an excess of electrons (n-doping),
and an excess of holes (p-doping). [1,13]. Between these two extremes, graphene
exhibits a minimum of conductivity at its neutrality point where the density of
charge carriers is minimum [2,13,14].

Graphene doping it is not stable with air and humidity, as species adsorb
into the surface, attracted by the electrons of the m-orbital. To avoid these
contamination issues, most graphene transistors are measured in a vacuum or
controlled atmosphere (N2 or Ar), and, also, the graphene is encapsulated by
covering it with a thin dielectric layer, such as ALOs, [15], h-BN [16], etc.. The
ambipolar effect is observed when the graphene is located in a field effect transistor
configuration (FET), where, typically, graphene is transferred to a Si/SiO;
substrate, which serves as a gate electrode, and then it is contacted from the top
with Au electrodes. In this case, the ambipolar effect will be measured by gating
through the Si (or back) side of the substrate, which is known as back-gating of the
FET. However, in the case of a different type of substrate (e.g., dielectric, polymer,
etc.), the graphene can be transferred to the substrate and be covered with a
dielectric and a metal on top, which will act as the gate electrode. In this case, as
the gate voltage is applied over the dielectric covering the graphene from the top,
the measurement is known as top-gating of the FET. In both cases, the variation
of the gate voltage induces a change in the carrier concentration (ns) in the
graphene, moving the Fermi level from the equilibrium to the conduction or to the
valence band. Thus, the gate voltage results in electrostatic n- or p-doping.
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Figure 3. Band structure of graphene (a) 3D-picture of graphene band structure with K
and K’ Dirac points. Zoom area shows the zero-bandgap of graphene where valence band
(bottom) and conduction band (top) meet. Adapted from ref. [14,17]. (b) 2D image of
graphene band structure where graphene is undoped and with n- and p-doping. In the
undoped case, bands are symmetric, having the Fermi Energy at the Dirac point. For n-
type graphene, conduction band is deformed, having the Fermi Energy above the Dirac
point, while for p-type graphene, valence band is deformed with the Fermi Energy below
the Dirac point.

Graphene mobility (um) is also important as it can reach values close to
350.000 cm®/ Vs, ot even 10° cm?/V's for suspended graphene [18,19], which is
very high compared to other semiconductors (e.g., from 480 to 1350 cm®/V's for
S1,[20,21]). This would lead to much faster electronic devices compared with the
Si-based industry. However, in practice the achievement and repeatability of these
high values, especially when using large areas of graphene, is a challenge due to
issues related to the graphene quality, growth, transfer, or effect of the desired
target substrate. Apart from improving the procedure of synthesis and transfer of
the graphene, a possible solution to improving mobility is the encapsulation of the
graphene with an intermediate material in between the target substrate, such as
hexagonal boron nitride. The wide bandgap of this semiconductor (5.97 eV),
together with the advantage of having the same crystal structure as graphene, allows
a good lattice matching between both materials, consequently favoring the
electrical conductivity of the graphene [16].

Also important is the quantum Hall Effect in graphene, which is especially
relevant in this thesis and will be further explained in section 1.2. Characterization
techniques. This phenomenon allows a direct measurement of graphene ns when
the material is exposed to an external magnetic field [22,23]. The physical principle
underlying the Hall Effect is the Lorentz force (I1), a force experienced by charges
that move along the electric field (E) direction and are exposed to a perpendicular
magnetic field (B). The resulting Fi. is perpendicular to E and B, with the actual
direction determined by the right-hand rule convention. Thus, F1. can be expressed
as:
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FL = q.(E + VxB) (Eq. 1)
where g (1.602x10™" C) is the elementary charge and v is the particle velocity.
As a consequence, a certain number of charge carriers will accumulate at
the edge of the device and a transversal Hall voltage (Vi) will appear. Vi can be
expressed as:

Vi ="1"8/g, n (Eq.2)

If Vi is plotted versus B, ns can be calculated using the slope of the linear fitting
between both terms:

% = /g, - (8Vi/B) (a9

If the slope is negative, the graphene is n-type doped (excess of electrons), while if
the slope is positive, it is p-type doped (excess of holes). From this calculation, pu
can also be calculated, determining, firstly, the sheet resistance (Rs) of the graphene
using the Van der Pauw method (see section 1.2. Characterization techniques).
Measuring Rs at B=0, pn can be determined from the Drude model [24]:

-1
I"lH - /qe . ns . RS (Eq 4)

1.1.8. Growth techniques

Since graphene’s novel properties were experimentally revealed in 2004
[1,2] using the mechanical exfoliation technique, several techniques have been
developed and studied in order to produce large graphene sheets of high quality.
These techniques are briefly summarized below, focusing mainly on Chemical
Vapor Deposition (CVD), as this will be the one used to grow graphene in this
thesis.

Micromechanical Exfoliation

This technique led to the first isolation of graphene in 2004. K. Novoselov e al. [1]
were able to separate one layer of graphene from a piece of highly oriented
pyrolytic graphite (HOPG) or natural graphite by peeling layers using scotch tape.
By using the adhesive tape, Van der Waals forces were lower than the force applied,
and the graphite layers could be separated progressively until one layer was isolated.
After that, characterization of the graphene was performed by transferring it to
Si/SiO; in order to obtain optical contrast and distinguish the number of layers.
Graphene quality obtained by this method is excellent in terms of electrical
properties (with uy values varying from 3000 to 10000 cm®/ Vs [1]), typically with
lateral sizes of a few tens of microns. The main issues with this technique are the
poor control of the thicknesses and sizes of the graphene flakes during production,
together with its limitations in fundamental research applications, being unsuitable
for large-scale production.
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Chemical exfoliation

This technique consists of the chemical exfoliation, via organic solvents, of
graphite powders to high quality graphene flakes[25—27]. The dispersions of
graphene flakes can be later deposited onto the target substrates by spray-coating,
vacuum filtration, Langmuir-Blodgett assembly [25], or drop casting. Similar work
in ref. [26,28] demonstrates the exfoliation of graphene from graphite flakes by
adding surfactants (e.g., sodium cholate NaC) to water. Also, ref. [29] demonstrates
the graphene electrochemical exfoliation from graphite when applying voltages of
T10V.

The advantages of this method are its versatility and the possibility for it to be
scaled-up at lower costs than other growth techniques, together with the wide
variety of target substrates that can be used. The main application of graphene
flakes obtained by this technique (graphene flakes are deposited together, finding
bilayer or graphene multilayer areas), is for the production of graphene-based
composites or films and in photovoltaic solar cells [30,31].

Chemical reduction of graphene oxide

This technique is similar to the previous one but, here, graphite oxide is dispersed
instead of graphite. The graphite is firstly oxidized using, typically, a modified
Hummers method [32]. Then, the graphite oxide is exfoliated in water by
ultrasonication, producing layers of graphene oxide (GO). GO is a material
consisting of graphene sheets that, due to graphite oxidation, have been chemically
functionalized with compounds (e.g., hydroxyl groups, epoxides etc.), mainly at the
edges of the graphene sheets or in defects positions. The presence of the hydroxyl
groups is what enables the dispersion of graphite oxide in water. After this, the GO
is chemically reduced with hydrazine, removing previous groups and obtaining the
graphene structure. The main issue of this technique is that the initial chemical
functionalization disrupts the electronic structure of the graphene, and then after
the reduction of the GO, a significant number of defects are left in the structure
[31-35] .

SiC sublimation

This technique consists of the use of silicon carbide commercial wafers on which
to grow epitaxial graphene. The growth mechanism is based on the controlled
sublimation of Si from single-crystal SiC wafers. By heating the substrate to high
temperatures (1000-1600°C, atmospheric or ultra-high vacuum pressure, UHV), Si
sublimates leave a few layers of free carbon on the surface, which rearrange to
minimize energy forming graphene [36]. With this technique, epitaxial graphene is
obtained with high mobility of up to 25.000 cm*/V"s [37]. The advantage of this
technique is that it can be scaled up to produce large sheets of high quality graphene
and can be patterned using the nanolithography method without the need for
transfer. However, the main issues are the high cost of the SiC substrates and the
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costs associated with high temperature and sometimes UHV growth conditions
(cost of graphene on SiC(0001)= 7.7 million $ per m’, Graphene supermarket [38]).

Chemical Vapor Deposition (CVD)

This technique is the most promising one in terms of great versatility and high yield
for production of high quality graphene over large areas [39—41]. Specifically, S.
Bae ez al. [40] demonstrated for the first time the growth and consecutive transfer
of four layers of graphene in 30-inch sizes by a roll-to-roll process, thus probing
the scalability of the CVD technique in the production of graphene on a large scale.
The fundamental of this technique is the graphene synthesis by employing
transition catalytic metals in order to reduce the activation energy of carbon
decomposition from a hydrocarbon source [42—48]. The use of CH4 and CH»
gases is the most common method, although solid carbon sources have also been
used [49]. The main advantage of using more reactive gases, such as CoHy, is the
possibility of reducing the temperature growth of the graphene, which would allow
the use of different types of substrates, together with a reduction of growth
processing costs [50]. The use of transition metals as the catalyst comes from their
reactivity due to the partially filled d-orbitals or from the formation of intermediate
compounds that adsorb and activate the reacting substances.

There are three main aspects to consider for obtaining high-quality graphene by
CVD: the type of catalyst, the crystal orientation and grain size, and the nucleation
control of the graphene growth.

Among the possible catalysts, there are many transition metals that enable the
graphene growth, including Fe, Ru, Co, Rh, Ir, Ni, Pt, Cu, Au, stainless steel and
Cu-Ni alloys - further details can be found in ref.[51]. Amongst these, Cu has the
lowest affinity to carbon, without carbides production and with very low carbon
solubility (0.001-0.008% wt. at 1084°C) if compared to Ni (0.6% wt. at 1326°C) or
Co (0.9% wt. at 1320°C). Cu’s low reactivity to carbon is attributed to its filled 3d-
electron shell {[Ar] 3d"’4s'}, which allows the formation of soft bonds with the
carbon by a transference of charge from the p-electrons in the sp>-carbon to the
empty 4s-orbital of the Cu. This low affinity between Cu and C, together with its
ability to form intermediate soft bonds, makes Cu a good catalyst for the
production of graphitic materials. Co and Ni (with 3d" and 3d® orbitals,
respectively) are also possible as they are located between the two extremes of
stability, Fe being the most unstable electronic configuration and Cu the most
stable [52,53].

As a result, the two most widely employed catalysts are Cu and Ni, each one
producing a different growth mechanism depending on the difference in carbon
solubility. As it can be seen in Figure 4 below, the low carbon solubility in Cu (a)
promotes its adsorption on the surface [54], whereas the high carbon solubility in



10 1.1. Graphene

Ni (b) promotes carbon absorption, diffusion inside the metal, and post-
segregation to the metal surface when the temperature is reduced [48,54-50].
Nonetheless, the deposition of a monolayer graphene on Ni has been proven by
controlling growth parameters, such as low growth times and medium values of
cooling rates [51]. The highest quality CVD graphene has been obtained on um-
thick Cu foils [40] due to the fact that carbon atoms remain on the catalyst surface
and, therefore, monolayer graphene sheets can be easily grown. In contrast, on Ni
foils, graphene multilayer mostly grows with poor control over the number of
layers [57].

a b

CH Monolayer (_“,H4 Multilayer  Monolayer
0 graphene . graphene  graphene
y A A
I < TP
0o ..
y o000 22... g 0% o000 \ K -
Cu ‘ Ni © ° o
Grain Grai
boundary boundary

Figure 4. Graphene growth mechanism via CVD using Cu (a) and Ni (b) as catalysts. (a)
CH4 molecules dissociate at the Cu surface with carbon adsorbing on the surface and
aggregating for graphene monolayer formation. (b) CHs molecules dissociate at the Ni
surface with a consequent diffusion of carbon inside the metal and a post-segregation to
the Ni surface forming graphene monolayers and multilayers at the grain boundaries.

Instead of foils, sputtered or evaporated metallic films can also be used as graphene
growth catalysts. For example, on thin Ni films of a thickness 150-200 nm, a partial
coverage with monolayer graphene has been obtained, although this was mixed
with multilayer graphene, which starts its growth preferentially at the grain
boundaries of the metal [58—61]. The reason for this is that the metallic films (Cu
and Ni) deposited by these techniques have multiple grains, whose boundaries
promote graphene defects, and in the case of Ni, because of carbon segregation, it
deposits multilayer graphene.

In this sense, crystal orientation of the metal plays an important role for the growth
of high quality graphene, and annealing of the metal film is necessary in order to
improve its crystal orientation and grain size [62,63].

In the case of Cu, Cu(111) is determined to be the preferred orientation for high
quality graphene growth as the lattice mismatch is very low (7°) [64] . Ref. [65] also
reports the influence of Cu crystal orientation on graphene strain and doping.

In the specific case of Ni, the slow annealing of the Ni, together with the high
temperatures associated with the graphene deposition, promotes large grain sizes
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of Ni(111), improving the graphene quality [51]. Ref. [66] highlights the difference
between graphene growth using a polycrystalline Ni foil and a crystal oriented
Ni(111) wafer. While the multiple Ni boundaries promote the growth of multilayer
graphene, the use of Ni(111) favors the formation of uniform monolayer and
bilayer graphene domains. This increase in graphene quality is due to the absence
of interface boundaries, which also provides a smoother surface if compared to the
foil, and an excellent hexagonal lattice match between the graphene and Ni(111)
face, being 2.497 A and 2.46 A for Ni(111) and graphite, respectively.

Another possible solution for the promotion of a single crystal orientation in the
metallic films, consequently favoring the graphene quality, is the use of target
substrates with the desired orientation. One example is ref. [67], where metallic
films were deposited onto c-plane sapphire. However, the main issue with
graphene production by single-crystal systems is the difficulty in producing single-
crystal metals on a large scale. Because of this, the future of large-scale graphene is
focused on growing it onto polycrystalline metal films or foils. When using the
latter, a proper conditioning is necessary before the CVD treatment, such as
cleaning with organic solvents, using acids to remove oxides and annealing in H»
to increase the grain size and reduce the oxides from the metal surface [39,40,62].
The possibility to scale-up CVD and the low price of some current polycrystalline
Cu foils (e.g.: Alfa Aesar Cu foils of 25 um thickness cost 120€ per m” [68]) makes
the growth costs affordable for large-scale implementation.

Regarding the growth, it is also important to limit the graphene nucleation sites in
order to avoid or reduce the number of defects that can be created at the domain
boundaries due to misalignment of the carbon atoms [69]. This can be achieved by
reducing the carbon gas flow, allowing a slow rate of nucleation of the surface,
hence larger graphene domains [70]. Also, work in ref. [71] has demonstrated that
a reduction of the foil roughness via electro-polishing enhances the graphene
quality as a smoother catalytic surface reduces the graphene nucleation, and,
consequently, defects in the graphene structure.

Finally, pressure also has an effect on graphene. Although UHYV is not suitable for
large-scale production of graphene due to the high costs of the equipment and
maintenance, it has been demonstrated that low pressures limit the graphene
growth to a monolayer [72].

Tables 1 and 2 below show the performance of CVD growth of graphene on Cu
and Ni foils or thin-films, highlighting the types of catalyst used, the CVD process
conditions and the main results obtained.
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Table 1. State-of-the-art of graphene grown on Cu foil/thin films indicating process conditions and main characteristics of the work

Catalyst Target substrate Annealing CVD Main comments Ref
(thickness) (transfer method) conditions conditions ’
Cu foil, 30 inch |  Si/SiO,and PET | 1000°C, 30 min 1000°C, 4 layers. Domains 100 um
length (PMMA -transfer) 12 mbar, Hs 30 minutes Post-doped: HNO:s. [40]
61 mbar, CHs:H> T= 90% and Rs= 30 ©/sq.
Cu foil (25 pm) Si/Si0s 1080°C, 1080-1120°C Cu melted. Domains= 50 um
Cu/W foil (PMMA transfer) 30 minutes 28 minute-4 hours wi: 1000-2500 cm?/V'-s; [73]
(50 pum) H, (200 sccm) CH4H» Rs= 609 £ 200 Q/sq.
Cu foil PET (hot press and | 1000°C, 1 hour | 1000°C, 3 hours | Cu is polished. Domain: 100pm [43]
(25, 125 um) Cu etching) 1.01 bar, H 1.01 bar, CH4:H; Area: 40 inch
Cu (100), (110) ) 1000°C, 20 min | 1000°C, 20 min Doping/strain depends on Cu (65]
(111). Cu foil H: (50 scem) "“CH,4 or PCHy4 orientation. Domain= 20-50 um
) o _ 2 /7.
(25 pm) PDMS/PVA/PMMA | 05 bar, Ha CH4H, Domain=500 um
Cu foils Resist + Cu etching. 1035°C, 1035°C, Smooth Cu improves
(smooth: 20 PVC +laminator + 30 minutes 10 minutes graphene quality [74]
pum, and 25 um) Cu etching H, CH4 H; Flake area: 1100 um?
Cu foil e 10°C/minute, | 5500 41 ps Polished Cu.
Si/SiO, 1050°C, Annealing: Cu (111)
(25 um), i evaporated, _ [63]
electropolished (Cu etching) 4 hours At/ H, Cu grains: 500 um
H. Graphene domains 240-560 um
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Table 2. State-of-the-art of graphene grown on Ni foil /thin films indicating process conditions and main characteristics of the work
Catalyst Target substrate Annealing CVvD Main comments Ref
(thickness) (transfer method) conditions conditions )
Ni foil, SiO; (sacrificial Si 1000°C, 1 hour 1000°C, 20 minutes Stuc'ly of cooling rates.
0.5 rubber etched 101 bar. 1.01 bar, Medium value (10°C/s) [57]
(05 mm) with HNOs) 0 ban CH4: Ha: Ar reduces multilayer graphene
e 900-1000°C 900-1000°C 1-12 layers. Ni grain:-20 um
Ni (500 nm)/SiO,/Si Sltﬁ:rll(s)fzer(PllfI/I (IX[)A 10-20 minutes 5 - 10 minutes w100 to 2000 cm®/ V's; | [58]
> 1 atm, Arin 1.01 bar, CH4:H2 Rs= 770-1000 Q/Sq
. Carbon segregation (Ni-Ni)
. . . . 900°C 900°C, 10 .
Ni (500 nm) /SiO2/ Si Si/SiO; . , 11 IAEES and precipitation.
Ni (111) (polycrystalline Niy | > minutes 1.01 bar, CH, Layers: Ni(111): 1-2 [66]
.o . ayers: :1-2;
1.01 bat, H, Cooling: 16°C/min Polycrystalline Ni: 3
1000°C, 50-120
Ni (100-300 nm) / Si/SiO 700°C, H,/Ar CH’ A ° Bilayer graphene low 75
Si0,/Si ? 1000°C, Hz/Ar, O defective (low D peak) 73]
Ultra-fast cooling
Ni (50 nm) / Quartz fézs%n(/a: 145500;2Zc5)n§; Use of lower temperatutes. 155]
. . u - > —
SiO; (300 nm) /Si 12 mbar, CHa/Ho/ At Rs= 4000-9000 Q /sq.
Ni (10-2000m) /a:SICH | iy 4 i nitride ] 600-800°C, o
PECVD (7-80 . 800°C, . Rapid, simple, low cost.
nm)/SiO, (300 nm)/Si grids (PMMA and 15 minutes 1-15 minutes Transpatent; Rs= 565 Q/s [49]
Ni etching) 67 mbar, Ar ’ 4

(100)
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1.1.4. Graphene doping

As discussed previously, graphene is a zero-band gap semi-metal, but its
electrical properties can be tuned by changing the doping level. This is generally
carried out by one of the following three types of procedure: (1) chemical or surface
transfer doping, (2) substitutional doping, or (3) electrostatic doping.

In the following paragraphs, the main results from the three techniques will
be presented.

Chemical or surface transfer doping

This technique is based on the graphene’s surface deposition of chemicals, which
act as electron donors or acceptors. Generally, chemical or surface transfer doping
does not produce defects or alter the graphene structure and it is reversible, which
means that a removal of the molecules from the graphene surface will return the
doping to its initial value.

This type of doping occurs due to a charge transfer from the adsorbed dopant to
the graphene or from the graphene to the adsorbed dopant. The role of the
electron donor or acceptor between the dopant and the graphene is determined by
(1) the position of density states of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) of the dopant, and
(2) the Fermi level of the graphene. If the HOMO of the dopant is higher than the
Fermi level of the graphene, the dopant will be the electron donor (graphene: n-
type doping). However, if the LUMO of the dopant is lower than the Fermi level
of the graphene, the dopant will be the electron acceptor (graphene: p-type
doping). In other words, adsorbed dopants with electron withdrawing groups will
cause graphene p-doping while dopants with electron donor groups will cause
graphene n-doping.

Some examples of chemical doping are the adsorption of HNOj; (p-doping) [76],
also for the case when graphene is transferred to polyethylene terephthalate (PET)
by a roll-to-roll technique [40], NO, (p-doping) [77], H.O (p-doping) [77], ethanol
(n-doping) [78], and NH; (n-doping) [79,80]. One issue related to this type of
doping is the instability of the doping levels over time (e.g., HNO3 and AuCl; on
graphene surfaces). For more details about this technique, see ref. [78].

Substitutional doping

This technique is based on the substitution of graphene carbons with atoms with
a different number of electrons in the valence band. This replacement of atoms in
the graphene hexagonal structure is performed during the CVD growth or during
the SiC decomposition to graphene. To perform n-type doping, nitrogen is
typically the atom that replaces carbon in the graphene structure as it has more
electrons in the valence band than carbon [81,82]. Depending on the site that the
nitrogen occupies, three types of configurations can be distinguished: pyridinic or
pyrolic when the nitrogen occupies sites at the edge of the graphene sheet or
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defects sites, respectively, or graphitic when the nitrogen replaces a carbon on the
graphene plane. The introduction of nitrogen causes graphene ripples that promote
the increase of the D band in Raman characterization.

For p-doping of graphene, compounds like boron are typically used, as it has less
electrons in the valence band than carbon. Graphene with boron included in the
sp” network has been synthesized by arc discharge of graphite electrodes in the
presence of Ha: He: BoHg [83]. A result of Raman characterization is the increase
of In/I¢ ratios and the shift in the G band towards higher frequencies. However,
the use of this doping technique has been shown to affect the graphene quality,
inducing irreversible defects on the structure.

For more details about this technique, see ref. [78].

Electrostatic doping

This technique is based on the modulation of the Fermi level of graphene by
modifying the gate voltage, thus allowing the n- and p-type doping. The advantage
of this method is that the graphene doping is reversible and can be accurately
controlled. As mentioned in section 1.1.2. Electronic transport properties, the most
common techniques used to perform this type of doping are either back- or top-
gating, depending on the substrate nature (Si/SiO; or a dielectric, respectively). In
the case of back-gating, the polarity of the gate voltage introduced by the Si on the
bottom (back) side of the device will cause the n- or p-doping of the graphene. The
first issue associated with electrostatic doping is the limitation of achievable ns for
a given applied voltage, due to the low capacitance of the Si/SiO, (200
nm)/graphene structure. This capacitance can be increased by reducing the
thickness of the SiO,. However, this is finally limited by the breakdown of the
dielectric (SiO) used. In this respect, the use of thinner or higher dielectric
constant materials (e.g., MoS, h-BN etc.), oxides, ionic liquids or polymers have
been studied [1,84,85]. The second issue of this technique is the influence of the
target substrate on the graphene or, in the case of top-gating, the dielectric
deposited on top of it.

1.1.5. Graphene transfer

For the outstanding properties of graphene to be fully utilized, it must be
transferable to a wide variety of substrates, such as SiO,, Si/SiO,, polymer
substrates or metals. Several methods have been developed toward this goal,
typically depending on the graphene synthesis route. In particular, the high impact
of CVD for producing large areas of graphene has promoted the development of
compatible techniques to transfer graphene from the catalyst to the target
substrate.

The most commonly used method relies on a polymer-assisted transfer
process, which was developed firstly by Reina ef a/. [86] and then adapted with
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modifications by Li ez @/ [39]. This procedure is typically known as the “wet-
transfer” method, where, as shown in Figure 5, a polymeric layer - poly(methyl
methacrylate) (PMMA), polystyrene (PS), polydimethylsiloxane (PDMS) or
thermal-release tape (TRT) [40,87-91]- is spin-coated on graphene. The polymer
serves as a support to protect the graphene while the metal catalyst underneath is
etched away. Several etchants have been used for this purpose, the most typical
being ammonium persulfate (NH4)2S,0s) [40,92-95], as it has been shown to
provide cleaner graphene surfaces. Moreover, other etchants, such as iron chloride
(FeCls) [90,91,96] or iron-nitrate (Fe(NO3)s) [39], have provided good quality
transferred graphene.

After the Cu is removed, the resulting floating structure
(graphene/PMMA) is rinsed three times in de-ionized (DI) water to remove any
etchant residues from the graphene or located on top of the target substrate.
Finally, the PMMA is removed by dipping the sample in a beaker of acetone and
then isopropanol for 15 minutes each. The prevention of cracks or gaps between
the graphene and the substrate can be achieved by putting a droplet of PMMA on
the PMMA /graphene [39] or by heating the structure above PMMA’s glass
transition heat level (180°C) [92]. Thus, the graphene’s contact with the target
substrate will be improved. This technique has been widely used by the scientific
community and, as demonstrated by Bae ez a/ [40], to transfer 30 inches of
graphene by a roll- to-roll process to PET and Si/SiO; substrates.

The main advantages of PMMA are its low cost, its versatility and its good
mechanical properties; the main disadvantage is the residue left on the graphene
surface after the PMMA removal. This residue poses a significant challenge as it
has a detrimental effect on graphene’s electrical and mechanical properties
[93,95,97,98]. One possible solution is the addition of a thermal annealing step in
a controlled atmosphere to reduce the contamination level [96,99,100].

Two different techniques that can be classified as “wet-transfer” type
techniques are electrochemical transfer and face-to-face transfer. The former was
proposed by Wang ef al. [101] using electrochemical exfoliation to detach the
graphene from the Cu foil. This technique works as an electrochemical cell, where
the Cu/graphene is previously covered with PMMA, being the cathode, a glassy
carbon rod is used as the anode, and both parts are immersed in the electrolyte
(K5S:05, 0.05M). When a voltage is applied between the electrodes, H is released,
forming bubbles at the cathode due to the dissociation of H»O. Due to the force
induced by the H, bubbles, the graphene/PMMA is separated from the Cu foil,
allowing Cu recycling. This represents the main advantage of this technique.
However, this method is limited, restricted to electrically conductive metal
substrates, and still has the challenge of using PMMA, which produces residues
after its removal.
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Figure 5. Wet transfer of CVD graphene from the Cu foil catalyst to the target substrate:
(1) spin-coating of PMMA on Cu/graphene; (2) after PMMA drying,
Cu/graphene/PMMA is floating on ammonium persulfate (3-4 houts) for Cu etching; (3)
after dissolving Cu, graphene/PMMA is rinsed three times in a beaker with DI water and
then placed on the target substrate. Sample is dried using N> gun or by storing in vacuum;
(4) PMMA is removed by dipping the sample in acetone and isopropanol (15 minutes
each). Zoomed area in (4) shows graphene on the target substrate with previously
deposited Au contacts.

The second technique proposed by Gao ef al. [94] is based on the pre-
treatment of the substrate with Ny where the Cu will be sputtered. After the
graphene is grown and during the Cu etching process, they suggested that N,
bubbles trapped between the substrate and graphene contribute to the formation
of capillary bridges that allow the graphene to remain attached to the substrate.
Finally, a very promising alternative has been the development of techniques based
on graphene “dry-transfer”, where the graphene is “peeled-off” from the Cu with
the advantage of the catalyst recycle. This technique will be further explained in
Chapter 4.

A recent review, ref. [102], provides more details in all the progress made
on CVD graphene transfer by both wet and dry methods, and also on epitaxial
graphene grown on SiC substrates [103].
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1.2. Characterization techniques

For evaluating the quality and properties of graphene, many techniques
have been established. The main characterization methods used in this thesis are
atomic force microscopy (AFM), bending tests, contact angle, Energy-dispersive
X-ray spectroscopy (EDX), Four point-probe measurement, grazing incidence X-
ray diffraction (GXRD), Hall measurements, optical microscopy, Raman
spectroscopy and Scanning Electron Microscopy (SEM).

1.2.1. AFM topography

This is used for surface roughness and topography measurements at the
atomic scale. With this technique, the quality of the graphene can be measured by
detecting residues, holes and graphene wrinkles. Also, because it is an extremely
accurate technique, the thicknesses of the samples can be measured, thus
determining the number of layers in the graphene. The simultaneous measurement
of the phases is very useful because it allows for the detection of the different
materials in the sample. The topography information is obtained by measuring a
mechanical frequency change of an oscillating micron-scale cantilever due to
interactions with the surface, such as Van der Waals, capillary or electrostatic
forces. The frequency of the cantilever is recovered by modifying the amplitude of
the measurements, which correlates to the height of the surface morphology.

In this thesis, we have used the AFM Bruker/Veeco Dimension 3100 in
tapping mode for measuring the graphene on Ni films and glass in Chapter 1, and
on Cu foil, polyimide (PI) and glass in Chapter 4.

