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Abstract

Material science is going through a minor revolution these years, after 2-
dimensional (2D) materials burst onto the scene in 2004. These compounds
exhibit intriguing properties when compared to their 3-dimensional counter-
parts and are currently being investigated for potential use in wide variety of
fields, such as electronics, photonics, composite materials and more.
This thesis will present the work performed over the course a 3 year PhD-study.
Here, academic and industrial interests merged, with the aim of investigating
the potential use of 2D materials for future sensing devices. The work includes
studying the basic properties of these materials, while developing procedures
for synthesis, functionalisation and fabrication.
The main material of focus was a 2D carbon, also known as graphene, because
its unique structural and electronic properties enable communication with its
surroundings. By incorporating photoactive species onto the graphene, it was
possible to fabricate photo-sensors with the potential of exhibiting a high re-
sponsivity toward incoming light.
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Resumé

Materialevidenskaben gennemgår en mindre revolution i disse år, efter 2-
dimensionelle (2D) materialer gjorde sit indtog i 2004. Sammenlignet med
deres 3-dimensionelle modstykker, udviser denne type materialer en række
særlige egenskaber som gør at at de kan komme i betragtning som aktive
komponenter indenfor en bred vifte af industrielt relevante felter, såsom, elek-
tronik, fotonik, komposit-materialer, mm.
Denne afhandling præsenterer det arbejde som blev lagt i løbet af et et 3-årigt
PhD-studie. Projektet er et resultat af akademiske og industrielle interesser,
forenet omkring at udforske disse materialers brugbarhed som sensorkompo-
nenter. Arbejdet har inkluderet studier af basale materielle egenskaber, samt
udvikling af procedurer til syntese, modificering og fabrikering.
2D karbon, også kaldet grafén, var projektets primære fokus idet dets struk-
tur og særlige elektroniske egenskaber giver anledning til kommunikering med
omgivelserne. Ved at inkorporere fotoaktive komponeter på grafenen, var det
muligt at fremstille fotesensorer med potentiale for høj responsivitet imod
indkommende lys.
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Foreword

Background

The project is a 3-year Industrial PhD and was initiated as a collaboration be-
tween the Organic Surface Chemistry group at Aarhus University (AU) and
Newtec Engineering A/S in Odense (NEWTEC). The basis of the collabo-
ration was a common interest in the novel material, graphene, and a good
relationship between project supervisors Professor Kim Daasbjerg (AU) and
Head of research, Bjarke Jørgensen (NEWTEC) was already established be-
fore project initiation. Both NEWTEC and the Organic Surface Chemistry
Group had initiated graphene research programs, and therefore a joint project
was started to enable exchange of knowledge and corporative studies.

Project Aim

NEWTEC specialises in making machines for weighing, packaging and opti-
cally grading various food items such as vegetables. Recently the company
has started to look into hyper-spectral imaging as a way of determining the
quality of the processed foods, and various types of cameras are now being
developed within the company. When grading e.g. vegetables, it is of high
interest to identify certain chemical markers, not only at the surface, but also
within the vegetable. A large amount of the desired information therefore lies
outside the visible range of the electromagnetic spectrum - especially within
the infra-red region. State of the art infra-red photo-detectors such as the
InGaAs-detector and bolometer-detectors have a relatively narrow absorption
band, plus they are expensive and impractical. The unique optical and elec-
trical properties of graphene and other two-dimensional materials make them
possible candidates for developing novel broadband photo-detectors.
The focus of the initial part of the study was put on graphene synthesis,
employing a bottom-up high temperature approach, with chemical vapour de-
position (CVD) being the primary platform. Before the project was initiated,
very little hands-on experience with CVD was available, and therefore high
priority was put on developing reliable synthesis and fabrication procedures.
With the graphene platform in place, the door was opened for incorporating
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functionalities which could direct the properties of the as synthesised devices
towards sensing capabilities.

How this thesis is set up
The topics covered in this thesis span from fundamental studies on synthesis
and characterisation towards real-life applications of graphene. The intention
is that each chapter can be read individually, however, Chapter 1 and 2 should
be seen as introductory to the rest.
Chapter 1 is an introduction to graphene and other 2-dimensional materials
and reviews some of the most important properties and how the literature has
developed since the discovery of graphene in 2004.
Chapter 2 introduces some of the methods used for material characterisation
and discuss a couple of add-on-methods which was developed over the course
of the project.
Chapter 3-6 covers the experimental efforts of graphene synthesis, character-
isation, functionalisation and application. These chapters will be introduced
with a literature review of the topic, before methods and results are discussed.
Each chapter will be closed with a short summary on the obtained results.
Chapter 7 provides the overall summary and outlook of the work presented.

Contributed Parts
The entire thesis has been written by the author. Half way through the project
a progress report was written as part of the PhD programme of the Graduate
School of Science and Technology at Aarhus University, and parts of it have
been directly reused with some modifications. More specifically: Section 1.3,
Chapter 2 in its entirety, Section 3.3.1.1. Section 3.3.1.2, Section 3.3.1.2, Sec-
tion 3.3.2, Section 3.3.3.1.
Furthermore, figures, tables and images may have been borrowed from pub-
lished literature or from reports/thesis’ issued by collaborators. In that case,
clear references have been made in the appertaining text.
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Chapter 1

Introduction

1.1 What is a 2-dimensional Material?

Until recently, material science was primary focused on describing, under-
standing and exploiting materials whose basic structural parameters could be
described in three dimensions (3D). In fact, a person with little interest or
knowledge of materials and their structure, would probably ask the question,
how can a material be anything but 3 dimensional? In the end, all materials
consists of atoms, and as they have a given size in all three dimensions, it will
be impossible to have a lower dimension material, without removing every-
thing. Of course this is correct, and when people talk about materials of lower
dimensions, it stems from how it is most convenient to describe their structure.
More specifically, in how many dimensions can the smallest subunits of a ma-
terial be repeated, in order to form the material in question? For this reason,
isolated atoms/ions or small clusters of atoms, such as nano-particles, are often
termed zero-dimensional (0D). Strings of atoms or molecules bonded together
in sequence can be thought of as 1-dimensional (1D) systems, a category in
which polymers can be ascribed. This group of materials has within the field
of chemistry been known for quite some time, however, often these materials
find their use in the bulk form which, again, requires 3-dimensional consider-
ation. Historically, descriptions of 2-dimensional materials (2D), i.e. atoms
arranged in a sheet-like structure, have been more sparse, most likely because
they for a long time were thought to be unstable,1 however, early reports
of monolayer graphite formed on transition metal surfaces is well known.2,3
Actually, it wasn’t until 2004 where two Russian physicists, Andre Geim and
Konstantin Novoselov, at the University of Manchester, England, managed to
isolate a single one-atom-thick sheet of carbon, that 2D materials became a
well known phenomenon and started to puzzle scientists all over the world.4
This discovery came from an uncanny source, as it was not a new and exotic
form of carbon which had been synthesised, but actually arose from a mate-
rial which has been known for millennia and studied in great detail within the
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1.2. GRAPHENE - STRUCTURE AND ELECTRONIC PROPERTIES 3

last century - namely graphite. Graphite has a layered structure consisting of
atomically thin sheets stacked upon each other. These graphene-sheets, can
be separated by applying a relatively small force. This actually explains the
basic working principle of a pencil, where small pieces of graphite breaks off a
rod, as the pencil is dragged along a surface. All this time, this material had,
quite literally, been lying right under our nose, but isolating and observing it
was in a sense coincidental.5 It then took the brilliance of Geim and Novoselov
to go one step further, to measure and understand the basic properties of this
"new-found" material, for which they were given the Nobel Prize in 2010.
But how do the properties of 3D graphite diverge from that of 2D graphene?
First off, the simpler structure passes on to the electronic structure which gives
rise to distinct differences of basic electronic properties. Furthermore, all(!)
atoms of which the materials consist, are situated at the surface and therefore
experiences the effects of an environment. This allows for communication be-
tween the material and the surroundings, which can be evaluated through a
change in its basic properties.

1.2 Graphene - Structure and Electronic
Properties

To better understand the nature of graphene, this section will focus on de-
scribing its structural characteristics and, in turn, the electronic structure and
properties.
The chemically versatile nature of carbon (C) makes it an essential building
block in all sorts of materials, and of course play a prominent role in forma-
tion of life as we know it. In its pure crystalline form it is historically better
known as graphite or diamond: two markedly different materials, both in ap-
pearance and in terms of their properties. However, within the last century
more allotropes have joined the carbon family tree, such as fullerenes6 and
carbon nanotubes,7 both of which exhibit unique properties and still are sub-
ject for heavy investigations/research. Non-crystalline forms of carbon deserve
an honourable mention because of their relatively high industrial importance:
coal, as an energy/fuel source, and glassy carbon, which is an inert, conductive
and lightweight material that finds use as e.g. electrodes and crucibles.
The crystal structure of graphite is a result of stacking layers of carbon which
are only kept together by weak van der Waals forces, thus making the crystal
soft and brittle. A single layer of graphene has a structure where each C-atom
is bonded to three in-plane neighbours, forming a planar structure of hexag-
onal symmetry. The unit cell consists of two atoms as depicted in Fig. 1.1a,
which are placed ≈ 1.42 Å apart. The type of symmetry is a result of the
hybridisation between the s-orbital and the two p-orbitals, leaving three in
plane sp2-hybridised orbitals which form σ-bonds to the neighbouring atoms.
In a macroscopic (semi)infinite graphene crystal these bonds collectively give
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rise to the so-called σ-band, and provides the material significant strength and
durability. The fourth remaining, out-of-plane, p-orbital enables π-bonding,
which correspondingly gives rise to π-band formation. This band is responsible
for the electronic properties of graphene, which we will dig deeper into now.
The electronic structure of graphene was already developed in 1947 by Wal-

Figure 1.1: a) Arrangement of carbon atoms in the graphene lattice. Blue and
yellow atoms depict the two atoms inside each unit cell. a1 and a2 are the unit
cell lattice vectors. δ1−3 are the nearest neighbour vectors. b) The first Brillouin in
graphene, with centre at Γ and high-symmetry points: M, K and K’. b1 and b2 are
the reciprocal lattice vectors. c) π- and π∗-bands modelled by tight binding approach.
Zoom in on the Dirac point at K/K’. Figures are reproduced from Castro Neto et al.8

lace.9 By using the tight-binding approximation the structure of the π- and
π∗bands was modelled. In Fig. 1.1c a numerical representation of the struc-
ture is depicted. It is clearly observed how the π- and π∗-band meet exactly
at the high symmetry points K and K’ in the first Brillouin zone (Fig. 1.1b)
which causes graphene to be termed a zero-bandgab semiconductor. These
points are referred to as Dirac points, and under ideal isolated conditions the
Fermi level will lie exactly where the two bands meet. However, at any given
temperature above absolute zero, electron-hole pairs will form due to thermal
excitation. I.e. under realistic circumstances, charge carriers will always be
present, thereby foreseeing a metallic behaviour of graphene. Now, graphite is
a well-known conductor, so the prediction of metallic behaviour in graphene
hardly comes as a surprise. However, one intriguing property which Geim
and Novoselov reported in their original study from 2004,4 is that by applying
an electric field the amount of charge carriers, and thereby the conductiv-
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ity of graphene, can be tuned. Such a graphene based field effect transistor
(GFET) show very high charge-carrier mobility even at high doping levels, for
both electrons and holes. Furthermore, when the Fermi level is shifted to lie
exactly at the Dirac point (also termed the charge neutrality point), the con-
ductivity is highly oppressed. However, due to the zero-gap nature, turning
off the flow of charge carriers is not possible. Furthermore, such doping effects
in graphene are also observed when placed in different chemical environments,
due to charge transfer10 or scattering effects,11 and may therefore be directly
measured through a change in conductivity.
Going back to the electronic structure depicted in Fig. 1.1c, the Dirac cone
has been blown up and reveals that the electronic dispersion is linear close
to the Dirac point. This feature causes the charge-carriers to behave like
quasi-relativistic particles, or Dirac-fermions, because the effective mass of
the charge carriers is determined by the 2nd order derivative. In other words,
the charge carriers behave as mass-less particles - analogues to photons12 (how-
ever, not travelling at the speed of light, but at the Fermi velocity, vf ≈ 106

m/s8,9). This type of ballistic conductivity has even been reported at room-
temperature,13 and could provide a platform for future ultra-fast electronics.
Besides unique electronic properties, graphene also exhibits extremely high
strength while flexible.14 However, it is often cited to be the strongest mate-
rial ever measured, and in that regard it should be noted that it is difficult to
compare with materials which do not have 2D structure. Also, graphene has
an unmatched thermal conductivity,15 and because of its zero-bandgap nature
it absorbs light in a wide range of the electromagnetic spectrum, ranging from
THz to UV.16,17 The amount of light absorbed (2.3 %) remains constant over
a wide range of energies, and constitute a rather significant amount, despite
its thin nature.17
These properties sparked a huge interest for scientists worldwide, and graphene
is now being studied as a key material for developing novel electronic18 and
photonic devices.19 Furthermore, its potential for large scale production from
graphite could enable graphene to be incorporated as a high strength and/or
highly conducting component in composite materials.20,21

The aim for the utilisation of graphene in this project is to exploit its high
mobility and sensitivity towards the surroundings, for fabricating novel sens-
ing devices. Furthermore, being a carbon-based material, a lot of possibility
lies in altering the structure through chemical functionalisation, which could
enable tunability of the properties.

1.3 Graphene Synthesis

After the discovery of graphene a wide variety of approaches for graphene
synthesis was quickly developed. Methods for large scale graphene production
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are of course needed for the technology to be viable for real life applications,
however, the basic differences in each synthesis approcach leads to significant
alterations regarding the chemical, physical and structural properties of the
as-synthesised compounds. For this reason, even though the definition of
graphene may seem narrow, the term has come to include a rather wide range
of materials. The following sections will provide a short insight in some the
most popular methods for graphene synthesis.

1.3.1 Top-down Procedures

The top-down approach rely on graphene-sheets already being present in
graphite. The aim is therefore to facilitate separation and exfoliation of the
individual sheets and collect the product in a suitable manner. These pro-
cedures generally reveal high quality graphene, but size of the crystals are
naturally limited by the harsh handling during exfoliation, plus of course the
size of the parent crystals.

1.3.1.1 Cleavage

The classic way of isolating a piece of graphene is to apply e.g. adhesive tape4
for continuously cleaving a graphite crystal, and in the end rely on chance
for single layered structures to be formed. Needless to say, this procedure is
unreliable and rules out well-defined mass production. However, due to the
high quality of the parent crystals, to this day, this method is still utilised for
producing clean high-quality graphene sheets, typically in the ten µm range.

1.3.1.2 Exfoliation in Suspension

Suspensions of graphene may be obtained by extensive sonication22,23 or shear
force exfoliation24 (blending) of graphite in appropriate solvents. This reveals
graphene flakes in µm-nm range with the basal-plane still exhibiting high
crystal quality. Unfortunately, solubility is very low and stabilising agents,
such as surfactants or high-boiling-point solvents are often needed to avoid
re-stacking and agglomeration.

1.3.2 Chemical Exfoliation

1.3.2.1 Oxidation

Extensive chemical oxidation of graphite25,26 is another route for layer seper-
ation. The oxidised graphite becomes hydrophilic thus enabling spontaneous
exfoliation in e.g. water. This chemical treatment greatly compromises the
structure and therefore also the properties of the graphite/graphene. This
so-called graphene oxide (GO) may be chemically reduced27 to regain the
graphitic structure, however, eliminated carbon atoms cannot easily be re-
added, and many of the exciting properties are therefore lost. On the plus
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side, large scale production and handling is relatively easy, plus GO in it self
shows many intriguing properties. For more details see Section 5.1.2.3.

1.3.2.2 Reduction

The open crystal structure of graphite allows for so-called intercalation where
molecular/atomic species (typically small ions) are pushed in between the in-
dividual sheets in the graphite. The exact mechanism for this may be based on
Brønsted acid-base reactions28 or encouraged towards charged species by an
applied electric field. Englert et al.29 employed "liquid electrons" from alkali
metals to reduce/charge graphite in suspension and thereby facilitate interca-
lation of the alkali metal ions. Subsequent graphite functionalisation through
diazonium chemistry (see Section 5.1.2 for more details) encourage the indi-
vidual, now modified, graphene sheets to stay in suspension while avoiding
ordered re-stacking. Compared to the oxidative approach discussed in last
section, this method also reveals suspended, however only slightly modified,
graphene.
Another way of facilitating ion intercalation/separation is to simply use graphite,
or graphene on metals, as electrode-material in an electrochemical set up.
This approach will be dealt with in more detail in Section 5.2.1 and Chapter
4, however, not for synthesis purposes.

1.3.3 Bottom up Synthesis

In this approach the graphitic structure is build from scratch, or at least
from minor molecular sp2-hybridised species. Even though graphite is the
thermodynamically most stable form of carbon at room temperature, other
carbon based materials are notoriously stable and a high activation/kinetic
barrier needs to be overcome to produce pure graphitic compounds. This
usually requires very high synthesis temperatures (>800 ◦C) depending on the
nature of the precursor or whether a suitable catalyst is present.

1.3.3.1 Epitaxial Growth on Silicon Carbide

SiC is a semiconducting material consisting of covalently bonded silicon and
carbon atoms which may pack in a wide variety of crystal forms. The crys-
tal types 4H-SiC and 6H-SiC posses high bandgaps (≈3 eV) and have shown
great potential for graphene formation directly on a semiconductor. When
treated at high temperatures Si preferably sublimes while leaving carbon be-
hind and graphene forms on the surface of the SiC.30,31 Large areas of high
quality graphene may be achieved in this way, and the fact that formation
happens directly on a high bandgap material makes the approach promising
for fabricating electronic devices. However, very high synthesis temperatures
(>1800 ◦C) and process control makes reproduction inherently difficult, plus
the procedures rely on expensive high quality SiC.
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1.3.3.2 Chemical Vapour Deposition

The most popular method for producing large area high quality graphene
is chemical vapour deposition (CVD).32 Here carbon based precursors are
degraded at high temperatures and deposited on a suitable substrate. Var-
ious metallic substrates have proved to catalyse the formation of graphene
which then grows on the metal surface. The downside of this procedure is the
graphene rarely can carry out its function on a metallic substrate and there-
fore needs to be transferred - a process which is detrimental for the properties.
CVD and transfer will be dealt with in closer detail in Chapter 3.
Other related structures such as graphene-foam,33 -nanoribbons34,35 and 2D-
alloys36 have also been synthesised in this way. Generally, the method is very
versatile because many different substrates/scaffolds and precursors may be
incorporated in the synthesis procedures.

1.3.4 A Note on Quality

In the last section we reviewed various different methods for graphene syn-
thesis. One might argue, to what extend the as synthesised products actually
look like graphene or exhibits the intrinsic properties of graphene. In every-
day usage of the word graphene all of the above may qualify in terms of a
qualitative standard which scientists, perhaps on an uncontentious level, have
agreed upon. However, the materials in questions do NOT necessarily show
similar characteristics and will likely find use in very different applications.
For newcomers to the field of graphene it is important to be aware of these
differences, and hopefully soon, standards will be available which will enable
better categorisation of these materials.
This thesis primarily revolves around graphene made from CVD. Unless oth-
erwise stated, the employed graphene is poly-crystalline in nature, meaning
that nucleation has initiated at multiple sites after which these individual is-
lands grow together. However, in this process, alignment of the crystals is
most likely not perfect, thereby giving rise to the term polycrystalline. These
films may be subjected to a transfer process which will affect them to some
degree, however, it will be clearly specified what treatments the individual
films have undergone.