1.2.2. Bending tests

Flexibility tests are performed using a two-point bend custom set-up
connected to a motor driven by an electronic controller, which allows the arm to
move back and forth in a horizontal direction. In this thesis, we have used this
setup to measure graphene transferred to PET and PI substrates in Chapter 4.
Samples were subjected to continuous bending and the Rs was measured after each
bending cycle. The bending radii continuously varied between 2 cm and 7 mm.

1.2.3. Contact angle

This technique determines the wetting properties of a surface by measuring
the angle (8) formed by a pure liquid droplet when it is deposited on the relevant
surface. Depending on the measured 6 between the two interfaces (liquid-solid and
liquid-vapor), the surface can be: (1) hydrophilic, if 8 <90°, (2) hydrophobic, if
0>90°, or (3) superhydrophobic, if 8>150°. There exist highly hydrophobic
surfaces with low surface energy (e.g. fluorinated materials), where 0=120°
[104,105].
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In this thesis (Chapter 4), we have used the DSA100, KRUSS for measuring
the wetting properties of graphene transferred to glass or PET substrates covered
with PI. This equipment has a high-resolution camera, which allows the profile
capture and contact angle calculation.

1.2.4. Energy dispersive X-ray spectroscopy (EDX)

This is an x-ray technique used in conjunction with SEM to identify the
elemental composition of materials. The resulting spectra show peaks
corresponding to the elements making up the true composition of the sample being
analyzed.

In this thesis, we have mainly used the EDX, Oxford INCA to evaluate a
total removal of residues from the graphene surface. These evaluations can be
found in in Chapters 2 and 3. The analysis corresponds to at least 10 points in the
sample with voltages of 10 kV (Chapter 2) and between 5 kV and 15 kV, depending
on the nature of the sample (Chapter 3).

1.2.5. Four-point probe measurement

By definition, intrinsic properties such as electrical resistivity or
conductivity should be constant and independent of size for a given bulk material.
This is not true for a thin film as when its thickness is compared with the
characteristic length scale of a physical phenomenon, the intrinsic properties are
affected by so called size-effects [106]. The limitation of size affects the electrical
conductivity when the film thickness becomes comparable to the electron mean
free path in the medium. Thus, the electrical resistivity between the bulk material
and the thin films cannot be considered to be the same. It is very common to
measure the electrical surface properties of a film through the Rs in Q/sq. units:

0:=Rs- tr (Eq. 5)

where g, is the thin film electrical resistivity and tr is the thickness. The Rs can be
measured directly using a Four-Point probe set-up (Cascade Microtech 44/7S
2791) connected to a multimeter (Keithley 2001).

The set-up, which is shown in Figure 6 (a), has four tips aligned and set 1 mm
apart, which are brought into contact with the measuring surface. A test current (I)
is injected through the outer tips while the inner tips measure the voltage drop (V),
as shown in Figure 6 (b). As can be observed in the circuit on the right-hand side,
the separation of the current and the voltage avoids the measurement of the
contact resistance (Rc), which makes the measurement more accurate.
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Thin film

te]

Figure 6. (a) Four-Point probe measurement set-up connected to a Keithley multimeter.
The zoomed area of white-dashed line shows the four probes aligned at the Four-Point
probe head, 1 mm apart. (b) Scheme of the measurement where probes are in contact with
the thin film of thickness tr. A current is injected between the outer tips while the voltage
droplet is measured by the inner ones. The circuit on the right summarizes the 4-probe
measurement, showing its high accuracy as the Rc is not measured.

According to the alighment of the four probes, Rs can be calculated using
the following equation:

Rg = (T[/ln(Z)) "t (V/I) G- G =453t R- (- G (Eq. 6)

where R is the calculated electrical resistance from Ohm’s law, and C; and C; are
two corrective coefficients that take into account the separation between the tips
in the Four Point Probe Head and the substrate’s dimensions [107].
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In our case, where graphene is the material being measured: (1) C1=1 as the
separation between the tips (1 mm) is much higher than the graphene thickness
(0.345 nm); and (2) C,=1, as the area of the graphene measured by this method
(typically 1 inch=2.5 cm) is higher than the separation between the tips (1 mm).
Thus, the Rs calculation is reduced to:

Rs=4.53 "t R (Eq.7)

In this thesis, we have measured the Rs using this technique for graphene
on glass and Ni films in Chapter 2, for a three dimensional graphene structure in
Chapter 3 and for graphene transferred to glass or PET covered with PIin Chapter
4. Typically, six measurements were taken at different positions of the sample, the

mean value (Rg) being the one provided as the result.

1.2.6. Grazing incidence X-ray diffraction (GXRD)

X-Ray diffraction is one of the most used tools in the analysis of the crystal
structure of a material. Diffraction phenomena appear when an electromagnetic
(EM) wave hits a periodic structure with the characteristic length of the order of
the EM wave. At large incident angles, the x-ray beam penetrates deep into the
material. Because in this thesis we are using thin metallic films and graphene, the
incident beam has to be limited to the surface using grazing-incidence X-rays. At
an incident angle near or below the critical angle for total reflection, the incident
beam is evanescent and penetrates only the top 100 A or less of the surface. There
is also an enhancement in the intensities at the surface. At incident angles near to
the critical angle, X-rays are enhanced by 2-4 times at the surface over the
intensities in the bulk. Small penetration depths and intensity enhancements make
possible the use of X-rays for the characterization of the surfaces, buried interfaces
and thin films [108]. Besides the orientation of the single crystals of the sample,
XRD also provides information about the average size of the grains composing the
sample, which can be estimated by the Scherrer equation:

K- Ax_
= xRy (B - cos6) (Eq. 8)
where T is the mean grain size, K is a dimensional factor close to 1, Axrayis the
wavelength of the X-ray radiation, f§ is the broadening of the diffraction peak at
half of its intensity, or full width half maximum (FWHM), and 0 is the Bragg angle.

In Chapter 2 of this thesis, we have used this technique to characterize the
crystallinity of Ni films using a Philips MRD goniometer equipped with four crystal
Bartels Ge 220 monochromator.
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1.2.7. Hall measurement

This measurement is important to semiconductor material characterization
because from the Vi, the conductivity type, carrier density (ns), and mobility (um)
can all be derived. The physical principle underlying the Hall Effect was explained
in detail in the previous section 1.1.2. Electronic transport properties.

In our case, an alternating current (AC) flows along the x-axis from left to
right in the presence of B in the z-axis direction. This charge results in the Vu, a
potential drop across the two sides of the sample (see Eq. 2). With our set-up
shown in Figure 7 (a), we calculate the ns using the slope of the linear fitting
between the Vi and B (see Eq. 3). By measuring the Rs at B=0, the uu can be also
calculated (see Eq. 4) [1,22,109]

In this thesis, we work with two types of devices. For macro-sized samples,
(lateral size of graphene up to 2 cm, Chapter 4), we fabricate samples as shown in
Figure 7 (b). Thus, for obtaining the Vy, a current is injected from the Au contact
“1-3” or “2-4”, and probes are located on “2-4” or “1-3”, respectively. Because the
samples have a large area, the Rs can be calculated either by the previous Four-
point probe method, or by the following Van der Pauw procedure where Au
contacts have been deposited to measure the ns and un. The current is injected
from one contact and collected from the adjacent one, while the V is measured
from the opposite pair of contacts. This is repeated for all possible combinations,
thus calculating the corresponding R by Ohm’s law. As the geometry of the sample
is always rectangular but can be different in dimensions, we average R in two
groups (Eq. 9 and Eq.10), defining a vertical (Rverricar) and a horizontal
(Ruorizontar) one by introducing the current into the device vertically or
horizontally, respectively. Finally, the Rs is calculated using Eq. 11.

R12,34 = V3—4/I1—2

R = (R +R 2
Rssrz = Va_a/li_s } HORIZONTAL ( 12,34 34,12)/

(Eq. 9)

R14,23 = V2—3/I1—4
R23,14 = V1—4/12—3

e~ TRvERTICAL/RS | @=T'RHORIZONTAL/RS — 1 (Eq. 11)

} RyErTICAL = (R14-,23 +Ry314)/2  (Eq. 10)

For p-sized samples, we use a standard Hall bar, as shown in Figure 7 (c),
where the graphene area has been reduced to the central part (Chapter 5). Four
probes are necessary to perform the Hall measurement: probes “1-2” for injecting
the current into the circuit, and probes “3-4” or “4-5” to measure the Rsor Vg,
respectively.
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Figure 7. (a) Probe station to perform Hall measurements. (b) Scheme of the Van der
Pauw device used in Chapter 4, where Au paths are contacted with 4 probes to measure
V and Vu. For obtaining Vu, a current is injected from Au contacts “1-3” or “2-4”, and
probes are located on “2-4” or “1-3”, respectively. For obtaining Rs, a current is injected
from one contact and collected from the adjacent one, measuring V from the opposite
pair of contacts. As the size can be different, R is measured in two groups (Eq. 9 and 10)
defining an Rverricar and Ruorizonrar. (¢) Hall bar design used in Chapter 5 where probes
in Au contacts 1 and 2 inject an AC current, probes in contacts 3 and 4 measure V (to
calculate R and Rs), and contacts 4 and 5 measure Vi, when a perpendicular B is applied.

As specified in the figure, by contacting the probes at opposite sides of the
pattern, the Vi can be measured. However, if the probes are contacted at the same
side of the pattern, the V is measured and by Ohm’s law (V = I'R), R is calculated.
Then, considering a geometrical factor (W/L= 0.47), which depends on the
geometry of the graphene pattern, the Rs can be calculated.

Rs= W/ -R (Eq. 12)
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1.2.8. Hall measurement combined with in situ monitoring of
Rs

The physical principle is the same as with the standard Hall measurement,
but the set-up, as shown in Figure 8 (a), is slightly modified for the experiment
demonstrated in Chapter 5. We want to monitor simultaneously the changes in the
Rsand Vy over time and also while the temperature is being modified. To this end,
samples are fabricated as in Figure 7 (c) and contacted with 5 tips as shown:
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Figure 8. (a) Probe station modified with a thermal insulator and thermocouples to
modify the temperature during the Hall measurement. (b-c) Scheme of the measurement:
in the chip, a DC cutrent is injected and measured by a Keithley SourceMeter® (blue
circuit), while an AC current (red circuit) is injected by a Lock-in amplifier. The controlled
variation of a perpendicular B generates Vu, which is amplified and measured by the Lock-
in. This circuit allows the simultaneous measurement of Rs and ns at different
temperatures.

- Probes “1-2”: the source and drain of the AC and direct (DC) currents.
The AC is supplied by the Lock-in amplifier while the DC is injected by a
Keithley SourceMeter®.

- Probes “3-5”: to measure the Vyand Rs. Probe 4 is common to both
measurements. Together with probe 3 it is used to measure the Rs in the
Keithley SourceMeter® and with probe 5 it is used to measure the Vy in
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the Lock-in amplifier. Because the Vu is very small, an amplifier is placed
before the Lock-in and the gain (amplification) is taken into account for
the calculations.

The previous elements can be clearly distinguished in the schemes of Figure
8 (b-c). All the equipment is controlled by a code developed with Labview®. At a
certain temperature (also controlled with a temperature controller and a PT100
resistor located on top of the sample), the current of the magnet controller is
modified, thus varying the B from -300 to +300G and consequently, the V. Also,
because the DC current is continuously injected into the device, the Rs can be
obtained at the same time as the AC measurement.

1.2.9. Optical characterization

This technique is applied to obtain the transmittance spectra of the samples
as we are mainly working with glass substrates to obtain transparent devices.
Optical characterization also allows us to determine the graphene layers. A
graphene monolayer is almost transparent, with an absorption of only 2.3% in the
visible spectral range. The transmittance decreases by a factor of 2.3% with each
added layer up to five layers [110].

In this thesis, we have used a PerkinElmer LLambda 950 spectrometer in
the UV—Visible region. Note that the substrate’s contribution is always taken into
account in optical transmittance measurements as:
where Tt is the total optical transmittance (film and substrate), whereas Tr and Ts
are, individually, the film and substrate optical transmittances, respectively.

In Chapter 4, we also have used the Fourier Transform-Infrared
spectroscopy (FT-IR), a technique with several applications. One of these is its use
for detecting functional groups and characterizing covalent bonding information.
This is one of the objectives of the thesis - the use FT-IR (BRUKER) for PI curing
reaction characterization by identifying the change of chemical compounds with
temperature. When the material absorbs IR light (typically in the mid-IR region),
the resulting spectrum shows specific molecular fingerprints of each chemical
group, thus allowing their identification.

1.2.10. Raman spectroscopy
This is based on a phenomenon called the “Raman effect”, which originates
either from the interaction of an incident light beam with the phonons in a solid
or from molecular vibrations in molecules, producing an inelastic scattering of
light. When light hits a material, the majority of the phonons experience elastic
scattering, called Rayleigh scattering, and the intensity of this portion of light is =
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107 times the intensity of the incident light. However, the portion of light that
undergoes the Raman scattering is even less at = 10° times the intensity of the
incident light. Thus, Raman spectroscopy requires high laser intensities. Raman is
a non-destructive, fast and reliable tool for the characterization of materials, and,
particularly in the case of graphene, it is essential to distinguish single-layer from
multilayer graphene or graphite (Figure 9).

The quality of the produced graphene and types of defects of the material,
the effect of the substrate on the graphene and doping can also be studied using
this technique. For graphene, three characteristic peaks are detected,
corresponding to D, G and 2D bands, at 1350, 1580 and 2700 cm', respectively.
The G band comes from the in-plane vibration of sp® carbon and is the most
noticeable resonant phenomenon in graphitic materials. The 2D band, which is the
graphene’s fingerprint, belongs to a mechanism of double resonance between the
excited electrons and the phonons near K. For monolayer graphene, the 2D band
is single and sharp but as the number of layer increases, the 2D peak shape varies,
becoming asymmetrical. The D peak rises up from the breaking of the double
resonance and, thus, from the graphene defects. From Raman spectroscopy, it is
possible to obtain information about doping. The shifts of the 2D and G peaks, as
well as the ratio of their intensities, changes with the concentration of carriers.

Raman spectroscopy is unique for the characterization of graphene in terms
of the number of layers, quality and doping. According to graphene monolayer
criteria (60), the graphene quality can be measured in terms of intensity ratios
between various different peaks. For example, the intensity ratio between the D
peak and G peak (In/Ic) should be very low as the D peak is related to material
defects, whereas the ratio between the 2D peak and G peak (I.p/Ic) should be
equal to or higher than two. The full width at half maximum of the 2D peak
(FWHM (2D) varies depending on whether it is exfoliated or CVD grown
graphene. For exfoliated graphene this value should be in the 25-30 cm™ range
while for CVD graphene it is typically larger [111-113].

In this thesis, we have used Renishaw inVia with a laser of 532 nm
wavelength, with a reduction in the power radiation in order to avoid heat damage
on the samples. Regarding the objectives, we have used two types: 50X and 100X
lenses (with numerical apertures N.A of 0.75 and 0.85, respectively), depending on
the sample needs. The 100X lenses were used for spectra and maps performed on
samples in Chapters 2 and 3, where the graphene was directly grown on the surface
and high definition of the surface was needed in order to detect nanoparticles and
artifacts at low scale. For Chapters 4 and 5, as the graphene was transferred from
the Cu foil we performed Raman measurements using the 50X lens. Laser spot
sizes for 50X and 100X lenses are 865 and 764 nm, respectively.
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Lascr spot= 1-22° A/ 0 (Eq. 14)

where A is the excitation laser wavelength equal to 532 nm and N.A is the numerical
aperture of the objective.
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Figure 9. (a) Raman spectra of graphene (bottom) and graphite (top) at a laser wavelength
of 514 nm, where two intense bands are detected, G and 2D. (b) 2D band of graphite at
514 nm laser wavelength comparing the evolution of the graphene peak when the number
of layers is modified from 1 to 10. Adapted from ref. [112].

Raman maps are acquired in order to get a statistical overview of the whole sample.
Data from Raman maps are treated by a custom program developed by Matlab®,
where intensities of peaks, ratios and FWHM are automatically calculated. Results
provided from single spectra are the mean value and standard deviation of at least
10 measurements at different sample locations.

1.2.11. Scanning Electron Microscopy (SEM)

This is important for the investigation of properties and structure of
materials. The SEM provides information related to the material morphology,
topography, crystallinity, composition and defects. This technique is versatile due
to the numerous signals generated, the simplicity in image formation, wide
magnification range and depth of field [114].

In this thesis, we have used SEM (FEI Inspect F) for the analysis of
graphene structures in Chapters 2-5.
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1.3. Graphene applications and future overview

1.3.1. Graphene applications

Graphene obtained by different synthesis methods (e.g., exfoliated, CVD
or GO) have the following variety of potential applications, which can be divided
into three main groups: electronics, energy, materials and composites [74,115].

Electronics, photonic and biomedical applications

There are several examples of graphene applications in the field of electronics,
including high-frequency devices, transparent electrodes and flexible displays (e.g.,
touch-screen and wearable devices, etc.), ultrasensitive sensors (e.g., chemical,
nano-electrochemical sensors, photodetectors, etc.), super-dense data storage (e.g.,
memory chips), and photonic devices, etc. In the following, we will mainly discuss
application to transparent electrodes, photonic and biomedical devices.

CVD graphene films provide the optical and electrical properties needed to replace
indium tin oxide (ITO), a material which has been used as a transparent electrode
(TE). Graphene has been shown to achieve a low Rs from 50-300 Q/sq. together
with high optical transmittances of 90%, values that are comparable to typical TEs
fabricated with I'TO [40]. Specifically, graphene has greater potential than ITO for
fabricating flexible displays, as graphene’s mechanical resistance and flexibility are
higher than those of ITO. Graphene has a ten times higher fracture strain
compared with ITO’s brittleness. This fact, together with the high cost of I'TO and
limited sources compared to carbon, makes graphene an ideal material for the
fabrication of flexible and rollable electronic devices [116—-118].

The combination of graphene’s electronic properties, (e.g., tunable carrier
transport properties), together with its wavelength independent absorption (2.3%)
for normal visible light (<3 eV) makes graphene a promising option for
implementation in photonic devices. Some examples are ultrafast graphene
photodetectors and ultrahigh gain graphene-based photodetectors [13,115,119—
121], optical modulators [115,122], and plasmonic devices [115,123—125], etc. In
addition, graphene has been demonstrated to control plasmons by electrical
voltages [115,126,127].

The application of graphene in the biomedical field for imaging and diagnosis, drug
delivery, bioelectronics or biosensors is also important [115,128—130]. As graphene
is chemically inert, it can be functionalized by other molecules as a drug delivery
vehicle. Graphene’s impermeability to liquid and gases makes it suitable for bio-
compatible protective coatings and barrier films for the fabrication of biomedical
implants and devices. Further understanding of graphene’s biocompatibility and
toxicity needs to be gained, however, prior to its final implementation in devices.
Finally, the use of graphene as a (bio) sensor is possible due to its high sensitivity
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to the electrostatic perturbations that are induced when locally charged particles
are deposited on its surface.

Energy

The applications here are related to the storage and transportation of electrical
power (e.g., batteries and supercapacitors) and organic solar cells [115,131-133].
Additional applications are based on the extraordinary potential of graphene to
transmit light, electricity and heat. Thus, graphene can be used to improve the
performance of light emitting diodes (LEDs) [134].

For current supercapacitors, the main issue is their limited energy capacity due to
the materials used today. The nanofabrication of graphene supercapacitors is of
great interest as more devices can be fabricated in the same area, thus improving
their potential on the large scale. Another important advantage of graphene
supercapacitors is the high speed at which they can charge and discharge (to
transfer power to the device).

Materials and composites

Graphene can be implemented with pre-existing materials (mainly polymer- and
ceramic-based composites) by improving their raw properties and transforming
them to high-value composites. Some examples are ultra-lightweight composites
and coatings, which take advantage of graphene’s low thickness and weight
combined with its high mechanical resistance. It is also important to highlight here
the use of graphene (mainly graphene oxide) for the fabrication of conductive inks
and pastes .[115,135-137].

Also important is the use of graphene as a nanofiltration membrane for water
treatment (filtration and desalination) on a large scale [30,115]. This would allow
the treatment of higher water fluxes compared to current polymer- ceramic-based
filters, thereby reducing the energy used to force water through the membrane by
a factor of 10.

1.3.2. Current situation and investment

The upscaling of graphene and graphene-related material production is
faced with challenges related to keeping the graphene properties unaltered after
mass production and wafer-scale integration. A big effort is currently being
devoted to graphene standardization in order to define specifications of graphene
quality depending on the application. For example, the graphene quality for high-
performance electronics needs be very high and defect-free compared to that
requited for batteties/supetrcapacitors, which have been demonstrated to work
even if the material has defects, cracks, voids and cavities [74,138].

Regarding the publications concerning graphene and graphene-related
materials, until recently there has been an exponential growth as shown in Figure
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10 (a). For the graphene patent graph in Figure 10 (b), the data comprise the patent
filings in two main sectors, synthesis and electronics [139].

It is also important to mention the huge investment in graphene carried out
by the European Commission through the “Graphene Flagship”, a 10-year project
started in 2013. With a budget of €1 billion, the Graphene Flagship is trying to
meet academic and industrial researchers in order to transfer knowledge from
laboratories to society. This has achieved the creation of new jobs and had a
positive economic impact. The consortium has 150 academic and industrial
research groups in 23 countries. The project has an increasing number of members
within the different scientific and technological work packages, where ICFO leads
the package number 8 (Photonics and electronics) and also is involved with others,
such as Flexible Electronics, Sensors and Energy Applications [140].
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Figure 10. Number of (a) publications and (b) filed patents related to graphene until
2016 [139].

1.4. Aim of the thesis

The main objective of this thesis is the approach of graphene technology
towards the large scale, whilst solving challenges related to graphene growth, and
transfer and control of doping.

As discussed in previous sections, the unique properties of graphene make
it promising for a wide variety of applications, with the implementation of
graphene for transparent electrodes, supercapacitors or flexible displays, touch-
screens and wearables being among the most important. The excellent properties
that make graphene different from other materials are the combination of high
electrical mobility, high thermal conductivity, high mechanical resistivity,
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transparency, flexibility and impermeability, and the fact that it is chemically inert
and stable in air.

However, the ability to maintain all of the previous properties of graphene
when grown by a scale-up technique, different to micromechanical exfoliation,
remains a challenge. The most promising technique for growing graphene on a
large scale is CVD, where graphene is typically grown on a Cu catalyst. This process
has been widely studied, obtaining a high quality graphene monolayer. However,
transferring graphene from the Cu to the target substrate is necessary and this
represents a challenge due to time consumption, and even more importantly, the
risk of worsening the graphene properties and quality due to remaining residues at
the end of the procedure.

To address this issue, this thesis has developed two procedures to grow
graphene directly on the target substrate in large and nano-patterned sizes by
avoiding two important and detrimental steps, i.e. the graphene transfer and
lithography procedures. In the first case, we have performed the growth of large
and patterned areas of 2D layers of graphene by using ultra-thin metal films
(UTMFs) of Ni. The exposure of UTMFs at high graphene growth temperatures
(700-1000°C) leads to a well-known process called “dewetting”, where the metallic
films break and retract with time and temperature. The study of UTMF Ni
dewetting in conjunction with graphene growth on Ni has allowed the achievement
of graphene direct deposition on the target substrate while the Ni is retracted with
heat, thus avoiding additional transfer steps. In the second procedure, we have
combined the Cu catalyst’s potential to form graphene monolayers with previous
knowledge to modify the Cu density on the glass substrates. Thus, in collaboration
with Corning Incorporated, we have created three different shapes of Cu catalyst
where the graphene grows conformal, producing graphene in 2D and 3D
dimensions, and, also, directly on the target substrate without additional transfer
and lithography steps.

However, as the quality of graphene has been demonstrated to be superior
and more controllable when it is grown on Cu foils, another current challenge is
the transfer of graphene from the Cu to the target substrate in a clean, fast, cheap,
reproducible and scalable manner. The most frequently used technique for
graphene transfer, based on the use of PMMA and known as “wet-transfer”, has
challenges related to the PMMA residues left on the graphene surface, is a time
consuming procedure and the Cu foil is etched away by the solution. The third
objective of this thesis has been developed in collaboration with Corning
Incorporated, and consists of the creation of a “dry-transfer” technique using a
very stable polymer, PI, as an intermediate layer between the target substrate and
the graphene. The study of PI and its combination with an adhesion promoter has
enabled the graphene transfer by a fast, stable and residue-free technique, and with
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Cu recycling and a strong adhesion of graphene to target substrates. Previously
described advantages preserving the high quality of the graphene grown on
recyclable Cu foils make this technique promising for graphene implementation on
a large scale.

Last but not least, an important objective of this thesis is the control of
transferred-graphene doping. As previously explained in section 1.1. Graphene,
graphene doping can be altered by PMMA transfer, growth conditions and
substrate effects, and, moreover, existing doping techniques have been shown to
be sometimes uncontrollable and unstable over time. With this in mind, the fourth
objective of this thesis consists of the application of a well-known technique called
“thermal-poling”, to alter the surface charge at the interface between the glass
substrate and the graphene device in a controlled way, and consequently inducing
the desired doping of the graphene. Due to the mobility of ions in glass at certain
temperatures and voltages, a very intense electric field is created inside the glass
and “frozen” when normal conditions return. The high electric field created at the
interface of the glass and graphene device, together with the accumulation of
positive charges due to Na®, modifies the graphene doping, being stable as the
graphene device is encapsulated.

1.5. Thesis outline

This thesis is organized into six chapters. Chapter 2 provides a brief
introduction, collating previous work related to the direct growth of graphene on
target substrates. Also, the “dewetting” concept is explained in further detail for
the case of ultra-thin films. A description of sample fabrication is also provided,
giving details of Ni UTMFs deposition by sputtering, CVD graphene growth
parameters (temperature, pressure and time), Ni etching and the deposition of Au
electrodes for electrical characterization. The chapter summarizes the main results
of graphene grown at different temperatures, with the final part being dedicated to
the optimal conditions to grow graphene in large and nano-patterned areas onto a
wide variety of substrates, without residues or defects, but with high optical
transmittances and low sheet resistances comparable to standard processes of
graphene grown on Cu foils.

Chapter 3 provides a brief introduction to previous work on graphene
growth in three-dimensional shapes and the additional new properties that increase
the range of potential applications where graphene can be used. We provide a full
description of the technique that we have developed for the creation of Cu
nanoparticles (Cu NPs) catalysts of different densities - materials used for Cu NPs
deposition, optimization of Cu deposition conditions and Cu etching techniques.
The chapter collates the main results of graphene structures grown conformal to
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previous varieties of Cu catalysts, obtaining graphene in 2D and 3D shapes and
demonstrating them to be free-catalyst and nano-patterned over large areas without
lithography procedures.

Chapter 4 includes a brief summary of previous state-of-the-art work
performed on graphene dry-transfer. We include a full description of the technique
we have developed with information on sample fabrication, previous studies and
characterization of PI for optimum graphene transfer, and optimization of
equipment conditions. The chapter summarizes the main results of a continuous
graphene layer, free of residues and defects, which has been transferred to glass
and PET, with high optical transmittances, n-doping and comparable mobility to
conventional CVD graphene transferred by the PMMA wet-process.

Chapter 5 provides an introduction to the concept of thermal poling of
glass with a brief summary of previous state-of-the-art work related to this. The
chapter includes details of graphene device fabrication, a description of the set-up
for applying poling to glass, and the complete optimization of poling conditions.
The details of the set-up used for the electrical characterization are included in the
above section 1.2. Characterization techniques. The chapter collates the main
results of graphene doping changed after glass poling at positive and negative
external voltages. Also, the reversibility of the poling effect in graphene doping is
demonstrated when it is progressively erased with temperature.






Direct growth of graphene by Ni dewetting

his chapter includes the state-of-the-art techniques related to the direct
growth of graphene on a target substrate without the need for additional
transfer steps. The graphene growth mechanism developed in our work, based
on dewetting on Ni ultrathin films, is explained, including the theoretical
concept and optimization for our specific case. Results for graphene grown on
fused silica at different temperatures are presented, together with their
characterization results. For the optimum conditions (700°C for 30 minutes using 50 nm
of Ni), our technique is demonstrated to directly grow graphene patterns of different
sizes and shapes on different substrates. These include conventional Si /SiO2 wafers and
low strain point substrates, such as Willow® flexible glass.
Further details of this work can be found in the following publication:
M. Marchena et al. (2016), "Low temperature direct growth of graphene patterns on
flexible glass substrates catalyzed by a sacrificial ultrathin Ni film," Opt. Mater. Express
6, 2487-2507.

2.1. Introduction

Deposition by CVD is the most promising graphene synthesis as it
combines two important factors: (1) the production of high-quality graphene,
which has been found to be essential for applications within electronics, and (2)
the scalability of the technique using roll-to-roll processes, which would allow
large-scale implementation. However, one of the main disadvantages associated
with this technique is that it requires the graphene to be transferred from its
catalytic template (typically Cu foils) to the target substrate. The implementation
of this procedure is not trivial, as it causes not only an increase in process time and
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costs, but also, very importantly, the introduction of defects and residues on the
graphene, which decrease the potential of the material, for example, by affecting
its electrical properties.