1.4 Other 2D-materials

The discovery of graphene led to similar investigations of materials which
also exhibited a layered structure, with sheets only held together by van der
Waals forces. In this way a wide range of materials was added to the 2D
family, many of which exhibit intriguing properties at the 2D level which are
different, or complementary, to that of graphene. In this way the discovery of
graphene and other 2D-materials has blown the "material-toolbox" wide open,
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and forced scientist to approach material science in a new manner. Extensive
work is now being performed in fabricating and characterising such materials
and hybrid-structures.18

1.4.1 Hexagonal Boron Nitride

Another material which have proven very useful in its 2D form, especially
alongside graphene, is hexagonal boron nitride (h-BN). Regarding its struc-
ture, h-BN is very similar to that of graphite/graphene. The lattice structure
is identical, however, with a boron and nitrogen atom occupying the two sites
within the unit cell (Fig. 1.1a). The lattice constant is very close to that
of graphene, and its flat nature enables minimal distortion of the graphene
structure when the two compound are stacked on top of each other.37 Due
to its polarised nature, h-BN exhibits an electronic structure vastly different
from that of graphene, and posses a large bandgab38,39 which has termed it a
2D insulator. Graphene encapsulated in h-BN is perfectly isolated, have very
few wrinkles and thereby provides and optimal platform for graphene electron-
ics.13 In this way ballistic currents over long distances may be achieved within
the graphene, which could lead to numerous electronic application. Dauber
et al.40 used such a device for highly precise magnetic sensing, and Chen et
al.12 recently used graphene p-n junctions to show how electrons in graphene
behave as light particles and may be subjected to both positive and negative
refraction.
Synthesis of h-BN is in many ways similar to that of graphene, and will be
dealt with in more detail in Chapter 3.

1.4.2 Molybdenym di-Sulphide

The unprecedented transport properties of graphene makes it a compelling
candidate for next generation electronics, however, the lack of a band gap
result in small ION/IOFF-ratios, which hardens proper recognition of binary
states. This hampers the use of graphene for logic circuits and for this reason
a lot of effort have been put into investigating semi-conducting 2D materials.
One such example is MoS2, which at monolayer level exhibit a bandgab of
1.9 eV, making it a viable candidate for 2D electronics. The smallest ever
transistor was made from MoS2 as the functional material,41 however, the
charge carrier mobility characteristics of MoS2 is not as fast as state of the art
semiconductor devices or graphene for that matter.42 Monolayer MoS2 also
have a direct bandgap,43 which make it a promising candidate for photonic
devices, and a lot of research is currently moving in that direction.44,45
Monolayer MoS2 synthesis may be performed by mechanical exfoliation and
CVD. More details will be presented in Chapter 3.



Chapter 2

Methods for Characterisation

In order to understand the properties of 2D-materials it is important to be able
to correlate these effects to, most importantly, the structural parameters of
the sample in question. More specifically, crystalline quality, planar size/shape
and thickness (number of layers) are the primary parameters which needs to
be evaluated. For this reason several complementary methods are employed
to enable proper characterisation. In the case of graphene, literature shows
that many different carbonaceous structures tend to fall into the graphene-
category, even though these materials are sparsely related in regards of their
properties. It is therefore important to identify the right package of relevant
methods for each specific system.
How these systems are functioning or look like at both the macroscopic and
microscopic levels need to be accounted for in a detailed manner. Many tech-
niques which are available in todays research are focused on these two ex-
tremes, but the problem with two-dimensional materials is that they generally
are neither small or big (or both depending on definition).
As a reference, think of a piece of graphene covering 1 cm2 while only being
0.3 nm thick - how would you approach characterisation?
Probing a large area of graphene is extremely difficult (if not impossible) due
to the thin nature of the material. For proper interaction, the probe (e.g. light,
electrons, SPM-tip) needs to be focused into a very small three dimensional
spot, while at the same time eliminating unwanted data (noise, background,
unrelated structural features, etc.). Therefore a lot of the methods tend to
become serial in nature i.e. relying on a lot of measurements on different
spots. Another thing to consider is the environment in which the graphene is
placed, as this may have significant effects on the very properties which are
being measured.
This thesis mostly deal with large scale graphene samples as growth takes place
on substrates in the size of cm’s. The quality of the synthesised graphene is
relatively high on small scale, but continuous large area samples consists of
conjoined graphene islands which may have different orientations, thereby re-
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sulting in a polycrystalline graphene patchwork. For this reason it is difficult
to draw analogues conclusions between microscopic and macroscopic proper-
ties.
The following sections will focus on some of the methods which have been
employed for characterisation. It should be noted that these methods gener-
ally also apply for other 2D-materials such as h-BN and MoS2, however, the
discussions in this chapter will focus on graphene.

2.1 Optical Characterisation

One of the intriguing properties of graphene is that it absorbs a significant
amount of light despite of its thin nature. A relatively large piece of graphene
on a transparent substrate actually creates enough contrast to make it visible
by the naked eye46 (see Fig. 2.1a and b). This enables large scale and fast
determination of the graphene location. For samples in the micrometer range,
the situation becomes a bit different and a very common practice is to put
the graphene, or other two-dimensional materials, on Si wafers with a cer-
tain thickness SiO2 grown on top (classic substrate for field effect transistors
(FETs)). Here interference phenomena occurs which enhances the contrast
between a thin film and the bare SiO2/Si structure, thus enabling fast recog-
nition of relevant areas (in case of graphene the SiO2-layer is normally 90
or 300 nm).47 However, determining the amount of layers is difficult without
some sort of internal reference classifying the opacity of a single layer. But the
method is very convenient for gaining qualitative insights on the macroscopic
condition of the sample, plus orientation becomes easy.
For CVD graphene, a transfer is needed to enable similar analysis, however in
the case of graphene grown on Cu similar insights can be achieved by looking
directly at the graphene/Cu-substrate.48,49 By employing Dark Field (DF)
Microscopy, where the scattered and not the reflected light is picked up by
the detector, graphene coated areas become highly visible. During production
at high temperatures, step-like structures are formed in the Cu surface which
likely originates from the cooling process and thermal shrinking. These areas
are protected by graphene and remain stepped after oxygen exposure whereas
the bare Cu substrate oxidises and becomes flatter (see Fig. 2.1c). This topo-
graphical difference makes the graphene covered areas light up, as they scatter
the light much more than the bare substrate. Especially the edges light up,
indicating significant a topographical transition.
Even larger contrast may be achieved in regular Bright Field (BF) Microscopy
by treating the substrate on a hotplate and thereby extensively oxidising the
Cu. The Cu starts to appear red (due to Cu2O), whereas the coated region
remain metallic. However degrading the graphene may become a concern.
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Figure 2.1: a) Monolayer graphene produced by CVD and transferred to a transpar-
ent substrate (30mm OD fused silica). Red square indicates region for the measured
Gray value as seen in b). Lower corner in a) is more opaque because of multilayer
formation. c) Dark field microscopy of a graphene island on Cu. d) Graphene island
transferred to 90 nm SiO2 on Si. Multi/few-layer graphene is evident at the nucleation
site in the centre. Note how the transfer process has disfigured the graphene.
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Figure 2.2: Concept of the Push-broom-technique for hyperspectral imaging.

2.1.0.1 Hyperspectral Microscopy

When acquiring a 2-dimensional image with a normal camera, the colour of
each pixel depends on the intensity of the various energies of electromagnetic
radiation illuminating the sensor. In that process all the spectral information
is basically reduced to 3 numbers, i.e. the relative intensity of red, green and
blue. To collect more detailed spectral information within a given range, and
form images on such a multispectral basis is termed hyperspectral imaging.
The problem is that normal detectors are of 2-dimensional design, and an-
other dimension of detectivity is therefore needed. As 3-dimensional detectors
are hard to come by, one approach is to limit the image recorded to 1 dimen-
sion (a line) and then split the light from each "pixel" into a spectrum with
a resolution depending on the optics available. When the information of one
line has been acquired, the object (or camera) may be moved to measure the
next line. By stitching the lines together, a hyperspectral image is acquired,
enabling maps to be formed on the basis of each photon energy allowed by the
optics and detector. This method is termed Push-broom and is schemed in
Fig. 2.2. In recent years, NEWTEC has been gathering experience in hyper-
spectral imaging in order to further develop their optical grading systems. To
expand the concept onto microscopy, a slit and spectrograph was mounted in
front of the camera on a Olympus BX51 microscope installed at NEWTEC.
A translation stage was fitted underneath the microscope, and by timing the
stage movement with snapshots acquired in series from the camera, hyper-
spectral microscopy was performed. To know how the spectrum was split
onto the detector, the setup was calibrated by taking a snapshot of a light
source containing known photon energies.
This method could provide a strong platform for characterising thin film struc-
tures, such as 2D-materials, by enabling spectroscopic studies while perform-
ing basic imaging.
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Figure 2.3: a) Raman spectrum of graphene grown on Cu and transferred to 90 nm
SiO2 on Si. b)-f) Processes causing the various features in the Raman spectrum.
Blue arrow: Electron excitation by photon absorption. Red arrow: Electronic decay
and Raman photon emission. Black arrow: Inelastic phonon interaction. Dotted
arrow: Elastic electron scattering from defect.

2.2 Raman Microscopy

Raman spectroscopy is probably the most versatile method for characteris-
ing graphene and other sp2-hybridised carbon materials,50–52 as it brings in-
formation on important structural parameters while being fast and reliable.
Combining the method with microscopy enables characterisation of areas of
approximately 1 µm2 depending on optics and laser wavelength. A spectrum
may be measured in seconds, and being a technique which relies on scattered
light, very little is required of the sample as long it fits under the microscope.
When combining Raman with regular microscopy and a moving sample stage,
sequences of Raman spectra are recorded to form a map. This, however, may
be rather time consuming depending on the intensity of the signal, but mod-
ern Raman Microscopes generally perform very well in this regard.
The basic concept of Raman spectroscopy relies on inelastic scattering of
monochromatic light from the sample in question. As the sample is illumi-
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nated electrons are excited into a so-called virtual state from which relaxation
or interaction with phonons/vibrational states may occur. The first case, be-
ing the most likely, results in elastic (Rayleigh) scattering which essentially
contains no spectroscopic information. However, when the virtual state inter-
acts with other electronic states in the system, energy is transferred giving rise
to a shift in the now inelastically scattered light. It is termed Stokes scattering
when the photon energy decreases as a result of the interaction or anti-Stokes
scattering for the opposite case. Light from the sample is collected through
a lens after which the Rayleigh scattered light is filtered away. A spectrum
is traditionally plotted as the shift in energy, ∆e, of the collected light, ecol,
relative to the incoming light, ein:

∆e = ein − ecol (2.1)

A typical Raman spectrum of monolayer graphene is seen in Fig. 2.3a, where
three peaks in the spectrum are of main interest regarding the graphene struc-
ture and properties.
Near 1580 cm−1 a signal known as the G-peak arises due to two degenerate
phonon modes present at the Brillouin zone centre. Doping, i.e. increased
charge density, introduces stiffening53,54 of these modes resulting in an up-
shift of the peak and thus enabling evaluation of such effects in the sample.
However, G-peak shift (and splitting) also depends on stress/strain within
the sheet, therefore requiring both mechanical and charge effects to be con-
sidered.55
At approximately 2600-2800 cm−1 the 2D-peak appears (sometimes referred
to G’ in literature). In single layer graphene it is a result of two degenerate
intervalley scattering events as depicted in Fig. 2.3e and f. In Fig. 2.3e the
electron is scattered twice, whereas in Fig. 2.3f both the electron and hole are
scattered to the neighbouring Dirac cone before recombination. When more
layers are present, the electronic structure changes in such a way that more
non-degenerate phonons come into play which as a consequence introduces
peak-splitting. For this reason the 2D-peak is often used for determination of
the number of layers. Furthermore, doping and stress/strain also affects the
2D-peak, however in a different way than for the G-peak, which allows for the
different contributions to be separated as reported by Lee et al.55 This type
of analysis will be dealt with in more detail in Chapter 4 and 5.
Near 1350 cm−1 the D-peak arises if disorder/defects are present. Its origin is
similar to that of the 2D-peak (see Fig. 2.3d), with the difference being one
of the intervalley scattering events is elastic caused by a defect. The D-peak
thus provides valuable information on the structural integrity of the sample,
and a relative measures may be achieved by comparing with the G-peak.56,57
On a last note, it should be emphasised that the theory of explaining the
Raman features in graphene is still being debated.58
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2.2.1 Detailed Spectral Analysis

At NEWTEC a Raman Microscope from is installed which enable Raman
mapping and general visualisation of measurements within the instrument
software. However, tools for making maps based on various peak parameters
or peak relations are very limiting as peak fitting procedures are not available.
Therefore a program for peak fitting was developed in R.59
An overview of the process is seen in Figure Fig. 2.4. Spectra are imported in
sequence (based on the order in which they were measured by the instrument)
and the relevant regions are cut out to ease the fitting process. In this case
the regions from 1200−1700 cm−1 (D and G peak) and 2300−3100 cm−1 (2D
peak) are cut out. Each region is treated separately through the remaining
procedure, and a linear or polynomial background is subtracted based on the
outer intensity values in the region.
A peak finding procedure is implemented by employing a Continuous Wavelet
Transform (CWT) based on a Mexican Hat wavelet,60 which returns the num-
ber of peaks that needs to be fitted and where they are placed in the spectrum.
Each peak returned is fitted to a linear combination of Gaussian, G(x), and
Lorentzian, L(x), peak functions called the pseudo-Voight function, V (x):

L(x) = 1
πw
· 1

1 + (x−x0
w )2 (2.2)

G(x) =

√
ln(2)
π
· 1
w
· exp[−ln(2) · (x− x0

w
)2] (2.3)

V (x) = η · L(x) + (1− η) ·G(x) where 0 < η < 1 (2.4)

Where: η corresponds to the degree of Lorentzian vs. Gaussian contribution,
w is half the Full Width at Half Maximum (F W HM

2 = w) and x0 is the peak
center. The fit is performed by a non-linear least squares fitting procedure,
while employing constraints on the fitted parameters. As V (x) is normalised,
a constant, A, which depends on the intensity, is multiplied on each peak and
fitted as well. Furthermore, the fit is performed on the raw data to enable
optimisation of the background which was subtracted earlier. As peak overlap
is frequent, all peaks and their respective parameters are fitted simultaneously.
After optimisation through an iterative process and convergence is made, the
resulting values, including error, are returned to a spreadsheet. All peak
parameters are thereby stored and Raman maps or histograms based on the
desired peak features can be set up.

2.3 Atomic Force Microscopy
One of the most versatile techniques for general surface characterisation is
Atomic Force Microscopy (AFM)61 and for this reason, NEWTEC invested
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Figure 2.4: Procedure for multi spectra peak analysis. Inset shows a fitted D- and
G-peak region.

in such equipment with the aim of using it within their research program.
The concept relies on scanning a very sharp tip/needle across a surface while
monitoring the interaction between the two, according to the various forces
in play. The tip is mounted on a cantilever and the position is measured by
e.g. detecting the signal of a laser reflected from the backside of the can-
tilever. The tip behaviour depends on the surface characteristics and the
laser signal will change accordingly. This feedback is normally used to adjust
the cantilever motion so that the laser signal remains constant. Thereby the
cantilever position over the course of the measurement correlates directly to
surface topography.
Generally AFM is split into two main categories: contact and non-contact
mode. The simplest one is contact-mode which relies on dragging the tip across
the surface, and steer the cantilever in response to the deflection caused by sur-
face features. The topography is easily obtained if the sample can withstand
the rather rough treatment, but great care should be taken when scanning on
soft materials. In non-contact mode the cantilever is mechanically oscillated
at, or near, its first resonance peak and the perturbation of the oscillation (fre-
quency or amplitude) is measure according to the forces that act on the tip. In
principle, measurements may be made without touching the surface and sub-
atomic resolution can be obtained given the right experimental conditions.
Real non-contact measurements are often limited to very specialised equip-
ment/conditions, and a third category, called, tapping mode is often employed
instead. The concept, however, remains the same and for many purposes this
is a sufficient technique to do proper measurements.
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Figure 2.5: Lateral Force Microscopy: a) Tip behaviour according to scan direction.
b) The corresponding detector signal. Figure reproduced from Eaton and West.61

2.3.1 Lateral Force Microscopy

AFM really excels when combining topographical information with other phys-
ical properties of the measured region. In lateral/friction force microscopy
(LFM62) an AFM is operated in contact mode. If frictional variations are
present in the measured region the tip will twist accordingly, thus shifting the
laser reflection laterally. Even if very small topographical features are present
a clear contrast can be obtained. Furthermore, by comparing the back and
forth scan directions even greater contrast is achieved by simply subtracting
the two, plus most topographical features are eliminated (see Fig. 2.5). There-
fore, the lateral deflection measurements is converted into friction force maps,
Ffriction:

Ffriction = Ldback − Ldfor (2.5)

Where, Ldback and Ldfor are the lateral deflection for the backward and for-
ward scans, respectively. If tangible friction values wants to be deducted, the
measurements should be held up against a known standard (keep tip degra-
dation in mind), or proper models should be incorporated.
Regarding graphene, LFM is a valuable tool in distinguishing graphene from
substrate as the extremely thin nature of the compound may make it difficult
to be seen in topography measurements.

2.3.2 Kelvin Probe Force Microscopy

For mapping the work function of a surface (surface potential), Kelvin Probe
Force Microscopy (KPFM) can be employed.63,64 Regarding graphene this
may enable determination of doping levels and thereby asses the interaction
between graphene and the underlying substrate. Here the AFM is worked
in tapping mode and the contact potential difference (CPD) between tip and
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Figure 2.6: a) Fermi-levels of sample and tip, Efs and Eft, respectively, when
separated at a long distance, d. φs and φt are the workfunctions of sample and
tip, respectively (Ev is the vacuum energy). b) At small distances a contact poten-
tial difference (VCP D) is generated between tip and sample due alignment of the two
Fermi-levels. c) An applied voltage to the tip, VDC , of same magnitude as the contact
potential difference nullifies the attraction. Figure reproduced from Melitz et al.63

surface, which directly corresponds to the difference in work function, is mea-
sured.
When the tip comes within close proximity of the surface the Fermi-levels of
the two will align by drawing a tunnel current, causing a build up of charge
on each side. Hereby an attractive force arises which can be nullified by intro-
ducing a voltage, VDC , to the tip of same magnitude as the CPD (see Figure
Fig. 2.6).
An alternating and constant voltage, VAC and VDC respectively, is applied to
the tip, while VAC usually is worked at the second resonance peak of the can-
tilever. This keeps the signal from interfering with the mechanical oscillation
used for mapping the topography. VAC results in an alternating electrical force
acting on the tip and enables detection of changes in the CPD according to
the surface work function when scanning. This information is used to regulate
VDC to minimise the electrical forces acting on the tip. VDC is read out as
the CPD measurement in each point, and when a tip of known work function
is used the surface work function can easily be calculated.
Being a two-dimensional material, graphene is easily affected by the surround-
ings, and doping level may differ as a consequence of substrate interaction,
chemical environment, etc. KPFM offers a valuable tool in assessing how the
electronic properties of graphene changes according to its surroundings, thus
enable avoiding, or taking advantage, of such effects.

2.3.3 Other Methods

A variety of other methods have been used for general characterisation and
will not be reviewed here, but may be shortly introduced when applied. These
methods include: Cyclic Voltammetry (CV), X-ray Photo-electron Spectroscopy
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(XPS), Scanning Tunneling Microscopy (STM), Powder X-ray Diffraction
(PXRD), Scanning Electron Microscopy (SEM), Absorption and Fluorescence
Spectroscopy.





Chapter 3

Production of 2D-materials
by Chemical Vapour
Deposition

The frame of this project was initially build on general graphene-production
from a bottom-up approach. This was a natural consequence of the exper-
tise gained by the author over the course of a master project where CVD
equipment for exactly such purposes was developed. However, actual experi-
ence with synthesis procedures and equipment management was very low and
therefore it was of high priority to sustain the momentum of the process.65
At that time graphene growth on Cu was already well established, and was
probably the easiest and cheapest way of acquiring large area high quality
graphene films. The aim of this project, was to develop reliable synthesis
procedures and use the as-grown graphene as basis for further investigations
(Chapter 4, 5 and 6).
This chapter will deal with graphene synthesis based on CVD on various
metals with Cu as the most prominent. These procedures usually require
relatively high temperatures (1000 ◦C) and various efforts was thus tried to
lower the synthesis temperature. Furthermore, production and characterisa-
tion of hexagonal boron nitride (h-BN) and mono/few-layer MoS2 was inves-
tigated, plus early experiences with van der Waals heterostructures of MoS2
and graphene were gained.
In Section 3.1 the literature will be reviewed on graphene synthesis by CVD.
Similarly, literature on the synthesis of h-BN, MoS2 and heterostructures will
be introduced. Section 3.2 will go through the methods and equipment which
have been utilised throughout the studies. In Section 3.3 and Section 3.4 ex-
perimental efforts of synthesis and characterisation of graphene and other 2D
materials will be presented, respectively.
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3.1 Introducing 2D-material Synthesis by CVD

CVD has for many years been a standard technique within e.g. the semi-
conductor industry and is generally applied for production of high quality
functional materials, integrated circuits and in the fabrication of complex mul-
tilayer devices. The basic concept behind CVD is to create a solid, usually a
thin film onto a given substrate, through a chemical reaction between gaseous
precursors. Energy, most often in the form of heat, is added to the system to
trigger a given reaction/deposition. The substrate plays a role through surface
diffusivity of the reactants or catalytic activity, but many factors (pressure,
flow, temperature, etc.) affects the procedure, thus opening a large parameter
space to investigate. CVD is an obvious candidate for 2D-material synthesis
because the technique is surface assisted and already well-developed within
industry. As will be evident from the next section, a lot(!) of effort has been
put into developing procedures for controlled growth of various 2D-materials
- especially graphene.

3.1.1 Epitaxial Growth of Graphene on Metals

Transition metals are well known for their catalytic activity and growth of
graphitic monolayer structures on e.g. Ni,2 Co3 and Pt66 were reported for
some time before graphene was first isolated in 2004. Early studies hereafter
continued to explore growth on single crystals of metals, such as Co and Ni,
with low lattice mismatch toward graphene, but also more exotic species in
the transition metal series, such as Ir67 and Ru68 were employed. Simpler and
cheaper polycrystalline Ni substrates (foil/thin film)69,70 also proved applica-
ble, however, with less control in the number of layers formed. In studies by
Reina et al.70,71 it was also shown that the graphene could be transferred to
another substrate by stabilising the film with polymer, followed by etching
away the underlying metal. This has later proven to become an integral part
of the technology (see Section 3.1.2 for more details). In the following sections
graphene growth on various substrates will be discussed, however with s ma-
jor focus on Cu. For more detailed information, extensive reviews are already
available in literature.32,72–74

3.1.1.1 Growth on Cu

Early in 2009 a study was published by the group of Rodney S. Ruoff where
graphene was grown on Cu foils at ≈1000 ◦C employing methane as precur-
sor.75 Compared to many of the other transition metals, Cu exhibit very low
carbon solubility, even at high temperatures, which helps avoiding pronounced
multilayer formation caused by carbon segregation/precipitation during cool-
down. In this way it was possible to grow high quality continuous monolayer
graphene covering large areas, only limited by the substrate size. The same
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group elegantly proved the growth mechanism on Cu is surface driven com-
pared to growth on Ni which is dominated by carbon precipation/segregation.
By periodically exposing the metals with precursors containing different car-
bon isotopes,76 clear regional changes was observed on Cu due to the difference
in Raman signature of C12- and C13-graphene. See Fig. 3.1c. Graphene on Ni,
on the other hand, shows no selective distribution of isotopic contents which
suggests the carbon atoms have been mixed within the metal film (data not
shown). The surface driven nature of the growth on Cu results in passiva-
tion of the catalytically active substrate and thereby encourages monolayer
growth.
As discussed earlier, such graphene was easily transferred to other substrates
thus paving the way for FETs and other electronic devices to be fabricated.
These studies were pioneering in the sense that large scale high quality graphene
growth was made "easily" accessible and it sparked an avalanche of similar
studies for understanding, developing and perfecting the procedure. Large
scale "conveyor-belt-like" production was quickly developed by Samsung46 and
Sony,77 indicating how effective the procedure is. Besides carbon precursor
H2 is often added to keep the metal reduced by acting as oxygen scavenger,
but also for regulating graphene growth and etch less stable non-graphitic
carbon species. The hydrogen-to-carbon ratio has therefore been heavily in-
vestigated80–82,146 and is one of the essential parameters to map for all CVD
equipment producing graphene. Annealing/thermal pretreatment to e.g cul-
tivate optimal crystal facets have been investigated,83,84 by e.g. controlled
oxidation,78,85 high pressure86 or prolonged treatments. The procedures typ-
ically proceeds very close to the melting point of Cu, and understanding the
role of Cu vapours may also play a significant part in terms of understanding
the overall process.87,88
Other studies have focused on the effect of different carbon precursors,89,90
especially the ones consisting of larger conjugated sp2-hybridised carbon-
structures such as benzene,81,91 toluene,91 bromated precursors,92 etc. These
efforts usually were performed with the aim of lowering synthesis temperature
and hope for a more self-assembly-like growth mechanism. Synthesis tem-
perature my also be lowered by using low melting point Cu alloys, such as
Cu/Ga93 to increase surface diffusion of carbon species. Cu/Ni alloys have
been used to simply exploit the higher catalytic activity of Ni while having
surface driven growth as promoted by Cu,79 but may also facilitate selective
bi-layer formation.94
Cu pretreatment, i.a. polishing, before loading into the CVD system has also
proved to affect the growth of graphene,91,95 by making the substrates more
smooth and thereby aiding to eliminate nucleation/reactive sites on the sur-
face of the film.
To this day, one the most promising studies of graphene growth by CVD was
published by Wu et al.79 By using a carbon-precursor highly diluted in H2
and focused in a narrow stream onto a Cu/Ni alloy at high temperatures,
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Figure 3.1: a) and b) illustrate the mechanism for the growth mechanisnm on
Ni(segregation/precipitation) and Cu (surface assisted), respectively. Figure repro-
duced from Li et al.76 c) shows G-peak intensity map of a hexagonal graphene crystal
grown by alternating C-isotope feedstock. It is observed how the different isotopes
are added in sequence. Figure reproduced from Hao et al.78d) Shows the concept of
the study by Wu et al.,79 where a focused beam of gas is used to ensure single crystal
formation, and the growth of large crystals. Figure is reproduced from the same study.

they were able grow inch scale single crystal graphene of very high quality on
polycrystalline substrates (see Fig. 3.1d).

3.1.1.2 Growth on Platinum

The growth of graphene on polycrystalline Pt is in many ways similar to Cu.
The growth is fast and proceeds primarily surface assisted under the right
conditions,96,97 even though carbon solubility is higher if compared to Cu.
Large single crystals may be acquired at low carbon-to-hydrogen ratios, and
the higher melting point and catalytic activity of Pt may in turn improve the
effectivity of the procedure and graphene quality. Pt has not been investi-
gated to the same degree as Cu, which is likely caused by the price of the
material. Etching of the underlying metal as a mean for transfer is possi-
ble,98 but it may etch the graphene as well while making the procedure very
costly. However, the graphene may be delaminated electrochemically97 (see
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Section 3.1.2), which in turn allows for reuse of the metal substrate. For
this reason, graphene on Pt could still be a viable candidate for large scale
electronic grade graphene production.

3.1.1.3 Growth on Germanium

In early 2014 a bit of a "buzz" was created within the graphene commu-
nity as Samsung in corporation with Sungkyunkwan University developed
a method for growing wafer-scale single crystal graphene on hydrogen termi-
nated Ge(110).99 This study was an eye-opener because graphene was grown
directly onto a semiconductor and the procedure was very much in line with
materials and procedures already well established within semi-conductor in-
dustry. Furthermore, a transfer procedure in line with the aforementioned
was developed, which led to believe that production of graphene with similar
quality as exfoliated samples was now very close. However, the hype has since
then faded but studies of graphene grown on Ge are still being reported.100–102

3.1.1.4 Direct Growth onto Dielectrics

The ultimate goal in producing graphene for electronic purposes is the ability
to grow directly on insulators/dielectrics, thus avoiding the need for transfer.
For this reason a lot of effort have been put into growing directly on ma-
terials such as SiO2

103,104 and Al2O3.105,106 Different approaches have been
utilised, the first and most obvious being direct growth on the substrate in a
similar fashion to growth on metals. However, the result is low-quality/nano-
crystalline graphene,105–107 most likely because of low surface diffusion, inef-
ficient precursor breakdown and the lack of a crystalline surface which can
assist long-range order. Indirect growth have been performed with the aid
of metal thin films. Here post-synthesis metal-removal103,104 leaves graphene
on the surface, through etching or high temperature treatment to evaporate
the metal. Another approach is to grow within the metal-dielectric interface
leaving graphene directly on the dielectric material after metal removal.108–110
These procedures may rely on Ni and are therefore tricky to control because
of the segregation/precipitation mechanism. A Cu-vapour assisted method
has also been proposed, however, with questionable quality.87 Generally, the
quality of the produced films on dielectrics/insulators do not seem to be able
to compete with that of transferred graphene produced on e.g. Cu.

3.1.2 Transfer of CVD-Grown Graphene

CVD is the most promising way of producing large area continuous graphene
films. Unless high quality synthesis directly onto a dielectric/insulating sub-
strate becomes possible, metal catalysts will continue to be the best way to
grow graphene for e.g. electronic applications. Transfer of the graphene is
therefore an essential part of this technology and several approaches have
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been developed.70,71,111–114
Despite the high theoretical strength of perfect graphene a freely suspended
piece of poly-crystalline nature will contain many defects/cracks which greatly
compromise the mechanical properties. Furthermore, its bend-ability will
make the piece easily collapse onto itself when subjected to the various forces
involved in the process of being relocated. Before graphene gets separated
from the substrate it is therefore crucial to introduce another support to me-
chanically stabilise the structure. Applying a polymer film from suspension is
a well established, easy and cheap procedure which enables perfect adaptation
to the surface contours and thereby maximising the graphene-to-support in-
teraction. Poly(methyl methacrylate) (PMMA) is frequently utilised for this
purpose as even thin films are robust and can be easily handled while sus-
tained on a liquid surface, like water.
Removing most metals can be facilitated by a chemical etchant that does not
produce gaseous species which could block the etching process. E.g. iron(III)
chloride, FeCl3, or ammonium persulfate, (NH4)2S2O8, in aqueous solutions
are frequently used for Cu. However, the latter may be preferred as it is
more environmentally friendly and does not facilitate doping of the graphene,
which may be observed in the case of FeCl3.115 As the metal foils usually
are thin enough to be sustained by the surface tension of water, the etching
process leaves the graphene-PMMA floating on the surface after which a lot of
washing procedures are needed to remove salt, remaining metallic species, etc.
Lastly, the piece is picked up on whatever desired substrate and the polymer
is dissolved in e.g. hot acetone.
Electrochemical delamination was shown by Wang et al.113 to be a fast
and practical method for transfer from Cu or Pt,97 where several washing
steps are eliminated and reuse of the metal catalyst is made possible. The
graphene is supported as described previously and dipped into a solution con-
taining electrolyte (e.g. KCl115). By negatively charging the metal-graphene
substrate(−5 V) against a counter electrode, H2-gas is produced which in sec-
onds "bubble off" the graphene from the Cu, as the polymer-graphene interac-
tion is stronger. When the entire piece has been detached only the electrolyte
need to be washed away before transfer can be finalised.
Graphene based devices fabricated from these so-called "wet methods" gener-
ally end up exhibiting electronic characteristics which are significantly inferior
to that of devices based on mechanically exfoliated graphene. The reason for
this may be the as-grown graphene by CVD generally is of lower quality if
compared to that of commercially available graphite. Another reason could
be that the transfer process itself is detrimental for the quality through struc-
tural damage/distortion originating from handling, chemical alterations, or
simply by leaving behind too many process remnants. Banszerus et al.114
nicely showed that graphene grown on Cu often may have similar quality to
that of exfoliated graphene by employing a dry transfer process. Instead of ap-
plying a polymer support the van der Waals interaction between CVD grown
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graphene and a h-BN film was used to mechanically peal off the graphene with-
out the use of solvents and direct contact to polymers. Graphene field effect
transistors and Hall bar devices showed behaviour similar to state-of-the-art
devices, thereby clarifying the importance of a clean transfer.

3.1.3 CVD of other 2D-materials and Heterostructures

introCVD2D) As discussed in section Section 1.4.1, h-BN is a 2D insulator,
with structure very similar to that of graphene and may be the key for un-
locking the full potential of graphene-electronics. Synthesis by CVD has in
many ways evolved similarly as CVD of graphene. Much before the hype of
2D-materials started, h-BN was grown on various single crystalline transition
metals, namely Ni(111), Pt(111) and Pd(111), at high temperatures by using
borazine (B3N3H6) as a precursor.116,117 As processes of graphene synthesis
evolved onto polycrystalline Ni, Cu and Pt, h-BN soon followed,118–122 again
providing a cheaper and more accessible route. Fe has also proven a viable
catalyst,123 however, with significant multilayer formation because of good sol-
ubility of the constituents within the metal film. With graphene, multilayer
formation is normally not encouraged, but for h-BN it may be an advantage as
its desired function on many occasions will be to protect and isolate 2D con-
ductors and semi-conductors, and more layers may be an advantage in this
regard. Direct growth onto insulators/dielectrics have also proven possible,
especially on sapphire.124,125
Bottom up fabrication of 2D semiconductors by CVD have equally been in-
vestigated heavily, especially of MoS2 which was probably the first material
to gain widespread attention following the impact of graphene. Surface as-
sisted synthesis of nanocrystalline MoS2 has been known for some time,126
but as with graphene, in recent years the aim has been to develop methods
for fabricating wafer-scale mono- to few-layer films. MoS2 may be synthesised
on single crystal Au,127 however, contrary to graphene it has proven possible
to grow large high quality crystals directly on insulators such as SiO2.128–130
Research scale synthesis normally employ solid-state precursors and the de-
position therefore require delicate timing of temperature, pressure and flow
to ensure optimal growth conditions and reproducibility. Being a binary com-
pound, two precursors are often required resulting in the need of multiple hot
zones in the system complicating matters even further. Volatile sulphurous
compounds (e.g. H2S) are often avoided for safety reasons, and pure S is there-
fore used instead. MoO3

128,130–132 is a popular source of Mo and has proven
efficient in growing large high quality crystals. For wafer-scale monolayer
synthesis onto SiO2 Kang et al.133 employed volatile precursors for optimal
process control resulting in highly uniform MoS2 and WS2 across large areas.
The films, however, were polycrystalline in nature, probably because of the
lack of directional support from the underlying SiO2. For this reason, if single
crystal production is wanted, it may be required that crystalline substrates for
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deposition are employed. In this regard sapphire,132 h-BN134 and graphene135
have shown some potential, which also opens the door for direct synthesis of
van der Waals heterostructures.
Early on, fabrication of van der Waals heterostructures relied on transfer-
processes, which, as reviewed in section Section 3.1.2, may be quite cumber-
some and sets high requirements for cleanliness, alignment and handling of
the materials in question.37 For this reason direct synthesis of 2D-materials
in a layer-by-layer manner is attractive, especially if proper alignment of the
crystal directions are encouraged. High quality graphene growth on mechani-
cally exfoliated136,137 and CVD-grown120,138 h-BN has been shown by several
groups and new approaches are constantly being investigated.
Generally, 2D-material fabrication methods evolves quickly these years. Whether
direct synthesis (CVD) of heterostructures will win over the advances of dry
transfer techniques (or a third option appears), only the future can tell.
In-plane heterostructures have also been synthesised and will be shortly dis-
cussed in Section 5.1.1.
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3.2 Experimental Methods

3.2.1 CVD systems

Two CVD systems were employed over the course of the project: One which
is situated at Aarhus University (AUCVD) and one was set up at NEWTEC
(NCVD). The two systems rely on the basic concept schemed in Fig. 3.2.
Here a tube furnace heats the substrate/catalyst to the desired temperature
while mass flow controllers (MFCs) bleed in gases in suitable amounts. The
reactive gases employed for graphene synthesis are H2 and CH4, while a high
concentration of Ar (≈ 98%)is kept in the chamber for security reasons.

The two CVD-setups differ in the following ways:
AUCVD: uses 30 mm OD quartz tube as reaction chamber and is fitted with
a turbo and backing pump thus enabling low-pressure synthesis procedures.
The activity of the MFCs is handled by a pre-set control unit which can
be accessed externally, allowing for process programming to be incorporated.
Pure gases are fitted to the MFC’s, making it possible to fine tune individual
gas concentrations.
A second furnace was purchased and fitted upstream to the primary furnace
to allow evaporation of solid precursors into the reaction zone. This feature is
especially relevant for low-temperature graphene synthesis, and CVD of h-BN
and MoS2.
NCVD: The system at NEWTEC is an atmospheric pressure CVD (APCVD)
and employs 100 mm OD quartz tubes which enables larger substrates to be
fitted inside, thereby increasing throughput. Due to the size of the system it
is not used for vacuum procedures as it is generally advised not to use quartz
tubes above 900 ◦C while applying vacuum. A bubbler using a low-vapour-
pressure liquid such as silicone oil or polyethylene glycol was installed as the
system output. The gases bled into the system are pre-mixed with Ar when
purchased as a safety measure, ensuring low concentration of either H2 and
CH4 at all times.

3.2.2 Synthesis Approach

A typical procedure of 2D material synthesis on metallic catalysts is depicted
in Fig. 3.3. The process normally includes an annealing step to optimally
prepare the substrate before growth. Subsequently, growth was initiated by
introducing the precursor while keeping the desired gas-concentrations/flow,
pressure and temperature. Synthesis was terminated by fast cool-down by
opening the furnace in order to stop the growth process and avoid segregation
of species dissolved in the metal.
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Figure 3.2: CVD setup: The reaction chamber consists of a quartz tube which is
heated while gas is introduced in one end. The furnace output controls the synthesis
pressure by employing a pump or bubbler, for vacuum or atmospheric growth synthesis,
respectively.