In order to resolve these issues, one possible solution is the development
of procedures that allow the direct growth of graphene on the target substrate used
for the application, thus avoiding completely the need for graphene transfer. A big
effort has been devoted to this end by the scientific community, one example being
ref. [41], where graphene was deposited on glass using Cu vapor as a catalyst.
However, although graphene was found on the substrate, the graphene coverage
was poor, not uniform and without position control.

Other works [45,141] used Cu thin films (100-300 nm as minimum
thicknesses) deposited on glass to promote and catalyze the graphene growth, thus
avoiding previous issues of position control. During CVD, the Cu film retracted
and dewetted in a characteristic finger-like shape due to the high temperatures,
leaving behind regions of the substrate surface covered by graphene. In ref.[45],
the process conditions for the graphene growth were temperatures of 1000°C for
5 to 7 hours in order to achieve a complete dewetting and evaporation of the Cu.
Unfortunately, this represents an important limitation for its implementation on a
large scale due to the high costs associated with the equipment maintenance and
sources. Another disadvantage is the fact that the target substrate is limited to fused
silica, due to its high strain point, which allows it to resist high temperatures
without being damaged or deformed. Moreover, after the whole process it was
reported that there remained a large portion of Cu film residue on the substrate,
which reduced the transparency of the sample, thus undermining the most
important advantage of using glass as the target substrate.

Similar work [142] directly grew graphene on Cu films of 450 nm thick that
had previously been deposited on glass. The temperature and time growth were
reduced to 900°C and 5 minutes, respectively. However, a different growth
mechanism was reported, where the carbon diffused through the Cu grain
boundaries, forming the graphene at the interface between the Cu and the glass.
After the Cu etching using FeCls, the graphene remained on the glass with a high
optical transmittance (94%) and an Rs close to 2 k€)/sq. Although these were
impressive results, the main issue was the limitation of the minimum growth
temperature to 900°C, thus, not allowing the use of substrates with lower strain
points. The use of lower temperatures, such as 850°C, produced no graphene at
the interface, while the use of temperatures higher than 900°C increased
considerably the defect levels on the film.

Table 3 below collates several different works where, in some cases,
metallic catalysts were mixed with different carbon sources in order to grow
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graphene directly on the substrate at lower reaction temperatures, but with the
disadvantage of decreasing the graphene quality. On the other hand, two works
report the growth of graphene without the use of any metal catalyst at very high
temperatures (1100-1180°C) and long reaction times, which, in some cases, exceed
9 hours. Besides the high costs associated with the maintenance of equipment
under those conditions, the high temperature means that only a limited type of
target substrates can be used, i.e., those of high strain points that can stand high
temperature for long periods of time (e.g. quartz, sapphire or borosilicate glasses).

Table 3. State-of-the-art for direct growth of graphene on the target substrate with the

possible addition of sacrificial metallic catalyst

C.atalyst Carbon Substrate Gro.vxfth Main results | Ref.
(thickness) source conditions
e
> 2 .
Ni, Graphite PMMA, 1 - th: 25- cm’/ Vs,
(100 nm) paste glass, 260°C, 10 | Rs = 1k@/sq. | [143]
Si/SiO, N Glass: nano-
min, Ni-C .
. domains
etching
. Anneal: Islands of sizes
K
10 3N01’nm ? 5Cr(1n)1 Si/SiO; 750°C 10 100 nm to [144]
(10- ) @ ) min, H2/Ar Tum.
Quaﬁ;z’ 1100- | py=1000-3000
. CH, Soys. | 180%C cm?/Ves | [145]
2/ 91, . . .
SisN, 9-72h (813N4/SIOQ/SI)
Anneal:
Ni 900°C, Ni etch by tape.
(200 nm) C.Hs Si/SiOs 5 min, He. Low quality [59]
Growth: 120 (IZD/IG: 06)
S
400-800°C,
Fe-C 10-30 min. 0-7 layers of
Fe (20, 200 S10, Fe etching: graphene on | [146]
nm) Cl, quartz.
0-90 min.
1009_ Best: 97.5%
Quartz, 1100°C, -
- CH,4 . transmission at | [147]
sapphire | 1 to 7 hours, R = 6.7kQ/s
AI: Hz: CH4 S ) q

(*) Amorphous carbon
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Other works have developed the use of Plasma-Enhanced Chemical Vapor
Deposition (PECVD) to grow graphene directly on the substrate without using any
metal catalyst. Here, the plasma created inside the chamber by the radio frequency
or the direct current discharge between the two electrodes allows the dissociation
of the carbon molecules at temperatures lower than thermal CVD. Depending on
the carbon source reactivity - see ref. [148,149]- the growth temperatures can be
decreased to 600°C when CH,is used, or even to 400°C, when using more reactive
gases, such as C;H,. However, the main challenge is the quality of the graphene,
which was demonstrated to grow vertically at a lower quality than for previous
standard CVD processes (Rs= 5.2 k€2/sq. at the highest transmittance, 84%). For
more details of work related to the direct growth of graphene on dielectrics, see
the review in ref. [150], which collates complete data and details.

In view of the previously mentioned issues, the aim of our work has been
the development of a technique that can grow good quality, clean and continuous
graphene on large areas of the substrate without the need for a transfer step. The
technique requires moderate processing conditions compatible with a wide range
of target substrates, and the possibility to produce nano-patterned graphene
without using lithography steps. Although our approach is based on the dewetting
procedure reported by Ismach ez 4/, it differs in the use of Ni as the sacrificial metal
catalyst at much lower thicknesses, from 5 to 50 nm. Moreover, we are able to
reduce the temperature and reaction times to 700°C and 30 minutes, respectively.
Also, the addition of a fast and polymer-free step (5-15 minutes), dipping samples
in aqua regia, improves optical transmittances by up to 90%, only about 2.5% less
than the bare glass substrate. Thus, under these conditions of low temperature and
high transmittance properties, we demonstrate the potential for our technique to
be implemented in the growth of graphene in large and patterned areas on target
substrates with high strain points (e.g., fused silica and Si/SiO5), and also on those
with low strain points, such as flexible Willow® glass.

A recently published review [151] summarizes the most important direct
transfer techniques developed for graphene growth, where results on the direct
growth of graphene on glass using Ni thicknesses from 5 to 50 nm from this thesis
have been included.

Finally, a recent work by Guo ez a/. (2018) [152] demonstrates that using Ni
as a provisional template for growing graphene directly on dielectrics is still a hot
topic with promising applications. In that work performed by PECVD, the growth
temperatures were reduced to 700°C (which is the minimum temperature of our
work) using Ni films of 25, 50 and 100 nm that had been previously deposited on
quartz wafers (2.5 inch diameter). After growth, the graphene grown on the top
face of Ni was etched by an oxygen plasma, and also the Ni film. The graphene
used for devices was the one grown at the interface between the Ni and the quartz.
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2.2. Sample preparation

The substrates employed are fused silica (High Purity Fused Silica, HPFS®)
and Willow® glass (both from Corning Inc.), and Si/SiO, wafers. After an organic
cleaning by sonication (acetone and isopropanol), the substrates are placed inside
the small Chamber 2 of the magnetron sputtering machine (Orion 8, AJA) shown
in Figure 11 (a-b), which allows the loading of the sample at an atmospheric
pressure while the main Chamber 1 is kept isolated under high vacuum. After
transferring the samples to Chamber 1, Ni UTMF films (UTMFs) of 5, 15 and 50
nm thicknesses are deposited from one of the targets shown in (b). Before that, a
characterization of the Ni target is required in order to determine the rate of
deposition, and consequently, the time needed to deposit each thickness.
Experimental results determined 0.71 A/s to be the Ni rate of deposition, meaning
that 1.16, 3.56 and 11.98 minutes are needed in order to deposit 5, 15 and 50 nm
thicknesses, respectively. The deposition steps are: (1) a first plasma pre-treatment
of Ar (8 mTorr, 40 W) to clean the surface of the substrate, and (2) Ni deposition
in Ar atmosphere and room temperature.

Subsequently, the graphene is grown on Ni covered substrates by means of
CVD equipment (Black Magic 4-inch, AIXTRON, Figure 11 (c)). Figure 11 (d)
shows the inside of the main chamber containing a 50 nm thick sample of Ni on
top of the heater. The CVD conditions for growing graphene on Ni are: CH4/Ho,
30/20 sccm, 7 mbar, 50-75°C/min heating and cooling rates, and growth
temperatures ranging from 700°C to 1000°C, in steps of 100°C. Lower
temperatures are not sufficient for the endothermic CH, decomposition reaction
to occut.

Before the graphene growth, samples are annealed while heating the system
from room temperature up to the reaction temperature with the addition of 15
minutes at the reaction temperature before starting the graphene growth. During
annealing, Ar/H, gases are introduced inside the chamber to petform a double
action on the Ni, namely: (1) a redox chemical reaction where possible metal oxides
forming at the surface are reduced to their active phase (fundamental state: Ni(0)),
and (2) an increase in the grain size and crystallization, as was previously discussed
in Chapter 1, section 1.1. Graphene. When the temperature stabilizes, the reaction
gases are fed into the system. Finally, the samples are cooled down under a
continuous flow of H» in order to remove amorphous carbon from the surface.
Additionally, after the graphene growth, samples are dipped in diluted aqua regia
(1:2:2, HCl: HNO;: H,O) for 5 to 15 minutes to remove the dewetted Ni
nanoparticles remaining on the surface.
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We also demonstrate the possibility of growing graphene patterns directly
on two types of substrates: Si/SiO, wafers and Willow® glass substrates. A first
lithography step using laser writer (LaserWriter LW405B, MICROTECH) is
performed after spin-coating the photoresist on the cleaned target substrate. This
is followed by Ni sputtering and lift-off to obtain the metal patterns. For electrical
measurements, a second lithography is performed to deposit Au contacts.

Nano ™™ r ===
Recearech

;."‘\ ‘ /

Figure 11. (a) Sputtering system used for Ni UTMFs deposition. The equipment consists
of the highlighted main chamber containing the targets with the material to be deposited
and where the deposition process occurs. The inside of the chamber is shown in (c). (b)
CVD Black-Magic (AIXTRON) used for graphene growth where the main chamber is
highlighted. The inside of the chamber is shown in (d) where the sample is located on top
of the bottom heater and the gases are introduced from the top shower head.
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2.3. Ni dewetting process on glass

In general, deposited thin films are grown under conditions for which
atomic motion is limited and non-equilibrium structures are fabricated. The atoms
that arrive at the substrate surface or growing film can usually move over distances
of nanometers or less. As a consequence, most of the resulting films are unstable,
which means partial stability in the equilibrium until, for example, heat is applied.
When this occurs, thin films start to dewet, forming islands, as the heat provided
increases the mobility of the atoms. The dewetting phenomenology on thin films
is represented in Figure 12. However, it needs to be considered the substrate where
depositing the thin films, due to a great interaction between them will not allow
the film to dewet e.g., thin films of Ti and Cr deposited on glass do not dewet due
to its rapid oxidation when contacting the SiO, [153,154].

Dewetting can occur at pre-existing holes or film edges, but also requires
the formation of new holes. In the former case, the dewetting can be controlled in
a desired direction. By increasing the temperature, or the time at a fixed
temperature where the film has started to dewet, the holes created grow
progressively, eventually producing a full dewetting of the entire film. Because
dewetting requires atomic transport, the dewetting rate depends strongly on
temperature. There is generally a characteristic temperature at which dewetting
occurs, Taewering, Which depends on several parameters, such as the type of material
and the tr. Generally, Tyeweing decreases with tr. Also, the size and spacing of the
islands formed decrease with tr. While these trends generally hold, there are many
other factors that control the specific relationships between the Taewering, 1sland
shapes and the tr. A deeper understanding of dewetting phenomenology and
thermodynamics can be found in ref. [155].

As well as the application of dewetting on the direct growth of graphene
demonstrated in this work, previous applications have used it to fabricate particle
arrays in sensors [156]; to produce catalysts for growing carbon nanotubes [157]
and semiconductor nanowires [158], and, also, to form elements in electrical
memory devices [159].

1. As-deposited film 2. Hole nucleation 3. Total dewetting
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Thin film
Figure 12. Scheme of dewetting phenomena on thin films. After the continuous deposited
thin film is exposed to a certain Tewering, the film is nucleated with holes. If it exposed for
longer periods or to higher temperatures, the film can totally dewet into islands [155].
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In our work, within the working temperature range (700-1000°C) and given
pressure (7 mbar), the Ni is well below its melting point. This means that the
catalyst remains during the growth process, thus allowing control over the
graphene location, which in previous works [45] was a big issue. Moreover, due to
the previously mentioned instability of thin films, when temperature is applied, Ni
UTMFs dewet. Using this method, it is possible to grow graphene precisely in the
position where the Ni has been sputtered and in direct contact with the substrate
surface, due to the subsequent Ni retraction. In this way, graphene transfer from
the catalyst to the target substrate is avoided.

Regarding Ni dewetting, little work has been devoted to the study of = 50
nm thick UTMF polycrystalline films, although some publications do report the
interest of single crystal Ni films dewetted on oxide surfaces (e.g., MgO) [155].
Before the graphene growth, we initially studied the dewetting mechanism of Ni
UTMFs, consideting Taeveuing a5 the temperature at which 5% of a 1 um? substrate
area is uncovered (same criteria as ref. [155,160]). Figure 13 (a) shows the
experimental results of Tyewering as a function of the Ni film thickness (5 to 50 nm)
compared to previous work carried out with Cu. The results indicate that, due to
the small Ni thicknesses used in this work (5, 15 and 50 nm), all of the films dewet
within the 700-1000°C range except for the 50 nm one processed at 700°C, where
only small holes are formed in the film. This will be discussed in section 2.4.
Growth at 700°C, where the characterization of SEM and AFM confirm that Ni
film at this temperature is at the initial “hole nucleation” step.

Graphene quality is highly dependent on the surface properties of the
substrate (in our case Ni UTMF), in particular the crystal orientation, which has
been demonstrated to affect the carbon gas dehydrogenation, adsorption, diffusion
and generation of H» [49,54,161]. As discussed previously in section 1.1.3. Growth
techniques, when growing graphene on metal films, crystal orientation plays an
important role in the growth of high quality material. Specifically, when using
polycrystalline films, it has been demonstrated that it is essential to add an
annealing step before the growth, not only to increase the size of the metal grain,
but also to promote the crystal orientation, which will lead to a reduction in the
grain boundaries and defects in the graphene [62,63]. For Ni, Ni (111) crystal
orientation promotes the formation of graphene monolayers due to a small
mismatch in the crystal lattice structure and dimensions [60,162].

In order to fully characterize the deposited Ni UTMF films before the
graphene growth, we have performed a GXRD analysis to evaluate their structural
modification after being exposed to the CVD growth process at 1000°C (including
the additional 15 minutes of annealing at this temperature after the heating ramp
in Ar:Hy). Figure 13 (b) shows a significant difference in crystallinity between a
sputtered 50 nm thick Ni UTMF before and after CVD growth, thus
demonstrating the promotion of Ni (111) after annealing. During the heating phase
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of the process, the grains of the polycrystalline film increase in size (up to a few
hundred nanometers), and also in crystal orientation, mainly on the (111) and (220)
planes. Moreover, a weak peak at 20=25.4° ascribable to graphene [49] is present
after the CVD growth, thus confirming its growth on the Ni film.

The next section collates the main results of graphene growth classified by
the reaction temperatures studied here (700-1000°C in steps of 100°C) at different
Ni UTMF thicknesses.
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Figure 13. (a) Experimental results of Tdeweuing a5 a function of different Ni UTMF
thicknesses (our work, red sphered line) compared with data of Cu UTMF [155,160] (blue
squared line). (b) GXRD spectra of 50 nm Ni UTMF before (bottom line) and after (top
line) CVD growth at 1000°C, (this sample corresponds to sample C in Table 4). A
crystallinity improvement after CVD growth due to annealing is obtained, mainly to crystal
orientations of (111) and (220), also with the appearance of a narrow peak at a small angle
(25.4°), which is associated with graphene.

2.4. Influence of the reaction temperature

Processing conditions for the growth are fixed except for the temperatures
and reaction times, which vary from 700°C to 1000°C and from 15 to 60 minutes,
respectively. Details about time reaction characterization, for which the optimum
value was found to be 30 minutes, are included at the end of this section (Figure
22). Table 4 summarizes the results obtained for the four most relevant samples
(samples A-D) of the eighteen we prepared (see section 2.7. Additional
information). Tables 6 and 7 summarize the results obtained for all eighteen
samples S1-818). However, initially we focus on Samples A-C for 50 nm Ni, as in
the previous section this was determined to be the most relevant thickness as it
covers the whole dewetting process combined with graphene growth.
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To this end, we prepared three samples of 50 nm Ni deposited on fused
silica, and exposed them to the CVD process at 700, 900 and 1000°C, respectively,
for a duration of 30 minutes. In Figure 14 (a), we can observe the expected
evolution of the Ni film dewetting with increased temperatures. This includes the
nucleation of holes at 700°C [143] followed by the hole enlargement and
propagation at 800-900°C, where dewetted areas and a still continuous Ni film are
cleatly distinguished (sample S8 at 800°C can be found in Table 6 in section 2.7.
Additional information). Finally, a complete dewetting of the film into Ni islands
occurs when the temperature is increased to 1000°C.

Table 4. Processing conditions and Raman signals for graphene grown on Ni UTMFs
(fused silica substrates) of different thicknesses. Raman results include the ratios between
graphene peaks: Iop/Ic, In/Ic and the FWHM of 2D peak (o: standard deviation). All
measurements were performed on the dewetted areas, where the metal is retracted.

Ultrathin Ni on fused silica substrates
Sample Sample Sample Sample
A B C D
, Ni (nm) 50 50 50 15
Processing T (°C) 700 900 1000 1000
conditions
t (min) 30 30 30 30
3.20 2.28 2.34 2.37
Lo /Tc (0) 178) (074 (124 (038
Raman Io/Io (6) 0.92 0.49 0.17 0.51
results 0.54)  (046)  (0.12)  (0.11)
FWHM 2D 22.8 26.8 26.4 30.1
(cm™), (o) G749 @11 (498 (165

After this, Raman characterization was used to determine the growth of the
graphene under these conditions when measuring on the tops of the fused silica,
which are the dewetted areas without Ni. For further details about Raman
characterization, see Chapter 1, section 1.2. Characterization techniques. Raman
spectra of each sample are shown in Figure 14 (b), where the three characteristic
peaks of the graphene appear, namely D, G and 2D peaks at 1350, 1580 and 2700
cm’, respectively. Data related to the Raman results are summarized in Table 2
above. Considering the monolayer criteria of I,p/16=2 and the narrow FWHM of
the 2D peak, the best results are considered to be obtained at 700°C (Sample A)
for graphene grown on the nucleation holes with an Ip/I ratio of 3.20. Also,
monolayer graphene is obtained on dewetted regions at 900 and 1000°C with
Lp/I¢ ratios of 2.28 and 2.37, respectively. These results differ from those obtained
when measuring Raman on the non-dewetted areas, as shown in the data in Table
4, where the presence of Ni decreases the Lop, thus leading to lower Ip/I¢ ratios.
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In order to obtain a better characterization of the surface morphology
during the dewetting evolution, rather than only optical microscope images, SEM
characterization in Figure 15 has been included for samples treated at temperatures
from 700 to 1000°C. The introduction of an image of the sample at 800°C confirms
that the hole-propagation occurs between 800 and 900°C.
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Figure 14. (a) Optical microscope images of 50 nm dewetted Samples A, B and C after
graphene CVD growth at 700, 900 and 1000°C, respectively (for 30 minutes). Bright areas
correspond to continuous Ni or dewetted areas with residual Ni, while dark areas
correspond to Ni-free regions where graphene is deposited directly on fused silica. (b)
Raman spectra measured on dewetted areas, demonstrating graphene direct deposition on
fused silica. Scale bar: 10 pm.
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b 900°C

B, and C). Dewetting evolves as the process temperature is increased: (a) hole nucleation
(dark dots), (b-c) hole propagation and (d) total dewetting of Ni UTMF catalyst. Scale bar:
10 pm.

The following subsections explain the most significant results and the
different regimes of graphene growth classified by the reaction temperature.
Results for samples performed at different thicknesses, temperatures and reaction
times can be found in Tables 6 and 6 (section 2.7. Additional information), and are
necessary for a full understanding of the growth mechanism of graphene.

Growth at 700°C

At this temperature, a very peculiar graphene growth occurs for 50 nm, (Sample
A). As previously mentioned, at such a low temperature dewetting is at the initial
state, creating irregular holes in the film. As shown in Figure 14 above, suspended
graphene started to grow over the holes forming patches with areas of
approximately 2 um®

Figure 16 (a) shows the surface of a randomly selected hole with wrinkled graphene
partially covering it. The contrasted area highlights the uncovered area of the hole.
Atomic Force Microscopy (AFM) has been used to confirm the suspension of the
graphene between the Ni walls in terms of height (the suspended graphene should
be at similar heights to the continuous Ni film), and also with the phase mapping,
which should be different for both materials (graphene and Ni). Figure 16 (b)
shows the AFM measurement of a randomly selected hole that is partially covered
by graphene. The same hole is represented in Figure 16 (c) delimited with a white-
dotted line. The two height profiles in Figure 16 (c) correspond to the two cross-
sections, one to the hole covered with graphene (bottom, red), and the other to the
area of the hole free of graphene (top, blue). The comparison of both profiles
confirms the presence of graphene being suspended between Ni walls, as the initial
height of the red line (graphene) is similar to the Ni film (blue), and does not meet
at the lowest height, which is the fused silica surface. In addition, the mapping of
the hole in (d) confirms the coexistence of two different materials (graphene and
Ni) as there is a big phase change between the suspended area and the continuous
film.
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Figure 16. Growth of graphene on dewetted Ni holes (Sample A). (a) SEM image of a
hole partially covered by suspended graphene. The highlighted area corresponds to the
hole area without graphene. (b) AFM amplitude of suspended graphene over a different
hole. The 3D-image on the right highlights the area where graphene is suspended. (c) AFM
amplitude of the Ni hole where the white dotted line indicates the hole’s border and the
blue and red lines are cross-sections plotted on the right. The blue line corresponds to the
height of Ni continuous film while the red line corresponds to suspended graphene. (d)
Phase image of the hole delimited by the dotted line in (c). A change in phase is detected
between the continuous film and the area covering the hole, which confirms the existence
of two different materials, Ni and graphene. Scale bar: 2 um.

A different area of the sample (10x10 pm?®, Figure 17), containing well-delimited
nucleation holes, has been selected to evaluate the surface characteristics. The
AFM in (a) and the SEM characterization in (b), which has been performed on the
white-dashed area in (a), reveal clearly the hole edges, but the growth of the
graphene suspended on top cannot be confirmed. To this end, Raman mapping is
performed on the whole area of (a). As shown in Figure 17 (c), monolayer graphene
is confirmed to grow on top of the dewetted hole by the high Ip/I¢ ratio and
single sharp Lotentzian-shape of the 2D band with FWHM (2D) = 25-30 cm™. It
is interesting to note that the centers of the 2D and G peaks (w,p, Wg) are slightly
shifted compared to the typical values of graphene grown on standard Cu foils
(2673 cm™ and 1582 cm™ for 2D and G, respectively). Apart from the presence of
defects, confirmed by the D peak, the shift and broadening of the 2D peak can be
attributed to the strain on the graphene possibly due to the effect of the Ni grain
boundaries and residual stress on the Ni film after the graphene growth (31). The
metal edges have been delimited with a white line as a reference.
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The electrical characterization of the Rs by a Four-point probe system gives very
low values due to the contribution of continuous Ni UTMF (see Table 6 and 7,
section 2.7. Additional information). In the following section, 2.5. Growth of
graphene nano-patterns on alternative substrates, it will be shown that after
performing a fast polymer-free etching of Ni UTMF on this sample, the Ry is equal
to 2 k€ /sq. at very high transmittances (ITt= 91.07%).

% | FWHM (2D)

Figure 17. Sample A (700°C). (a-b) Pictures of an area with holes created on the Ni
UTMF film by AFM and SEM, respectively, where (b) corresponds to the white-dashed
area in (a). (c) Raman maps of the area in (a) demonstrating graphene coverage of the
holes, as revealed by the ratios of Iop/Ic and In/Ic mapping (c, left and middle,
respectively), and FWHM 2D within 25-30 cm! values (c, right). Metal edges have been
delimited with a white-solid line as a reference. Scale bar: 2 pm.

Growth at 800°C

Results obtained at this temperature are shown in Tables 6 and 7, section 2.7.
Additional information. The obtained Lp/I¢ ratio and FWHM (2D) values of 0.53
and 35.6 cm™ for 50 nm Ni (Sample S8) reveal a decrease in the graphene quality
compared to that grown at lower (700°C, Sample A), and higher (900°C, Sample
B) temperatures. A possible reason for this transition decrease in quality might be
the retraction procedure of the metal.
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Growth at 900°C

At this temperature, the Ni films partially dewet, leaving (after the metal retraction)
a uniform graphene layer covering the whole sample. To illustrate the differences
in the graphene properties between the dewetted and non-dewetted (still
continuous metal film) areas, Figure 18 (a) shows the Raman mapping of a 20x20
pm?’ area across these two regions on a 50 nm Ni film (Sample B). The metal edges
have been determined from the optical microscope image (see Figure 27 (d),
section 2.7. Additional information) and superimposed as a reference. In the
dewetted region, the graphene is almost entirely uniform and of good quality with
a Lp/Ic ratio of 2.28. In contrast, the continuous film Ni has a lower I,p/Ig ratio
due to the Ni film contribution. Similarly to that reported in ref. [45], higher quality
graphene is grown on the metal-free dewetted area, which is the fused silica surface.
In Figure 18 (d), we have plotted the statistic distribution separately for the two
regions. In the dewetted region, monolayer graphene growth is demonstrated by
means of a single and sharp Lorentzian 2D peak with a mean value of FWHM (2D)
equal to 26.8 cm™. In the case of the continuous Ni film areas, the 2D peak is very
broad with the FWHM (2D) ranging from 30 to 50 cm™.

AFM measurements were performed to obtain topography and phase details, as
shown in Figure 19 (a-b). From the amplitude mapping in (a), one can see that the
graphene wrinkles are 1-5 nm in height at areas close to the continuous Ni film.
From the phase mapping in (b) and the zoomed area on the right (corresponding
to the area delimited by a black-dashed line), graphene domains are observed, with
sizes ranging from 130 nm to 410 nm.

The Rs measurement by the Four-point probe equipment performed on the
continuous Ni film gives very low values due to the contribution of the metal
(Table 6 and 7, section 2.7. Additional information). However, when measured on
the dewetted area, the Rs cannot be obtained due to the high roughness of the Ni
particles, which avoid the contact area between the graphene and the probes. It is
important to remember that the four probes are aligned and equal in height (for
more details, see Chapter 1, section 1.2. Characterization techniques).
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Figure 18. Sample B (900°C). (a-¢) Raman maps showing Iop/Ic and Ip/Ig ratios, and
FWHM of 2D peak, respectively. Dewetted and continuous areas are delimited by a blue
dashed line and metal edges are highlighted with a white-solid line as a reference. (d) FWHM
(2D) statistics, plotted separately for both areas (dewetted and continuous) showing a
different distribution and mean value. Scale bar: 5 pm.

Figure 19. AFM measurements of Sample B. (a) Height map. (b) Phase of map in (a).
The image on the right is the zoomed area from (b) (white-dashed line) showing graphene
domains on the dewetted area of the sample, which confirms the direct growth of
graphene on fused silica. Scale: 2 um.
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Although 50 nm is the most relevant thickness for the whole study of Ni dewetting
combined with graphene growth, the use of a 5 nm Ni film at 900°C (Sample S9)
is also discussed due to the interesting results. The SEM picture in Figure 20 (a)
reveals that, as expected, a complete dewetting occurs at 900°C for this low
thickness, forming Ni nanoparticles, which remain on the surface with an average
diameter of 200 nm. Raman mapping shows low Ip/I values where nano-particle
features can be distinguished. These low values and the FWHM (2D) value of 43.8
cm™ (Tables 6 and 7, section 2.7. Additional information) can be translated to the
growth of few-layer graphene. In this case, due to the low size of Ni particles and
the separation between them, Rs can be measured along the whole sample (mean
value 34.2 kQ/sq.), which indicates the presence of a continuous conducting layer
different from Ni (as this has been dewetted into nanoparticles). Indeed, except for
a tiny hole in the central part of the SEM picture in (a), the graphene film is
continuous over the whole area. We believe that the carbon segregated by the Ni
nanoparticles on the glass can act as a seed to grow graphene allowing the
connection with other graphene patches originated from the surrounding Ni
particles. This fact would allow the growth of the observed continuous film along
the whole surface of the sample. The previous hypothesis would explain the high
In/Ic ratio and high Rs, as defects might appear between the connection of
graphene patches, together with the presence of Ni nanoparticles and the fast
dynamics of metal retraction at 900°C for 5 nm thick Ni.