Figure 3.3: Schematics showing typical temperature and gas concentration profiles
over the course of a synthesis procedure. During heating only H2, FH2 , (and Ar) are
introduced into the chamber. As the desired annealing temperature, Tanneal, is reached
the substrate is kept under these conditions for a given period for optimisation. As the
growth temperature, Tgrowth, is reached the precursor flow, Fprecursor, is introduced
while keeping the desired concentration. Synthesis is terminated by fast cool-down.

3.2.3 Transfer

The approach for performing graphene transfer in this work is heavily influ-
enced by what was discussed in Section 3.1.2 and consists of a 5 step process,
schemed in Fig. 3.4. When reviewing literature, a lot of groups apply similar
procedures and the approach has within the graphene-community become a
standard process. However, performing the technique has also become a sort
of a craft as many small tricks and add-ons may need to be incorporated for
the procedure to work adequately.
1. PMMA deposition: PMMA dissolved in anisole (either homemade or
purchased) was the standard source of PMMA. Usually a 2-5% (w/w) solu-
toins were used. Several approaches are available for the deposition and may
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Figure 3.4: Scheme showing route for transfer.

differ in usefulness depending on the substrate or process in question. Drop-
coating is imprecise, time consuming and difficult to reproduce. Spin-coating
may apply vacuum to hold the substrate which then is bended, plus the poly-
mer solution may be sucked underneath the substrate thus leaving PMMA on
the backside and making the process difficult to reproduce. Usually this was
not an issue for pieces bigger than a few cm’s. Dip-coating, like drop-coating,
may be difficult to reproduce but has the advantage making it possible to
retrieve graphene formed on both sides of the substrate, however this is only
applicable for electrochemical delamination.
Too thin a coating is obviously unwanted as the PMMA film easily tears dur-
ing the remainder of the transfer process. On the other hand a too thick a
coating makes the film more rigid and effectively moulds the PMMA in the
shape of the substrate which may be relatively rough. This will hamper adhe-
sion to the desired substrate which is usually quite flat. Before delamination
the PMMA film is baked on a hotplate at 150 ◦C for a few minutes.
2. Separating graphene and metal: Two approaches are routinely ap-
plied, i.e. 2a electrochemical delamination and 2b metal etching. The former
excels in its applicability for both Cu an Pt, its quickness (seconds) and clean-
liness, as the "pulling" mechanism leaves only a minimum of metal residues
on the graphene.139 The process require a relatively thick layer of PMMA
to withstand the delamination process which may be quite harsh and exert
significant stress to the film. The process was found not to apply for met-
als such as Co, Pd, and Ni which may be caused by the strong adhesion to
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Figure 3.5: a) Scanning electron microscopy of a sample which has not been an-
nealed, after 7 contact-AFM scan. Notice how the AFM tip (centre of the image)
has gathered debree to the sides. b) and c) AFM on the same sample before and
after annealing at 300 ◦C, respectively (not the same sample as in a), however similar
transfer procedure has been applied)

grapheneSection 4.1.
The metal-etching procedure works for all of the above mentioned metals ex-
cept Pt (this would require aqua regia which most likely destroy both graphene
and PMMA in the process). The procedure is rather time consuming (hours,
depending on substrate thickness) but is mechanically more gentle to the
graphene film. In an attempt to remove all metal residues, two subsequent
etching/cleaning procedures was applied as depicted in Fig. 3.4, 2b.
3. Wash/Rinse: This part only involves exchanging the solution towards as
clean water as possible. However, this step is critical to avoid process rem-
nants and doping.
4. Transfer to substrate: Usually the desired substrate for transfer is kept
underneath the floating graphene/PMMA which is then scooped up when sit-
uated properly. Pressurised air is used to gently "massage" water away from
the interface and thereby increase the substrate-graphene interaction. To re-
move the last water remnants and further increase interaction, the substrate is
baked in an oven at 150 ◦C. For large pieces of graphene (larger than 1x1cm)
it has proven beneficial to apply pressure during the bake. By gently placing
a cylinder of teflon (≈ 150 g, 5 cm diameter) on top of the substrate, the
frequency of a successful transfer greatly increases.
5. PMMA removal: Usually this is performed simply by treating the sub-
strate in hot acetone for two hours. However, proper PMMA removal is often
discussed among experimentalists as residues may be difficult to remove. Here
an annealing procedure may help in getting rid of some of the last residues,
as observed in Fig. 3.5.

After transfer, the graphene is now ready for characterisation and further
processing. Such substrates are very stable and may be kept under standard
conditions, without significant deterioration of the sample.
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3.3 Graphene Synthesis

3.3.1 Graphene on Cu

The purpose of the AUCVD was first and foremost to grow graphene on Cu
from a methane precursor under vacuum conditions. The overall chemical
reaction is:

CH4(g)←→ C(s) + 2H2(g) (3.1)

H2 is generated in the process, however in small amounts, and more is there-
fore added to the system, to control the equilibrium towards the most stable
structures.
Even though a lot of literature are available on this specific subject each CVD-
system may differ considerably in function, even though core parameters are
kept the same. A rather large parameter space is therefore needed to be ex-
plored to find optimal conditions for graphene synthesis on this particular
setup.

3.3.1.1 Substrate pre-treatment

When employing metal substrates for their surface catalytic properties a cer-
tain degree of awareness should be put on the structural characteristics of the
surface in question. Having an atomically smooth, homogeneous surface with
known crystal orientation is likely to be the optimal scenario, however, reality
is quite different. High purity oxygen free Cu foils (50µm) were purchased at
Advent Research Materials. When purchasing metallic foils the manufactur-
ing process has often resulted in extensive damage to the surface in form of
scratches and residues. Such features often limits the process control because
of increase in the amount of nucleation sites acting as carbon traps resulting
in segregation during cool-down.95 Generally, a polishing procedure is em-
ployed to homogenise the surface. Electrochemical etching/oxidation of the
Cu was performed in a similar fashion as proposed by Zhang et al,91 and ini-
tial results seemed very promising. The Cu-substrates appeared very shiny
and smooth after polishing, but also contained bi-products which left the sub-
strates inhomogeneous. Furthermore, reproducing nice monolayer graphene
films on similarly treated substrates was difficult. During the polish bubbles
are formed which might keep the solvent from interacting with the substrate
in some regions. In hindsight, more focus should have been put on the actual
current drawn per cm2 Cu for better reproduction. As the electro-polishing
procedure was rather tedious and time consuming, a simpler and more con-
venient method was developed. Instead the Cu was treated in diluted HNO3
(1:3-6, conc. HNO3:H2O) for a couple of minutes while exposed to ultra-sound
to avoid bubble formation. Afterwards the Cu appeared dull and rather in-
homogeneous, probably because of oxide formation, however, process-lines on
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the Cu was to a great extend eliminated and monolayer graphene synthesis
became more reliable.

3.3.1.2 Low-pressure Synthesis
- AUCVD

The building of the AUCVD equipment and the first tests of growing graphene
on Cu was focused on mimicking the work by the group of Rodney S. Ruoff
who pioneered the process.111,140,141 The introductory annealing step in re-
ducing atmosphere (H2/Ar) was generally performed close to the melting
point of Cu (approximately 1080 ◦C), and for process pressure below 50 mbar
1030−1035 ◦C was the maximum temperature the Cu substrate could tolerate
without melting/sublimation becoming a significant problem. Annealing time
of 0.5−1 h at 1030 ◦C was employed as standard. Significant and reproducible
effects of various annealing times did not reveal itself.
Initial growth procedures were performed with a turbo-molecular pump to
ensure pressures in the range of 0.01-1 mbar. However, such pumps are not
meant to perform under the high gas loads normally employed in these proce-
dures and resulted in heating of the pumping system which through extended
use will limit its lifetime. Only graphene islands could be grown under these
circumstances as the procedure would have to be terminated before full growth
had occurred. For this reason, detailed exploration of the sub-mbar pressure
range was abandoned, but the procedures remained useful if only islands were
the objective of the procedure. Fig. 3.6, post-synthesis brightfield microscopy
reveals processing lines (vertical) from a non-polished piece of Cu which re-
main evident and easily cross the enlarged crystalline domains in the Cu.
Graphene islands appear when changing the view to dark field, plus a rather
drastic difference in the two Cu domains is revealed. The top domain seem to
be more rough (scatter more) and have a higher graphene nucleation density.
The graphene size and shape appear different in the two domains which most
likely evidence of the different functions of Cu-facets during synthesis. Gen-
erally, the entire piece of Cu is covered by graphene islands, but on a large
piece the density may differ, most likely due to temperature, flow and reactant
gradients along the Cu piece during synthesis. Also, note the large amount
of scattered light from the centre of the islands which could suggest possible
multilayer formation.

The main focus for the study of growth on Cu was to reproducibly grow
continuous high quality graphene films which could be utilised for further
investigations. The low pressure platform (without turbo-molecular pump)
provided a convenient basis as it helped ensuring a clean reaction environment
as possible leaks were easily detected and the chamber gas was frequently
exchanged. As an example, in a process running at 10 mbar (3L chamber)
with a total gasflow of 1500 sccm (standard cubic centimeters per minute) the
gas inside the chamber will be exchanged every couple of seconds, meaning a
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Figure 3.6: Bright- (upper left) and dark field images (lower right) of graphene
islands grown on non-polished Cu. Line going from upper left towards lower right
corner divides two different Cu domains. In the brightfield image the rough surface
due to process lines is evident (black square). In darkfield view, the top domain scatter
more light than the lower one where brightness/contrast was adjusted to better visu-
alise the graphene islands. The upper domain also appear to have higher nucleation
density and contain star shaped islands at several sites, whereas the island shape is
more random in the lower one. Scale bar is 100 µm.

high degree of control of reactant concentrations while continuously flushing
out unwanted bi-products (assuming they are volatile). The H2:CH4-ratio
was optimised for 30-60 min. growth periods by assessing when full coverage
was achieved while suppressing the amount of multilayer formation. It was
found that a ratio 9:1 was optimal in this regard, but lower ratios (e.g 13:2)
helped to reproducibly synthesize continuous films. The growth temperature
was kept close to 1000 ◦C to avoid excessive Cu sublimation during growth,
and changing the temperature did not seem to impact the quality significantly
while above ≈ 950 ◦C. These parameters provided the basis of a standardised
procedure for graphene growth on Cu which ended up providing the basis for
a number of studies on graphene functionalisation and graphene based sensing
(see Section 5.3, and published work142–144). In Fig. 3.7a and b microscopy
images of representative regions of transferred samples are shown. Holes in
the graphene provide aid of visualisation, and is generally only present as a
result of the transfer process. Multilayer formation (Fig. 3.7b) is almost always
present and tend to correlate to process lines and grain boundaries in the Cu
foil. Raman analysis reveals a mean ID/IG-ratio of 0.14 which indicates decent
quality,56 however, the spread is of the same magnitude. The 2D FWHM was
also analysed as it provides a good measure for the strain variations within
the sample and our findings correlate nicely with CVD graphene in literature
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Figure 3.7: a) and b) Microscopy of representative regions of graphene produced by
standardised procedure. c) and d) Histogram showing the distribution of ID/IG and
FWHM2D of 300 spectra on such a sample.

also subjected to wet transfer methods.114,145 Graphene produced in this way
will in the following sections be referred to as standard graphene.

3.3.1.3 Burst and Pulse Synthesis
- AUCVD

Reproducibly growing continuous films of monolayer graphene without some
degree of multilayer formation was problematic. As an attempt to eliminate
unwanted substrate effects a procedure for pulsed methane flow, similar to
the one reported by Han et al.,146 was implemented. By sequentially chang-
ing methane exposure an alternating growth and depletion process takes place
which makes it easier to keep carbon content within the Cu to a minimum.
The practical aspect of manually turning off/on the methane flow for ex-
tended periods of time was inconvenient and was therefore controlled through
process programming using a teensy/Arduino147,148 based platform. Initial
experiments were very promising as only monolayer graphene was produced.
However, nucleation density increased and the islands did not always fuse
together, even at longer process times, resulting in a kind of graphene patch-
work/mesh. Instead a burst and pulse procedure was investigated where an
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initial burst of methane should cover the surface with graphene, after which
subsequent etching and repair would optimise the quality. A series of experi-
ments were conducted to see the implication of various burst times combined
with two different H2:CH4 ratios. With a ratio of 9 which was employed in
the standard procedure discussed in the previous section, only island struc-
tures/mesh was observed even with a 60 minutes burst, which normally reveals
full coverage. This indicates that even a fully grown layer of graphene is very
vulnerable to hydrogen etching near grain boundaries, but very stable within
the inner part of the crystal. When employing a H2:CH4 ratio of 1 and burst
time of 5 and 15 minutes continuous pure monolayer graphene films appeared
as seen in Fig. 3.8b. Raman analysis was performed and the ID/IG-ratio was
mapped as depicted in ??c. When compared to a standard sample, it seems
that defects in the graphene have migrated into regions where they then re-
main at high concentrations causing i high ID/IG. On the other hand, very
high quality graphene was observed in other regions where the D-peak was
not even visible (see ??d). The graphene grown by this method is therefore
not necessarily better or worse than standard graphene, as it apparently just
has different distribution of defects, but is 100% monolayer. In hindsight, a
final burst of CH4 should have been performed to see if a spontaneous high
concentration of carbon could repair the damaged areas.

3.3.1.4 Atmospheric-Pressure CVD
- NCVD

At NEWTEC a different type of system needed to be optimised as the working
pressure and the scale of the system was much larger. Controlling the reactant
concentration was more difficult as the magnitude of gas-flow pr. minute is
comparable to the system volume. Changing the gas composition towards the
desired one therefore takes minutes (not seconds as seen in the low-pressure
case, Section 3.3.1.2) which is also comparable to the time of the graphene
growth process. The high pressure enable higher process temperatures which
may be beneficial in the substrate pre-treatment. Annealing temperatures as
high as 1070 ◦C proved possible without noticeable copper sublimation, but
again, no significant effect of long or high temperature annealing was observed
in the formed graphene. Initial attempts quickly revealed that much higher
H2:CH4 ratios were needed when compared to the standard low-pressure pro-
cess, because of extensive multilayer formation. A ratio of 700 proved best,
but as the system currently is unable to go higher, a few changes in the sys-
tem should be made to accommodate this. Growth temperature could also be
increased but little difference in quality has been found when comparing the
range from 1000 to 1050 ◦C.However, growth do proceed faster at 1050 ◦C as
observed in Fig. 3.9a and b. The shape of the graphene islands is much more
regular at higher pressure (see Fig. 3.9b and Fig. 3.6) and tend toward nice
hexagonal crystal.



3.3. GRAPHENE SYNTHESIS 39

Figure 3.8: a) Methane flow profile for Burst and Pulse Synthesis. b) optical
microscopy of a sample with 100% monolayer coverage. c) ID/IG map of the same
sample as b. d) Histogram of ID/IG.
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Multilayer formation is prominent and could be due to the non-optimised
H2:CH4 ratio, but also the relatively slower cooling of a bigger system may
play a role as it will leaves more time for carbon segregation/precipitation to
proceed. Fig. 3.9c and d, brings information on the graphene quality, which
in many ways are comparable to what was observed for the standard. There
is room for improvement for this process, and more work should be made to
perfect the procedure.

Figure 3.9: a) and b) graphene grown at 1050 ◦C and 1000 ◦C, respectively. Note
the hexagonal shape of the islands in b. c) ID/IG-histogram of the sample in a. d)
2DF W HM -histogram of the sample in a

3.3.2 Graphene on Other Metals

3.3.2.1 Platinum
- AUCVD

Graphene was grown on Pt-foils and transferred to SiO2/Si-substrates (See
Figure ??). Pretreatment is most likely obsolete due to the inertness of Pt,
but usually a treatment in piranha solution (3:1, H2SO4:H2O2) has been per-
formed to remove most surface residues. Both annealing and growth proceed
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at relatively high temperatures (1050 ◦C) only limited by the working tem-
perature of the tube in the CVD system. More details will follow in Chapter
4.

3.3.2.2 Nickel
- AUCVD

Nickel is one of the most widely studied catalyst for producing graphene.32
Ni has shown potential as a low temperature catalyst and the solubility of C
in Ni at elevated temperatures is relatively high compared to that of Pt and
Cu. Controlling the process is very difficult as too high carbon exposure will
result in multilayer formation. The interaction between Ni and graphene is
very strong and dissolving the Ni is required for transfer.
CVD experiments on Ni was conducted in close collaboration with former
bachelor student Magnus Haugaard Rønne (Aarhus University). Both Ni-foil
(99.9 %, 25 µm thick) and Ni-film (120 nm on SiO2) were employed as sub-
strate/catalyst. As for Cu, grain boundaries/surface roughness plays a major
role in C-segregation, and the foils were electropolished prior to synthesis.
Generally, synthesis was run at 800-900 ◦C and cooling conditions were varied
in an attempt to control carbon segregation. Carbon films (graphite/graphene)
were easily obtained on the foils, however, the substrates proved to be very
inhomogeneous and controlling the amount of carbon was extremely difficult.
See Fig. 3.10.
CVD on Ni thin-films were performed in an attempt limit the amount of
carbon dissolved in the Ni relative to the surface area. A 120 nm Ni-film on
SiO2/Si-wafers was prepared by thermal evaporation, and CVD was performed
in a similar fashion to that of the foils. These substrates quickly proved to be
incompatible with the procedure as the Ni-films started to de-wet the SiO2 be-
fore growth was initiated. However some traces showing of graphene/graphite
was obtained.

Figure 3.10: a) Representative Raman spectra from graphene/graphite synthesised
on Ni and transferred to SiO2/Si. b) Post-synthesis optical microscopy of a Ni-
sample. Note graphite formation on the right
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3.3.2.3 Cobalt
- AUCVD

The literature on graphene formation on polycrystalline Co is relatively lim-
ited but the growth mechanism and substrate-graphene interaction resembles
that of Ni.32 CVD experiments on Co were conducted in close collaboration
with former bachelor student Rasmus Fogh Sørensen(Aarhus University). Co-
foil (99 %, 25 µm) was purchased and no pre-treatment was performed except
ultrasonic cleaning before loading into the CVD system. Synthesis was carried
out around 1000 ◦C, and as for the Ni-foil extensive graphitic-films formed on
the surface. In Fig. 3.11 Raman spectra are shown for both mono- and multi-
layer graphene grown on Co. Furthermore, lateral force microscopy show how
graphitic structures have evolved near grain boundaries in the Co.

Figure 3.11: a) Representative Raman spectra from graphene/graphite synthesised
on Co and transferred to SiO2/Si. b) Post-synthesis AFM showing a "Tower og
Hanoi" structure in the Co. c) LFM clearly indicating a change in material in same
region as the measurement in b.

3.3.2.4 Palladium
- AUCVD

Palladium foils was also investigated and showed similar results as Co and
Ni. The main reason for trying palladium (Pd), however, was to investigate
other precursors than methane exploiting some of the known catalytic effects
of Pd. In Figure Fig. 3.12 some of the results are shown from the efforts of
growing graphene on Pd by using methane and tribromo-benzene as precursor.
The latter resulted in an amorphous carbon film, but this was obtained with
a much lower than normal synthesis temperature (100-600 ◦C) Experimental
work was performed by former bachelor student Jakob Koba Risager149 and
PhD Mikkel Kongsfelt.
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Figure 3.12: Blue: Amorphous carbon produced by low temperature CVD using
tri-Bromobenzene as precursor on Pd. Black: Example of monolayer graphene syn-
thesised on Pd with methane as precursor, however, the spectrum is not representative
as graphite was mostly produced (similar spectra os observed with Ni and Co).



44
CHAPTER 3. PRODUCTION OF 2D-MATERIALS BY CHEMICAL

VAPOUR DEPOSITION

3.3.3 Low-temperature Synthesis

For graphene synthesison an industrial scale, it is of great interests to lower
the synthesis temperature, process time, etc. in order to save cost through
e.g. decreasing energy consumption and avoiding extensive safety measures.
In this study we wanted to explore the effect of different precursors during
graphene synthesis on mainly Cu, with the primary aim of decreasing synthesis
temperature. The precursors were mainly chosen because of their structural
similarities to graphene, containing primarily sp2-hybridised carbon atoms
and being of planar nature. Also, brominated benzene precursors were of in-
terest because they easily degrade through Br elimination, while generating
radicals. The problem with these compounds were that they are not gaseous
under standard conditions and to circumvent this, proper delivery methods
needed to be developed. When employing precursors in the solid state, an
in-line two furnace setup was utilised where the upstream furnace was used to
evaporate the precursor in question, enabling it to enter the main reaction re-
gion heated by the downstream furnace. For liquid state precursor, a bubbler
was fabricated, where the carrier gas (Ar) was bubbled through the precursor
in question before entering the reaction chamber heated by a single furnace.
The precursors used in these studies were: tribromobenzene (solid), hexabro-
mobenzene (solid), toluene (liquid) and benzene (liquid). Controlling the
amount of vaporised precursors in these types of procedures proved extremely
difficult and chamber contamination became a prominent issue. Generally,
the results obtained from these procedures are too premature tom conclude
much from, and most often resulted in amorphous carbon structures similar
to what was observed with the low-temperature studies on Pd (Fig. 3.12).
However, it does seem that large crystals on the Cu are needed to create
enough long-ranged substrate support for graphene formation. Unless a low-
temperature treatment is developed for generating large crystallic surfaces,
a high-temperature annealing step is needed, making the entire purpose of
lowering the temperature somewhat redundant.

3.3.3.1 Diffusion Assisted Synthesis

Another approach for low-temperature synthesis was developed by Kwak et
al.109 They reported a method in 2012 where Ni thin-films enabled diffusion of
carbon species towards an underlying surface where graphene-like structures
formed under minimal thermal excitation. Not only did the procedure run at
low temperatures, but also enabled graphene growth on various substrates,
such as dielectrics and polymers. Reproducing and further developing this
method had high priority from the beginning of the study. 100-120 nm Ni-
films was evaporated (e-beam) onto SiO2/Si- and pure SiO2-wafers, the latter
to possibly enable growth monitoring from the backside. Early on, the main
approach was to investigate different heat treatments (20-800 ◦C) in the pres-
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ence of a graphite/ethanol-slurry on top of the Ni-film. However, post-heating
Ni-removal never resulted in any noticeable carbon species on the underlying
substrate. A possible answer came from a publication by McNerny et al. where
CVD-grown graphene on Ni revealed insights on how different annealing gases
affects the stress evolved in the Ni-film during heat treatment.110 At low tem-
peratures this effect should be minimal but experiments were conducted with
He instead of 2% H2 in Ar which had been used previously. Generally, find-
ing and tuning the right part of the parameterspace proved very difficult and
the results were very often pointing in different directions. However, after
some time it did prove possible to fabricate carbonaceous films underneath
the Ni. The problem seemed to be the Ni removal process (etching with HCl
or FeCl3), which simply delaminated the carbon film from the SiO2 surface.
Sometimes small flakes remained on the surface, which were easily located in
a microscope. An example is seen in Fig. 3.13a, and the films seem fairly
homogeneous. Raman analysis was also performed, most frequently revealing
spectra of amorphous carbon (Fig. 3.13c). Only very few spectra contained
graphitic information with a sharp G peak and an emerging 2D peak. AFM
analysis (Fig. 3.13b and d) revealed rather thick structures in comparison to
what would be expected for graphene (≈ 1 nm on SiO2). Interestingly, carbon
films started to show up even without carbon exposure during synthesis. This
pays evidence to the Ni-film being significantly contaminated before synthesis.
No reliable and reproducible results were produced when testing this method.
It seems that the Ni-film indeed is able to catalyse the formation of carbona-
ceous films underneath itself, however, gaining high quality crystalline films
at low temperatures were not possible in our studies.
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Figure 3.13: a) Image showing an amorphous carbon film on SiO2/Si formed at
400 ◦C. b) AFM image showing the topography near an edge. c) Representative
Raman spectrum shown in blue, indicating amorphous carbon. Green spectrum is
the most graphene reminiscent spectrum which was obtained during the studies. d)
Cross-section of the area highlighted in b).
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3.4 Other 2D-materials and Heterostructures

3.4.1 Synthesis and Characterisation of h-BN

As discussed in Section 1.4.1, to unlock the full potential of graphene from an
electronics point of view, insulating/semiconducting 2D-materials may be the
key in terms of providing the optimal platform and isolation for graphene.
Due to the similarities with graphene synthesis (??), a project was initiated
with aim of growing h-BN on Cu. Volatile/gaseous precursors would require
significant changes to made on the CVD-system and for this reason a solid
precursor, ammoinia borane (NH3BH3), which has a melting point close to
100 ◦C, thus requiring the two-furnace setup described in Section 3.3.3. The
synthesis procedure progressed in a similar fashion as the graphene growth,
by annealing the Cu before introducing the precursor. Low pressure (≈ 6
mbar) was used initially as this provided better control of the chamber con-
centrations and should help assure vaporisation of the precursor. Growth
proceeded at 1000 ◦C with a small amount of H2 present to keep a reducing
environment. After synthesis, the Cu-foils was investigated by optical char-
acterisation, hoping that dark-field microscopy would reveal similar results as
was observed with graphene. Such features, however, was not evident and
electrochemical transfer proceeded (Section 3.2.3) onto SiO2/Si to provide a
more convenient platform for characterisation. In Fig. 3.14a and b AFM and
LFM measurements, respectively, of such a sample is provided. The marked
square indicates the region of a previous measurement where the AFM tip has
been scrabing the sample, thus indicating the presence of large amounts of a
soft malleable material on the surface. This could be PMMA remnants from
the transfer process, however, such large amounts are normally not observed
for the graphene transfer. Instead, we speculate it could be the precursor
which have polymerised while not being able to form h-BN, perhaps due to
insufficient access to the catalytically active surface. In the topography sub-
nm thick layers are observed within the cleaned region, which also give rise
to a significant contrast in the relative friction of the surface. The stability
and thin nature of these structures indicates that sub-monolayer h-BN have
been formed on the Cu surface, however, atomic resolution techniques, such
as TEM, would most likely be needed justify the claim.
Atmospheric pressure synthesis was also performed and transfer proceeded in
the same fashion. In Fig. 3.14c a picture which shows a continuous film cov-
ereing the surface, except for a hole in the centre of the image which likely
is a consequence of the transfer. Raman spectra show a clear feature at ≈
1370 cm−1 which indicates boron-nitride,150,151 see Fig. 3.14d, blue spectrum.
Dark regions are observed within the film which has a Raman signature as the
one shown in green, Fig. 3.14d. This indicates significant carbon contamina-
tion during synthesis, giving rise to graphitic/amorphous domains of carbon
which is likely being build into the BN. The contamination is likely to have
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some from previous procedures or from back-flow of polyethylene glycol which
the process gas was bubbled through at the exhaust. Polymer residues did
not seem to be as evident in this sample, and the films appeared to be ≈ 10
nm thick, indicating significant multilayer formation (data not shown152).

Figure 3.14: a) AFM of h-BN synthesised at low pressure and transferred to
SiO2/Si. b) LFM. c) Image of a film synthesised at ambient pressure containg clear
carbonaceous domains. d) representative spectra from the sample are shown in c),
with the green spectrum being from the dark regions, and the blue spectrum from
outside. Figures and data reproduced from a master thesis written by Jakob Koba
Risager.152
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3.4.2 Synthesis and Characterisation of Molybdenum
di-Sulfide

- AUCVD

Bottom-up synthesis of MoS2 was of equal interest as this 2D semiconducting
materials pose intriguing properties, and could help provide a basis for novel
photodetector devices. Being a compound that consists of tw elements, two
different precursors are normally needed, and solid-state materials are gener-
ally preferred for safety reasons (see ??). Various pathways with different Mo
containing precursors were investigated through a reaction with pure sulphur
(S). A catalytically active substrate is not critical for the formation of MoS2
and SiO2/Si-substrates were used for deposition (transition metals will likely
alloy/dissolve Mo at high temperatures). With the aim of growing large sin-
gle crystals of MoS2, the primary precursors which were tested were MoO3
and MoCl5 (Thin film Mo and (NH4)2MoS4) were also tested, however with
the aim of growing MoS2 for chemical/catalytic purposes - those data will
not be reviewed here). SiO2/Si-substrates were placed on top of the crucible
containing the precursor while facing down. The substrates and Mo-precursor
was put in the downstream furnace which was heated to 700-900 ◦C depending
on precursor. Sulphur was evaporated in the upstream furnace and Ar flow
controlled mass transport. These procedures was usually performed at a few
mbars of pressure. Of the two precursors, MoO3 proved most consistent in
forming nice (almost) triangular domains of MoS2. In Fig. 3.15a a scanning
electron microscopy image shows such an example, however, it should be noted
that the samples generally were a chaotic mess of mostly bulk MoS2, but in
some regions process parameters had been close to optimal for single/fewlayer
formation. Raman spectra confirms the existance of MoS2 (Fig. 3.15b) and
monolayer structures was furthermore confirmed by measuring the distance
between the modes E1

2g and A1g.154 Little contamination/unreacted precur-
sors was evident as MoO3 has a rather distinct Raman features,155 however,
MoO2 is rather stable and can evident in same places. AFM revealed nice
clean crystals with a thickness of ≈ 1.6 nm, as seen in Fig. 3.15c and d. Based
on other reports this could indicate bilayer MoS2,128 however, it seems unlikely
that both layers appear to have exactly the same size and shape, while lying
directly on top of each other, without more and smaller crystal lying on top
or next to the structures. The exact thickness of 2D-materials are not always
consistent, and could also be a matter of poor AFM calibration. Generally, it
is concluded that these structures are indeed monolayer MoS2, with seemingly
high quality.
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Figure 3.15: a) SEM image of a large MoS2-crystal on SiO2/Si. b) Raman spectra
clearly indicating the presence of MoS2. c) AFM-image of the edge of a crystal. d).
Histogram of the topography imaged in c) indicating a thickness of ≈ 1.6 nm. Figures
and data are reproduced from a Case study written by Rasmus Hasle Fogh.153
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3.4.3 Synthesis and Characterisation of Molybdenum
di-Sulphide and Graphene Heterostructures

With the ability to reproducibly grow both graphene and MoS2 it seemed
obvious to start investigating heterostructures as well. Such hybrids have
proved very promising for e.g. photodetection applications, however, meth-
ods for large scale processing and fabrication of such devices are still far from
developed.
In our study several approaches was tried to combine the two materials.
Graphene needs to be grown on transition metals and therefore defines most of
the limitations for the order in which fabrication can proceed. Direct growth
of MoS2 onto graphene (both transferred and on Cu) proved very detrimental
to the graphene quality, most likely due to the reactive species which form
during precursor breakdown. Therefore, the only way hybrid structures was
fabricated without significant damage exerted onto the individual constituents,
was to grow MoS2 on e.g. SiO2/Si as described in the previous section and
afterwards perform graphene transfer onto the same substrates.
A Raman map was recorded from which a representative spectrum of the het-
erostructure is observed in Fig. 3.16b. Features from both graphene and MoS2
are clearly evident with little difference to that of the overall appearance of the
pure compounds. However, after running detailed spectral analysis significant
shifts was observed, especially the 2D-peak in the graphene is shifted upward
about 10-12 cm−1 when on top of MoS2. This is depicted in Fig. 3.16a and
correlates nicely with previous studies.156 The role of such a shift normally
relies on charge-doping and/or strain effects in the film, however, in such cases
the G-peak normally also shifts upward. In Fig. 3.16c the opposite is observed,
where the red region indicates the spectra from graphene on MoS2 which is
slightly down-shifted when compared graphene on SiO2. The exact meaning
and cause of this behaviour is currently unknown. When examining the E1

2g-
and A1g-modes of MoS2 the A1g appear slightly upshifted from that of mono-
layer to bilayer MoS2, however, this effect is also observed when graphene is
placed on MoS2.156
Graphene absorbs light equally over a broad range of the electromagnetic spec-
trum, whereas MoS2 has two distinct absorption peaks in the visible range (≈
610 and ≈ 670nm eV157) and for this reason hyperspectral microscopy was
performed, as described in Section 2.1.0.1. In Fig. 3.17a and b images of a
graphene/MoS2-heterostructure at two different wavelengths are seen. Note
the triangular crystal of MoS2 in the centre, with graphene on top, covering the
entire image area, except a few cracks and holes, which are easily observed at
588 nm (Fig. 3.17b). The entire spectrum (covered by the sensor) is depicted
in Fig. 3.17c with three curves showing the averaged spectra of the blank sub-
strate (yellow), graphene (blue) and the heterostructure (green). Surprisingly,
the heterostructure appeared brighter in a region from ≈ 460 - 510 nm than
the rest of the sample. A simple model describing the reflectance of the sub-
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Figure 3.16: a) 2D-peak position map (ωG) of transferred graphene in direct contact
with either SiO2/Si or MoS2. b) Representative Raman spectrum recorded within
the graphene/MoS2-heterostructure. c) G-peak position plotted against the 2D peak
position (the data from a)), to asses the effect of the underlying MoS2 (data marked
in red) compared to SiO2. d) and e) Histograms depicting the position of the E1

2g-
and A1g-modes in MoS2, respectively.
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Figure 3.17: a) and b) Images of graphene/MoS2-heterostructures on SiO2/Si at
≈ 475 nm and ≈ 588 nm, respectively, measured by hyperspectral microscopy. c)
Averaged spectral intensity in different region of the sample: blank substrate (yel-
low), graphene (blue) and the graphene/MoS2-heterostructure (green). d) Theoret-
ical model of the substrate.
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strate was build (Fig. 3.17d) and similar tendencies are observed, however,
with some discrepancies in the shape of the curves and placement of minima.
This was likely caused by an incomplete model where the refractive index are
assumed constant over all wavelengths, plus the detector profile was probably
not perfect and should be calibrated. Even though the thickness of graphene
and MoS2 are very small, clear differences are easily picked up, and by em-
ploying a stronger model and better detector one could imagine hyperspectral
microscopy for fast large area thin film thickness determination.
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3.5 Concluding Remarks
This chapter presented the work performed on 2D-material synthesis by CVD,
with primary focus on graphene. It was shown that growth on Cu is a versa-
tile platform for graphene synthesis, and high quality films were successfully
produced at both vacuum and atmospheric pressure conditions. As an effort
to further increase the graphene quality, a "burst and pulse" procedure was
attempted, however, while the quality increased in some areas, a significant
decrease was observed in regions where defects appeared to gather.
CVD of graphene onto other metals, including Pd, Co and Ni was also tested.
All three metals exhibited similar tendencies, with significant graphite forma-
tion.
Various efforts of lowering synthesis temperature was attempted, however,
with very limited outcome. It is important to bear in mind that carbon is sta-
ble in a plethora of forms, and gaining the wanted graphitic structure usually
require very high temperatures. For low temperature synthesis to succeed,
very high control of precursor chemistry and assembly is required. This in
turn will likely increase production time significantly, which, from an indus-
trial point of view, is unfavourable.
Interestingly, though progress have been made, not much have changed since
the original study of growth on polycrystalline Cu was published by the group
of Rodney S. Ruoff. The procedures employed for graphene synthesis in labs
all over the world, do not differ significantly from the original, however, our
understanding have become much better. People are now increasingly using
commercially available graphene, and as these companies develop towards be-
ing able to grow single crystal graphene, this trend will likely continue. In a
few years single crystal graphene is likely to be something you buy, similar to
Si-wafers.

On a different note, synthesis of h-BN and ceMoS2 was also attempted by
CVD. It was possible to grow h-BN from a solid state precursor on a similar
synthesis platform to that of graphene growth on Cu. MoS2 was successfully
grown directly onto dielectrics where large crystals were routinely obtained,
also from solid state precursors. However, when comparing to graphene syn-
thesis, these samples appear inhomogeneous with large amounts of unwanted
bi-products left on the samples. Generally, working with solid precursors in a
CVD system is extremely difficult, and moving towards gaseous compounds
would be advisable, if proper precautions can be made.
Lastly, hybrid structures of graphene on MoS2 was successfully fabricated.
Hyperspectral Microscopy revealed itself to be a powerful tool in character-
ising such structures, and could provide a platform for future high speed 2D
material characterisation.



Chapter 4

Graphene-Metal Interaction
for CVD Grown Films

Graphene production through CVD on metals have proven to be probably
the most relevant technique for large area high quality synthesis. Where
Chapter 3 discussed synthesis methods and post-transfer graphene quality,
this chapter will deal with graphene while still on the metal substrates where
it was first synthesised. Such characterisation has been performed exten-
sively for graphene synthesised on transition metals, however, under ultra-
high vacuum at highly well-defined conditions while employing single crystals
for growth. This in turn, allows for highly precise characterisation meth-
ods to be employed, such as scanning tunnelling microscopy (STM), low en-
ergy electron diffraction (LEED), angle resolved photoelectron spectroscopy
(ARPES), which provide detailed information on structure, substrate interac-
tion and electronic properties. Bridging such studies to similar systems which
experience the physical and chemical(!) conditions of the real world is an ever-
present challenge for scientist, and comparable studies is therefore generally
lacking in the literature.
In this work we chose to study graphene grown on metals with AFM, to learn
more about how the graphene-substrate interaction behaves after synthesis,
while kept at standard conditions. Graphene grown on polycrystalline Cu was
of main interest, but also growth on polycrystalline Pt and single crystal Ir
was studied. Furthermore, measurements on samples where organic salts were
intercalated between graphene and the underlying metal were performed, and
revealed new insights on how this treatment proceeds. These studies resulted
in a publication to which the author of the present thesis has contributed.
Section 4.1 provides a short introduction to graphene-metal interactions, and
how such systems behave when exposed to the hardships of standard condi-
tions. Section 4.2 goes through the experimental procedures employed in this
study, in terms of synthesis, intercalation and methodic details. Section 4.3
presents the results and discuss the findings.