Growth at 1000°C

At a processing temperature of 1000°C, for both 50 and 15 nm film thicknesses
(Samples C and D, respectively), graphene with a high I,p/Ic Raman ratio grows
on the retracted metal regions. This has been confirmed by Raman maps - Figure
20 (b and c) below - whete the Ip/Ic ratio is high and faitly constant. For both
thicknesses, the 2D band fits to a sharp and single Lorentzian peak with FWHM
values between 27 and 30 cm. Similatly to Sample S9, the lower heights of Ni
dewetted particles allow the Rs measurement on Sample D over the whole area
(mean value of 8 k€/sq.). The information obtained in Figure 13, where Taewering <
1000°C for a Ni layer of 15 nm thick, confirms a complete dewetting of the metallic
film, the measured conductivity only being possible with the growth of a
continuous conductive graphene layer on top of the fused silica. For Sample C,
however, the Rs cannot be measured due to the roughness of the remaining Ni
particles, which prevents the electrical contact between the graphene and the four
-point probes.
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Figure 20. SEM images and Raman maps of Iop /I of graphene grown for 30 minutes on
different Ni thicknesses and at different temperatures: () S9 (5 nm, 900°C), (b) Sample D
(15 nm, 1000°C) and (c) Sample C (50 nm, 1000°C). The central part of the SEM in (a)
shows a tiny hole in the continuous area of graphene on fused silica. Scale bar: 2 ym.

After evaluating these results at different growth temperatures, we can
conclude that higher quality graphene can be grown using Ni UTMFs of 50 nm
thickness. In this case, the growth mechanism of the graphene can be explained
with the qualitative model in Figure 21. During the heating phase, an annealing
step in Hy is performed on the Ni UTMF (a), which increases its grain size and
crystallinity, with preferential crystal orientations of Ni(111) and Ni(220) [49,606].
At @ Taewering 0f 700°C, the Ni film is nucleated with holes (b). If this temperature
is selected as the growth temperature, the graphene is formed on the holes and
continues growing upon retraction of the metal. If higher temperatures are selected
for the graphene growth (900-1000°C), the hole propagation increases, depositing
graphene on the dewetted areas, i.e., directly on the substrate.
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Figure 21. Schematic model of graphene growth on 50 nm Ni UTMF at temperatures
from 700-1000°C consisting of three main steps: (1) annealing, where activation, reduction
and crystallization of Ni UTMF polycrystalline film occur; (2) hole nucleation (at 700°C)
promoting Ni dewetting and deposition of graphene upon metal retraction; (3) cooling
down of the system to room temperature where graphene is deposited on the silica
substrate.

Finally, to conclude this section it is necessary to comment on the
characterization of the reaction time. All of the previous results were obtained for
a 30-minute growth period because this proved to be the optimum value from an
initial study of reaction time influence on graphene quality. Figure 22 shows the
resulting Raman Top /I ratios in (a) and FWHM 2D values in (b) for Ni UTMFs of
thicknesses of 5 and 50 nm at temperatures of 700 and 1000°C. The modification
of the reaction time (from 15 to 60 minutes) revealed that at 30 minutes, the Raman
parameters were within the graphene monolayer ranges (shadowed areas in both
graphs) with the highest Ip/I¢ ratios and lowest FWHM 2D for all Ni thicknesses
and all temperatures.

After only 15 minutes, the samples had low Ip/I¢ ratios — where the 2D
band was very low and broad - and high FWHM 2D values, which may be
attributed to an incomplete formation of the graphene. For 60 minutes, the Lp/Ig
ratios again decreased and the FWHM 2D values increased, which may indicate
that at larger reaction times, more carbon is absorbed and segregated upon the
metal retraction, thus promoting the growth of multilayer graphene.
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Figure 22. Reaction time effects on graphene quality, evaluating (a) I.p/Ic and (b) FWHM
2D peak, at 15, 30 and 60 minutes (represented by red, blue and green circles, respectively),
for different samples. Shadowed areas correspond to values for theoretical graphene
monolayer.

2.5. Growth of graphene nano-patterns on alternative substrates
For many applications, especially those involving the use of light (e.g., for
optical and optoelectronic devices), the transparency of the substrates with
graphene is crucial. For the samples obtained in this thesis, Ni residues are still
present in the sample, being responsible for most of the optical loss. Therefore,
these need to be removed after the graphene growth is performed. Different
removal approaches can be employed, such as thermal evaporation [163] or wet
chemical etching. Thermal evaporation of the Ni, however, requires high
temperatures (>2000°C at 7 mbar [164]) which would make it unsuitable for the
application of low strain point substrates. This is one common issue that has
limited the practical application of some previous direct growth techniques. For
this reason, we have used a diluted aqua-regia solution for a duration of only 5-15
minutes, a very low time period when compared to the standard “wet-etching”,
and with the additional advantage of avoiding PMMA deposition on the graphene.

After Ni etching, we believe that the graphene deposited on the glass
originates from the top side of the Ni for Sample A, where the graphene grows on
dewetted holes. However, for samples B, C, and D, the graphene could originate
from the bottom side of the Ni. For these samples, higher temperatures improve
the dissolution of the carbon inside the metal. Additionally, as the Ni film is
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dewetted, the catalyst surface area in contact with the carbon source will be larger,
with more active sites where carbon could be dissolved.

A visible evolution in the transmission and absorbance values at 550 nm
are observed in Figure 23 (a-b) for Samples A, B, C and D, before and after Ni
removal. The absorbance measurements have been obtained by measuring the
transmittance (T'r) and reflectance (Rr) of the samples with the spectrophotometer,
and then calculating the absorbance (A) as:

A = 100-Tr-Re (Eq. 15)

The evolution in transmission is shown in Figure 23 (b) through a series of
pictures for exemplary Samples A and C. All the results confirm a significant
recovery in the samples’ transmittances, Sample A being the most transparent with
approximately 91.07% transmission, followed by Samples D and B both with
approximately 82 and 79%, and finally Sample C with 67%. The most drastic
change occurs for Sample A, whose optical loss of 2.38% with respect to the bare
fused silica substrate (which is also represented in the figure, with a measured
transmittance of 93.45%) is very close to the expected absorption of the graphene
monolayer (2.3%), thus being consistent with the effective direct growth of
graphene on the fused silica. Full transmittance spectra are included in Figure 24
(a-b), both before and after the Ni removal for Samples A-D and S9 (5 nm, 900°C).
Very interesting information can be extracted from them, such as the presence of
Ni nanoparticles after graphene growth in (a) for Samples D and S9 due to the
observable dip in transmission, i.e., the plasmonic response of the metallic
particles. For Sample D, this plasmonic effect is not observable after etching in (b),
which together with its high transmittance suggest that a considerable quantity of
Ni particles have been removed. For Sample 89, a small increase of 10% in (b) at
550 nm has been obtained, which together with the still observable plasmonic
effect of Ni particles confirm that a lower quantity of catalyst has been removed
from the surface.

From these results, we can confirm the successful growth of graphene
directly on fused silica, with samples treated at the lowest temperature (700°C)
being the most promising as they have the highest optical transmittance after a
complete Ni removal (91.07% at A=550 nm). Taking advantage of the low
temperature needed, we want to implement our technique in order to produce
controlled patterned areas (tribbons and squares) on different substrates including
conventional Si/SiO, wafers and Willow® Glass, which is very unusual due to its
low strain point, ultra-thinness (100 pm) and flexibility. The wide range of target
substrates where we can use our technique to grow graphene, together with the
advantage of being able to also use flexible substrates, considerably expands the
potential for our technique compared to previous ones, where the main limitation
was the high growth temperatures required. In addition, an efficient direct growth
on Willow® Glass [165] would enable large-scale and roll-to-roll production of
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transparent substrates with graphene for flexible electronics and optoelectronics.
The fabrication procedure is represented in Figure 25 (a), where the Ni patterns
have been deposited by sputtering after performing a lithography step. For the
dimensions of the patterns deposited here (with squares ranging from 0.1 mm to 1
mm and ribbons with maximum dimensions of 0.3 mm x 1.5 cm), a shadow mask
could also be used, being easier, faster and without the need for a photoresist. After
the Ni UTMF deposition of 50 nm, the graphene is grown under the same
conditions as for Sample A (700°C, 30 minutes), and then the Ni removal step in
aqua regia is carried out for 5-15 minutes. Figure 25 (b-c) shows the sample
appearance after Ni sputtering (left picture), and after Ni removal showing
graphene patterns (right picture), when using Si/SiO; wafers and Willow® Glass,
respectively.
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Figure 23. (a) Transmittance (including substrate) and absorbance values at 550 nm of
Samples A-D before (red column) and after (blue column) Ni removal. (b) Picture of
Samples A and C (50 nm Ni at 700°C and 1000°C, 1st and 224 column, respectively),
showing the appearance after Ni deposition (15t row), after graphene growth (204 row) and
after Ni removal (3t row).
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Figure 24. Transmittance spectra of the highest quality Ni UTMF Samples A-D and
Sample §9. (a) Samples with graphene before the Ni removal, and (b) the same after Ni
removal (15 minutes). The zoomed area in (b) shows the spectra range from 1200 to 2400
cml. Details of each sample in terms of thickness and temperature at 30 minutes of
reaction are: Sample A: 50 nm, 700°C; Sample B: 50 nm, 900°C; Sample C: 50 nm, 1000°C;
Sample D: 15 nm, 1000°C; Sample S9: 5 nm, 900°C.

For all patterns, the graphene is continuous as indicated by the SEM
characterization in Figure 25 (d) and Figure 25 (f-g), when grown on Si/SiO; and
Willow® Glass, respectively. Due to the observance of two small nanoparticles in
(g), an EDX has also been performed in order to detect the presence of Ni residues
on top of the graphene. The EDX results collated in Table 5 confirm the total
removal of the Ni as no residues are detected when measuring over the whole
graphene area.

In addition, Figure 25 (e) shows an example of the Au contacts that have
been evaporated on the corners of a graphene squate grown directly on Si/SiO: in
order to perform Rs measurements by the Four-point probe measurement (see
Chapter 1, section 1.2. Characterization techniques for further details). The mean
value of the Rs growth on both substrates is close to 2 kQ/sq. (£0.5).

Table 5. EDX measurements on graphene after Ni removal (at Ni 50 nm 700°C, 30
minutes)

Atomic (%) detected by EDX technique
Elements -
On graphene On particles
C 44.79 48.07
(0] 29.63 29.54
Si 25.99 22.52
Ni - -
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Figure 25. (a) Flow chart indicating the fabrication steps (see section 2. 2 Sample
preparation for further details), including: (1) lithography of Ni; (2) 50 nm Ni deposition
by sputtering; (3) graphene growth on Ni via CVD technique (700°C, 30 minutes); (4) Ni
removal in aqua regia and Au contact (100 nm) deposition. Optical images in (b-c, left)
show 50 nm Ni deposited on Si/SiO, and Willow® glass in square/stripe shapes, while in
(b-c, right) graphene patterns can be distinguished after Ni removal. (d) SEM image of
graphene squares grown on Si/SiO; after Ni removal. (¢) Optical microscope image of
one graphene squate after Au contacts deposition for Rs measurement. (f-g) SEM images
of graphene grown on Willow® glass after Ni removal, where (g) is a zoomed area of the
area in (f) delimited by a red circle. Scale bar: 100 pm.
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Finally, Raman microscopy has been performed in order to characterize the
graphene grown on Willow® glass after the Ni removal. Figure 26 (a) shows a
Raman map performed on a large area of graphene (40x80 um?) close to the edge
of the square pattern. The plot of Ip allows a clear identification of the area where
the graphene has grown and the high resolution of the graphene edge. When the
Raman is measured outside the graphene pattern (on the glass surface) the I»p is
close to zero. Moreover, Figure 26 (b) shows the mapping of the same area for
Lp/I¢ ratios, again giving a high contrast between the area where the graphene is
grown and the glass surface. Two spectra from the aforementioned Raman map
have been plotted separately in (c), one taken from the area covered with graphene
(top, red line), and the second measured on the glass surface (bottom, black line).
The 2D peak of the graphene has decreased when compared with the initial
measurement performed after the CVD growth (Figure 14). This fact, together
with the appearance of a small D peak, can be a consequence of the etching process
with the aqua regia. Further optimization of the etchant solution (concentration
and chemicals) needs to be performed in order to improve the resulting graphene

quality.

Graphene pattern Glass c

Graphene pattern

Intensity (a.u)

Willow® glass

: 1200 1600 2000 2400 2800

Edge Raman shift (cm™?)
Figure 26. Raman mapping of graphene square grown on Willow® glass, plotting: (a) Lp
peak and (b) Iop/Ic ratio. The edge of the graphene square pattern is represented by a
white-dashed line, with graphene on the left side of the line and glass on the right. (c) Two
Raman spectra taken from the map in (b) are plotted, the top one belonging to the
graphene covered area (red line) while the bottom one belongs to the glass (black line).

Scale bar: 20 pm.
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2.6. Conclusion

Thin metal films of thicknesses at the nanometer scale are known to be
unstable when heat is applied. After a specific temperature is achieved, holes start
to appear on the film and propagate with time or higher temperatures, finally
collapsing into small islands. Previous knowledge on this topic has motivated us to
use dewetting in order to solve a very important issue related to graphene growth:
its direct growth on the target substrate without the need for any transfer step.

With this aim in mind, we have proposed Ni as the ideal material for two
reasons: its role as a good catalyst for high-quality graphene growth, and its stability
during graphene synthesis as its melting/boiling points ate much higher than the
graphene growth temperatures (typically 700-1100°C). The last reason is important
in order to accurately control the position of graphene deposition.

The dewetting dynamics of thin films depend not only on the temperature
applied but also on the thickness of the film. Higher thicknesses lead to higher
temperatures at which dewetting occurs. For graphene growth purposes, it is better
to use minimum catalyst thicknesses in order to avoid metal residues. However,
dewetting of Ni thin films of 5-20 nm occur within the 400-600°C temperature
range. To study the whole phenomenology of dewetting, we extended the use of
50 nm Ni films, as their dewetting temperature is most suitable for graphene
growth.

With our study, we have demonstrated the success of using Ni UTMFs as
catalysts and sacrificial templates for the fast growth of high-quality graphene
directly onto the target substrate, without the need for a transfer step or the
addition of secondary materials.

The possibility of depositing graphene at minimum temperatures of 700°C
widens the range of substrate materials on which graphene can be directly grown.
This has already been demonstrated by growing graphene patterns on ultrathin
glass, a functionalized substrate with great potential for flexible electronic and
optoelectronic devices.
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2.7. Additional Information
Table 6. Samples S1-S9: Process conditions and Raman/electrical results for graphene deposited on Ni UTMF
Ni UTMF Samples
Results S1 S2 S3 S4 S5 S6 S7 S8 S9
@A)
Ni (nm) 5 15 50 50 50 5 15 50 5
T (°C) 700 700 700 700 700 800 800 800 900
t (min) 30 30 15 30 60 30 30 30 30
o2p (cm™) 2665.5 2684.5 2676.3 2657.3 2698.3 2680.2 2678.8 2706.2 2676.6
wc (cm™) 1592.5 1600.9 1592.4 1574.6 1578.5 1598.6 1600.5 1585.5 1594.6
op (cm7) 1335.6 1345.5 1332.5 1329.3 1351.5 1342.0 1341.1 1354.1 1344.9
L:n/Ic (o) 0.04 (0.04) | 0.09 (0.06) | 1.9 (0.22) | 3.20 (1.78) | 0.59 (0.12) | 0.16 (0.03) | 0.36 (0.08) | 0.53 (0.27) | 0.38 (0.006)
Ip /16 (o) 0.62 (0.33) | 0.93 (0.07) | 1.22(0.11) | 0.92 (0.54) | 0.36 (0.21) | 0.96 (0.07) | 1.07 (0.16) | 0.25(0.20) | 0.95 (0.13)
FWH?:) (2D), 44.7 (2.41) | 42.2 (3.78) | 35.3 (2.34) | 22.8 (5.74) | 42.3 (2.48) | 41.2(3.79) | 43.9 (3.51) | 35.6 (0.62) | 43.8 (3.65)
Rs @
54.0 52.8 1.2:103® | 1.4-103® | 1.5-103®) 52.4 83.4 2:103®) 34.2
k/sq.)

@ Note that Rs measurements were performed with the Four-point probe system measuring directly on the graphene/Ni
surface. Residual Ni affects the measurements. Also, at 1000°C, the high roughness of Ni/graphene surface makes a
correct evaluation of Rsdifficult.

®Ni film was almost continuous as the dewetting of the film was at the initial nucleation state. In Sample B, Rs was
measured on continuous Ni film.
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2.7. Additional information

Table 7. Samples S10-S18: Process conditions and Raman/electrical results for graphene deposited on Ni UTMF

Ni UTMF Samples
Results S10 S11 S12 S13 S14 S15 816 817 S18
(B) (D) ©)
Ni (nm) 15 50 5 50 5 15 50 5 50
T (°C) 900 900 1000 1000 1000 1000 1000 1000 1000
t (min) 30 30 15 15 30 30 30 60 60
o2p (cm?) 2674.9 2681.4 2679.7 2675.9 2663.8 2664.6 2667.2 2666.1 2657.9
wc (cm™) 1600.8 1603.5 1588.9 1596.2 1577.2 1593.5 1589.6 1593.5 1586.1
op (cmT) 1342.3 1338.0 1341.7 1335.9 1335.0 1336.6 1333.9 1340.9 1333.9
Ln/ 16 () 1.20 (0.28) | 2.28 (0.74) | 0.35(0.08) | 1.79 (1.30) | 1.33 (0.09) | 2.37 (0.38) | 2.44 (1.24) | 0.43 (0.03) | 2.39 (0.49)
Ip /1 (o) 1.11 (0.13) | 0.49 (0.46) | 0.90 (0.11) | 0.91 (0.44) | 0.87 (0.07) | 0.51 (0.11) | 0.17 (0.12) | 1.25 (0.06) | 0.53 (0.27)
FWHM (2D) (o) | 42.0 (1.25) | 26.8 (2.11) | 40.5 (2.860) | 36.4 (4.22) | 36.0 (2.56) | 30.1 (2.37) | 26.4 (4.98) | 38.4 (2.26) | 27.6 (3.34)
Rs @ (kQ/sq.) 16.8 1.7-103® 58.9 - 17.55 8.16 - 16.9 -

@ Note that Rs measurements were performed with the Four-point probe system measuring directly on the graphene/Ni
surface. Residual Ni affects the measurements. Also, at 1000°C, the high roughness of Ni/graphene surface makes a
correct evaluation of Rsdifficult.

®Ni film was almost continuous as the dewetting of the film was at the initial nucleation state. In Sample B, Rs was

measured on continuous Ni film.
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Table 8. Raman results on Ni UTMFs of different thicknesses. (Raman measured on the non-dewetted areas).

Ultrathin Ni on fused silica substrate samples
Raman results
Sample A Sample B Sample C Sample D
In/ I, (o) 1.24 (0.45) 1.36 (0.68) 1.73 (0.85) 1.57 (0.30)
In/Ig, (0) 0.82 (0.37) 0.88 (0.39) 0.29 (0.16) 0.57 (0.21)
FWHM 2D (cm™), () 32.6 (4.45) 34.1 (10.6) 28.2 (2.72) 31.7 (1.59)

Figure 27. Optlcal microscope image, and Iop and shift of the G peak. (a-b) G Raman maps (10x10 meZ) for two different regions of
Sample A (blue dashed lines). (c) §9, (d) Sample B (map of the region delimited with dashed blue line), (¢) Sample D and (f) Sample C
(map of the region delimited with dashed blue line). Scale bar: 10 pm






Graphene assembled into 3D-shapes
by tuning the Cu catalyst density

to avoid the intermediate step of transferring the graphene from the initial

catalyst to the target substrate. As well as accelerating the fabrication process,

this is also useful in order to avoid the addition of other materials onto the
graphene, which can degrade its electrical properties. Recently, the growth of graphene
disposed in three-dimensional shapes has been exploited because this allows additional
properties to be added to the intrinsic exceptional properties of graphene —e.g., higher
surface areas and porosity — thus, increasing the potential applications for graphene.
In this chapter, we have developed an easy technique that allows the direct growth of
graphene structures in layers — two-dimensional assembly (2D) — and also in balls and
sponge-like structures —three-dimensional assembly (3D) — by a controlled modification
of the Cu catalyst density. High transparency nanostructures have been obtained over
large areas without the need to use expensive and time-consuming lithography steps.
This work is a collaboration with Corning Incorporated, and has resulted in the filing of
a Patent application and the publication of the following paper:
M. Marchena et al. (2017), "Direct growth of 2D and 3D graphene nano-structures over
large glass substrates by tuning a sacrificial Cu-template layer", 2D Mater. 4, 025088.

G raphene grown directly on dielectrics is a hot research topic due to being able

3.1. Introduction

As previously mentioned, the two-dimensional material graphene is of
great interest due to its excellent and unique properties that make it suitable for a
wide range of applications. Besides the growth of large graphene areas on flat metal
catalysts, recent studies have demonstrated the advantages of growing graphene
layers assembled into three-dimensional (3D) configurations. The great interest for
synthetizing these new structures relies on the combination of typical graphene
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properties (e.g., transparency, conductivity, flexibility, etc.) with additional ones
that are typical of 3D-materials (e.g., large effective surface areas, porosity etc.).
The added value of these novel 3D-graphene structures expands the applications
for graphene. If 3D-graphene structures are combined with other functional
materials, new surfaces can be developed for a wide variety of applications. These
include chemistry (e.g., new catalysts, membranes, filters, etc., also with
environmental applications for pollutant removal, etc. [166]), energy storage (e.g.,
supercapacitors, batteries, solar cells, etc. [167]), gas storage (e.g., CO; adsorption
[2]), gas and biological sensors, anti-glare display screens, LEDs and biotechnology
(e.g., drug delivery, tissue scaffold for 7z vitro neural stem cell growth, bionic
nanocomposites, etc.) [168—171].

The achievement of graphene structures with large surface-to-volume
ratios has been possible with the development of techniques that modify the
catalytic templates into 3D shapes. After growing graphene by the CVD method
on 3D catalysts, sometimes adding a step to etch the initial catalytic template, the
3D structures obtained are graphene spheres, tubes and networks [170,172]. Table
9 below shows part of the data related to the fabrication of state-of-the-art 3D-
graphene structures, highlighting the wide variety of catalysts that have been used,
the growth conditions and the main results. Within the possible 3D-shaped
catalysts used, the Ni foams are an example that produce high quality 3D-graphene
(3D-G) networks with excellent conductivity [171,173]. More specific catalysts are,
for example, MgO, Ni-coated pyrolyzed films, Ni scaffold structures and metallic
salts. PECVD has also been used for the production of 3D-G because vertical
oriented structures of graphene, called carbon nanowalls, are obtained when a
voltage is applied, sometimes without the need for a catalyst [174,175]. Several
works have also reported the fabrication of 3D-graphene networks treating initial
GO suspensions [167,168]. For a more complete overview of the work related to
the production of 3D-graphene structures, reviews from ref. [176—178] contain
further information.

There are two main challenges associated with the growth of 3D-G
structures, firstly, in extending the aforementioned technique to different catalyst
materials and geometries. Secondly, as with the fabrication of 2D graphene (2D-
G), there is the challenge of avoiding intermediate transfer processes, which usually
involve the etching of the metal catalyst, and the use of polymers and lithography
steps that are expensive, time consuming and can degrade the graphene properties.

In this work, we address the previous challenges and demonstrate the direct
growth of 2D-G and 3D-G structures starting from properly defined catalytic Cu
templates. The use of Cu as the catalyst simplifies the graphene growth process
and makes it compatible with the production of both types of graphene structures
(2D-G and 3D-G). Moreover, the two following considerations serve to
demonstrate the great potential of our technique for future industrialization.
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Table 9. State-of-the-att of graphene grown on 3D-catalytic templates, indicating the

process conditions and the main characteristics of the work

C‘atalyst Target Gro.vsfth Main comments Ref.
(thickness) | substrate | conditions
GO in aqueous [Graphene hydrogel. 2D-G sheets
Free- dispersion assembled to a 3D network. 168
i standing (autoclave) Conductive, mechanical and [168]
180°C, 12 h thermal stable
Au PECVD (2kV), Vertical oriented p-type [174]
50 Si/SiO;  |Patm,CH4-CoHy| graphene nanosheets (10 layers)
(50 nm) 30 s-10 min  [for gas detection (NH; and NO»)
P Graphene foams (100-600 um
Nifoam |t 5?6‘ | CVD,CH, thick and area= 374 cm?).
oA [SAAGIS DY 1000°C, High porosity (97%) and  |[171]
(1.2 mm) PDMS _ 2
- . 1 atm area=850 m°/g.
infiltration _ _
Ni etching: HCI or FeCl;
Fe reduced PS ilzﬁads CVD, 1000°C, Few-layer graphene nanoball
from FeCls COWOH_an d Hz/Ar 30 min | Area= 508 m®/g; p- doping by |[179]
solution _SOH Fe etch: HCI 6h| dipping in H:SO4 3h 120°C.
GO in water 3D network of GO, by
Free- mixed for 3h. polymerization with 167
i standing | Frozen for 24 | glutaraldehyde and resorcinol. [167]
hours Application for CO, storage
Mixed with
PMMA 12 h Graphene balls with C
Cu NPs o Cure 110°C | Graphene balls with Cu cores
Si/SiOs . inside. Graphene demonstrated |[180]
(500 nm) 10 min to prevent Cu oxidation
800-900°C, p
Hz/Ar
Ni scaffold in
Free- layers and (3D graphene porous networks in
3D-Ni |[standingby| graphenc b
ffold PDMS annealed at controllable patterns [170]
e infiltration 700°C. PMMA added
CH,, 950°C

Firstly, our technique allows the nano-structuring of the initial Cu structures using
lithography-free methods, meaning we are able to process larger areas (up to 2x2
inches) over shorter timescales. An additional advantage is that, although in this
work the Cu deposition has been performed on glass, it is also compatible with
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other target substrates. Secondly, our technique allows the direct growth of 2D-G
and 3D-G structures on the target substrate, thus avoiding additional transfer steps,
which are time consuming and risky with regard to maintaining the graphene
properties, as a consequence of the remaining residues.

In order to demonstrate the versatility of our technique, we have
investigated the growth of three different graphene structures - of varied optical,
electrical and morphological properties - by proper tailoring of the initial Cu
template. The first types of structures are 3D-graphene sponges (3D-GS), which
result from the arrangement in layers of non-aggregated Cu NPs. The second types
of structures are 3D-graphene nanoballs (3D-GB), which result from the
arrangement of isolated Cu NPs in one layer. The third types of structures are 2D-
graphene networks (2D-G), which result from the aggregation of Cu NPs into large
catalytic structures.

It is worth noting that in previous work [180], the Cu NPs used for the
production of 3D-G shapes tended to coalesce during the graphene growth, thus
making it difficult to control the size and the shape of the resulting structures.
Instead, our process allows control of the Cu NP template. In addition, we have
improved adhesion by surface treatment or by partially embedding the Cu template
in glass. The resulting high-quality graphene nanostructures present low defect
sites, high surface to volume ratios, and high optical transmission while, in some,
still preserving the electrical properties.

3.2. Sample preparation
3.2.1. Cu deposition on glass substrate

The deposition of the Cu catalyst NPs for 2D-G and 3D-G production has
been carried out at Corning Incorporated.

Fused silica substrates from Corning Inc. (High Purity Fused Silica,
HPFS®), 2x2 inches in size, have been used in this work as the target substrates.
For a proper deposition and adhesion of the Cu NPs to the glass surface, the latter
needs to be highly cleaned with contact angles below 5 degrees. To achieve this,
the following cleaning procedure is performed. The glass slides are soaked in
Semiclean™ KG solution at 70°C in an ultrasound wash, subsequently rinsing
them in ultrasound with DI water. After drying the substrates in air at 80°C, it is
necessary to perform a plasma cleaning step (March PM-100, Nordson) at 50 W
for 3 minutes, using an O/Ar (50/50) mix to ensure the removal of any residues
left on the surface following the washing or storage steps.

For the production of all graphene structures, Cu has to be firstly deposited
onto the substrate. This is discussed below, differentiating the Cu deposition for
3D-GB and 2D-G production, where the Cu belongs to a solution of CuO NPs,
and for 3D-GS production, where the Cu is evaporated from a Cu foil.
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Specifically, for the growth of 3D-GB and 2D-G, the Cu has been
deposited using a copper (II) oxide (CuO) suspension in water (Nanophase
Technologies or Alpha Aesar, 46.8%) onto cleaned glass with a primary particle
size of 17-23 nm. The cleaning process, the concentration of the CuO solution and
the dip-coating parameters (withdrawal speed and immersion time) allow the
control of the particle deposition, the Cu NP density and aggregate size. The CuO
dispersion is initially mixed and sonicated for 10 minutes while the clean substrates
are located inside a dipping vessel. The deposition of CuO NPs on the glass has
been carried out using varying concentrations (1-10 wt. %) by diluting the stock
solution and withdrawal dip speed at 224 mm/min without additional modification
of the solution. The use of high concentrations of CuO have resulted in multilayer
coatings while lower concentrations have promoted the deposition of a
discontinuous coating — island type for 3D-GB production — with few layers of
particles in some regions.

However, for the 2D-G production, we have observed that the increase in
the number of runs at a lower withdrawal speed dip (50-150 mm/min) leads to an
increase in particle density without the addition of CuO multilayers. In this specific
case, we have increased the adhesion of the CuO NPs to the fused silica by
embedding the particles in the glass. For this purpose, a Vulcan furnace was used
to run various temperature profiles from 850 to 1100°C in air, where 975°C for 1
hour proved to be the optimum conditions for particle adhesion. For the 3D-G
and 2D-G productions, after the complete deposition of the CuO NPs a reduction
step is performed inside an oven or CVD at 600°C, for one hour or longer, in order
to activate the catalyst to the Cu(0) state. If the oxide has not been totally removed,
the catalyst will lose its efficiency, leading to the growth of poorer graphene in
terms of quality and coverage. The achievement of a complete reduction in CuO
NPs to Cu(0) can be confirmed with the spectrophotometer because the reduced
Cu(0) NPs have a plasmon resonance at 586-590 nm in the absorption spectra. The
ability to carry out the previous reduction step iz situ with the graphene growth in
a CVD reactor helps to reduce the sample handling and processing steps.

For 3D-GS, the Cu is thermally evaporated from a Cu foil (Sigma Aldrich,
25 um thickness) onto the top of the fused silica slides. The samples are placed
inside a quartz tube (Figure 28) or CVD equipment at vacuum (5:10” mbar) and
1100°C. Initially, we perform an optimization of the temperature gradient along
the quartz reactor to control the evaporation dynamics on the samples. While the
Cu folil is located at the center of the quartz tube (area 2 in Figure 28) at a mean
temperature of 1100°C, the fused silica samples are at the extremity of the chamber
(areas 1 and 3 in Figure 28), where the temperature changes. The temperature
gradients observed in the extreme parts of the oven have an effect on the deposited
Cu NPs on the fused silica by modifying the particle diameters. The controlled
and accurate modification of the Cu NP sizes is of great interest because it allows
the production of 3D-GS structures of varied sizes. In the specific case of the
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results that have been included in this work, after locating the Cu foil in the center
of the quartz tube, the fused silica samples are approximately six inches away —
areas 1 and 3 — with mean temperatures of 250°C and Cu NPs with mean diameters
(@) of 30 nm. Although at the highest temperatures for graphene growth (around
900°C) Cu NPs tend to agglomerate, we have observed differences in the resulting
3D-GS structures depending on the diameters of the initial Cu NPs. Further work
should be devoted to the improvement of the deposition of Cu NPs with more
accurate control over the size of the synthetized Cu NPs.

Quartz reactor Sample Cufoil Oven Sample
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Figure 28. (a) Scheme of the quartz tube used for the deposition of Cu NPs for the CVD
production of 3D-GS, indicating the location of the fused silica samples (areas 1 and 3)
and the Cu foil (area 2, center of the tube). (b) Experimental data of the temperature profile
along the inside of the quartz tube. Areas 1-3 are highlighted, indicating the profile
temperatures corresponding to the areas where the Cu foil and substrates are located.

In sections 3.2.2. Graphene growth on Cu NPs by CVD and 3.2.3. Cu
removal from graphene structures, we will comment on the growth of graphene
on the previously deposited Cu NPs with the addition of a fast step to remove the
Cu. Figure 29 (a) below shows an optical image of a sample where Cu NPs have
been evaporated from the Cu foil onto the fused silica. A color gradient can be
observed as a consequence of the temperature gradient inside the chamber, which
modifies the diameter of the Cu NPs. After the Cu removal shown in (b), the same
gradient is observed in the 3D-GS structures that remain on the fused silica surface.
Larger diameters and more layers will lead to the growth of bigger and multilayered
3D-GS that will decrease the optical transmission of the samples.
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Figure 29. Example of gradient color samples for 3D-GS production, which is associated
with different sized Cu NPs when the sample is subjected to different temperatures within
the quartz tube. (a) Cu NPs are deposited on fused silica after the evaporation from a Cu
foil. (b) Same after graphene growth and Cu removal at high temperatures.

3.2.2. Graphene growth on Cu NPs by CVD

For the production of 3D-GB and 2D-G, the graphene has been grown
using the same CVD equipment as in Chapter 2 for the direct growth of graphene
on dielectrics (Black Magic 4-inch, AIXTRON) at CH4:H, (1:4), 1000°C, 25 mbar
and 30 minutes. For the production of 3D-GS, the growth has been carried out at
Corning Incorporated using the CVD equipment from Figure 28 above at C;Ha:H»
(1:0, 1:2, and 1:4, for 3D-GS), 900°C, 0.2 mbar and 30 minutes. The heating rate is
50-75°C/min for both CVD treatments.

3.2.3. Cu removal from graphene structures

After the graphene growth, it is necessary to remove the catalyst for further
characterization of the samples and in order to achieve high optical transmittances.
Because wet etching and thermal etching have been previously demonstrated to
successfully remove the catalyst, we have implemented both types without the need
to add any polymer for graphene protection. The Cu NPs used for the production
of 2D-G and 3D-GS have been sublimated at 1100°C under Ar/H, for 10 minutes,
whereas the Cu NPs used for the production of 3D-GB have been removed by
wet etching using diluted ammonium persulfate for 10 minutes.

The synthesis of 3D and 2D graphene structures (3D-GB, 3D-GS and 2D-
G), using Cu as a common catalyst for all structures, is illustrated in Figure 30. The
growth procedure consists of three steps: the Cu pre-patterning by dip-coating of
CuO particles on the substrate or by thermal evaporation of Cu from a Cu foil (see
section 3.2.1. Cu deposition on glass substrate for more details), the CVD graphene
growth on the catalyst, and the removal of the Cu NPs by a fast-wet etching or
sublimation.
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In the following section, we present the characterization results and main
properties for the 3D- and 2D-graphene structures obtained in this work using the
previously described procedures.

3.3. Characterization results for graphene assembled into 2D-
and 3D-structures

3.3.1. Graphene assembled into a 3D ball structure (3D-GB)

The production of the 3D-GB structures requires a systematic control of
the initial Cu template before performing the graphene growth. This is detailed in
section 3.2.1. Cu deposition on glass substrate above. Figure 31 (a-b) shows top
and 30° SEM pictures of the Cu NPs after deposition and subsequent H» reduction.
It can be observed that the Cu NPs are spread over the surface, presenting a
distribution similar to that in solution and, contrary to previous work [180], without
large aggregation. After Cu NPs deposition and reduction, the graphene growth
starts once the reaction temperature is achieved and the CHj is injected into the
chamber. Figure 31 (b-c) shows the 30° tilted view of the Cu NPs before and after
graphene deposition, respectively. One can observe the morphological changes,
with the particles reducing their surface contact angles by getting closer to each
other and the graphene growing in between. In order to evaluate the transparency
and quality of the graphene grown on Cu NPs, the sample is dipped in a diluted
ammonium persulfate solution to etch the Cu. The resulting 3D-GBs are shown in
the SEM picture in Figure 31 (d), presenting diameters similar to those of the
original Cu NPs in (a).

We have performed Raman mappings in Figure 32 (a-b) in order to obtain
statistics of the quality and coverage of 3D-GBs over 20x20 um” areas. The limited
spot size of our Raman laser — 764 nm being the spot size for the 100X lens used
— means that it is not possible to distinguish individually each 3D-GB shape.
However, both maps confirm the homogeneous distribution of 3D-GBs over the
sample.
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a Cu pre-patterning b CVD graphene growth C Cuthermal/wet etching

* Dip-coating of CuO particles 7.5-25 mbar
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Figure 30. Fabrication of 3D- and 2D-graphene structures. (a) Cu template formation on the substrate by CuO particle dip-coating or by
thermal evaporation from a Cu foil. Pictures on the right side show the final Cu structures on the substrate: isolated, large Cu NPs

embedded in glass or multilayer Cu NPs. (b) CVD growth of graphene on the Cu template. (¢) Removal of residual Cu by wet etching or
thermal sublimation.
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Figure 31. Characterization of the 3D-GB structure from the initial state where Cu NPs
are deposited on glass until the final stage when they are removed. (a) SEM image of the
Cu NPs deposited on glass after the reduction process with Ho. (b-¢) SEM at 30° of the
deposited Cu NPs without and with graphene, respectively. The particle profile in (c) is
smoother due to the change in the NPs and the graphene coverage. (d) 3D-GBs after Cu
removal with ammonium persulfate. (¢) Raman spectrum of 3D-GBs where the three
graphene peaks appear (D, G and 2D, and an additional D’ related to structural defects).
(f) Statistical distribution of the Raman I»p/I peak ratio over an area of 20x20 um?, with
an average value of 2.25 (6=0.33). The average value of the Ip/Ig is 1.32 (6=0.21). (g)
Transmittance spectra of (from bottom to top) the Cu NPs deposited on glass after Ha
reduction, Cu NPs with graphene, 3D-GBs after Cu NPs removal and the bare substrate.
Scale bar: 200 nm.

Figure 31 (e) shows a Raman spectrum extracted from the map, which
corresponds to a 3D-GB structure, where the three typical graphene peaks (D, G
and 2D, at 1350, 1580 and 2700 cm ™, respectively) can be cleartly distinguished.
For further details about Raman characterization, see Chapter 1, section 1.2.
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Characterization techniques. In addition, Figure 31 (f) shows a Gaussian
distribution of the ratio between the peaks 2D and G (I.n/1c), with 2.25 being the
mean value in a representative area of the sample. The previously mentioned high
ratio confirms that 3D-GB structures are monolayer graphene. It is important to
note that the graphene structures are less defective than those found in previous
literature, where a high D peak value is reported [179,180]. In our case, it is worth
also commenting that a tiny D’ peak is present on the right side of the G peak due
to structural defects, which would explain the complete removal of the Cu NPs
when the etchant is added, thus allowing the contact between Cu-etchant [181].

Figure 32. Raman mapping of 20x20 pm? measuring samples with 3D-GBs on glass: (a)
Lp/Ic ratio with an average value of 2.25, and (b) Ip/I ratio with an average value of
1.32. Scale bat: 5 pm.

For a complete characterization, Figure 31 (g) shows the evolution of the
transmittance measurements through the different fabrication steps for the 3D-
GBs. It can be observed that the initial Cu NPs (bottom red line) produce a strong
plasmonic dip in the transmission, which explains the pale red color of the samples,
while the high transmission in the near-infrared is expected as in that region the
wavelength becomes much larger than the particle size. The growth of the
graphene (green line) increases the transmission slightly, which is mainly due to the
rearrangement in size and surface distribution of the Cu NPs. As expected, the
most dramatic transmission change occurs after the Cu wet etching (blue line). The
final 3D-GB structures show very little absorption with respect to the initial fused
silica substrate (top black line) with a 90% transmittance at 550 nm. If a reflection
of 7% 1is considered, which was measured with the spectrophotometer, the
corresponding absorption value is approximately 3%, which is very close to the
theoretical absorption of the graphene monolayer, i.e., 2.3%. In addition to the
transmittance measurements, an EDX has also been performed to corroborate the
total removal of the Cu NPs. Figure 33 (a) shows the elements detected when the
EDX is performed on points 1 and 2 (Cu NPs with graphene), and on point 3
which corresponds to the fused silica surface. The results when the Cu NPs are
measured — points 1 and 2 — show a Cu percentage between 40 and 60%, Si and O
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belonging to the fused silica substrate (SiO»), and carbon detection from the
graphene with possible organic residues. However, when the glass surface is
measured, only Si, O and carbon residues are detected. After the Cu NPs are
removed with ammonium persulfate, as shown in Figure 33 (b), again three points
are evaluated, where two correspond to the 3D-GBs (points 1 and 2) and one is
measured on the fused silica surface (point 3). The results show a negligible
detection of Cu when measuring on the 3D-GB substrates with almost constant
percentages of carbon, Si and O, which are related to graphene and fused silica
substrates, respectively.
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Figure 33. SEM and EDX characterization at 5kV of (a) Cu NPs that are covered with

graphene, and (b) 3D-GBs that have been deposited on glass after performing a wet
etching of Cu. The areas denoted by numbers in both SEM images correspond to the areas
where EDX analysis has been performed. Points 1 and 2 have been measured on graphene
deposited on Cu NPs in (a), and on Cu-etched 3D-GBs in (b). Point 3 corresponds to the
fused silica substrate in both cases. After Cu etching in (b), no traces of Cu are detected,
which is translated into the fabrication of catalytic-free 3D-GBs, and also a constant signal
of SiOz. An UTMF coating of Ir has been added to enhance the contrast of the SEM
images. Scale bar: 1 pm.
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Thus, the growth of monolayer and catalytic-free 3D-GB structures can be
confirmed. It should be mentioned that a thin layer of iridium has been added as a
coating conductive layer to improve the quality of the SEM images. This promotes
the detection of a very low percentage of iridium in both cases. Due to the fact that
the 3D-GBs are isolated and the substrate is not electrically conductive, the Rs
cannot be measured.

The large surface to volume ratios of the 3D-GBs make them suitable for
a variety of applications, such as supercapacitors, electrochemistry and catalysis by
surface functionalization. Moreover, the electron confinement associated with the
nanoballs could also produce localized surface plasmon resonances (LSPRs), which
would be very interesting for chemical and biochemical sensing [128]. We have not
observed these as they are only expected at large wavelengths - in the mid infrared
region - and require graphene doping beyond the intrinsic levels. In the future, we
plan to electrically gate the nanoballs by, for example, adding an additional
graphene layer to create a common electrical contact and thereby obtain the doping
level required to observe the LSPRs.

3.3.2. Graphene assembled into a 3D sponge structure (3D-GS)

3D-GS can meet the requirements of large-scale applications in terms of
high quality, uniformity, transparency and conductivity. As previously noted, an
accurate control over the evaporation time and the location of the sample within
the quartz tube allow the size of the resulting Cu NPs to be tailored. Figure 34 (a)
shows the Cu NPs evaporated on fused silica with a narrow size distribution
centered at a diameter of 30 nm and a height of 75 nm — see the SEM cross-section
in Figure 35 (a). The increase in temperature up to 900°C (the reaction temperature
for graphene growth) leads to the sintering of particles with larger diameters. This
can be observed in Figure 34 (b), where the sample has been taken out of the CVD
chamber at 800°C, before the graphene growth process. The Cu NPs obtained at
this intermediate temperature have mean diameters of 150 nm and heights of up
to 200 nm, as can be seen in Figure 35 (b). After the graphene is grown on top of
the Cu NPs at 900°C, the temperature is increased to 1100°C for 30 minutes to
sublimate the Cu. The resulting 3D-GS structures, with a sponge finger-like
structure, remain on the glass surface as shown in the top and cross-section SEM
images in Figure 34 (c) and Figure 35 (c), respectively. The thickness has decreased
slightly due to the removal of the Cu from the inside, making the structures more
compact. The performance of EDX on the 3D-GS in Figure 35 (d) confirms the
detection of Si and O from the substrate, and carbon from the graphene. However,
no trace of Cu is detected, thus confirming that the 3D-GS structures are catalytic-
free after the whole process.
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Figure 34. Characterization of 3D-GS structures and their catalytic Cu NPs. (a-¢) SEM
images of Cu NPs evaporated and deposited at 250°C. (b) Same Cu NPs after being
heated to 800°C, showing an increase in diameter due to the sintering of particles. (c) 3D-
GS on fused silica after growing graphene by CVD at 900°C for 30 minutes and the
consequent thermal sublimation of Cu at 1100°C for 30 minutes. (d) Raman spectrum of
the 3D-GS where the three graphene peaks are clearly distinguished (D, G and 2D). (e)
Distribution of Iop/I¢ extracted from the Raman mapping in (f), with an average value
of 0.55 (6=0.03). For Ip/I¢ ratio, the average value was 0.80 (6=0.05). (f) Raman mapping
over 20x20 pm? area showing the Iop and the continuity of the 3D-GS. Scale bar: 200 nm.

The performance of Raman mapping on these structures is also needed to
confirm the successful growth in terms of quality and coverage. Figure 34 (d) shows
a representative Raman spectrum of 3D-GS where the three graphene peaks can
be observed. Moreover, the high D peak reveals the presence of structural defects
in the 3D-GS, which could be caused by the Cu sublimation. Figure 34 (e) shows
the corresponding Gaussian distribution of Ip/Ic extracted from the map in (f),
where the center and mean value corresponds to 0.5. The decrease in the previous
ratio can be explained by the presence of few-layer graphene as the initial Cu NPs
are closely packed and stacked in layers. The plot of the intensity of the 2D peak
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Lop in Figure 34 (f) shows the continuity and homogeneity of the graphene over the
whole area.

a

Cu NPs, T=250°C

Cu NPs, T=800°C

Figure 35. (a-c) SEM cross section images: (a) Cu NPs evaporated on fused silica at
temperatures of 250°C, with mean diameters of 30 nm and thicknesses of 75 nm. (b) Same
Cu NPs after being heated to 800°C, showing particle sintering with mean diameters of
150 nm and thicknesses of 186 nm. (c) 3D-GS obtained after sublimating Cu NPs at
1100°C for 30 minutes, with slightly lower thickness after Cu removal as the graphene
structures are more compact. (d) EDX performed on 3D-GS, showing the contributions
of the fused silica substrate (Si and O peaks), the graphene (C peak), and a negligible Cu
peak, which demonstrates the growth of catalytic-free 3D-GS. Scale bar: 200 nm.

Finally, a very interesting consequence of the overlapping of the different
layers forming the 3D-GS is the electrical conductivity. Several tests have
demonstrated that the Rs of 3D-GS can be tuned from 1 to 20 k€2/sq. by modifying
the initial Cu NPs thicknesses, morphology and CVD conditions. We provide
evidence of these variations when exposing the initial Cu NPs to the conditions
described in Table 11 (section 3.5. Additional information). As can be observed in
the results, the optical transmittance and the Rs are closely related, the Rs typically
being higher for the most transparent samples. This can be observed in Figure 39
where the spectra of three samples has been plotted. The structures that have been
discussed in this work have been obtained at C,HxH, 1:1, which gives
transmittance values of 47-70% at 2-5 kQ/sq. Further work needs to be cartied
out in order to understand the change in transmittance (up to 80%) and Rs variation
(from 3 to 20 kQ/sq.) when the gas ratio is modified.
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3.3.3. Two-dimensional graphene (2D-G)

The modification of the initial Cu template has allowed us to promote the
growth of graphene into a flat layer — two-dimensional shape — using almost the
same process conditions as those described above for the production of 3D-GBs.
The increase in the dip- coating steps of the CuO particles on glass and their
consequent reduction under H; has resulted in the large Cu isolated motifs shown
in Figure 36 (a).
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Figure 36. Characterization of the 2D-G structure. (a) SEM image of Cu NPs embedded
in glass before the graphene deposition. (b-c) Top and cross-section SEM of graphene
after the sublimation of Cu NPs. (d) Raman spectrum of the 2D-G where the three
graphene peaks are clearly distinguished (D, G and 2D). (¢) Raman distribution of the
Lp/I¢ ratio with an average value of 1.13 (6=0.41) over an area of 20x20 um?. For In/Ic
ratio the average value is 0.79 (6=0.16). (f) Transmittance measurements of (from bottom
to top) the embedded Cu NPs, 2D-G after the Cu sublimation at 1100°C and the bare
substrate. Scale bar: 200 nm.
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The thicknesses of these structures are approximately 300 nm, as is revealed
by the SEM cross-section images in Figure 38 (a). In this case, due to larger areas
of Cu being exposed for graphene growth, we want to prevent their evaporation
when the temperature is raised to 1000°C. To this end, we have performed a
thermal treatment as described in section 3.2.1. Cu deposition on glass substrate in
order to embed the Cu NPs in the glass. After this, the graphene is grown on top
of the Cu NPs at 1000°C, and once this step is finished, Cu sublimation is
performed for 30 minutes at 1100°C. The resulting structure is a flat 2D-G
network, which is shown in the top and cross-section SEM images in Figure 36 (b-
©), respectively. The slight curvature of the fused silica substrate in (c) confirms the
successful embedding of the Cu NPs. In addition, Raman mapping characterization
in Figure 36 (d-¢) show the corresponding Raman spectrum of the 2D-G structure
— extracted from the maps of Figure 37 — and a Gaussian distribution for the Lop/Ic
ratio, with 1.13 being the average value. The low D peak confirms the high quality
of the material. The full maps, which denote a homogeneous distribution of the
2D network, are shown in Figure 37 (a-b).

Figure 37. Raman mapping of 20x20 um? area for 2D-G structures: (a) Iop/Ic ratio with
an average value of 1.13 and (b) Ip/I¢ ratio with an average value of 0.79. Scale bat: 5 um.

The optical transmittances of the samples during the whole process have
been measured. Figure 36 (f) shows the spectra of (from bottom to the top) the Cu
NPs before graphene growth by CVD, the 2D-G structure after Cu sublimation
and the measurement of the bare fused silica. Values of up to 90% (at 550 nm
wavelength) have been observed, which are very close to those for the fused silica.
EDX characterization in Figure 38 (b) has confirmed that the high optical
transmittance is due to a complete removal of the Cu template. This is
demonstrated by comparing the EDX results performed on the initial Cu template
- which is shown in the SEM cross-section in Figure 38 (a) - with the resulting 2D-
G structure shown in the SEM image in Figure 38 (b). While in the first case, an
intense peak of Cu is detected, the measurement of the 2D-G structure does not
show any trace of Cu, which is promising for a wide range of applications, such as
transparent electrodes and interfacial layers.
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[ 3%
Figure 38. SEM images of (a) Cu NPs evaporated on fused silica, and (b) 2D-G structures
after Cu sublimation, respectively. EDX measurements at 15 kV have been performed on
(a) the evaporated Cu NPs on the fused silica, and on (b) the 2D-G structure and the fused
silica substrate (top and bottom EDX measurements, respectively). EDX confirms the
catalytic-free nature of 2D-G structures by negligible detection of Cu in (b). Scale bar: 200
nm.

Regarding the electrical measurements, the Rs of the 2D network cannot
be measured as it is not possible to back-gate the dielectric substrate. Future work
could contemplate the gating of the graphene nanostructures by using Si/SiO; as
the initial substrate.

Finally, Table 10 below gives a summary of the main differences between
the three types of structures discussed in this chapter, highlighting the type of Cu
NPs deposited, the growth processing conditions and the main results obtained by
Raman, transmittance and Rs.
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Table 10. Summary of the main properties related to 2D- and 3D-graphene structures
developed by CVD technique tuning the Cu template catalyst.

) Graphene structure
Properties
3D-GB 3D-GS 2D-G
Catalyst Isolated Cu NPs Layered Cu NPs Large Cu NPs
Graphene 1000°C, 30 min, 900°C, 30 min, 1000°C, 30 min,
Growth CH4H, (1:4) C.HaxH, (1:1) CHyHs (1:4)
Ln/Ic (o) 2.25(0.33) 0.55 (0.03) 1.13 (0.41)
In/Ic (o) 1.32 (0.21) 0.80 (0.05) 0.79 (0.16)
Tr, (%) 91.2 46.5 92.2
Rs (kQ/sq.) - 2.2 -

(*) The Rs cannot be measured because the structures are isolated, i.e., not continuous over the
dielectric.

3.4. Conclusion

By moditying the shape of copper nano-particles, we have demonstrated a
new technique for growing graphene structures assembled into three-dimensional
shapes and as a flat layer. A wide range of morphologies, with high surface to
volume ratios, have been produced, from sponge-like to nanoball and conformal
graphene structures. The properties of these novel structures combine high quality
structural characteristics with high optical transparency. These may find important
application in anti-glare display screens, solar cells, light-emitting diodes, gas and
biological plasmonic sensors.
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3.5. Additional information

Table 11. Variation of CVD conditions for the production of 3D-
GS structures of different Rs and transmittance values (the
shadowed rows are the samples for which the transmittance
spectra are shown in Figure 12)

Gas T P t Rs TTI;riSO
composition| (°C) | (Torr) [(min)|(k€/sq.) %)
()
900 0.1 30 2.2 46.6
1000 0.1 30 9.6 77.4
1000 0.1 60 10.7 80.3
C:H:
1100 0.1 30 2.9 67.6
1100 0.1 30 2.6 71.7
1100 0.1 60 17.3 86.1
900 0.2 30 2.2 46.5
1000 0.2 30 1.8 52.1
Csz:Hz 1.1
1000 0.2 30 3.42 47.7
1100 0.2 30 4.6 69
1000 0.3 30 7.4 69.5
Csz:Hz 1.2
1000 0.3 30 11.8 69.9
C,H,:H, 1:4 1000 0.5 30 30.5 68.2
1000 0.5 60 27.4 81.9
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Figure 39. Optical measurements performed on three different
samples included in Table 11.




Graphene dry transfer using polyimide
as an intermediate layer

currently under research, the most controllable technique nowadays is the use

of Cu foils as catalytic templates. For the unique properties of graphene to be
fully utilized, it must be transferable to a wide variety of substrates. To this end, several
procedures have been developed, with wet etching by PMMA being the most
standardized. However, dry transfer procedures represent a breakthrough with regard
to reducing the processing times, waste and material consumption (by Cu recycling),
and the residues left by PMMA on the graphene. Our approach involves the use of a
chemically and thermally stable, light material such as polyimide, as an intermediate
thin layer between the target substrate and the graphene to allow its mechanical
peeling from the Cu. As a result, a transparent graphene device on a rigid and flexible
substrate is obtained, stable up to 350°C and in aqueous media. The easy, fast and
scalable method used here, using current industrial technology, demonstrates its
feasibility for device fabrication.
This work has been partially developed during an internship at Corning Incorporated,
which has resulted in the filing of a patent application and the following publication:
M. Marchena et al. (2018), “Dry transfer of graphene to dielectrics and flexible
substrates using polyimide as a transparent and stable intermediate layer”, 2D
Materials.

Q [though the direct growth of graphene on dielectrics is a very ambitious target

4.1. Introduction

As previously explained in Chapter 1, (section 1.1.5. Graphene transfer), in
order to exploit graphene properties in applications, it needs to be transferrable to
a wide range of substrates. To this end, several techniques have been developed,
depending on the graphene synthesis route. In our case, we focus on that
developed for transferring CVD graphene on Cu catalytic templates. Although the
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direct growth of graphene is an important research topic, and also one of the
objectives of this thesis because it pursues a complete removal of additional
transfer steps, to date the highest controlled quality of graphene has been achieved
by CVD on Cu foils.

In particular, the most standardized transfer method is the wet transfer
technique, typically using PMMA as a protective graphene layer while the Cu is
etched using a chemical solution [39,86,88]. However, besides the fact that this
technique is time consuming and involves the waste of Cu foils at each run of
graphene growth, the main issue is that after PMMA removal by organic solvents,
residues are very difficult to remove, thus causing degradation to the graphene
electrical properties [96,182]. To solve this issue, additional annealing steps at 200-
350°C for 3 hours are performed on the graphene devices in order to remove
PMMA residues and improve the mobility. The work by L. Gammelgaard ez al.
reported in ref. [97] is of great interest as the PMMA and heat contribution to the
electrical properties of the graphene have been measured using back-gating at each
fabrication step. They observed hysteresis in the electrical measurement, possibly
due to adsorbed water molecules below and on top of the graphene after
fabrication. They also observed an increase in the charge neutrality point (Vi) of
approximately 9V after venting the chamber, an increase of 16V when the device
was baked in ambient air, and a decrease of almost 14V when the device was
annealed in N, at 250°C. The positive vatiation V¢ corresponds to an increase in
p-type graphene doping where, consequently, the graphene mobility decreases.
They attributed this behavior to the interplay between the contamination of the
graphene surface and its mechanical conformation to the substrate. The particles
adsorbed into the graphene (mainly oxygen and water, both inducing a strong p-
doping) increased the ns with a consequent un degradation. In addition, they also
found that the graphene conformation to the substrate was enhanced by heat,
which increased the contact and the reactivity between the graphene and the
oxygen molecules, leading to an increase in the nsand uu degradation. The substrate
and water effects on the graphene were controlled by the use of hydrophobic
coatings on the target substrate. They also demonstrated that graphene interaction
with air at temperatures above 200°C leads to an irreversible degradation of the
electrical properties, due to high reactivity to oxygen.

More recently, in the work by W. Choi e a/. reported in ref. [98], by
removing PMMA residues mechanically with an AFM tip in contact mode under a
normal force of 20 nN, they have demonstrated how these residues contribute to
the p-doping of graphene. They observed that after mechanical cleaning was
performed on the graphene surface, the Ve moved from 21-33V toward lower gate
voltages, thus increasing the graphene pp by approximately 200 cm®/V-s.

In order to solve the previously mentioned issues related to PMMA
residues, two main alternatives have been considered. The first one is known as
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“hydrophobic transfer” [5], where the graphene on the Cu folil is slightly pressed
onto a substrate covered with a hydrophobic coating. Since graphene is also
intrinsically hydrophobic, it remains attached to the substrate during the Cu etching
procedure in a polar liquid. The three main issues related to this technique are the
introduction of air bubbles between the Cu foil and the etchant (leading to
graphene breakage or the removal of the Cu being unsuccessful), the induction of
doping due to the long exposures between the graphene and the etchant, and the
Cu foil wastage.