56
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4.1 Graphene-metal Interaction and Intercalation
Graphene may be synthesised on a range of different transition metals, how-
ever, the homogeneity may differ as the growth depends on the structure of
the metal surface. Judging from the similarity to the structural parameters of
graphene, the Ni(111) and Co(0001) surfaces are seemingly good candidates
for graphene growth, and have been proven to be able to form very high quality
films.158 The very low mismatch between the graphene and the metal surface
forces the graphene crystals to grow in one direction, thereby enabling single
crystal formation. In turn, this ensures a relatively strong interaction between
the two, and also exhibiting a shorter distance than that of graphene layers
within graphite.158 The strong interaction causes a significant perturbation
of the electronic structure of graphene, and is an effect which is observed for
other transition metal elements as well (Fig. 4.1).
Graphene grown on Pt and Cu does not exhibit as strong interaction to-
wards the metal, as the before mentioned elements, which in turn allows for
the growth to take place in more directions. This results in films of poly-
crystalline nature, however, with domains still exhibiting very high quality.
Ir(111) pose an interesting intermediate, as the interaction is categorised as
weak, but single crystal graphene may be grown on Ir(111) at high tempera-
tures, thus posing an interesting alternative for graphene formation.159

Figure 4.1: Transition metal series in perspective of the interaction with graphene.
Blue: Carbide forming elements, where graphene may grow on top of the carbide. Red
and yellow: Elements with strong and weak interaction with graphene, respectively.
d: graphene-metal separation. c: corrugation of the graphene in Ångström (Å). S,
M: indicates if single or multiple rotational domains are formed during synthesis. π:
down-shift of the π-band. When "intact" the linear dispersion at the Dirac point is
still evident. Figure reproduced from Batzill.158

As discussed in Chapter 3, graphene very rarely carries out its function at the
metal on which it is grown, and transfer-procedures are therefore needed to
isolate the graphene. For the metals with strong interaction towards graphene,
it is virtually impossible two separate the two, and chemical etching of the
metal is therefore required, which is both tedious and expensive. Graphene
is readily removed from Cu and Pt (see Chapter 3) by relatively gentle pro-
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cedures, however, in the case of Ir, graphene transfer have only just recently
proven possible.160,161 This was performed using intercalation agents, which,
decrease the graphene metal interaction, thereby enabling separation of the
two. Several compounds have shown the ability to work their way in between
the metal-graphene interface, and such studies have been quite popular, how-
ever, the intercalation-mechanism is of some debate,162,163 and may differ
depending on the nature of intercalant. Metal compounds have frequently
been employed,162,164,165 but also molecular species such as O2,166,167 CO168

and C60
164 have proven to work their way between. Normally the intercala-

tion requires activation e.g. in form of increased temperature which allows for
overcoming the positive graphene-Ir interaction.
Even though single crystal graphene is expected to form on Ir, the general
quality does not live up to the expectations after post-transfer analysis.160
Whether this is an effect of the transfer procedure or inherited from the as-
grown graphene, we will get back to in Section 4.3.

4.1.1 Leaving the Vacuum Chamber

Due to the high strength, inertness, conductivity and low permeability, high
hopes was initially put on graphene for functioning as an ultra-thin, antistatic
protective coating. Not long after developing the growth procedure on Cu, the
group of Rodney S. Ruoff also showed that graphene has a protective effect
on the underlying copper,169 acting as a barrier against immediate exposure
of harsh oxidants. However, not long after, a study was published, where it
was shown that the graphene has the exact opposite effect over longer pe-
riods of time, when exposed to the more benign oxidative conditions of the
atmosphere.170 Polycrystalline films of graphene on Cu inevitably has defects
which allow for water an oxygen to access the Cu-surface where oxidation will
proceed as it normally does when protection. However, as graphene is more
noble than Cu, a driving force for oxidation of the Cu appears, thereby accel-
erating the process. As oxidation of the Cu proceeds the graphene becomes
decoupled from the Cu, plus small amounts of graphene degradation appears
through carbon-oxygen bonding.171
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4.2 Experimental and Methods

4.2.1 Graphene Substrates

Three different transition metals onto which graphene was grown was of pri-
mary interest in this study. Graphene on polycrystalline Cu was synthesised
according to Section 3.3.1.2 and a similar procedure was employed for poly-
crystalline Pt. Growth on single crystal Ir(111) was performed by co-workers
by a procedure which have been previously published.172,173 It should be
noted that this procedure is performed in a ultra high vaccum (UHV) system
and rely on sequential flashing of the crystal at high temperatures in between
which ethylene is adsorbed on the crystal.

4.2.2 AFM measurements

For contact mode and lateral force measurements ContAl-G cantilevers from
BudgetSensorsa were employed. Lateral deflection measurements where cal-
culated into internally referenced friction force maps by subtracting forward
and backward scans (see Section 2.3.1).
For non-contact and electrical mode measurements Pt coated Multi75E-G
cantilevers were utilised (BudgetSensors). As an attempt to enable quantifi-
cation of the measured surface potentials by Kelvin Probe Force Microscopy
(KPFM), the tips where calibrated before use. This was done by measur-
ing on a freshly cleaved highly oriented pyrolitic graphite (HOPG) sample,
by assuming the workfunction of graphite to be 4.62 eV.174 However, during
continuous scanning, significant shifts in the VCP D was observed over time.
This is a general problem for KPFM performed in air175 and is most likely an
effect of tip and/or sample degradation. In our measurements, the changes
happened over the course of several scans, i.e the measurements within in-
dividual scans performed constantly, and did not seem to degrade or change
the sample over time. If the sample were to degrade, it would be expected
that this process would not happen equally at different regions consisting of
different compounds. Such effects were not observed, which indicates that it
is likely the tip which is being affected. Generally, the workfunction of the
sample, WS , is calculated on the basis the tip workfunction, WT , and the
measured charge potential difference, VCP D (see. Section 2.3.2):

WS = WT + eVCP D (4.1)

Where e is the elementary charge. Because og the observed effects of the tip
we instead choose to focus on changes of the workfunction within a single scan,
i.e. ∆W . It is therefore assumed that WT does not change over the course of
an individual scan. We get:

∆WS = −∆eVDC (4.2)
abudgetsensors.com
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Where VDC is the voltage applied to the tip to compensate for the charge
potential difference and is the value which is read out from the instrument:
∆VCP D = −∆VDC .

4.2.3 Electrochemical Intercalation

Intercalation was performed electrochemically by using a classic three elec-
trode setup. The metal/graphene substrates were employed as working elec-
trodes, whereas a Pt wire and Ag/AgBr(or AgI) was employed counter- and
reference electrode, respectively. The cations of two different salts were used as
intercalants: tetraoctylammonium bromide (TOABr) and tetrabenzylmethy-
lammonium tetrafluoroborate (TBMABF4). The intercalation proceeded by
applying -1.9 V to the metal/graphene substrate relative to the reference for
ten minutes. Afterwards the substrates were discharged at -0.2V (expected
potential to be near 0), after which the intercalated substrates was dried in
N2, and ready for Raman and AFM characterisation. For more details, see
Salmi et al.144

Figure 4.2: Concept of the electrochemical intercalation and structure of the inter-
calated cations. Figure reproduced from Salmi et al.144
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4.3 Graphene-Metal Interaction Studied by AFM

4.3.1 Graphene on Copper

For studying graphene on Cu it was chosen to primarily work with substrates
where full coverage had not been achieved, as it provides clear visualisation of
the shape in which the crystals grow and location of nucleation sites become
easy. Furthermore, the metallic surface is expected to exhibit markedly dif-
ferent properties than that of graphene which can be probed with the AFM.
In Fig. 4.3a the topography of a sample with graphene islands on Cu is seen.
Despite the thin nature of graphene, the covered areas are clearly visible be-
cause of the difference in surface structure. Compared to the bare substrate
which display soft-shaped narrow ripples, the graphene covered areas has dis-
tinct step-like features. Furthermore, the bare substrate always appear to be
raised above the graphene-carrying areas, likely because Cu, as most metals,
oxidise rapidly under standard conditions with O2 present. This could partly
explain the difference in surface features, because of the eminent protective
effect of the graphene layer. Another cause could be the effect graphene has
on Cu surface during post-synthesis cool-down, which may protect or cause
the formation of these sharp steps in the underlying Cu. These samples were
usually treated on a hotplate to aid oxidation of the Cu, however, the effects
observed after heat treatment are not so different from the nontreated sam-
ples, as the oxidation apparently happens very fast even at room temperature.
The appertaining Friction force measurements is seen in Fig. 4.4b. Again the
graphene covered regions are highly visible as the tip-graphene interaction
causes significant less lateral deflection of the tip, meaning less friction. Note
how cracks and holes in the graphene become highly evident, plus within some
islands, clear features appear in the centre. This coincides with the probable
location of the nucleation site. Sometimes these features are also evident in
the topography where they appear as small particles lying at the very centre
of the islands. This could indicate heterogeneous species being present which
may aid crystal nucleation.
A similar sample is observed in Fig. 4.4, however growth proceeded at 0.01
mbar compared to 1 mbar for the former sample. Hotplate treatment pro-
ceeded to aid oxidation. The difference in shape of the islands stands out, as
the low pressure synthesis has resulted in more circular crystals, compared to
the more edged structure of the crystals formed at high pressures (it should
be noted that the H2:CH4-ratio also was lower for the low pressure synthesis).
An interesting feature was observed in these samples as the substrate at centre
of the islands appeared to be flat, similar to the bare Cu, and not stepped
as observed in the previous case. The friction force measurements (Fig. 4.4b)
shows the islands appear to consist of 3-4 lobes which are not properly stitched
together close to the centre of the islands. However, further from the centre,
the lobes seem to fuse together to form a continuous graphene sheet. The
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outer regions exhibit low friction compared to the centre which could indi-
cate material contrast. However, it could also be an indication of oxidation
of the underlying Cu. KPFM was employed as another tool to help disclose

Figure 4.3: a) Topography of graphene islands grown on polycrystalline on Cu at 1
mbar. b) Friction force data. c) Cross-sectional model of the substrate.

Figure 4.4: a) Topography of graphene islands grown on polycrystalline on Cu at
0.01 mbar. b) Friction force data. c) Cross-sectional model of the substrate.
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the graphene-substrate interaction in these samples. In Fig. 4.5a and b the
topography and corresponding ∆W of a region with three merging graphene
islands is displayed, respectively. In this case the contrast topography is less
pronounced, however, ∆W clearly enables recogntition of the graphene coated
area (enclosed by line). Furthermore, contrasts inside the graphene start to
appear, most notably at what appears to be the centre of the island, where
∆W is significantly lowered compared to the rest. These regions correlates
well with the existence of bi-layer/few-layer structures appearing at the nu-
cleation site. Several studies have shown that the workfunction of graphene
changes toward that of graphite when more layers are added,176–178 and here
the graphene appear more noble than graphite. However, exchange of charge
will either result in p- or n-doping, i.e. the measured work function will de-
pend on the substrate at which it is stabilised. For graphene on Cu, n-doping
is expected,179 but the quick diffusion of oxygen into the graphene-Cu inter-
face will likely induce p-doping. In Fig. 4.5c and d, similar data for a single
isolated island is displayed. Surprisingly, the graphene appear to have signif-
icantly lower workfunction than the oxidised Cu-surface. Furthermore, dark
areas appear at several sites wthin the island, implying lower workfunction,
similar to that of the bare CuOx.
The complexity of these surfaces make it difficult to, with certainty, conclude
on the observed effects, but KPFM due offer some valuable insights on these
surfaces. With better models, it should be possible to understand doping the
effects at play, and thereby understand
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Figure 4.5: a) AFM topography of three merging graphene islands. b) ∆W of the
corresponding area. c) AFM topography of a single graphene island. d) ∆W of the
corresponding area
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4.3.2 Graphene on Platinum

Graphene grown on Pt in are in many ways very similar to that on Cu. With
similar growth condition as to that on Cu, graphene grows very fast. Actually
with the procedures employed in this study, full coverage was always obtained.
The surfaces appear very homogeneous, however, some multilayer regions may
be present (observed after transfer. Data not shown). In Fig. 4.6 topography
and friction force measurements of graphene on polycrystalline Pt is shown.
The step-like structures observed in the case of Cu is also appear on Pt,
but because of the noble nature of Pt, no effects are observed after oxygen
exposure. Friction force exhibit high homogeneity except for regions where
two islands seem to have merged. Higher friction is measured, indicating the
material in these regions may consist of a distorted graphene structure. This
effect is also slightly visible in the topography, where these structures protrude
from the surface, perhaps as a result of folding after metal contraction.

Figure 4.6: a) Topography of Pt foil with graphene grown on top. b) Corresponding
friction force map of the same region as a.

4.3.3 Graphene on Iridium

Studying graphene on Ir(111) was a nice opportunity to work with, what we
thought, was state of the art CVD synthesised graphene. In Fig. 4.7a the
topography within a region where both bare Ir and graphene ont op of Ir is
present (it should be noted this was a "lucky shot" as these crystals normally
have close to full coverage). The bare Ir appears in the bottom half of the
image where the step edge of the Ir(111) crystal is found to be ≈ 0.24 nm
(Fig. 4.7c), which is a little bit higher, but similar to, reported values.180 In
the upper half of the image a thin film, i.e. graphene, lies on top of the Ir, how-
ever, the surface appears rather rough. In friction force, a clear difference is
observed in the two region, again, with graphene causing smaller lateral deflec-
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tion of the cantilever (less friction). Inside the graphene area, large deflection
appears in small spots which coincides with the apparent protrusions seen in
the topography. This indicates a clear contrast in friction, and thereby mate-
rial, which came as some surprise. On such rough substrates, contact mode
AFM (lateral force measurements) may become limited in resolution as the
tip is worn down over time, and for this reason non-contact measurements was
performed. In Fig. 4.8a the topography from non-contact measurements is il-

Figure 4.7: a) Topography of graphene grown on Ir(111) in region with where both
bare Ir and graphene covered Ir is present (bottom and top part, respectively). b)
Corresponding friction force map of the area measured in a. c) Cross-section marked
in a indicating height of the Ir(111) step-edge.

lustrated and the higher resolution quickly helps us identifying the protruded
structures in more detail. They come in two categories: as lines which resem-
bles folds to some degree, and as small donut shaped structures. It should be
noted that donuts only appeared on one of two samples which were measured,
however, protrusions still appeared, this time with a more dome-like shape
(data not shown). Note how, near the apparent folds, the graphene lie deeper,
and therefore, likely closer to the Ir substrate. Looking at the phase-shift of
the cantlilever oscillation in Fig. 4.8b these region are highly visible, as are the
protruded structures in the graphene. Now, determining the exact cause of
the phase-shift is a very complicated manner, but it does imply a change of the
mechanical properties of the surface, such as friction, rigidity and hardness.
Here it is speculated, that the lower phase-shift (dark) correlate to higher
rigidity of the measured regions caused by a stronger substrate interaction.
When zooming in on a single donut (Fig. 4.8c, d), it appears that the hole is
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deeper than outside the ring - a change in height which is close to the thickness
of a graphene sheet. This could imply a direct bond to the substrate within
the hole, perhaps acting as a nucleation site for graphene growth. KPFM

Figure 4.8: a) Non-contact topography measurements of graphene on Ir(111).
Phase shift observed when measuring a. Scale is relative. c) zoom on donut-structure
in the graphene. d) Cross-section marked in c.

measurements were also performed and is illustrated in Fig. 4.9b. Compared
to measurements on Pt, which were very constant (data not shown), these
samples exhibited clear and stable differences in ∆W . The regions did not
seem to correlate to any structural features observed on the samples, and
actually had a much larger extend than the folds and protrusions discussed
previously. This would could suggest a change in graphene-metal interaction
over long distances, however, ∆W displays three distinct values, which does
not seem have any straight forward explanation. All in all, these samples of
graphene on Ir(111) appeared surprisingly inhomogeneous. In the frontrunner
to this study (Koefoed et al.160) where graphene was first transferred from Ir,
a surprisingly high ID/IG-ratio of 0.24 was present, and it was speculated that
the transfer procedure had been detrimental for the graphene. These measure-
ments imply that the structure may very well be compromised before transfer.
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Figure 4.9: a) Topography and b) corresponding ∆W of graphene grown on Ir(111).

Whether these deviations is a general tendency for graphene on Ir(111) are
a matter of speculation, however similar structures have been observed by at
least one other group.181 A simple revisit of the synthesis procedure would
probably be of high value.
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4.4 Intercalation
The graphene grown on Cu, Pt and Ir(111) was intercalated as described in
Section 4.2.3. Raman analysis proceeded and was compared to pre-intercalation
measurements. The position of 2D band, ω2D, was plotted against the posi-
tion of the G-band, ωG, to evaluate strain and doping effects, as reported by
Lee et al.182 In Fig. 4.10 it is observed that graphene on Pt and Cu exhibit
high levels of strain compared to when grown on Ir. This correlates nicely
with the wavy/step-edged structure observed for Pt and Cu (Fig. 4.6 and ??)
compared to the flat Ir single crystal. Interestingly, after intercalation ω2D

vs. ωG ends up close to that freely suspended graphene,183 clearly indicating
a structural relief in the graphene. Note the distribution of non-intercalated
graphene on Cu. While the overall trend is bi-axial strain, the distribution
seem to have p-doped effects superimposed onto the strain effects, which could
be caused adsorbed or chemisorbed oxygen species. Post-intercalation contact

Figure 4.10: Lines indicate expected effect of strain and doping on the Raman G
and 2D lines. • Indicate measurements of graphene grown on Cu before intercalation.
• and • are post-intercalation measurement of graphene on Cu with TBMA and TOA
used as intercalants, respectively. All measurements are shown for indicating the
spread. 4 Averaged value of spectra of graphene on Pt before and N after intercalation
(TBMA). � Graphene on Ir before and � after intercalation (TBMA). © Indicates
the value reported for freestanding graphene.183 Figure reproduced from Salmi et
al.144

mode AFM was performed on the intercalated structures. Non-contact mea-
surements were troubled by the large amounts of unwanted substances on
the surface, such as solvent and intercalation remnants. In Fig. 4.11 show the
intercalated graphene being significantly damaged over the course of the treat-
ment, and compared to the measurements before intercalation, the graphene
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may be manipulated by the AFM tip. Still, in friction force, clear contrast
is observed in spots of approximately 20 nm with larger friction, indicating
the donuts/domes have survived the intercalation treatment and appear as an
integrate structure of the graphene grown on Ir. On Pt, similar effects was ob-

Figure 4.11: a) Topography of post-intercalation graphene in Ir(111). b) Corre-
sponding friction force measurments.

served. However, here it was possible to catch the intercalants/solvent while
still in between graphene and Pt. In Fig. 4.12 a series of topographic and
friction force measurements are observed. In the top images graphene cov-
ers about half the measured area, with significant protrusions/bubbles within
the graphene area. These structures do not give rise to shift in the lateral
force signal, indicating the material causing the protrusion lies under the
graphene. During subsequent scanning these structures are manipulated by
the tip (Fig. 4.12, centre) meaning they are volatile in nature, which makes
it likely for e.g. solvent to be caught underneath. Again, further scanning
shows the graphene easily peals off, something which is never observed on
non-intercalated samples.
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Figure 4.12: Series of topography (a) and friction force (b) measurements of in-
tercalated graphene on Pt. Some of these data also appear in the work of Salmi et
al.,144 but have been re-plotted for the purpose of this thesis.
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4.5 Conluding Remarks
In this chapter it was presented how graphene grown on polycrystalline Cu,
Pt and single crystal Ir(111), impacts the surfaces in question. In the case
of Cu, oxidation of the metal proceeds quickly when exposed to air, and over
time give rise to a change in the graphene-Cu interaction. Similar effects was
not observed graphene on for Pt, however, graphene on Ir(111) showed signif-
icant changes in the apparent workfunction, which could imply alteration of
the interaction. Whether this effect is caused by oxygen exposure is unknown.
The structural quality of graphene grown on Ir(111) was rather disappoint-
ing as the sample appeared rough, with significant folding, plus 10-30nm
donut/dome shaped features. These effects is likely the primary cause for
the the large ID/IG-ratio observed in these samples.
The graphene-metal interfaces were electrochemically intercalated, which gave
rise to a clear release of strain in the graphene films, which was evaluated
through Raman spectroscopy. Topographic and friction force measurements
identified how volatile species were present underneath the graphene, thereby
proving the intercalation.