The second technique is known as graphene “dry transfer”, which consists
of the transfer of the graphene from the Cu foil to the target substrate with the
advantage of Cu recycling for a future growth catalyst. In previous works, Yoon ez
al. [183] demonstrated for the first time the mechanical peeling of graphene from
Cu with the calculation of the adhesion energies between the graphene and the Cu.
Na e al. [184] continued the study, using a similar custom set-up with the
optimization of the separation speed, allowing the transfer a graphene layer of good
quality and avoiding cracks. The graphene was peeled from the Cu where it was
located between two Si slides covered with epoxy adhesives of approximately 20
um thickness and low thermal resistance. A more recent example developed by our
group consisted of the mechanical peeling of graphene from Cu using a flexible,
light and chemically stable material such as polyimide (PI), where the adhesion
strength between suitably cured PI-graphene is higher than that between graphene-
Cu, thus making possible the graphene detachment [185]. Further examples include
the use of UV light for graphene transfer to an ultraviolet adhesive on PET
[186,187], and the transfer of graphene between two polymeric films using a hot
press [188].

In this work, we have considered the strong adhesion of graphene to PI
[185], specifically for a particular type of polyimide called VIEC®, with good
propetties in terms of high thermal stability up to 500°C, and good mechanical and
chemical stability at high temperatures. Additionally, they are flexible and robust
after at least three thermal cycles up to 400°C and have low solubility in common
organic solvents. All of these properties have made them suitable for incorporation
in industry in high temperature applications, such as enamel coatings for wires
[189]. We propose the direct dry transfer of graphene from the Cu foil to rigid and
flexible substrates, such as glass and PET, using PI as a thin intermediate layer
between the graphene and the substrate. This is possible to achieve by exploiting
the high adhesion energies between the graphene and the PET, between the
graphene and the surface modified glass, and between the PI and the graphene. In
order for the process to be successful on glass, an adhesion promoter (3-
aminopropyltrimethoxysilane, APTMS) is added to the PI precursor solution, thus
increasing the glass to PI adhesion and avoiding its detachment when applying
force for the Cu mechanical peeling. This allows us to produce three types of
samples: graphene on PI by detaching it from the glass when the adhesion
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promoter is not added, graphene strongly attached to PI/glass when the adhesion
promoter is added, and graphene on PET with PI as an intermediate layer.

Our technique, when compared to existing work, is the first step towards
making a substrate ready for device fabrication. The use of a thin polyimide layer
as an intermediate adhesive layer leads to a structure that is transparent, thermally
stable up to 350°C and free of polymer residue on the device side of the graphene
— a great advantage compared to the PMMA residues left by the wet transfer. In
addition, our technique is easy to handle, faster than previous techniques with a
reduction in curing times, and less complicated, as we use industrial equipment (a
hot press and a laminator). It also demonstrates a high interfacial stability in
aqueous media. Moreover, although our work is based on a specific polyimide
(VIEC), we also provide initial results using polyamic acid (PAA), which
demonstrates that our technique is not limited to one specific material. All these
achievements represent a feasible process that enables device fabrication.

4.2. Sample preparation

4.2.1. Graphene on Cu foil

The graphene has been grown on a smooth Cu foil of 18 um thickness
(Taiwan Copper Foil Co. LTD) using CVD (Black Magic 4-inch, AIXTRON)
under the following conditions: CH4:Ho (1:4), 25 mbar and 10 minutes. Prior to the
graphene growth, the Cu foil needs to be cleaned by rinsing it in organic solvents
and deionized water (acetone: isopropyl alcohol: H>O, 2 minutes each), and finally
in 0.1 M aqueous acetic acid (CH;COOH) for 2 minutes to remove the oxides that
have formed on the Cu foil surface. After that, the Cu foil is placed inside the CVD
chamber and is heated at 50°C-min™"' from room temperature to 1000°C under an
Ar/H, flow. Before initiating the growth of the graphene, the temperature is held
at 1000°C for 15 minutes to anneal the foil, thus increasing its crystallinity and
grain size, which has been determined to improve the graphene quality [62]. The
graphene transferred from this Cu foil will be referred to as “Gr 17 in the following
sections. For the graphene transfer using the laminator, previous Gr 1 and a
commercial one will be used (Graphenea, 18 um foil), which will be referred as
“Gr 2.

4.2.2. Polyimide

This work is based on the use of polyimide VIEC-080-051 (Richard Blaine
International, Inc. [RBI, Inc.]) as the intermediate material to detach the graphene
from the Cu foil. The VTEC is received as a solution of the PAA precursor in
N-methyl-2-pyrrolidone (NMP), which means that the solution is not polyimide
itself. An additional thermal step is required to transform the PAA into PI, also
known as “curing” of the polymer, which will occur at a certain curing temperature
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(T¢). This will be widely explained in the following sections. The specific structure
for the VIEC polymer is RBI, Inc. proprietary information. As mentioned at the
beginning of the chapter, experiments are currently being performed at Corning
Incorporated using another PAA precursor instead of VIEC (PAA-431176 from
Sigma Aldrich), thus demonstrating that the technique is not limited to one unique
material.

4.2.3. Polyimide deposition on the target substrate

The target substrates chosen for this work are Corning® EAGLE XG®
glass (Corning Incorporated), of 1 mm thickness, as an example of rigid substrates
able to withstand temperatures of up to 675°C, and PET slides (Goodfellow Inc.)
of 125 pm thickness, as an example of flexible substrates that can withstand
temperatures up to 250°C. Both substrates are diced into 2x2 inch dimensions and
cleaned using acetone and isopropyl alcohol, followed by O,/Ar (50:50) plasma
cleaning at 50 W for 3 minutes. The cleanliness of the glass is checked with contact
angle measurements, assuming good cleaning for contact angles below 5 degrees.
As previously discussed, to prepare the samples on glass, an adhesion promoter
needs to be added to the VIEC. A mixture of VIEC-080-051 and APTMS,
maprvs= 0.5%wt. X mp; or “as-received” VIEC-080-051 are spin coated at room
temperature at 3000 rpm, for 1 minute, on the glass and the PET, respectively.
After the spin coating step, the samples need to be pre-dried inside an oven at
temperatures from 40-80°C for 15 minutes to remove initial volatiles that can
interfere with the graphene transfer.

4.2.4. Graphene transfer step

Two types of industrial equipment — a hot press and a laminator — are used
for the graphene transfer, to demonstrate the feasibility of scale-up and of roll-to-
roll processing. Both types are shown in Figure 40, and are also described in detail
below.

Hot press

The graphene dry transfer to glass is performed using an industrial hot press
(Wabash MPI, GENESIS Hydraulic 30 ton press) at 150°C. The pressure (Pgp)) is
modified in this study from 25-350 psi, with 150-300 psi being the optimum range
at which a proper transfer is obtained. During the transfer step, the samples are
under temperature and pressure for 10 minutes. In order to achieve a constant Pp)
distribution over the whole area to prevent defects and discontinuous areas on the
transferred graphene, it is important to add a silicone rubber sheet on top of the
sample.
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Laminator

The graphene dry transfer to glass and PET is performed using a commercial
laminator to simulate a roll-to-roll process (Catena 65, GBC). The pressure is
modified by changing the distance (Ax) from 0.038 mm to 2 mm, which by a
previous calibration would correspond approximately to a range between 6 and
100 psi, being the maximum pressure applied at the minimum Ax. During the
transfer step, the samples are placed several times between the silicone rollers at
low speed, with 12 and 6 being the optimum number of cycles for a proper
graphene transfer to glass and PET, respectively. Regarding the optimum
conditions for the laminator, the transfer is performed at 140°C, with the Ax
between 1 and 2 mm for the transfer to glass and between 0.038 and 1 mm for the
transfer to PET.
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Figure 40. (a) Commercial industrial hot press (Wabash MPI, GENESIS Hydraulic 30
ton press) used for the transfer of graphene to glass. The controllers for Tc and Pip) are
highlighted, as well as the sample location between the two stainless steel plates that will
automatically apply Tc and Pmp) - picture adapted from ref. /790/. (b) Commercial
laminator (Catena 65, GBC) used for the transfer of graphene to glass and PET.
Controllers for temperature, speed and distance between the silicone rolls are highlighted,
as well as the location where the sample will later be introduced between the silicone
rollers.

4.3. Optimization of the curing level of PI to attach graphene
from the Cu foil
Firstly, a study is carried out in order to understand the variation in the
results for the graphene transfer upon curing temperature (Tc) variations.
Following on from previous work by our group [185], after growing the CVD
graphene on Cu we have spin coated PI films onto them at 1000 rpm for 1 minute.
We have cured the samples at different Tc for 10 minutes, and then proceeded to
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the mechanical peeling off the PI from the Cu foil. The measurement of the Rs on
the peeled PI films is chosen as an indicator to confirm the successful transfer of
the graphene, thus identifying the Tc at which graphene transfer to PI occurs
reliably.

Figure 41 (a) shows the most successful transfer of graphene to PI when
the Tc is modified between 90 and 130°C, with the majority of Rs results within 2-
3 kQ/sq. At 180°C, a vatiation of the Rs from 6 k/sq. to MQ is found, denoting
poorer graphene adhesion or graphene damage. For a further understanding of the
results, we also performed a weight loss — Figure 41 (b) — and FTIR
characterization on the PI films that were spin coated on glass and cured at
different temperatures.
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Figure 41. (a) Rs values of graphene transferred from the Cu foil directly to the PI film at
different Tc. The shadowed area indicates the Rs range considered for a successful transfer
of graphene to PI, with 90-130°C being the optimum Tc at which graphene transfer
occurs. (b) Weight loss evolution of PI films deposited on glass after being treated at
different T'c. The maximum weight loss where the film has been fully cured is 87%, which
occurs at Tc of 250-350°C.

As explained previously in section 4.2.2. Polyimide, the initial precursor
polymer solution contains VIEC in its PAA form, which produces imides as it
dehydrates, as shown in Figure 42 below. As can be observed, for each constituent
monomer of PAA, two molecules of water are removed, thus closing the polymeric
chain into a five-ring, incorporating nitrogen. The stable chemical structure of the
monomer gives the extraordinary properties to the Pl in terms of thermal, chemical
and mechanical resistance.
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- . Heating (Tc
‘? Polyamic acid (PAA) 4g(2 Polyimide (PI)
-2H,0
Figure 42. Curing process of the VIEC, where the applied Tc defines the reaction speed
at which PAA converts to PI by the dehydration of the PAA monomer. The 3D image of

PI shows a stable, flatter and compact structure. Images are simulated using Avogadro®

In Figure 43, the imidization progression of the PAA as a function of the
Tc has been followed by monitoring the increase in the imide IR absorption bands
(at 1380, 1724 and 1774 cm™) and the decrease of the amide bands (at 1530 and
1650 cm™) [191,192]. At 80-100°C, there is minimal to no absorption of the imide
group at 1380 and 1774 cm™', which ate associated with C-N stretching and C=O
asymmetrical stretching, respectively. This means that at these low temperatures,
the PAA remains the main component of the film. From 100 to 180°C, conversion
of the PAA to PI starts to occur, which is confirmed by FTIR, as the imide bands
increase with temperature while the ones for amide decrease. Finally, after 250°C
the PI has been fully cured, which means that all of the PAA has been converted
into PI, as revealed by the intense imide FTIR peaks together with the maximum
weight loss of the film in Figure 41 (b), 87%. This is consistent with previous
literature, where thermogravimetric analysis performed on VIEC films determined
its degradation above 500°C and the curing (also called “polyimide condensation
reaction”) above 240°C. Also, by dynamic mechanical analysis, the VIEC
polyimide glass transition was determined to be 250°C [189].

In accordance with these data, we hypothesize that the Rs oscillation at
180°C might be due to the variability in the degree of imidization, and that the
failure to transfer graphene at Tc 2 180°C may be due to the PI lacking carboxylic
groups that can interact with graphene. This hypothesis can be confirmed by three
important facts. Firstly, the disappearance above 180°C of the FTIR peak at 1410
cm’ is related to carboxylic groups. Secondly, there have been previous failed
attempts to transfer graphene onto several types of already formed polyimides
which have been diluted in organic solvents, such as NMP, with a chemical
composition similar to the one shown in Figure 42 (e.g., P84, Kapton, etc.).
Thirdly, there has been a successful transfer of graphene onto another PAA
precursor (PAA-431176 from Sigma Aldrich), which demonstrates comparable
values for graphene coverage and Rs. The latter is currently under investigation at
Corning Inc. by evaluating the robustness of the transfer using another
intermediate thin material.
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The hypothesis would not be correct if we considered a high-quality
hexagonal structure without defects (e.g., from micromechanical exfoliation),
where the interaction between the PAA and the graphene should be negligible.
However, in practice (and for the CVD technique) the appearance of defects is
usual, and, depending on their nature, can alter the chemistry and shape of the
material, adding carboxylic and hydroxyl groups. The most typical are non sp*
carbon defects caused by vacancies, dangling bonds, carbon chains, edges or
interstitials, and structural defects such as heptagon-pentagon pairs that distort the
curvature of the carbon lattice (Stone—Thrower—Wales type transformations).
For a better understanding of defect types, please see Chapter 1 and ref. [10-12].

Amide Amide
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Figure 43. FTIR results for PI cured at different Tc - at 80°C (bottom) and 100-350°C
(top). The highlighted peaks correspond to the imide (1380, 1724 and 1174 cm'!), amide
(1530 and 1650 cm) and carboxylic (1410 cm™) groups.
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Figure 44 below shows the comparison between two simulated structures
using Avogadro® [193], an advanced software for building, editing, visualizing and
analyzing chemical data. The two structures below are a defect-free graphene layer
(a) and a defective graphene layer (b) that includes a vacancy in the center and two
pairs of heptagon-pentagon defects. As a result of the defects, some oxygen groups
can bond the structure, forming, for example, -C=0, -COOH, and -OH groups.
As can be observed, these groups are out of the plane of the graphene layer, and
are in theory available to react with the carboxylic groups of the PAA, further
confirming our hypothesis. The figure shows the maximum height found in the
structure, between the two most separated elements (Azmax), and, specifically,
between the two carbons (Azyax(C-C)), which proved to be slightly lower (i.e.,
flatter) for the high-quality graphene in (a).

Az, x (G'c)
3.1A

Figure 44. Simulation using Avogadro® of molecular structures for (a) defect-free
graphene layer and (b) defective graphene layer with a vacancy and two pairs of heptagon-
pentagon rings. In both, Azyax and Azyax(C-C) are indicated.

This is due to the heptagon-pentagon pairs and the vacancy-induced
torsion in the molecule. As will be shown in section 4.4. Graphene transfer to glass
and PET using PI as an intermediate layer, the graphene quality measured by
Raman on the Cu is very high, without the detection of a D peak, but defects could
be created later as a consequence of the mechanical peeling of the Cu. However,
as we will discuss, SEM images and electrical measurements reveal that the
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transferred graphene is of good quality. Further work should be dedicated to
verifying this hypothesis by evaluating the creation of defects, their nature and their
possible contribution to the limitations in electrical mobility.

In conclusion, after confirming the successful transfer of graphene at
temperatures from 90°C to 180°C, we have defined the Tc set points for the hot
press and laminator as 150 and 140°C, respectively. The difference in temperature
is due to a limitation in the laminator designed to prevent damage to the silicon
rollers.

4.4. Graphene transfer to glass and PET using PI as an
intermediate layer

This transfer procedure involves four main steps as shown in Figure 45.
Firstly, we spin coat the VIEC-APTMS or “as-received” VIEC onto glass or PET
respectively (1). Next, the PI is dried at 40°C-80°C for 15 minutes to remove
volatiles (2), after which the graphene is transferred by locating Cu/graphene on
top of the sample with the graphene face in direct contact with the PI (3). Finally,
the Cu is mechanically peeled, leaving the graphene attached to the
substrate/(APTMS+)PI structure (4). The transfer is performed at the desired Tc
by applying Pup) with the hot press, or with a laminator modifying the Ax. In order
to achieve a constant Pup) distribution over the whole area of the sample, we have
placed a silicone rubber sheet between the sample and the stainless steel top plate
at the third step.

The optimization of both terms, Pup) and Ax, is crucial for a successful
transfer of high quality graphene. The optimized parameters for the hot press are
Tc=150°C and Pup=150-300 psi for a petiod of 10 minutes when Gr 1 is used,
while for the laminator they are Tc= 140°C, and Ax =1-2 mm for the transfer to
glass and 0.038-1 mm for the transfer to PET when Gr 2 is used. As will be
discussed in sections 4.4.1. Graphene transfer to glass using the hot press and 4.4.2.
Graphene transfer to glass and PET using the laminator, the Cu foil roughness is
imprinted onto the graphene/PI. The transfer mechanism when using the
laminator — applying compressive and shear forces to the sample - will create
defects on these imprinted features, so, for this reason, a Gr 2 of lower roughness
is used in the case of the laminator.

In the following sections, we will analyze separately the graphene quality
obtained for the hot press and laminator, respectively, in terms of the morphology
and cleanness. In section 4.4.3. Comparison of both transfer procedures, both
techniques will be compared in terms of electrical and transparency results. Finally,
in section 4.4.4. Device stability under heat, bending and aqueous media we will
demonstrate the stability and resistance of the samples in terms of Rs when
exposed to high temperatures, bending cycles and aqueous media.
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Figure 45. Graphene transfer to glass and PET using PI as an intermediate layer: (1) Spin
coating of PI at 3000 tpm for 1 minute; (2) Drying of PI at 40-80°C for 15 minutes; (3)
Cu/graphene is located on top of the sample and placed inside the transfer equipment
(hot press or laminator). (4) Cu is peeled off, leaving graphene deposited on top of the
target substrate with P1. Note that APTMS is only added to VITEC (0.5% APTMS+PI)
when transferring graphene to glass. For the transfer to PET, only VITEC is spin coated.

4.4.1. Graphene transfer to glass/APTMS+PI using the hot press

In order to optimize the Pyip), a wide range of pressures are tested, showing
different behaviors and transfer qualities. Indeed, two regimes can be identified,
the first one occurring at low pressures from 25-75 psi, while the second occurs at
high pressures from 150-350 psi. Figure 46 below shows results where the Rs at
the first regime is highly variable. This might be due to a lack of contact between
the graphene and the substrate, and the contribution of the volatiles trapped
between them. For the second regime, the Rs decreases to a mean value of 1.91
kQ/sq., being almost constant until 300 psi. According to the results, we can
conclude that for a Pup) between 150 and 300 psi, the graphene quality is not
affected. However, as will be discussed in section 4.4.3. Comparison of both
transfer procedures, the transfer at high pressures, such as 350 psi, might affect the
graphene quality due to a decrease in mobility.
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Figure 46. Rs of Gr 1 samples transferred by hot press, applying pressures of Pgp=25-
350 psi. Rs is higher at lower pressures due to poor contact between the press and the
sample. Above 150 psi, Rs remains almost constant.

The surface morphology of the transferred graphene samples is determined
by SEM and AFM characterization. Figure 47 (a) consists of two SEM images
showing a defect-free and clean graphene transfer. The high-resolution SEM image
on the right shows two types of artifacts on the transferred graphene.

The first type of artifact corresponds to the imprinted large grain
boundaries that are originated on the Cu foil (in this case, Gr 1) as confirmed by
the AFM mapping in (b) performed on the Cu foil after the graphene growth. The
Cu grain measured by the AFM is similar to the one observed in the SEM, thus
confirming that during the PI curing step, the Cu foil roughness is imprinted onto
the graphene/PI.

The second type of artifact observed in the SEM image (a) corresponds to
graphene wrinkles. The presence of graphene cracks is easily detectable due to a
high contrast in the SEM between the conductive layer (graphene) and the non-
conductive materials (PI and glass). In particular, if the PI is exposed to the
electron-beam of the SEM, a very strong charging effect appears. This charging
effect, due to graphene cracks after transference when using a thick epoxy layer to
detach the graphene from the Cu foil, has been previously reported in ref. [184].
Also, during the optimization of our technique, we measured samples containing
both types of defect, i.e., cracks in the whole structure - Figure 48 (a) - and cracks
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in the graphene leading to the previously mentioned charging effect by PI exposure
to the SEM, shown in Figure 48 (b). Therefore, under the optimum conditions
shown in Figure 47, we can confirm that a continuous layer of graphene has been
successfully transferred.

a Glass / APTMS +PI1 / Gr 1

b Cul8um/Gr1l C Glass/APTMS +Pl1/Gr1
z (nm) z (nm)
210 450

Figure 47. (a) SEM characterization shows clean and continuous Gr 1 transferred to
APTMS+PI on glass by the hot press. Graphene wrinkles together with imprinted Cu
grain boundaries -originated on the Cu foil - can be observed. (b) AFM charactetization
of Gr 1 grown on Cu. The inset shows the section of the area marked on the map (grain
boundary depth) by a squared dashed line. (c) AFM mapping of the transferred sample
showing the imprinted Cu grain boundary. The inset corresponds to the section marked
on the AFM map by a squared-dashed line, which shows that the imprinted boundary is
lifted up due to the mechanical peeling of Cu.
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The inset in Figure 47 (b) shows the section of the grain boundary marked
on the mapping with a squared-dashed line. This morphology has an opposite
direction in height to the transferred samples in Figure 47 (c) due to the mechanical
peeling of the Cu. These results together with the SEM show that the Cu foil
roughness imprints onto APTMS+PI/ graphene during the curing step. However,
contrary to the results obtained when using Gr 1 in the laminator, the electrical
characterization in terms of mobility demonstrates that the imprinted features here
are not critical to the graphene quality.

Figure 48. SEM images of graphene samples transferred to glass under non-optimized
conditions. (a) Two big cracks are observable due to the large contrast between the dark
conductive area — graphene — and the glass substrate. The PI film is observed to be lifted
up on the top left corner, with PI being white due to its charging effect. (b) Very
pronounced and defective imprinted grain boundaries can be seen, with large white areas
of graphene holes that leave the PI directly exposed to the SEM electron beam. Because
of this, a strong charging effect is measured. The darker areas correspond to the
transferred graphene layer.

4.4.2. Graphene transfer to APTMS+PI/glass and PI/PET using

the laminator

In this case, the parameter Ax has been optimized to enhance the quality
of the transferred graphene when using glass and PET as the target substrates. At
Tc=140°C, and considering the substrate thicknesses, the optimum values for Ax
are 2 mm and 38 um for glass and PET, respectively. It should be noted that these
Ax values are optimized for the specific thicknesses of our substrates (I mm and
125 um for glass and PET, respectively). The use of substrates of different
thicknesses would need a modification of the Ax.

The SEM and AFM characterization for the laminator reveal differences to
the results obtained for the hot press. Figure 49 (a,d) shows Gr 1 transferred to
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APTMS+PI/glass with more remarkable imprinted grain boundaries than the ones
observed for the hot press transfer. According to the height profile in (d) of the
area marked by the squared-dashed white line on the map, the imprinted grain
boundary is almost three times higher when using the laminator than when
transferring it with the hot press. For this reason, graphene grown on a less rough
Cu foil (Gr 2) has been tested to evaluate whether there is a reduction in the
imprinted features, which will potentially improve the graphene quality. In the case
of Gr 2, the initial morphology of the Cu foil presents terraces instead of the large
Cu grain boundaries found with Gr 1, as demonstrated by the AFM measurement
in Figure 50. The differences in morphology of the transferred graphene are shown
in the SEM and AFM measurements in Figure 49 (b,e) and Figure 49 (c,f), where
the Gr 2 has been transferred to glass and PET, respectively. As before, the Cu
terraces are imprinted onto the PI/graphene during the curing step, but show less
pronounced artefacts.

a Glass/APTMS +PI/Gr1 b Glass/APTMS + PI/Gr 2 PET/PI/Gr2
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boundary - i el

d z (nm) e z (nm) f z,(nm)

500 100 300 /
0 M) 100 L" (um)

“by

Figure 49. SEM (a-c) and AFM (d-f) characterization of the graphene samples transferred
to glass/APTMS+PI (a, b, d, €) and PET/PI (c, f) using a laminator. Gr 1 is used for the
transfer in (a,d), showing imprinted Cu grain boundaries with greater heights than for the
hot press. Gr 2 is used for the transfer to glass (b, ¢) and PET (c, f), showing imprinted
Cu terraces originated in the Cu foil (see Figure 50 below). The insets of each AFM
correspond to the section marked on the mapping (squared-dashed line).
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Figure 50. AFM characterization of Gr 2 grown on Cu foil (commercial). Inset shows the
section of the area indicated by the squared-dashed line on the map. The foil morphology
shows Cu terraces.

As will be shown in section 4.4.3 with the transmittance and electrical
results, for lamination it can be concluded that the use of graphene grown on a less
rough Cu foil is crucial for obtaining proper results.

4.4.3. Comparison of both transfer procedures

In order to assess the quality of the graphene on Cu foils (Gr 1) and the
presence of graphene on the final structure, Raman analysis is performed. This is
carried out, firstly, on the graphene grown on the Cu foil and, secondly, on the
VTEC spin coated on glass and cured at 150°C without graphene on top, and
finally, on the graphene samples transferred to glass/APTMS+PI and PET/PI by
hot press and laminator. Figure 51 (a) shows the Raman spectra of Gr 1 grown on
the Cu foil, where the two typical peaks, G and 2D, are detected at 1580 cm™ and
2680 cm™, respectively. The absence of a D peak and the Lp/I¢ ratio equal to 2
reveal the growth of high quality monolayer graphene. After performing the
graphene dry transfer by our technique, it can be observed in Figure 51 (b) that the
previous intense 2D peak is now very weak as a consequence of the high
absorption of PI — previously reported in literature [185]— which also masks
detection of the G peak. Because of this, Raman is only used to confirm the
presence of graphene as the ratio between the 2D and G peaks cannot be obtained.
The other peaks that have been detected in the measurements (at 1325, 1376, 1614
and 1777 cm™) are attributed to the PI - Figure 51 (b), bottom blue line -, while the
one at 1726 cm™ is attributed to the PET substrate - top green line.
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Figure 51. Raman characterization of: (a) Gr 1 on Cu foil, showing the graphene peaks,
G and 2D; (b) from bottom to top: PI on glass (blue) showing the PI peaks that are
denoted by *; graphene transferred to glass (red, green and purple) and PET (light green)
by hot press (HP) and laminator (L) where a low 2D graphene peak and the corresponding
substrate peaks are detected. The inset shows an amplification of the bottom measurement
on glass/PI, showing the presence of the peak at 1325 cm !, which should not be confused
with the graphene D peak. Note that APTMS is added to VIEC when the graphene is
transferred to glass.

Optical measurements have been also carried out, as the transparency of
the whole structure is important for such applications as flexible displays or solar
cells. Results are collated in Figure 52 below for samples transferred by (a) the hot
press to glass/APTMS+PI, (b) the laminator to glass/APTMS+PI, and (c) the
laminator to PET/PI substrates. All graphs include the transmittance of the bare
substrate with and without PI, shown by purple and black lines, respectively. To
determine the order of transparency of the samples, the transmittances are
calculated at 550 nm by removing the contribution of the substrate using the
equation 16 below. The data is collated in Table 12.

Tearcurarep = (Tr x 100)/ Tsussrrate) (Eq. 10)
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According to the results, the order of the samples in respect of
transmittance is:

Gr 2/PET (L)> Gr 2/Glass ()> Gr 1/Glass (HP)> Gr 1/Glass (L).

If we compare the results obtained by lamination, the graphene grown on the less
rough Cu foil (Gr 2) is more transparent.
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Figure 52. Tr measurements of: (a) Gr 1 transferred to glass/APTMS+PI by the hot press
at Pup) from 200 to 300 psi; (b) Gt 1 and Gr 2 transferred to glass/APTMS+PI by the
laminator modifying Ax from 1 to 2 mm; and (¢) Gr 2 transferred to PET/PI by the
laminator modifying Ax from 38 um to 1 mm. For all graphs, the transmittance spectra of
the bare substrate with and without PI are included (putple and black lines, respectively).
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As shown previously by the SEM and AFM images in Figure 49 (a,d), the
imprinted grain boundaries using Gr 1 are more pronounced with the laminator
technique. The increase in height at the grain boundary can scatter the light, thus
reducing the transmittance of the sample. The transfer mechanism could be the
main cause of this issue: while it is static for the hot press, the process is dynamic
for the laminator, with the sample being introduced 12 times. The continuous and
progressive displacement of volatiles after each cycle might induce strain and
defects in the graphene at the imprinted Cu grain boundaries. We also speculate
that the combined effects of shear and compressive forces in the laminator could
worsen the defect structures, while only compressive force is at play in the hot
press.

Table 12. Transmittance (%) at 550 nm of graphene transferred by the hot press and the
laminator. The measured values (15t row) correspond to the whole structure, while the
calculated ones (20 row) are obtained by removing the substrate contribution with Eq. 1.
Transmittance at 550 nm of: Glass= 92,36%; Glass/APTMS+PI= 89%; PET= 84.7%;
PET/PI=82%.

Hot press @ Laminator ®
T (%) To glass To glass To PET
at 550 nm
Grl, Grl, Grl, | Gr2 Gr1 Gr1 Gr 2 Gr 2
(250) (200) (300) | Ax=1 Ax=2 Ax=1 | Ax=0.038 Ax=1
Tr 71 70 68 79 61 57 76 74
TcaLcuLaTED 77 76 74 86 66 62 90 87

@ (Value): Paip) used for graphene transfer [psi]
® Ax [mm]

For the electrical characterization, the Rs has been measured by depositing
Au/Ag paste electrodes on top of the graphene corners to measure the ns and px
by the Hall Effect. For further details of the measurement, see Chapter 1, section
1.2. Characterization techniques.

For this study, seven samples (S1-S7) were obtained under different
conditions that are specified in Table 13, highlighting the type of graphene used,
the substrate and the equipment used for the transfer.
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Table 13. Summary of the conditions for transferring samples S1-S7, specifying type of
graphene, substrate and equipment.

) Samples
Properties
S1 S2 S3 S4 S5 S6 S7
Graphene 1 1 1 1 1 2 2
Substrate Glass Glass Glass Glass Glass Glass PET
Hot press
. 200 250 300 - - - -

P, (psi)
Laminator

Ax (mm) - - - 1 2 1 0.038

In Figure 53 below, we have plotted separately the obtained ns (red
bubbles) for the hot press at different Pip values from 200 to 350 psi in (a), and
for the laminator at Ax from 0.038 to 2 mm in (b,c). For a clear understanding of
the results, we have indicated the graphene type used for each sample, Gr 1 being
the only one used for the hot press transfer. In the case of the laminator, both
graphene types have been used, Gr 1 in samples S4 and S5 in (b), and Gr 2 in
samples S6 and S7 in (c). The corresponding calculated values of i calculated
using the Drude model are plotted in (d), again making a distinction between the
equipment and type of graphene used.

In all cases (S§1-S7), the graphene presents electron doping, with a stronger
n-doping for the samples transferred with the laminator (S4-S7) as shown in Figure
53 (b-c). The reason for the n-type doping is that the graphene is transferred on
PI, a material that could be positively charged due to unreacted amine groups from
the aminosilane. This is contrary to the direct transfer of graphene to glass, a
substrate that tends to be negatively charged due to deprotonated SiOH groups on
the surface, thus leading to p-type doping into graphene.

For the samples obtained by the hot press in Figure 53 (a) at Pgip) from 250
to 350 psi, the mean value of Rs is equal to 1.9 k€/sq. According to the results,
the pressure does not seem to strongly affect the graphene doping, whose mean
value is Ig= -1.6:10" cm™. However, at 350 psi, at a constant doping level, the un
slightly decreases (Figure 53 (d)), which might suggest that such high pressures can
induce defects into the structure. Nevertheless, the maximum value of uu equal to
1250 cm®/ Vs confirms the fact that the imprinted features by the hot press do not
degrade the high quality of the transferred graphene. Further work could
contemplate the use of less rough foils to further improve the pn results.

For the samples obtained by the laminator in Figure 53 (b-c), it can be
observed that the use of different substrates - glass and PET- do not have an effect
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on the graphene n-doping, whose mean value is Ng= -1.4-10" cm?, as both target
substrates are covered with PI. However, as previously mentioned, the laminator
technique can induce defects onto the PI/graphene film due to the application of
compressive and shear forces during the curing process, especially to the graphene
grown on rougher Cu foils — Gr 1, (b) — which is confirmed by the SEM and AFM
results in Figure 49 (a,d) above. These defects also contribute to the Rs, whose
mean value is 3.5 k€2/sq., which is high if we consider the high doping measured.
However, when the graphene grown on the less rough Cu foil - Gr 2, (c) - there is
a great improvement in the transfer quality, as shown by the SEM and AFM results
in Figure 49 (b,c) and Figure 49 (e,f) above. This is also confirmed by the Rs
measurement, which has decreased to 770 /sq. This result is consistent due to
the high level of carriers, as high doping reduces the Rs[1,13]. The pu calculated
for Gr 2 varies from 600 to 850 cm?/ Vs, as can be observed on the right side of
Figure 53 (d). Having selected a suitable Cu foil, we believe that the low uu
observed is caused by the high carrier density.

Further work needs to be devoted to understanding the origins of the
strong n-doping caused by lamination, which might be related to the charges
trapped during the process. An accurate control and reduction of graphene doping
in this technique will lead to an increase in p.
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Figure 53. Hall measurements of the transferred graphene samples (S1-S7). The obtained
ns is plotted for the different transfer methods. (a) ns obtained for samples S1-S3,
fabricated with Gr 1 and transferred by hot press to glass/APTMS+PI at Pp) of 200, 250
and 300 psi. (b) ns obtained for samples S4-S5, fabricated with Gr 1 and transferred by
laminator to glass/APTMS+PI at Ax of 1 and 2 mm. (c) ns obtained for samples S6-S7,
fabricated with Gr 2 and transferred by laminator to glass/ APTMS+PI and PET/PI at Ax
of 1 and 0.038 mm, respectively. (d) un calculated for previous samples, specifying the type
of transfer mechanism and type of graphene.
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4.4.4. Device stability under heat, bending and aqueous media

Due to the exceptional properties of PI, we want to demonstrate its
potential to provide stability to the graphene samples when they are exposed to
high temperatures, bending cycles and aqueous media. Rs has been chosen as an
indicator to demonstrate that the graphene remains on the surface and that it does
not degrade under harsh conditions.

The temperature stability of an already transferred sample by hot press is
tested, after depositing Au/Ag paste contacts on top of the graphene corners to
measure the Rs immediately after each change in temperature. Three temperature
cycles are carried out, from RT to 350°C, typically in steps of 50°C, and the samples
are cooled down to RT before starting the next cycle. Figure 54 shows the Rs
calculated immediately after each temperature change by measuring the resistance
between all the contacts shown in the scheme on the left, thus obtaining the
Riorizontal a0d Ryerical. For further details about the measurement process, see Chapter
1, section 1.2. Characterization techniques.
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Figure 54. Temperature stability testing in terms of Rs for graphene transferred by the
hot press method and annealed up to 350°C. The scheme on the left represents the sample
configuration where four Au/Ag contacts are deposited to measure Rs. Three cycles of
annealing are performed, modifying the temperature from 25°C to 350°C, typically in steps
of 50°C. The Rs is measured after each temperature change and before starting a new cycle,
the sample is cooled down to RT. The graph on the right shows the Rs at each temperature
with a high slope during the first cycle. After achieving the Tg of the VIEC, the Rs
decreases and remains stable after two additional cycles.

As can be observed, for the first cycle - empty red circle - there is an
increase in the Rs from 150°C to approximately 250°C-275°C, after which the Rs
decreases when the temperature is raised to 350°C. This increase is likely due to
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the shrinking of the PI. As shown initially in Figure 41 (b), at 150°C the PI film
contains approximately 4% of compounds that will evaporate at higher
temperatures, with 4% being the difference between the weight loss of the PI film
at 150°C (83%) and the maximum weight loss of 87% at temperatures above
250°C. This fact would explain the increase in the Rs, as the PI shrinks during the
evaporation of volatiles, thus affecting the graphene that has been transferred onto
it. Beyond 255°C, which is the glass transition temperature (Tg) of PI [189], the PI
film likely flattens due to increased relaxation dynamics. We hypothesize that this
effect also flattens the graphene, thereby reducing the resistance. For the next two
cycles, the initial Rs values are very similar to each other but higher than for cycle
1 by approximately 1.3 kQ/sq. During the heating process for cycles 2 and 3, the
Rs variation with temperature is linear, which is typical for conductive materials.
The reason for this behavior is that raising the temperature increases the collision
of free electrons with atoms, which worsens the conductivity of the material, i.c.,
the resistivity increases. Since the PI has lost all volatiles at the end of the first cycle,
no such sharp increase in Rs is observed in cycles 2 or 3. Thus, the mechanical and
thermal stability of a glass/APTMS+PI/graphene composite at high temperatutes
after a first cycle of annealing can be confirmed.

The bending stability is evaluated on PET/PI/graphene samples at different
radii of curvature (Rp) in order to evaluate any possible damage to the graphene
after several cycles. Figure 55 (a) shows the Rs evolution of samples that are bent
at R of approximately 2 cm, 9 mm and 7 mm. Initially, the Rs increases at R=2 cm
from 1.13 to 1.58 k€/sq. but remains constant after 25 cycles. After 100 cycles at
the lowest Rg, the Rs increases again by a factor of 1.5.

The adhesion tests are performed in order to check the Rs after dipping the
samples in water for a period of 5 minutes. When graphene is transferred directly
to glass, after water immersion and due to the hydrophilic behavior of glass, the
graphene usually starts to wrinkle and detach itself from the glass surface as the
water penetrates between the layers. In our case, however, we demonstrate that the
graphene transferred to glass and PET, with a PI layer in between, remains almost
stable in an aqueous environment without delaminating. This can be observed in
Figure 55 (b) where Rsslightly increases in S1 and S7, while it remains constant for
S6. Although more statistics would be necessary in order to determine a possible
increase in the Rs after water immersion, the results already point out that graphene
does not physically delaminate from the substrate.

The reason for this is the hydrophobic nature of polyimide, which is
confirmed by the contact angle measurements collated in Table 14. The angle
formed between the water droplet and the PI is 95 degrees. When the APTMS is
added, the wettability does not change. Although the APTMS is slightly positively
charged due to possible unreacted amine groups, which would provide hydrophilic
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behavior, when it is added to VIEC (0.5% wt.) the surface remains strongly
hydrophobic. This is confirmed by the measurements performed on the
APTMS+PI, whose values are above 100 degrees as shown in Figure 56. In the
case of graphene, the contact angles are approximately 95 degrees. The proposed
technique has thus great potential for real product implementation since device
fabrication often involves wet processes.

@ After 5 minutes in water
O After graphene transfer

RBl RBZ RB3 ([ ]
0 10 20 30 120 140 S1,glass  S6,glass  S7, PET
Cycles HP, Gr 1 L, Gr2 L, Gr2

Figure 55. Stability of the transferred samples measuring Rs: (a) after bending tests on
PET/PI/graphene at different radii, Rs increases by a factor of 2 after 130 cycles. Top
pictures show the set-up where samples have been bent, indicating the bending radii at
each step; (b) before and after dipping the samples S1, S6 and S7 in water for 5 minutes,
demonstrating that graphene does not delaminate from the substrate/PIL. For S6, Rs is
constant after water immersion.

Table 14. Summary of 0 measured on
graphene and PI of different transferred
samples.

0
Sample
P ©)

Hot press | APTMS+PI | 102 .

(Glass) Graphene | 97 Glass
Laminator | APTMS+PI | 105

Glass Figure 56. Example of contact angle

( - ) Graphene 92 measurement on the APTMS+PI area of
Laminator Pl 95 the sample transferred by the hot press.

(PET) Graphene 95
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4.5. Conclusions

We have demonstrated a new technique to transfer graphene to glass and
flexible substrates such as PET, using a mixture of polyimide and APTMS as an
intermediate layer. Our technique is the first step towards making a substrate ready
for device fabrication. The use of an intermediate thin layer leads to a device which
is transparent, thermally stable (350°C) and free of polymer residues (such as
PMMA for the wet transfer method) on the device side of the graphene. In
addition, it has considerable important aspects for industrial implementation, such
as lower processing times than previous techniques (by a reduction in curing times),
the Cu recyclability, the use of current industrial technology (a hot press and a
laminator), and the demonstration of a high interfacial stability in aqueous media.
While for the hot press method, the initial Cu foil structure does not influence the
process, in the case of the lamination technique, we have found the use of less
rough Cu foils to be crucial, otherwise foil artifacts imprinted onto the
graphene/PI structute lead to poor performance. Although this work is based on
a specific polyimide, it has been demonstrated that our technique can be extended
to other materials, such as PAA. Further work would enhance understanding of
graphene doping by the lamination technique and improvement of the electrical
mobility of graphene.



Tuning of graphene doping by
thermal poling of the glass substrate

raphene doping, i.e. changing the carrier concentration, is essential for its use
in real devices. Controlling the doping can be achieved by applying an
electrostatic field (gate voltage) which, depending on its sign, can either inject
(n-doping) or remove (p-doping) electrons. Instead of applying an external field,
our doping approach consists in creating and storing an electric field inside the glass by
displacing ions. The ions move within the sample through the application of an external
voltage at relatively high temperature, the latter increasing the ionic conductivity. This
phenomenon is known as “thermal poling” of glass. With this technique, we
demonstrate not only the doping change of the graphene after thermal poling, but also
its evolution as the poling is progressively erased with temperature, showing that the
poling effect on the doping is reversible. We provide the calibration of our technique
and the results when negative and positive external voltages are applied.
This work is currently under consideration for patent filing with Corning Incorporated
and submission of a journal paper.

5.1. Introduction

Controlling graphene doping is essential for electronic and optoelectronic
applications. For instance, unintentional doping by residues, substrates and
possible additional top layers residues carrier mobility. On the other hand,
applications such as graphene plasmonics require high yet controlled doping levels
[194]. Therefore, the development of a technique that provides stable and accurate
control of doping is of great interest for research and industry applications.

There are three main types of doping: chemical or surface transfer doping,
substitutional doping, and electrostatic doping. The last method is the most
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commonly used as it allows a reversible and accurate control of the doping, but the
main issues are the low reachable ns due to the low capacitance of the Si/SiO, (200
nm)/graphene and the dependence on the type of target substrate. The latter effect
has been widely demonstrated in literature when graphene is transferred to glass, a
process which, together with the PMMA residues left after the wet-transfer
method, induces p-doping to the graphene as the glass has a potentially negative
charge due to the hydroxyl groups on the surface. In Chapter 4, where we
demonstrated a clean, fast and scalable dry-transfer technique using PI as an
intermediate layer, we observed an intrinsic n-doping due to the slightly positive
charge of the unreacted amines in the PI.

The aim of this work is to demonstrate electron and hole doping (n- and
p-doping, respectively) of graphene in a reversible mode by means of changing the
polarity of the dielectric substrate where the graphene device is fabricated. In order
to achieve this, we have implemented a technique called thermal poling, which has
been widely studied for wavelength conversion and electro-optic modulation in
glass fibers [195].

Thermal poling is a phenomenon based on the creation of two charged
layers at a certain temperature (Tp) caused by the displacement of ions inside the
glass when an external electric field (Vp) is applied. The most interesting aspect is
that after the displacement of the charges, when the system is cooled down while
applying the Vp, a frozen-in voltage is created inside the glass (V), which is stable
over a specific period of time dependent on the type of glass [196,197].

When we talk about ions inside the glass, we are referring to the glass
additives that can be introduced during its synthesis, mainly for modifying the glass
properties. These elements are called »odifiers, with Na and Ca being those typical
added, belonging to Na,O and CaO, respectively.

Figure 57 (a-b) show the difference between the perfect crystalline network
of quartz (a), where the unit cell is repeated along the whole structure of the glass,
and fused silica (b), whose structure is compact without the presence of modifiers
but whose unit cell can have different shapes. Figure 57 (c) shows an example of
glass, such as soda lime glass (SDG), with the presence of Na as the network
modifier. For quartz and fused silica, the absence of modifiers and the strong
covalent bond between each silicon to four oxygens, provides an extremely stable
structure. On the contrary, the presence of modifiers, such as Na* in SDG (c),
causes weak ionic bonds, which allows the ions mobility at temperatures much
lower than the glass transition temperature.

As can be seen in Figure 57 (c), the introduction of Na during the glass
synthesis promotes the breaking of some Si-O-Si bridges, which leaves non-
bridging oxygens in the glass network. As a result, these oxygens will be anions
(O) for the sodium cations (Na"), which is incorporated at these locations.
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Figure 57. Molecular structure of (a) quartz, (b) fused silica, and (c) SDG glass.

The thermal poling of glass containing Na+ as a modifier, such as SDG, is
explained in Figure 58 below. At temperatures above 100°C, the ionic mobility of
Na+ is activated, which causes the drifting of ions towards the negative electrode
(cathode) where they are neutralized by the electrons injected through the
electrodes, when the electrodes are evaporated or sputtered onto the glass — usually
known as blocking electrodes — or by negative OH™ residues when the electrode is not
blocking for water — usually the electrode is a metallic piece located on top of the
glass, usually known as non-blocking electrodes. The nature of the movement is based
on thermal agitation and the potential differences across the glass. For further
details about the fundamental mechanism, see ref. [198,199]. The diffusion
mechanism is favored by the glass structure, where the silicon vacancies enhance
the flux of Na*, which drifts towards the cathode leaving a vacancy that will be
occupied by the following Na'. In this work, we are interested in applying a
negative Vp as can be observed in Figure 58. However, if a positive Vp were applied,
the phenomena would be the same, with the charges drifting towards the cathode
on the bottom side of the glass. This displacement of charges along the glass
propagates, creating a small current of ions. When the ions arrive at the cathode,
they are neutralized into metallic sodium, Na,COs or Na,O, which is deposited at
the cathode-glass or cathode-air interfaces, depending on the type of electrode, and
this is always observed as a white powder. As a consequence of the sodium
migration and the absence of ions to substitute the sodium from the positive
electrode (anode), a region with a negative charge is created, typically being several
microns thick and located some microns below the anode. This is known as the
depletion region [200,201].

The progressive increase in the thickness of the depletion region produces
an increase in the potential difference (voltage) across the depletion region and a
decrease in the potential difference (voltage) across the bulk of the glass. This
process slows down with the reduction of voltage across the bulk and becomes
stationary (i.e., an equilibrium and maximum poling are achieved) when the voltage
is almost totally across the depletion region and equal to the external applied
voltage. Finally, after the process, if the system cools down while applying the Vp,
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the depletion region remains because the ions have lost their mobility and stay
displaced inside the glass, creating a permanent internal electric field En [200,201].

a Roomtemperature p T,>100°C(e.g.,, 270°C) € Room temperature
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Na powder
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Figure 58. Thermal poling of SDG, where, at room temperature (RT) in (a), the Na*
charges are distributed randomly along the whole glass area. At high poling temperatures
e.g., 270°C in (b), the Vp is introduced from the top electrode, drifting the Na* charges to
the cathode where they are neutralized, forming a white powder. Simultaneously, a
negative depletion region (green region in the pictures) is created. After completing the
poling of the SDG and cooling down the system in (c), at RT again, Vp is removed and an
electric field is frozen inside the glass, in the depletion region under the anode.

While at the beginning, the Eix is constant along the glass, and can be
calculated by:
V= En -t (Eq. 17)
where tc is the thickness of the glass, in this case of SDG, the formation of the
depletion region alters its value.

The development of thermal poling models that consider the creation of
the depletion layers allows the calculation of the depletion region thickness and the
time required to achieve it [196,200,202]. In this thesis, the depletion region will be
determined experimentally using Raman spectroscopy.

Previous work has demonstrated the poling effect on a wide variety of
glasses containing different concentrations of impurities, such as SDG (14% wt.
Na,0) and Herasil, where the Na™ concentration is much lower (approximately 10
ppm). According to these works, the huge differences in Na' concentrations
produce different poling evolutions. A very important difference is the Vp applied
between both glasses, with the one applied to SDG being smaller (approximately
1.4 kV) in order to avoid high currents that would cause thermal runaway and
electric breakdown through the sample. Also, as it has been published, the ionic
current should be limited to much below the miliampere scale in order to avoid the
heating of charges by the Joule effect, which would cause an increase in
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temperature at the depletion region, thus changing the breakdown value and
altering the poling process [200].

Table 15 below collates data related to the poling of different glasses,
highlighting parameters such as the type of glass, the temperature and the time of
poling (tp). In this work, we have decided to use SDG to achieve the poling effect
with the most moderate Vp values, because other glasses, such as Herasil, typically
require the application of 4 kV. Also, a very important advantage related to this
type of glass is the lower cost compared to Herasil or fused silica substrates. In this
work we use SDG samples diced into 1x1 cm® pieces with 1 mm thicknesses. For
this SDG thickness, typical parameters reported in literature are Tp from 200 to
300°C, Vp from 1 to 2 kV and tp from 5 minutes to 5 hours.

Table 15. State-of-the-art of glass thermal poling, highlighting the type of glass and
thickness, and poling conditions, such as the temperature, voltage and duration of poling.

POLING PARAMETERS
- REFERENCE
Glass type | tc (mm) | Tp(°C) | Ve(kV) | tp (min)

Herasil 3 280 - - [203]
SDG 3 280 3-5 13 hours [204]
SDG - 210,310 | 25,1 30 [205]

Sol-gel 0.5 280 4 2-15 [206]
SDG 1 200, 250 1 60 [207]
SDG 1 230, 280 1,2 5-50 [208]

Synthesized 1 230 2 30 [209]
SDG 1 210 1.5 40 [210]
SDG 1 250 0.1-1.7 - [211]
Bulk 1 300 3 30 [212]
SDG - 325 1 - [213]
SDG 0.7 200 2 - [214]

As will be later commented on, we perform the poling of the SDG at Tp of
270°C, at Vp of £1.4-1.6 kV, and for tp from 1 to 5 hours, depending on the doping
level desired.

With this technique, we demonstrate that changing the polarity of the
dielectric substrate by thermal poling, applying positive and negative Vp, changes
the graphene doping into p- and n-type, respectively. Moreover, we show that a
post-annealing step to the poled device can progressively erase the poling, thus
modifying nsuntil a change of doping is achieved, which demonstrates that the
poling effect might be reversible. To this end, Hall measurements are performed
in order to evaluate the change in ns of the poled samples and those after heating
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(after erasure of poling effect). The simultaneous measurement of Rs and ns with
temperature and time show the difference between the samples with and without
poling treatments.

5.2. Sample preparation

5.2.1. Graphene transfer and annealing

Commercial CVD graphene samples (Graphenea) have been purchased,
which have been grown on Cu foils and covered by PMMA. The graphene is then
transferred to glass using the wet transfer method previously described in Chapter
1, section 1.1.5. Graphene transfer. After PMMA removal, the samples are
annealed at 350°C for 2 hours and under Ar: H» gases to get rid of the PMMA
residues.

5.2.2. Graphene device fabrication

The target substrates chosen for this work are soda lime glass slides
(Menzel-Glaser, Thermo Fisher Scientific), which have been diced into 1x1 cm®
dimensions. According to the glass specifications, the chemical composition is
72.2% Si0,, 14.3% NayO, 6.4% CaO, 4.3% MgO, 1.2% ALOs, 1.2% K0, 0.3%
SO; and 0.03% Fe,O;. As can be observed, the SLG also contains small
percentages of other modifiers, such as Ca, Mg Al and K. In the following we will
refer mainly to the displacement of Na due to its higher mobility and higher
concentration, even though the displacement of other alkaline elements, such as
Ca, can occut.

The fabrication procedure is explained in Figure 59. Initially, the glass slides
are cleaned in an ultrasonic bath using acetone and isopropyl alcohol for 5 minutes
in each solvent, followed by an O:/Ar (50:50) plasma cleaning at 50 W for
3 minutes. After this, we separately perform two UV lithography steps by laser
writer (LW405B, MICROTECH), the first one to fabricate the Hall bar pattern,
while the second is devoted to making thicker contacts where the Hall probes will
be located.

The device design can be observed in Figure 60 (a), where we have
introduced two Hall bars in the same glass sample, with dimensions of length and
width of 300 and 140 um, respectively (W/L=0.47). The total area of the glass
covered by the Hall bars is 5x5 mm® The reinforcement of the contacts is always
necessary in order to avoid them breaking when the probes touch their surface.
However, for this work in particular, we have had to design Au contacts with larger
surface areas due to the probes moving slightly during the measurements, because
of the sample heating.
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For the lithography, a positive photoresist (AZ5214E, MicroChemicals) is
spin coated on top of the glass and cured at 90°C for 1.30 minutes. After the first
lithography, we evaporate a thin layer of Ti (UNIVEX 350, Leybold, 2 nm) to
increase the adhesion between the Au-glass and the Au (40 nm) for the Hall bar
fabrication. After the second lithography, we directly evaporate the Au (100 nm)
only onto the specific area of the contacts. After the Hall bar fabrication is
completed, we proceed to transferring the graphene as described in section 5.2.1.
Graphene transfer and annealing with an additional annealing step to get rid of the
PMMA residues. Due to the graphene transferred area being much larger — typically
5x5 mm® — than the Hall bar, for easier handling during the transfer, a third
lithography is necessary to etch the excess of the graphene by an O,/Ar plasma
using RIE (Reactive Ion Etching technique, Plasmalab System 100, Oxford
Instruments).

Figure 60 (a) shows the pattern performed on the graphene during this step,
with the white area corresponding to the graphene. The blue areas are the ones
exposed to the RIE where the graphene has been etched. Thus, we have delimited
the area of graphene to the Hall bar for proper measurements. However, we have
left graphene on the rest of the sample in order to reduce possible issues arising
during poling, such as dielectric breakdown. It is important to mention that the
two Hall bars are completely independent due to the etching of the graphene in
the middle of the sample. In order to avoid contamination to the graphene surface,
and, consequently, a random alteration to the graphene doping, the device is
encapsulated, depositing ALO; (40 nm) on top of the graphene for 3 hours, at 80°C
by ALD (Savannah, Cambridge Nanotech). For a better quality Al,O; layer as
demonstrated by [215,216], we first evaporate Ti (2 nm), which rapidly oxidizes
over the whole sample. After that, we perform a fourth lithography to etch the
AlLO; deposited on top of the Au contacts, in order to avoid future issues during
the Hall measurements. The etching is performed by dipping the samples in a
buffered HF oxide etchant solution (BOE, HF: NH,F, 1:7) for 1 minute. Finally, a
fifth lithography step is carried out in order to deposit the top gold contact — Ti (2
nm, adhesion layer) and Au (100 nm) — where the tip to apply the Vp will be located.

As it can be observed in Figure 60 (a), the pattern of the Au contact touches
the Au contacts of the Hall bar. In this way, the graphene will be contacted by the
Vp and will adopt the role of top electrode during the glass poling process. Figure
60 (b) shows the real aspect of the device after the whole fabrication procedure.
As can be distinguished, a square of Au — Ti (2 nm, adhesion layer) and Au (50
nm) — is also evaporated onto the opposite face of the glass, in order to enhance a
homogeneous distribution of the En during the poling of the glass.
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Figure 59. Procedure for the graphene device fabrication. (1) Initial cleaning of SDG by
organic solvents and Oz plasma. (2-3) Two UV lithography and evaporation of the metal
contacts - the first one for the Hall bar and the second to increase the thicknesses of the
contacts. (4-5) Graphene transfer by wet etching process and post-annealing. A third
lithography for graphene patterning to the Hall bar area, removing the excess by RIE. (6)
Encapsulation of the graphene device with ALOs by ALD deposition. (7-9) A fourth
lithography to remove the AL O3 from the top of the Au contacts by dipping the samples
into a BOE solution. A fifth lithography to evaporate the top Au contact that will serve to
apply the Vp with the poling set-up. For the electrical measurements, the top electrode (or,
at least, the small connections that contact it to the device) needs to be removed using an
Au etchant.
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Figure 60. (a) Device pattern for performing the five lithography steps, highlighting the
design of each structure — Hall bar, thicker Au contacts for Hall probes location, areas
where graphene is etched and top Au electrode for Vp application. (b) Optical image of
the graphene device on glass after the whole fabrication procedure.

5.2.3. Thermal poling of the glass

The SDG is poled inside a vacuum oven (Heraeus VT6060P,
ThermoFisher Scientific) that allows the application of a voltage. Figure 61 (a)
describes the circuit of the experimental set-up where an external DC supply is
connected to the oven where the sample is located. A high resistance is connected
in series to the device in order to monitor the current that will be generated in the
glass due to the displacement of the ions. Figure 61 (b) shows the real set-up used
for performing the glass poling inside the oven. A cable can be observed
connecting the external DC supply to the metallic tip that will connect to the
device. The piece where the tip is introduced contains a spring that allows the tip
to be fixed to the graphene device, thus preventing its movement. For proper
control of the glass poling, it is necessary to include a metallic surface below the
device that is smaller than the metallic plate of the oven. Both metallic surfaces are
separated by an insulator, but connected with a ground cable. The image on the
right clearly shows the connection between the metallic tip and the top Au contact
of the graphene device. The poling conditions are Tp of 270°C, tp from 1 to 5 hours
(depending on the doping level to be achieved) and at 800 mbar under N> to avoid
breakdown in air.
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Figure 61. Description of the poling set-up. (a) Scheme showing the electric circuit where
Vp is applied to the sample located inside an oven under certain pressure and temperature
conditions. (b) Optical image of the inside of the oven, showing the set-up used for
connecting the glass sample to Vp voltage supply. A cable coming from the outside DC
supply is connected to the metallic tip. , which will apply Vp to the graphene device through
the top Au electrode. The image on the right shows the connection between the tip and
the top Au contact of the graphene device.

5.2.4. Electrical measurements

The electrical measurements have been previously explained in Chapter 1,
section 1.2. Characterization techniques. After glass poling, four-point probe and
standard Hall measurements are performed in order to obtain the Rs, and the ns
and pm, respectively. After the first characterization, we perform the Hall
measurement combined with in situ monitoring of the Rs using five probes. Thus,
the simultaneous changes to the Rs, ns and pun are obtained over time as the
temperature is progressively applied to gradually erase the poling effect. A
LabView® code has been developed in order to control the parameters of the AC
and DC currents introduced into the device and the modification of B at each Hall
measurement, and to register the measured values of the Rs, Vu, time and
temperature of the device.