Chapter 5

Graphene Doping and
Functionalisation

This chapter is a summary of various cooperative studies performed both
at Aarhus University and NEWTEC. The research group of Professor Kim
Daasbjerg has extensive experience of electrochemically covalently modify-
ing carbonaceous surfaces in order to change the properties in a predesigned
fashion. Similar studies have been made on graphene with the aim of estab-
lishing fundamental knowledge on covalently modified graphene, which could
see applications in e.g. composites, smart materials and sensing. These efforts
resulted in a couple publication in which the author of the present thesis has
contributed.
At NEWTEC a similar study was initiated, however, with a photochemical
approach. Here the previous work of Dr. Victor Petrunin was expanded onto
graphene, to observe how a procedure which he previously developed, influ-
ences the properties of transferred CVD graphene.
Section 5.1 will review literature on structural/chemical modifications of graphene
and how it effects the properties. Section 5.2 covers the work performed with
co-workers at Aarhus University, and Section 5.3 presents the results obtained
from photochemical treatment of graphene.
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5.1 Chemically modified Graphene

Assuming an infinite crystal, perfect graphene is naturally inert as all bonds
are oriented in plane according to the sp2-hybridised nature of the carbon
atoms. Accessing the plane chemically thus requires distorting the ideal struc-
ture in order to attach the intended species. This breaks the symmetry of the
graphene structure and will hamper many of the desired features, as these
are a result of a macroscopic molecular system which now has been altered.
However, subtle modifications may enable the graphene to keep or slightly
tune its attributes while integration or communication with other systems are
allowed. Several approaches of modifying graphene are available both during
and after graphene synthesis. The next few sections will cover some of the
most important ones.

5.1.1 In-plane Substitutions

In Si-technology, the common way of tailoring the electronic properties is by
substituting e.g. group-III or -V elements into the crystal structure, to gain
p- or n-doping, respectively. Hereby, the electronic properties can be tuned
from semiconducting towards those of a metal. Similar effects are observed
in the structurally identical form of carbon, i.e. diamond. However, in the
case of graphene the situation becomes markedly different, because the crys-
tal structure supports metallic behaviour, and instead substitutional doping
is primarily performed with the aim of opening a band gap.
Boron or nitrogen doping are attractive in this regard as they are compara-
ble in size to carbon and should therefore only distort the overall structure
minimally. Ab initio calculations suggests that control of band gap and Fermi
level is possible by incorporating both elements,184 and other dopants such as
phosphorous and sulphur were modelled to show similar tendencies.185 Gen-
erally, such theoretical findings are backed up experimentally,186–188 however,
graphenes most prominent feature for electronic applications - high mobility
- is always compromised.
More advanced in-plane hybrid structures of a graphene-like matrix mixed
with domains of e.g. h-BN have been shown to be stable and have similar
properties as the aforementioned.36,189,190 The build-in insulating domains
acts as high potential barriers which confine the electronic states and thereby
dictate the properties. However, the opportunity of alloying 2D materials is
intriguing and could open the door for a wide variety of configurations to
be made. In this way, materials which are intrinsic semiconductors could be
incorporated as the active components with graphene functioning as the elec-
trode.
The approach for synthesising such materials normally rely on bottom-up prin-
ciples, where the desired dopant is introduced in the precursor feedstock for
e.g. CVD. Great strides have been made in this regard, also for directly grow-
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ing van er Waals heterostructures (see ??), and future synthesis procedures
may allow for very complex structures to be fabricated.

5.1.2 Out-of-plane Additions

This type of functionality is typically desired if graphene is required to in-
teract more directly with neighbouring systems through a given functional-
ity. In contrast to in-plane modifications, these are introduced post-synthesis
and thus require breaking the conjugated system and introduction of sp3-
hybridised carbon atoms. Relatively harsh chemical procedures are therefore
needed, and several types, such as nucleophilic191- and cyclo-additions,192–194
have been successfully employed to attach a variety of different moieties onto
graphene.195
However, one of the most obvious ways to disrupt the very stable basal-plane of
graphitic materials is by employing radical chemistry. In this regard, aryl dia-
zonium (see Fig. 5.1) compounds propose an attractive platform as a wide vari-
ety functionalities are allowed to be added onto the graphene through grafting
of the aryl moiety. Subsequent modifications are possible and thus allow for
the design of a plethora of smart materials and surfaces.196 These findings
also apply for graphene and have been investigated rather intensely,197–200
to reveal e.g. more easily suspended graphene192,201 and graphene polymer
composites.202

5.1.2.1 Electrochemical Modifications

Carbon structures have for many years been popular as electrodematerials
for electrochemistry because of their low cost and inertness within a wide
potential range.203 Especially glassy carbon and graphite are attractive, but
in recent years the "newer" forms of carbon have also been investigated, i.e.
doped diamond,204 carbon nanotubes205 and of course graphene.206 In elec-
trochemistry the key process determining the efficiency of an electrode is the
heterogeneous electron transfer from electrode to electroactive species in so-
lution. A number of such studies have been performed on graphene,207–209
some of which with markedly different conclusions. Coming back to the dis-
cussion in Section 1.3.4, it mostly ends up being a question of the type of
graphene employed or how the electrode is designed. Generally, high quality
graphene produced by mechanical exfoliation or CVD exhibit similar proper-
ties as the basal plane of graphite, which is a well understood system. For the
sake of simplicity and relevance, the following discussions will be limited to
high quality graphene manufactured by either CVD or mechanical exfoliation.
For more details on electrochemical properties of graphene and its derivatives,
the reader is referred to Ambrosi et al. who have made a nice review on the
matter.206
Using electrochemistry to covalently modify conductive surfaces is a well-



5.1. CHEMICALLY MODIFIED GRAPHENE 77

Figure 5.1: a) Reduction of the aryl diazonium cation creating an aryl-radical by
liberating molecular nitrogen. This process may happen spontaneously in suspension
via controlled reduction. b) The reaction between aryl radicals and graphitic surfaces.
After the addition of one moity, an unpaired electron will be present in the graphene
facilitating further functionalisation.

established procedure, as the diazonium is easily reduced electrochemically
thereby creating the highly reactive radicals in close vicinity of the surface.210
Gan et al.211 showed that this also applied for graphene, which in this way
could be functionalised over the course of seconds, compared to the hour-long
treatments required for the spontaneous reaction to occur. Lillethorup et al.57
showed that using a similar procedure, the amount of functionality could be
tuned according to the number of electrochemical cycles experienced by the
graphene.

5.1.2.2 Photochemical Modifications

The photochemical route to graphene functionalisation is not as developed as
solvo-chemical procedures, however, quite a number of papers do exist on the
matter. The advantage for this approach is that the functionalisation is more
easily confined to smaller areas by light focusing. However, photochemistry
often takes place in the gas phase which on the other hand leads to longer
diffusion lengths of the excited/reactive species. Still, gas phase processing
holds a significant advantage as solvents and other moieties which may be
difficult to remove are avoided.
The concept of photochemical modification of graphene often relies on radical
chemistry, and are in many ways similar to what was reviewed in the previous
section. Radicals are formed by dissociating photoactive species which then
are free to react in the event of a collision. Liu et al.212 made a proof-of-
concept study where benzoyl peroxide in solution was split under laser illu-
mination to form phenyl radicals. The laser energy was chosen to not cause
absorption in the benzoyl peroxide, i.e. making graphene the only absorb-
ing material. They hypothesised that excited charge carriers in the graphene
could facilitate the degradation of the photoactive species, making the area
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of treatment very localised toward the laser intensity profile. The modifi-
cation was confirmed by Raman microscopy where a prominent D-peak ap-
peared and transport measurements revealed a general significant decrease in
electrical conductivity. Very similar results were obtained by another group,
using di-tert-butylperoxide as photoactive precursor which developes methyl
radicals upon illumination.213 Oxygenation,214 chlorination,215 and fluorina-
tion216 have all proven possible, again, with similar conclusions as before.

5.1.2.3 Graphene Oxide

None of the work presented in this thesis has directly revolved around graphene
oxide (GO), but the importance of this compound/material cannot be under-
estimated and it may, in its own right, end up having a large impact on
industry - i.e. it deserves a section of its own.
As described in Section 1.3.2.1, GO is synthesised by chemical oxidation of
graphite which introduces oxygen containing functionalities and enables exfo-
liation of individual GO sheets into polar solvents such as water. Compared to
pristine graphene, this feature increases processabillty to a great extend and
large quantities are produced easily and cheaply. Through back-reduction, the
graphitic properties may be regained to some degree, however, the graphitic
structure is never completely rebuild, thus resulting in imperfect graphene
without many of the desired properties.
Like graphene, GO may be termed a macroscopic molecular system. Charac-
terisation is therefore tricky but even more so for GO, as structural/atomic
order is lacking. For the same reasons the exact structure has been subject
of some debate,217,218 but as synthesis and purification procedures219 are not
standardised, a lot of factors may be the reason for the differences observed.
Synthesising GO is in many ways the chemical equivalent of rolling a dice, i.e.
your system may not act as many others do.
Nevertheless, GO and especially reduced GO (rGO) has proven extremely
versatile and found its way into an extensive list of applications. Pure GO
display remarkable filtration capabilities selective to water, which potentially
could find use in water purification systems. GO-membranes produced by
simple vacuum filtration are able to hold back electrolytes220 or even gaseous
species such as the extremely volatile He.221 It is hypothesised that narrow
flow channels with low friction towards water are the cause of this effect.
The pseudo-graphitic nature of rGO in combination with its 2-dimensional
structure has resulted in a lot work being performed in using it as a porous
electrode material in e.g. next generation batteries.222–224 Applications of
GO/rGO extend further into hydrogen storage,225 3D printing,226 compos-
ites,227–229 sensing,230,231 and much more. The functionalised nature of the
compound opens a bandgap also enabling semi-conductive application such as
tunable LED’s.232
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5.2 Electrochemically Assisted Covalent
Modifications

Electrochemical functionalisation through diazonium chemistry is a versatile
tool for surface modification of carbonaceous materials, and in this regard Pro-
fessor Kim Daasbjerg has through several years gathered a vast experience.
Such an approach could lead to designing smart graphene-hybrid materials
which could find usage in variety of industries such as sensing, composites
and more.
Another electrochemical approach originating from the 1970’s was pioneered
by Dr. Henning Lund and co-workers, who performed studies on expand-
ing graphite by introducing intercalating tertaalkylammonium cations (R4N+)
into the graphite structure.233 As graphene became an active area of research,
this knowledge resurfaced, and has since been investigated for potentially
providing an approach for graphite/graphene modification and/or top-down
graphene production(Section 1.3.1).
These topics have greatly influenced the direction of the research performed
at the Organic Surface Chemistry Group, headed by Kim Daasbjerg, and a
summary of two of the studies will be presented in the following sections.

5.2.1 Intercalation and Carboxylation

Before graphene was a readily available commodity in the group, most of
the studies conducted relied on commercially available graphene from e.g.
Graphene Supermarketa. Multi-layered CVD graphene on Ni was a group
favourite as it contained graphene of relatively high quality while being well-
suited for electrochemical investigation/functionalisation57,234 in comparison
to monolayer graphene on Cu which oxidises relatively easy. A fellow PhD
student, Emil Bjerglund, showed that the tetrabutylammonium cation Bu4N+

is able to intercalate multilayered graphene on Ni by applying a reductive po-
tential to the latter. The Bu4N+ stabilises the strongly nucleophilic graphene
which are then allowed to react with electrophiles such as CO2.235
The concept is schemed in Fig. 5.2a and was investigated by characteris-
ing different degrees of functionalisation through electrochemical cycling. X-
ray photo-electron spectroscopy (XPS) enabled quantification of nitrogen (i.e.
Bu4N+) relative to carbon, providing an estimate of the degree of intercalation.
It is clearly observed (Fig. 5.2b) that the amount of nitrogen increases for each
treatment cycle reaching a plateau near the 6th. Raman spectroscopy was em-
ployed to investigate how the treatment acted on the graphene, by observing
the evolution of the D-peak compared to the G-peak(Section 2.2.1) provid-
ing a quantitative measure of the amount of functionalisation. In Fig. 5.2c
it is observed that the ID/IG-ratio follows the same trend as observed with

aGraphene-supermarket.com
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the XPS data. The existence of O-C=O bonds were also confirmed by XPS
(data not shown). All in all it is concluded that multilayered graphene may
be intercalated by Bu4N+ through electrochemical methods while facilitating
nucleophilic addition of CO2.

Figure 5.2: a) The concept og intercalation and modification. b) Rising N/C-ratio
as a function of modification cycle measured by XPS. Similar behaviour is observed
in the ID/IG-ratio as seen in c). Figure and plots are reproduced from Bjerglund et
al.235
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5.2.2 Anthraquinone Functionalisation

After graphene synthesis on Cu by CVD was developed (Section 3.3.1.2), one
of the initial studies performed was a comparative study where electrochemical
functionalisation was carried out on graphite and different types of graphene,
however only graphene on Cu will be reviewed here. A visiting PhD student,
Elo Kibena from University of Tartu in Estonia, was the main contributor in
this work which helped to establish a basic knowledge on the electrochemical
nature of single layer graphene on Cu.
To determine the electrochemical action of a monolayer substance situated on
a conducting substrate, it is important that the surface coverage is near per-
fect as it will be difficult to distinguish contributions arising from the latter.
Ambrosi et al.236 proposed a simple way to electrochemically probe freely
exposed parts of the metallic substrate through oxidation in the presence of
OH– . This method was shown to be applicable for both Cu and Ni which are
most the commonly used substrates for CVD production of graphene. Their
method was utilised to test if the in-house synthesised graphene is of satis-
factory quality to perform electrochemical fictionalisation. In Fig. 5.3a cyclic
voltammograms of bare Cu is compared to Cu with graphene, clearly indi-
cating extensive surface passivation by graphene. The graphene quality was
characterised further by post-transfer Raman spectroscopy (Fig. 5.3b), clearly
indicating monolayer graphene. However small, a non-negligible D-peak is ob-
served, which may help explain the minor electrochemical activity observed in
Fig. 5.3a. It could also arise from rough handling during the transfer process,
but polycrystalline graphene on Cu is generally known to be not perfect, es-
pecially near grain-boundaries.237 9,10-Anthraquinone-1-diazonium tetrafluo-
roborate (Fig. 5.3c) was synthesised using published procedures238,239 and was
via cyclic voltammetry covalently attached to graphene by diazonium reduc-
tion (Fig. 5.4). To protect areas of Cu potentially exposed from degradation,
the start scan-potential was set lower than the expected reduction potential of
the diazonium functionality. However, it may be assumed that the aryl rad-
ical will be formed nonetheless.234 As repeated potential cycling proceeded,
current increased indicating continuous functionalisation and possibly larger
capacitance. The reduction peak for the already attached anthraquinone film
moves towards more negative potential due to continuous surface mediated
attachments, a behaviour which fits well with previous findings.240 To fur-
ther ensure that the anthraquinone modification had proceeded succesfully,
O2-reduction was performed by linear sweep voltammetry in an O2-saturated
KOH solution. In Fig. 5.4b two peaks are observed in the treated sample,
caused by the anthraquinone film reduction and mediated O2-reduction.
In conclusion it proved possible to use electrochemistry to estimate surface
coverage of graphene on metallic substrates, and furthermore functionalising
the graphene electrochemically via reduction of a diazonium derivative of an-
thraquinone.
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Figure 5.3: a) Cyclic voltammograms of bare Cu (solid line) and graphene on Cu
(dotted line and inset), measured in Ar-saturated 0.1 M KOH (Ar-saturated). SCE;
Saturated Calomel Electrode = +1.244V vs. Standard Hydrogen Electrode (25 ◦C). b)
Raman spectrum from graphene grown similarly transferred to SiO2/Si. Plots repro-
duced from Kibena et al.234 c) 9,10-Anthraquinone-1-diazonium tetrafluoroborate.

Figure 5.4: a) Repeated graphene functionalisation by cyclic voltammetry of 9,10-
Anthraquinone-1-diazonium. b) O2-reduction of modified surfaces using linear sweep
voltammetry. Plots reproduced from Kibena et al.234
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5.3 Photochemical Graphene Functionalisation

At NEWTEC a collaborative study was performed with Dr. Victor V. Petrunin
who for many years have worked with surface modifications through excita-
tion of distinct gas molecules near a dielectric surface.241,242 The aim of the
study was twofold; 1: To employ his method onto graphene coated substrates
and observe how it affected the graphene. The original hypothesis was that
in this way delicate graphene functionalisation or repair might occur depend-
ing on the type of reactant chosen. This could allow for selective "writing"
of graphene with alternating properties. 2: These modifications which the
surfaces experience have, prior to this project, proven extremely difficult to
characterise and hopefully the graphene platform could help understand the
exact nature of the treatment.

5.3.1 Experimental Concept

The concept relies on Attenuated Total Reflectance (ATR) of a tunable laser
from a quartz-gas interface. An evanescent field decays rapidly from the in-
terface (50-100nm) into the gas-phase, thus only exciting gas molecules very
close to the surface. In here also lies the potential advantage compared to
other photochemical procedures where larger volumes are illuminated result-
ing in more diffuse functionalisation. The mean free path of molecules under
low vacuum conditions exceeds the penetration depth of the evanescent field,
thereby allowing a great portion of excited molecules to reach the surface.
Normally, the gases employed are SO2 and NO as they have narrow optical
lines, can be excited without dissociating and have relatively long lifetime be-
fore relaxing into the ground state. Photon energies are chosen to coincide
with specific states in the gas molecules and thus optimizing absorption. In
the case of NO, a region within the first electronic excitation with a high
density of vibrational/rotational states around 226nm is chosen. This was
simulated using freeware, Lifbase 2.1.1, distributed by SRIb.
These modified surfaces have proven extremely difficult to characterise in de-
tail, though extensive surface analysis have been attempted. However, one
obvious feature is always present on the samples - illuminated parts of the sub-
strates adsorb water in significantly different manner than the non-illuminated
part. Generally, on a SiO2-substrate, the treated part appear hydrophilic, thus
easily forming a liquid film which does not seem to scatter light significantly
compared to the non-treated area where droplets are formed (See Fig. 5.5b).
For illumination of graphene the dielectric-gas interface has been exchanged
with dielectric-graphene-gas instead. It is assumed that this difference does
not alter the overall mechanism significantly, as low absorption in graphene
and transfer process remnants should only perturb the system minimally. In

bhttps://www.sri.com/engage/products-solutions/lifbase
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Fig. 5.5 the experimental set up is illustrated. For more details on the theoret-
ical and experimental considerations for this procedure the reader is advised
to seek information in literature.241,242

Graphene

Incoming 
laser

Prism

PEG

Cuvette

Gas

Evanescent 
field

a) b)

Figure 5.5: a) Scheme that shows the experimental setup for graphene illumination.
The cuvette consists of two windows of fused silica with one of them carrying a piece of
transferred CVD graphene on the inside. A prism is used to ensure normal incidence
of the incoming light and polyethylene glycol (PEG) matches the refraction index
optimising passage of the light into the cuvette. Figure is inspired from Pankin et
al.241 b) A picture showing an example of the cuvette after illumination. No graphene
is present in this case. Water was condensed on the surface, and the illuminated region
in the centre is easily recognised.