In section 5.3. Thermal poling of SDG and calibration below, we will firstly
demonstrate the successful poling of SDG in the absence of a graphene device.
After that, we will show a slightly modified version of the set-up (with the addition
of a thin Kapton layer below the glass for further control of the current) when the
graphene device is fabricated on top of the glass. Finally, we will demonstrate the
different behavior of graphene Rs and ns in three cases: when the glass has not
been poled, when it has been poled with a positive Vp and when poled with a
negative Vp. For the poled samples, we will show the initial ns measured after poling
and its evolution toward opposite doping type when poling is erased using
temperature increase.
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5.3. Thermal poling of SDG and calibration for the introduction

of the graphene

Initially, we perform the thermal poling only of SDG, in order to
characterize it for combining with the graphene device later on. As previously
discussed, the poling conditions are selected according to literature, where typically
the Tp is from 200 to 325°C, the Vp from 1 to 2 kV and the tp from 5 to 60 minutes.
In this work, we have established the optimum conditions, for Tp about 270°C, Vp
is £1.4-1.6 kV, and tp is within 1 to 5 hours range, depending on the desired doping
level.

Figure 62 (a) shows the sample used to demonstrate the SDG poling. Two
Au electrodes (50 nm thickness), with Ti (2 nm) as an adhesion layer, are
evaporated onto both faces of the glass to enhance the formation of a
homogeneous electric field inside the glass. As explained previously in section 5.1.
Introduction, after the sample is located inside the oven, contacting the metallic tip
with the sample (as shown in Figure 61 above), the temperature of the oven is
increased to 270°C in N, atmosphere at Vp=0. Once the Tpis achieved, the Vp is
progressively applied in order to avoid the thermal runaway of the charges (and
consequent high peak of current and non-stable poling process) that would occur
if it were applied at very high speed. The Na® charges drift towards the cathode,
and, in the case where Vp <0, such as in Figure 62 (a), the top side of the glass.

The creation of the depletion region on the bottom side of glass close to
the anode can be observed. If a Ve >0 were applied, the drifting of the Na* charges
would occur in the opposite direction, towards the cathodic bottom side of the
glass, with the depletion region being created at the anodic top side. The poling
conditions for the sample shown in Figure 62 (a) are: Tp=270°C, Vp= -1.6 kV and
tp=>5 hours, 800 mbar in N, atmosphere.
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Figure 62. Thermal poling of glass at 270°C, applying a Vp of -1.6 kV for 100 minutes. (a)
Scheme showing the drifting of Na* charges towards the cathode (top side of the glass).
The figure highlights the lines of the created electric field and the depletion region formed
close to the anode. (b) Raman is performed on the anode face measuring from the glass
surface (Z=0) to a distance of 8 um inside the glass (Z= - 8 pm). The poling is confirmed
by the detection of two weak peaks at 605 and 1550 cm. The disappearance of both peaks
when measuring deeper into the glass confirms a depletion region thickness of about 4
um.
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In accordance with ref. [210,211], the poling effect on the glass can be
detected by Raman, and, very importantly, this allows the experimental
measurement of the depletion region thickness. Typically, SDG exhibits two peaks,
the first one occurring at 540 cm™, with a broad shoulder at around 450 cm™, both
being related to the stretching and bending vibrational modes of the Si-O-Si
bridges in the glass. The second typical peak for SDG is detected at 1100 cm™,
which is related to the non-bridging bonds Si-O" - see Figure 57 (c). After thermal
poling of SDG, the Raman measurement on the anodic face of the glass, which
corresponds to the side where the depletion region has been created, provides
different spectra when it is measured exactly at the poled surface (at Z=0) and
when it is measured progressively deeper in the glass. In the latter case, it is
measured in steps of 2 um, up to a maximum of 8 um (at Z=-8 pum), where the
typical Raman spectra of non-poled SDG is observed. The results obtained from
our sample in Figure 62 (b) are consistent with ref. [210,211], where the spectrum
differences that can be found between the poled surface (at Z=0) and the one
corresponding to non-poled glass (at Z=-8 um) are discussed below.

Firstly, when measuring on the poled surface of the glass — the anodic face
— lower intensities of the peaks at 540 and 1100 cm™ are observed and there is a
wider shoulder of Si-O-Si stretching-bending bands, with a tiny peak at 490 cm™.
However, the most determinant peak to confirm the poling effect is the weak
shoulder appearing at 605 cm™. This and the one at 490 cm™ are attributed to the
symmetric stretching vibration of Si-O-Si bridges in three and four-member rings
of SiO, tetrahedron, respectively. Moreover, a weak but noticeable peak appears at
1550 cm™, which is exclusively in the depletion region, and this is attributed to
molecular oxygen dissolved in the glass matrix during the glass synthesis [217].
When the measurements are performed deeper in the glass, both peaks at 605 and
1550 cm™ are detectable until approximately Z=-4 um. This can be clearly observed
in the graph on the right of the Raman spectra, where the intensities of the most
interesting three peaks — at 605, 1100 and 1550 cm™ — have been plotted at the
different heights in glass. As previously mentioned, the intensity peaks at 605 and
1550 cm™ are high but decrease at 4 um. This can be translated into the
experimental measurement of a depletion region thickness of about 4 pm.

The thermal poling of SDG is also visually confirmed by the deposition of
a white powder on the cathode, as described in Figure 58 (b-c). According to ref.
[208], the Na" displaced at the cathode reacts with CO,, forming Na,COs. For the
SDG poled sample shown in Figure 62, we have performed Raman measurements
on the white powder deposited on the cathode side of the glass, observed with the
optical microscope (Figure 63 (a)). Raman data are collated in Figure 63 (b),
showing the presence of Na,COs by an intense and narrow peak at 1076 cm™ for
both, when the current through the glass is not limited (as is the case for the sample
in Figure 62), being 400 uA, and also when the current is limited to 50 pA.
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Figure 63. Na,CO; formation at the cathode after the thermal poling of SDG. (a) Optical
microscope image of the cathode showing white particles, which correspond to the Na*
charges that have been neutralized into Na,COs, and damaged areas. The bottom scheme
shows the cathode face where the optical image and Raman in (b) have been measured.
The depletion region that forms close to the anodic face (bottom) of the SDG is
highlighted. (b) Raman spectra measured on the sample previously shown in Figure 62
(top, blue) where the current was not limited, and to a sample where the current was limited
to 50 pA (bottom, red). Both spectra show an intense peak at 1076 cm™ is detected,
corresponding to NaxCOs. Scale bar: 100 pA.

As previously discussed, we are more interested in building the graphene
device on the cathode face of the glass in order to take advantage of the highly
positive charges that accumulate close to the surface, which provide a high level of
doping to the graphene. However, because of Na,COs being deposited onto the
glass surface, it is necessary to optimize the poling conditions for the SDG with
graphene transferred onto it, in order to try to reduce the effect of Na,COs (if
graphene does not completely block CO»), Na,O (oxidation) or Na (if electronic
neutralization occurs). These compounds might otherwise damage graphene.
Figure 64 (a) shows the SEM characterization of the previous sample cathode as
indicated by the scheme on the bottom side. The cathode surface where the poling
has been performed has a non-homogeneous surface. We have performed high
resolution SEM images and EDX measurements on different areas of the sample
where different morphologies can be observed (1-4), which are shown in Figure 64
)

The measurement on area 1, close to the edge of the Au electrode, shows a
big difference between the poled and non-poled regions. EDX measurement on
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the non-poled area, denoted by a circled-dashed line, show only Si and O belonging
to the substrate.

The measurement on area 2, close to the center of the cathode, reveals the
formation of compounds that have been passed through the Au electrode. EDX
measurements detect the substrate contribution, but in this area also Au is detected
- belonging to the electrode- and Na. The presence of the latter demonstrates the
neutralization of the charges on the cathode.

The measurements on areas 3 and 4 are especially interesting as they reveal
the formation of two specific compounds of Na, which, according to the EDX
measurements, could be related to Na,COj; and Na,O, respectively. In both cases,
the Na is detected when measuring on the formed compounds, but the Si
belonging to the substrate is not detected. This fact confirms the formation of Na
compounds on the surface of the cathode.

100um ..

0:449 5Si:17.6
Na:17.7 Au:19.9

C:754 0:131
Na: 11.4

Figure 64. SEM and EDX measurements performed on the cathode area of the glass. (a)
Scheme of the sample and SEM of the poled area of the cathode. (b) SEM and EDX
performed on four different areas of the cathode, where the formation of compounds with
Na are detected.
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As previously mentioned, due to the formation of sodium compounds, it
is necessary to optimize the poling of the SDG in the case where graphene is
transferred onto it, as the release of Na will damage the graphene. To this aim, we
have built samples similar to that shown in Figure 62 (a), but with the Au top
electrode this time being a frame onto which the graphene is transferred. In order
to evaluate the poling performed on the SDG, we monitor the Vp applied to the
sample and the current (I) generated through the glass due to the Na" displacement.

Figure 65 (a) shows the poling process for the conditions used in the
sample in Figure 62, where the Vp is -1.6 kV and the current, whose maximum
value is 400 pA, has not been limited. It can be observed that the current
immediately increases very quickly compared to the Vp, which has been applied
slowly in order to avoid thermal runaway of the Na" charges. The current achieves
a maximum and after 12 minutes, approximately, it starts to decrease. The
phenomenon occurring here is that after the Vp is applied, the displacement of
charges starts, which is translated in the measurement of the current. At the same
time, the depletion region is created and keeps growing in thickness until the
current starts to decrease after 20 minutes. At this point, the voltage across the
depletion region created inside the glass is equal to the external Vp. The shoulder
observed in the current curve at 70 minutes is due to the cooling down of the
system while the V5 is still being applied, with the current being 72 pA. The reason
for this is that the decrease in temperature reduces the mobility of the charges that
are still moving. After the whole poling procedure, Raman confirms that the
graphene is broken, being unable to detect the G and 2D peaks (without measuring
the Rs). Further optimization is performed, limiting the current to 50, 10 and 5 pA,
with damage to the graphene being observed in all the cases due to the Na release.
However, as demonstrated in Figure 66, damage also occurs to the graphene if Vp
is positive (+1.6 kV) and the Na is released on the opposite face. Figure 66 (a)
shows the optical image of a graphene device after poling without current
limitation, where it can be observed that both the Au Hall bars and the graphene
are damaged after the process. In Figure 66 (b), the Raman performed on the
device shows the typical graphene peaks before poling the SDG, while after poling
none of these are detected. However, the detection of the peak at 605 cm
confirms the poling of the SDG.

For a more accurate limitation of current, we introduce a thin layer of
Kapton (25 pm + adhesive) between the sample and the set-up, reducing the
maximum current to 370 nA. Under these moderate current conditions, the
graphene properties are successfully preserved when the Vp has either a positive or
negative value. Figure 65 (b) shows the current generated after the application of a
negative Vp, which achieves a maximum of 370 nA and decreases after 20 minutes
of poling, as in the case without limitation to the current. A shoulder can be
observed at 2 minutes, where the current achieves a value of 227 nA, stabilizes for
approximately 5 minutes and then increases again to 370 nA. We believe that this
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is related to the adhesive layer of the Kapton. For a further understanding of this
artifact, we perform experiments changing the intermediate layer to Kapton
without adhesive and the shoulder in the current curve disappears. Although the
graph shows the poling for 1000 minutes, the experiment continues for
approximately 26 hours, in order to record the whole current decrease to 10 nA,
after which we cool down the system.
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Figure 65. Optimization of thermal poling of SDG when the graphene is deposited on
the top face of the glass. (a-b) Monitoring of Vp applied for the poling and I created in the
glass due to the Na* displacement. (a) Poling of SDG under the same conditions as the
sample poled previously in Figure 62, where the Vp applied is -1.6 kV at 270°C, for 100
min without controlling I, whose maximum value is 400 pA. (b) Conditions are optimized
for the introduction of graphene on the top face of glass, where the poling conditions are
constant, with a longer poling time due to the current limitation and the use of a Kapton
layer between the glass and the set-up. The maximum current is approximately 370 nA. (c)
Contact angle measurements demonstrate a change in the surface charge by spontaneously
displacing a water droplet from the external side of the glass to the area where the poling
of SDG has been performed.
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If both procedures are compared, the current achieved in the former —
Figure 65 (a) - is much higher, thus causing a stronger poling effect on the SDG,
which is confirmed by the poling and Na,CO; detection by Raman. In the case of
Kapton, a lower current is achieved through the glass (approximately 1000 times
less), which is translated into a moderate poling of the SDG. Because of this, the
poling effect cannot be detected by Raman (peak at 605 cm™) and Na is not
observable on the cathode. However, a very simple procedure, such as the contact
angle characterization, serves to verify if the surface charge of the glass has been
altered. This is represented in Figure 65 (c) where a water droplet is deposited close
to the edge of the glass, and after 3.5 seconds it spontaneously moves towards the
region where the thermal poling of the glass has been performed. Moreover, if the
droplet if observed from above, it can be seen how its shape is modified to the
square shape of the electrode used in the poling of the SDG. The use of this simple
technique serves to indicate the success of the glass poling under soft conditions.
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Figure 66. Thermal poling of a graphene device, at Vp of +1.6 kV, without current
limitation. (a) Optical image of the Hall bar of the device where both the Au contacts and
the graphene in the middle can be seen to be damaged. Rs measurements are not possible
on this device. The damage to the graphene after poling is confirmed by Raman in (b),
which is performed on the Hall bar before (red, bottom line) and after (blue, top line)
poling. After poling, the detection of the peak at 605 cm, and the absence of the G and
2D graphene peaks (which can be detected before poling) confirm the damage to the
graphene device and the need to control the current.
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A successful optimization of the SDG thermal poling when the graphene
device is built onto it allows us to better understand Rs, ns and pn changes under
varied poling conditions, and the graphene behavior when it is deposited onto a
non-poled substrate. We will discuss these results in the following section,
demonstrating the change in the graphene doping depending on the charge of the
Vp.

5.4. Effect of SDG thermal poling on graphene doping

For a clear understanding of the effect of thermal poling of SDG on
graphene doping, firstly, we will measure ns of a graphene device built onto a non-
poled SDG and its response after thermal treatment (section 5.4.1). Secondly, we
will study the response of a graphene device built onto a thermally poled glass at
negative Vp (-1.6 kV), and, finally, when applying a positive Vp (+1.2 kV).

5.4.1. Graphene device response onto a non-poled SDG

After fabricating the graphene device onto a non-poled SDG following the
procedure described in section 5.2.2. Graphene device fabrication above, Hall
measurements are performed in order to evaluate Rs and pn evolution with
temperature. Figure 67 (a) shows the variation in Rs when the temperature is
increased from RT to 280°C, in steps of 50°C, and later decreased to RT again. The
typical behavior of a conductive layer exposed to heat can be observed, firstly with
the Rs increasing gradually with temperature, due to the enhancement of electron
collisions in the material (which reduce its conductivity) and, secondly, with the Rs
decreasing once the sample is cooled down.

For a better understanding of Rs results, Figure 67 (b) represents the
variation in Rs at each temperature step — with the Rs being the mean value
calculated for each step where the temperature is held constant — highlighting the
values measured during the heating (bottom, red line) and cooling (top, blue line)
of the sample. As can be observed, the Rs gradually increases until the maximum
temperature is achieved, immediately decreasing when the sample is cooled down.
Although the cooling down trend of the Rs shows hysteresis, the Rs finally returns
to almost its initial value, being 1.23 k€/sq. Figure 67 (c) shows the calculated pn
during the heating of the sample. The two initial measurements in grey are
approximate due to a non-stable measurement of the ns. However, from 100 to
300°C, the un strongly decreases from 1400 to 400 cm®/V's for a nearly constant
hole carrier density, whose mean value is 3.13 x 10> cm™. The graphene p-doping
achieved is consistent with literature, as the glass charge is potentially negative due
to the deprotonated SiOH groups on the surface. According to the results, the
change in Rsis purely a thermal effect and not related to a doping change. The
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Figure 67. Electrical measurements performed on a graphene device built onto a non-
poled SDG. (a) Evolution of Rs (orange line) when temperature is increased from RT to
280°C in steps of 50°C (green line). Rs gradually increases and decreases following the
temperature trend, which corresponds to the normal behavior of a conductive layer
exposed to temperature. (b) Rs variation with temperature during the heating (red line) and
cooling (blue line) of the sample. (c) Mobility variation during the heating of the sample
(red bubbles). The two former values in grey are approximate as measurements at these
temperatures are not stable. From 100-300°C, the un strongly decreases for a nearly
constant hole carrier density of 3.13 x 1012 cm2 The dotted lines in (b) and (c) act as guides
for the eye.
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decrease in mobility with temperature can be explained in ref. [97], as the graphene
becomes conformal to the glass surface, allowing its reaction with oxygen.

5.4.2. Graphene device response onto a poled SDG with +Vp

As we initially discussed, we are more interested in building the device on
the cathode’s face in order to take advantage of the strong positive charges
accumulated close to the surface of the SDG. However, as will be shown below,
we will demonstrate the poling contribution to the graphene doping for both cases,
i.e, when *Vp are applied.

Before that, we want to calculate the charge (Q) that has been displaced
during the thermal poling of the SDG, thus taking into consideration the current
curve obtained in Figure 65 (b) for an electrode area of 25 mm”

Figure 68 (a) below shows the evolution of Q) over time, where QQ has been
calculated using the following equation:

Q= 1-dt (Eq. 18)
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Figure 68. Influence of poling time on graphene doping. (a) Calculation of the charge
displaced inside the SDG at different poling times using Kapton for current limitation and
-1.6 kV. Data for Q are calculated from the current curve in Figure 65 (b) for an electrode
area of 25 mm?. (b) Summary of the absolute value of ns for the graphene devices, whose
substrate has been poled for different lengths of time at 270°C and applying + 1.6 kV.
This shows a huge difference between the ns for the non-poled SDG (tp=0) and for the
SDG poled for 300 min (tp=300), with each having mean values of 3x10'? and 1.4x10*
cm?, respectively.
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Although the trend is initially linear, the increase in Q slows down after 200
minutes. The increase in Q over time is related to higher doping levels in the
graphene, as represented in Figure 68 (b). Here, the results obtained for the
graphene devices that have been poled for 60, 120 and 300 minutes are
summarized. The doping levels increase with time independently of the carrier
density type (n- or p- doping; note that ns is an absolute value). Thus, a huge change
in graphene doping is observed when comparing the values obtained for non-poled
SDG (tp=0) and the samples that have been poled for 300 minutes, with mean ns
values of 3 x 10" and 1.4 x 10" cm”, respectively.

After evaluating the influence of tp on the achieved doping, we include two
samples that have been poled for different lengths of time — 2 hours and 1 hour —
applying a negative and a positive Vp, respectively. While we demonstrate the
change in graphene doping in both cases, we also show in detail the ns and mobility
change during the whole procedure for our most interesting case, when the Vp is
negative and the Na is displaced towards the cathode, which is the face where the
graphene device is located.

When a negative Ve of -1.8 kV is applied for 2 hours to the SDG, as expected,
the graphene is electron doped with a mean value of -1 x 10" cm™. As previously
discussed and shown in Figure 69 (a), the reason for this is that the displacement
of the Na ions towards the cathode, which is the SDG surface where the graphene
device is located, provides a strong positive charge to the substrate.

In order to evaluate the reversible behavior of the graphene device when
the thermal poling is progressively erased, we heat up the sample in steps,
simultaneously measuring the Rs and the ns. Figure 69 (b) shows the evolution of
Rs when the sample is heated from RT to 200°C, and then cooled down again to
RT. In this situation, the behavior of Rs is very different to the case where the SDG
has not been poled - Figure 67 (a). Here, the high Rs immediately decreases after
only increasing the temperature to 50°C, demonstrating that the Na" at this low
temperature starts to have mobility. If the temperature is further increased to
150°C, Rs decreases to a minimum value of 250 €/sq. This value is constant until
the end of the process, with the temperature being increased to a maximum of
200°C and then decreased to RT. This variation is best observed in Figure 69 (c)
where the heating and cooling steps can be distinguished.

Figure 69 (d) very clearly shows the change in graphene doping before and after
the temperature treatment, where the poling is achieved and eventually erased,
respectively. Due to the poling effect, the sample initially has electron doping — n
type — which progressively changes as the temperature is increased. This is because
heat once more allows the mobility of the Na particles that are accumulated on the
top side of the SDG, and close to the graphene device. These particles move over
the whole SDG, causing the p-doping to re-occur. The doping type changes at
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approximately 60°C and a maximum p-doping is achieved at 155°C, after which it
decreases again and remains practically constant until the sample is cooled down.
The overall change in ns before and after erasing the poling effect is from -1.4x10"
to 3.2x10" cm™. Figure 69 (e) shows the evolution of the calculated pun over the
whole process. Similarly to the situation with graphene on a non-poled SDG -
Figure 67 (c) - an increase in uu can be observed when the temperature is raised
from 50 to 100°C, after which it decreases again due to the high doping level
measured at 150°C. After that, it increases when the temperature is raised to the
maximum 200°C, but then decreases when the sample is cooled down again,
recovering its initial value (500 cm®/V"s).
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Figure 69. Graphene device response after SDG poling at -1.8 kV for 2 hours. (a) Scheme
of the sample indicating (with white arrows) the displacement of the Na particles towards
the cathode, the SDG face where the graphene device is located. (b) Rs (orange line)
evolution with temperature, which is increased from RT to 200°C (green line). Rs decreases
after 10 minutes as the temperature is increased. After one hour, a minimum Rs of 250
Q/sq. is achieved, which is fairly constant until the temperature decreases to RT once
more. (c) Rs variation with temperature, showing a huge decrease from 1.7 kQ/sq. to 250
Q/sq. (d) ns variation with temperature, where the graphene doping changes after erasing
the poling effect (from n- to p-type). (€) un variation with temperature, showing an increase
at 100°C and 200°C, returning to its initial value after cooling down the sample. In (c-¢)
the data are plotted separately for heating (red bubbles) and cooling (blue bubbles) the
sample. The dotted lines are guides for the eye.
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From the above, we can conclude that the poling effect changes the doping
and is reversible. Moreover, we have demonstrated that its progressive erasing
modifies the doping back to the glass’ original values without damaging the device,
as the mobility remains the same at the end of the whole procedure.

Finally, when a positive Ve of +1.2 kV is applied to the SDG for 1 hour, as
expected, the graphene is hole doped with a mean value of 3.5 x 10" cm™. As
previously discussed and shown in Figure 70 (a), the reason for this is the
displacement of the Na charges towards the cathode, which is on the opposite
surface to the graphene device.
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Figure 70. Graphene device response after SDG poling at +1.2 kV for 1 hour. (a) Scheme
of the sample, indicating (with white arrows) the displacement of the Na particles towards
the cathode, the opposite face to where the graphene device is located. (b) Rs (orange line)
evolution with temperature, which is increased from RT to 320°C (green line). Rs increases
slightly until it starts to decrease after 20 minutes as the temperature is increased. After 50
minutes, a minimum Rs of 807 £/sq. is achieved, which then increases and remains constant
until the temperature is again decreased to RT. (c) Rs variation with temperature, showing a
huge dectrease from 4 k€/sq. to 807 /sq. and a constant value of 1.4 k/sq. as the sample
is being cooled. The data are plotted separately for heating (red line) and cooling (blue line)
the sample. The measurements before and after the thermal treatment demonstrate a change
in ns from p- to n-type, with values of 3.5 x 1012 and -3.42 x 1013 cm 2, respectively.
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The presence of the negative depletion region close to the graphene
induces its p-type doping. Here, the Rs increases and then, after 20 minutes,
immediately decreases from 4 kQ/sq. to 807 /sq., the sample being constant at
1.4 kQ/sq. after cooling — Figure 70 (b). This variation can be observed in Figure
70 (c) where the heating and cooling steps are distinguished. The measurement of
the carrier density at the end of the process reveals that the carrier density has
changed to n-type with a value of -3.42 x 10" cm™.

It can be concluded that the poling effect on graphene doping is reversible
and the graphene can be doped to both types by moditying the Vp applied.

5.5. Conclusions

We have demonstrated the possibility of altering graphene doping in a
controlled and stable way by modifying the polarity of the dielectric substrate. By
applying a well-known technique, called #hermal poling of glass, we have been able
to create a very stable electric field inside the glass, which, depending on the charge
proximate to the graphene device, induces a different type of doping. We have
provided the calibration of the thermal poling to the glass and when the graphene
device was introduced. The duality of the graphene doping is possible by applying
a positive and a negative external voltage to the glass, which induces p- and n-
doping, respectively. We have shown the changes in doping after performing the
poling in both cases (with positive and negative voltages) and also demonstrated
the reversibility of the poling when the temperature is increased and the poling is
erased. Future work will consider the isolation of Na charges on the cathode to
enhance the poling effect and consequently the effect on the graphene doping.
Another very promising aspect would be the partial erasing of the poling at the
highest mobility and the checking of its stability over time.






Summary and outlook

he exceptional and unique properties of graphene make it a very promising

material for a wide variety of applications, such as transparent electrodes,

supercapacitors, flexible displays, touch-screens and wearables. The
chemical vapor deposition (CVD) technique allows the growth of high quality
graphene over large areas, typically on Cu foils. For its application in industry,
transfer of the material from the foil to the target substrate is critical, especially for
preserving the high quality of the graphene and leaving its properties unaltered. To
this end, this thesis has investigated transfer, direct growth and doping alternatives,
which enhance the graphene quality and contribute towards its future mass-scalable
applications.

The main objectives and challenges associated with this thesis are summarized
in the following figure, and the main outcomes are listed below:

Objective 1:
Direct growth of graphene
Objective 2:
Improved dry transfer
Objective 3:
| Doping tuning
1. Growth 2. Transfer 3. Device
Graphene on Cu foil: Graphene wet transfer: [ Intrinsic doping:

Cu foil: cleaning, . Handling Substrate contribution
roughness, crys.talllnlty PMMA Top layer contribution,
CVD procedure: gas addition/removal e.g., encapsulation

flow, time, etc. Contact to etchant




138 6. Summary and outlook

¢ Direct growth of graphene on glass. An investigation has been carried out
into the direct growth of graphene on the dielectric target substrate with the
removal of the intermediate and cumbersome transfer step. The use of a
standard Cu foil catalyst was substituted with the deposition of a UTMF layer
of Ni on top the substrate. The study covered a wide range of UTMF Ni layers
(5-50 nm) that dewet at high temperatures, allowing the deposition of graphene
onto the substrate, and the optimum conditions were found to be 50 nm of Ni
at 700°C. The lower temperature allows the direct growth of large areas of
graphene or patterned graphene on substrates with low and high strain points,
such as the flexible and thin Willow© glass and fused silica, respectively.

e Direct growth of 2-D and 3-D carbon structures on glass. Related to the
direct growth of graphene, an innovative and versatile procedure has been
developed to grow graphene under similar CVD conditions in a two-
dimensional flat layer and, also, assembled into a three-dimensional shape. This
second option increases the effective surface area of the material, and
consequently, the potential applications. The achievement of these structures is
possible by an easy and controllable tuning of the density of the catalytic Cu
nanoparticles (NPs). The different arrangement of Cu NPs allows the
production of two dimensional graphene networks, and three-dimensional
graphene balls and sponge structures over large substrate areas without the need
for lithography steps.

e Transfer on glass using polyimide as intermediate layer. Focusing on the
issue related to the transfer of CVD graphene grown on a Cu foil, a novel
technique has been demonstrated, which performs the dry transfer of the
graphene onto flexible and rigid target substrates by mechanically peeling the
Cu, thus allowing it to be recycled for future use. This is possible by means of
an intermediate stable polyimide layer between the substrate and graphene that
has a higher adhesion to graphene than the one between the graphene and the
Cu foil. The transfer was carried out using two types of industrial equipment, a
hot press and a laminator, with the former achieving higher quality graphene
without much dependence on the roughness of the Cu foil. For the laminator,
the graphene transfer was also successful, with a higher quality of graphene
grown on the Cu foils with low roughness. This technique has been
demonstrated to be fast, easy-handling and scalable, with the production of
graphene devices with high transmittance, high resistance to bending, good
stability with high temperatures (up to 350°C without degradation), and high
stability with aqueous media without delamination.
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¢ Doping through thermal poling of glass. Finally, once the device had been
fabricated and intrinsically doped by the contribution of, for example, the
substrate or the top layer material used for encapsulation, the use of thermal
poling to create an electric field in the glass was investigated, which was found
to induce doping into the graphene device. The electric field created by the
application of an external voltage displaced the charges of the glass, modifying
the charge under the graphene device. The doping of graphene to n- and p-type
was demonstrated, also showing the evolution of the carrier density when the
poling effect was progressively removed.

Although this thesis has contributed to providing alternative solutions to
the current issues related to the implementation of graphene on the large scale, for
each technique developed here there remain aspects to be improved in order to
achieve a real implementation. Future work should focus on the study of the
electrical properties of devices fabricated with direct grown graphene (assembled
into 2D and 3D structures), and the demonstration of application in plasmonics
and membranes for the novel structures developed here, 3D-GB and 3D-GS,
respectively. Moreover, the stability of the poling effect for a controlled tuning of
graphene doping will be of great importance for the scientific community and for
future applications.
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