The graphene employed for this procedure was grown by CVD on Cu accord-
ing to Section 3.3.1.2 or purchased at Grapheneac. Transfer onto pieces of 30
mm (OD) fused silica proceeded as described in Section 3.2.3. A cuvette is
assembled from a metallic frame and two pieces of fused silica of which one of
them carries a piece of graphene on the side facing inwards. Indium seals are
preferred to avoid hydrocarbon contamination from o-rings and the assembly
is pumped extensively down towards 2 ·10−7 Torr after which a gas mixture of
desired composition is bled inside. A prism is mounted as shown in Fig. 5.5a
and the assembly is ready for illumination.

5.3.2 Initial Attempts

For the initial trials, a rather large piece of graphene was transferred onto
the silica substrates. These experiments were performed before there was
any experience with electrochemical transfer and therefore relied on Cu etch-
ing by FeCl3. This may have given rise to chemical doping effects in the
graphene.115,243 The reactant gas usually consisted of a mixture of NO and

cgraphenea.com
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C2H4 in an approximate 100:1 ratio and a total pressure of 300-500 mbar.
Illumination proceeded with varying exposure time, spot size and type of
polarisation (s or p, orthoganal and parrallel to the plane of incidence, respec-
tively). Adding ethylene has proven efficient in helping reproduction, and it
is speculated it may act as a scavenger for long-living excited species.
In Fig. 5.6, a picture of a representative sample which has been illuminated
nine times is shown. Within the graphene area (marked by black dots) distinct
spots with varying appearance are found, each of which as a result of a pro-
cedure with experimental parameters described by ??. It is clearly observed
that the illumination resulted in surface alterations and note the differences
observed according to the ability of water absorption across the surface. Spot
1 is a large area exposure spot with relatively long treatment time where both
graphene and pure fused silica are exposed. Note how the treatment has op-
posite effect on the two, as the dark colour on the silica indicates significant
hydrophilicity compared to the untreated silica and the treated graphene. In
this way, macroscopic cracks/tears in the treated graphene become easily vis-
ible.
The remaining 8 illuminations have been performed with the laser propagating
with smaller diameter resulting in a more pronounced effect though shorter
exposure time was employed. A clear trend of exposure time extending the
modification is observed (see spot 6, 4, 2 and 9 in that order). Type of polar-
isation does not appear to have a significant effect, however, p-polarization is
more potent (see spot 4 and 5). This fits with the field intensity being more
pronounced in the gas-phase for this configuration, and correlates well with
previous findings.241

Spot Exposure Pol.
1 30 min p
2 8 min p
3 8 min s
4 2 min p
5 2 min s
6 40 sec p
7 40 sec p
8 40 sec s
9 36 min p

Table 5.1: Time of expo-
sure and type of polarization
for illuminations observed in
Fig. 5.6

Figure 5.6: Water condensed on illuminated CVD
graphene (approximately 2x2 cm) on silica. The
area covered by the graphene is marked by black
dots.
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Figure 5.7: a) Zoom region used for detailed Raman analysis (white square in
Section 3.1.3VicF). b) ID/IG-map of the same area.

In Fig. 5.7a a zoom on spot 2 and 3 is displayed showing several changes in
contrast within each spot. This is a surprising feature as the laser spot is
expected to have a smoothly decreasing intensity profile without additional
maxima at a given distance from the beam centre. A Raman map (Fig. 5.7b)
of the same region was measured with peak analysis performed as described
in section Section 2.2.1. An ID/IG map was created to get measure of how
defects develop within the illuminated region.
In Fig. 5.7a the different contrasts appearing are categorised in regions, where
I-III display distinct transitions, however, those regions exhibit similarly high
quality graphene with no measurable differences in the amount of defects, as
seen in Fig. 5.7b. Region IV correlates nicely with the D-peak starting to
become prominent, however, a puzzling narrow region with decreasing ID/IG-
ratio arises, which does not seem to be visible in the still-frame image. Region
V displays highly damaged graphene before it breaks down to such a degree
that the Raman signature disappears in VI. In an effort to try and clarify
the character of these regions, extensive AFM analysis was performed. In
Fig. 5.8 topographic measurements inside and outside the illuminated region
of a similar sample is shown. The difference in the two has a large resemblance
to that of annealed and un-annealed transferred graphene (see Section 3.2.3),
thus indicating the procedure may help removing PMMA residues. Conduc-
tive AFM, KPFM, LFM were also performed, however, no clear conclusions
could be drawn from these results.

5.3.3 Graphene Functionalisation/Doping

A set of samples with graphene from the initial experiments conducted on
pulsed flow CVD (see Section 3.3.1.3). An unfortunate feature with these
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Figure 5.8: a) Topography inside illuminated region. Marked areas show holes in
the graphene. b) Topography outside illuminated region.

samples was that they were non-conductive, most likely due to island forma-
tion somewhere in the films. Nevertheless, the samples were illuminated in
similar manner as in seen in the previous section.
Raman analysis proceeded and revealed a large upshift in the G-peak posi-
tion (ωG) most prominent in the illuminated regions. Especially one sample
exhibited very strong such behaviour, which is indicative of doping effects in
the graphene. In Fig. 5.9 a detailed map is shown with the illuminated region
being on the right side. As was seen in the last section, it is difficult to clarify
exactly where the treatment has proceeded but a clear trend is observed, as
the upshift is directly correlated to the illuminated area. It is noted that the
general level of doping is relatively high inside the measurement area (above
1595 cm−1) except in regions where pronounced defects or few-layer structures
are evident in the spectra. This is seen in the obvious horizontal tear in the
sample which has close to normal ωG near 1575 cm−1. This correlates nicely
with the ID/IG-map seen in Fig. 5.10 showing the defect density across the
sample. An observed vertical line could be an effect of two graphene domains
with different orientation merging, or a small ripple in the graphene film. It is
furthermore noticed that two horizontal regions appear to have either slightly
higher or lower ID/IG, which is caused by unfortunate Raman laser-defocusing
over the course of the map measurement (stage drift). This causes a lower
signal-to-noise ratio, making the fitting procedure either over- or underesti-
mate the vague D-peak. Generally, the quality is very consistent over the area,
however, it should be noted the mean value is 0,27, which is higher than what
is normally seen in CVD graphene (see Section 3.3.1.2).
The observed shift reaches a maximum around 1615 cm−1 which is very high.
Actually, finding comparable values in literature have been rather difficult, al-
though functionalisation/intercalation with metal chlorides,244 especially FeCl3,245,246
has proven to show similar values.
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To evaluate the nature of the observed doping ω2D was plotted versus ωG as
seen Fig. 5.12. Lee et al.182 proposed a method to relate observed Raman fea-
tures to mechanical strain and charge doping, and how to separate the two. It
should be noted that the model they propose is based on exfoiliated graphene
onto silicon dioxide, but in the first part of the discussion it will be assumed
that this system is qualitatively comparable as low and homogeneous defect
contribution suggests the graphene is intact and has not been altered. For me-
chanical strain it has been shown that ∆ω2D/∆ωG ≈ 2, whereas charge doping
is ∆ω2D/∆ωG ≈ 0,7 and ≈ 0 for p- and n-type, respectively.182 It is argued
that n-type doping may be neglected as p-type doping is dominant on these
substrates, and thus the shifts observed may be explained as a combination
of the contribution from mechanical strain and p-doping.
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Figure 5.9: Raman map of ωG. Illuminated region towards the right.

Figure 5.10: ID/IG-map. Mean = 0, 27 ± 0, 1 Defects primarily arise near wholes
and tears.
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Figure 5.11: Raman map of ω2D. Note the maximum lies outside the central part
of the illuminated region on the right.

Figure 5.12: ω2D vs. ωG.
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In Fig. 5.12 the data from Fig. 5.9 and Fig. 5.11 are plotted (+17000 spec-
tra) and two regions with markedly different behaviour are observed. The
first part of the plot shows a rising linear trend with ∆ω2D/∆ωG ≈ 1 (marked
by line, purple data) which correlates with compressive strain and p-doping
being induced in a constant ratio as ωG rises across the sample towards the
illuminated part. Except for lower magnitude of the slope this behaviour is
similar to that of thermally treated graphene, indicating the treatment may
be similar in nature. However, as the ωG reaches ≈1607 cm−1 the trend breaks
with ∆ω2D/∆ωG being ≈ -0,65. From this model such behaviour can only be
explained by further p-doping while relieving compressive strain in the film.
In Fig. 5.11 the ω2D is mapped and it is clearly observed that on the far right
(towards illumination centre) the value drops even though ωG continues to
rise (Fig. 5.9). This gives strong indications that the procedure is able to
facilitate highly doped, unstressed and undamaged graphene on SiO2, which
could serve numerous applications.

Figure 5.13: a) ωG after annealing at 500 ◦C in reductive atmosphere. Represen-
tative spectra from non-treated and treated area is plotted in b) and c), respectively.

In the discussion above, it was assumed that the sample was similar to an
exfoliated sample. However, transferred CVD graphene inevitably carry small
amounts of e.g. PMMA or other process remnants. It was also assumed that
n-doping could be ruled out, but may actually appear as a result of nitro-
gen functionalisation. The observed spectra also carried some resemblance
to graphene doped with AuCl3 as reported by Kwon et al.244 The transfer
was performed using an Au counter electrode with KCl as electrolyte, which
under oxidative potential could form contaminations of AuCl3 giving rise to
the extensive degree of doping observed. The photochemical treatment could
also have introduced such effects either by direct covalent functionalisation of
the graphene or by introducing adsorbed species.
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In an attempt to test the stability of the system and clean it further, the sam-
ple was treated in a reducing atmosphere at 500 ◦C (2%H2 in Ar), which should
reduce and remove metal chlorides and/or graphene functionalisation. A large
Raman map was subsequently recorded, and presented in Fig. 5.13. For clar-
ity, ωG is plotted as a linescan instead of a map by averaging the vertical
values. A clear tendency of high shift is still observed within the illuminated
area. Furthermore, in Fig. 5.13b and c, representative spectra from the non-
illuminated and illuminated region is displayed, respectively. Surprisingly, the
Raman signature in the non-treated area resembles that of amorphous carbon,
however a very strong and sharp G-peak is still present. This could indicate
a superposition of the two, i.e. the Raman laser spot sees both nanoscopic
high quality graphene domains and highly damaged graphene within the same
measurement. On the other hand, the graphene within the treated region still
has a large ωG-shift, plus the graphene quality has remained high. Unfor-
tunately, further detailed spectral analysis (peak fitting) was hampered by
the diversity of the spectra (ωG was found by a local maxima search). The
sample is an obvious candidate for detailed elemental analysis, however, the
bulky fused silica substrates have made XPS or SEM (EDX) practically im-
possible. Futhermore, it has been proven difficult to reproduce samples with
similar features on a more characterisation-friendly platform, and the work is
still ongoing.
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5.4 Concluding Remarks
This chapter reviewed the efforts of chemically functionalising graphene by
various means. First, an electrochemical approach was used to intercalate
alkylammonium species in between the layers of few-layer graphene, after
which carboxylation of the graphene was facilitated. Secondly, electrochem-
istry was used to controllably attach anthraquinone diazonium derivaties di-
rectly on the graphene basal plane through radical chemistry.

A photochemical approach to graphene functionalisation was also presented.
Nitric oxide (NO) was excited through attenuated total reflectance, close to
the graphene surface which resulted in two distinct scenarios: 1) The graphene
became highly damaged at the illuminated areas, likely because of oxidation
through reaction with NO. 2) The graphene became highly doped through a
mechanism which is not fully understood. The relation between the Raman
modes D and 2D, suggests charge doping is prominent, with contributions from
strain effects. We are currently not aware of the experimental parameter(s)
critical for determining outcome of these procedures.



Chapter 6

Graphene Based Sensors

NEWTEC makes a daily living by manufacturing machines for optically sort-
ing and grating produce of various kinds. These machines of course rely on
large mechanic systems, but the heart of the machines are computers analysing
data acquired from cameras. The cameras installed today are mostly active
within the visible spectral range leaving the machines very effective in e.g.
sorting by size and catching foreign objects. If advanced grading in terms of
e.g. chemical content is wanted, such cameras quickly fall short as most of the
desired information lies at longer wavelengths. Cameras for such purposes are
very expensive and with significant in-house expertise in camera fabrication
(optics, software, read-out) it seemed attractive to initiate development of our
own photodetectors.
Around the time the project was initiated, research on graphene based sensing
had become increasingly represented in published literature, but, for us, basic
knowledge on synthesis and characterisation was still needed, and to actually
start fabricating graphene based devices seemed far fetched. However, over
the course of what was learned during illuminations of graphene (Section 5.3)
it proved possible to make graphene electrodes which responded to light or
gaseous stimuli, even from very crude setups. Here two large Au electrode
was sputtered onto fused silica which was subsequently connected by a strip
of electrochemically transferred graphene (see Fig. 6.1). As the cuvette was
evacuated, illuminated and exposed to gaseous nitric oxide (NO) a resistive
response was clearly observed in good agreement with other findings. As a
result we initially started speculations on designing a graphene based gas-
sensor. The intended approach was to employ a type functionalisation with
gas-specific interaction, but instability of the desired functionality and lack of
expertise with synthesis procedure made us reconsider the project. Around
the same time, a collaboration with a student from the University of Southern
Denmark (SDU) was initiated and here a couple of spin-off-experiments with
organic dyes on graphene, enabled us to observe a photo-response by measur-
ing a change in the conductivity. This led a shift in our focus and put high
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Figure 6.1: a) Gas cell/cuvette with graphene on electrodes which inspired future
work on a gaphene based sensor. b) Picture showing how graphene (≈0,5 cm wide)
connects two Au-electrodes inside the cell.

priority on developing an infra-red photodetector, as discussed above.
This chapter is a summary of the efforts made in regards of developing graphene
based sensors. The work was performed in close collaborations with former
master-student Jakob Koba Risager (gas-sensor) and former master-student,
Christian Buhl Sørensen (Photodetector). The first part of the chapter (Sec-
tion 6.1) will introduce how the properties of graphene may be utilised in
fabricating sensing devices. Literature on photodetection and gas-sensing
will be reviewed in closer detail. Section 6.2 will focus on the development
and fabrication of a hybrid graphene-quantum-dot photodetector, and Sec-
tion 6.3 presents the characterisation of the individual components and the
as-fabricated devices. No experimental data will be presented for the gas-
sensor, however, a short discussion on our findings will be included in Sec-
tion 6.1.1.
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6.1 Graphene Field Effect Transistors for Sensing

In section Section 1.2 the electronic structure of graphene was briefly outlined.
Here the bandstructure of graphene under ideal isolated conditions was pre-
sented with the valence and conduction band meeting in at the K-point in the
Broullion zone. This zero-gap nature of graphene results in thermally excited
carriers always to be present and thereby gives rise to electrical conductivity
at any given temperature above absolute zero. However, graphene is never
ideally isolated and due to its two dimensional nature the intrinsic electronic
properties are easily affected by small structural perturbations or environmen-
tal electrostatics. This allows for fabrication of so-called graphene field effect
transistors (GFETs),4 where the doping level, and thereby conductivity, may
be tuned/altered by applying a variable electric field. Similar action may be
observed when the surroundings change, e.g. through adsorption of chemical
species, leaving an exchange of charge carriers or electrostatic perturbation of
the graphene. Such devices therefore provide a versatile detection-platform,
with a potentially broad range og applications.

6.1.1 Gas/Chemical Sensors

The most general approach for fabricating graphene based chemical sensors
is to simply employ a bare GFET and expose it to the chemical environ-
ment which is to be analysed. Adsorbed species will affect the doping level
and/or scatter charge carriers in the graphene thus giving rise to a measur-
able response in the conductivity. Already in 2007 Schedin et al.10 used this
approach to detect H2O, NH3, CO and NO2 at room temperature employ-
ing a graphene Hall bar similar to the one used in the original GFET paper4
(Both Geim and Novoselov co-authored the study). In the case of NO2 they
were even able to detect single molecule adsorption events. The degree of
adsorption onto graphene was found only to shift the charge neutrality point,
as depicted in Fig. 6.2a, and not to affect the scattering rate of charge carriers
- i.e. the response observed is caused by doping effects. Recently another
study employed suspended bilayer graphene for single molecule CO2 detec-
tion.11 Here gate bias worked as an onset for the resistance changes measured
in the graphene, and it was argued that this trigger induced polarity in the
CO2-molecule thereby creating an attraction to graphene. During sweep of
the gate-voltage, Vg, it was observed that the charge-neutrality point remained
at a fixed Vg with and without CO2 present. However, the overall resistance
changed, thus suggesting the mechanism for the observed response was dom-
inated by charge-carrier scattering and not graphene doping (Fig. 6.2b). It
was argued the suspended graphene, compared with graphene on SiO2, is
subjected to less scattering agents and has a more favourable dielectric envi-
ronment, because of the lack of substrate.
Gas specific sensing is troublesome with such detectors but Nallon et al.247
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Figure 6.2: a) The effect of external charge doping on the electrical characteristics
of graphene, leaving a shift the charge neutrality point (∆CNP ) during gate sweep
(Vg). b) Carrier scattering in graphene caused by adsorbates generating a change in
resistivity, R, without shifting the CNP during gate sweep. Figures reproduced from
Sun et al.11

proposed a way to get around this, by analysing the response from various
chemicals and solvents. Machine learning algorithms was used to distinguish
the effects of the individual chemicals on the sensor, however, it should be
noted that this study was not performed on mixtures. Furthermore, the study
was not reported to work at single molecular level, and may have required
rather large amounts of analyte for this approach to work (reliant on vapour
pressure). A similar study was performed by Rumyantsev et al.,248 however,
here low frequency noise measurements was employed to distinguish different
chemicals.
To enhance sensitivity, functionalities which causes redox activity under gaseous
stimuli could be incorporated onto the graphene to exploit communication
with its unique electrical properties. In this regard, metal decorated graphene
or reduced graphene oxide have been reported to enhance sensitivity.249,250

Graphene based chemical sensing has shown great potential since single molecule
detection and analyte specific response have been obtained. However, the
ability to selectively detect a specific compound within a mix of chemicals
have been somewhat elusive. Progression have been made through chemi-
cal modification of graphene using e.g. DNA251 or other functionalities.252
Similar results are found in carbon-nano-tube (CNT) literature253,254 which
have had more years to mature, and one study in particular, which showed
ethylene specific detection, came to our attention. Ethylene is plant hormone
important for the ripening process in fruits, thus real-time monitoring of the
concentrations the surroundings during transport/storage would be beneficial
for supply chain management.255 Ethylene is known for binding to Cu(I)
species,256 which Esser et al.257 exploited in their CNT based sensor with
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Cu(I) species stabilised by a so-called scorpion ligand. As ethylene binds to
the metal-complex it causes a change of interaction towards the CNT’s, thus
providing a chemo-resistive response. At NEWTEC a project initiated to re-
produce these result employing a GFET instead of CNT’s, which potentially
could provide better sensitivity compared to the rather chaotic mixture of
CNT’s and metal-complex employed by Esser et al.,257 plus the transistor
platform could help inducing tunability. Unfortunately, producing the Cu(I)
complexes proved too big of a task with the means at hand, thus the project
has been terminated for now, however, chemical sensing employing a graphene
platform could show great potential.

6.1.2 Photodetection in Graphene

Another possible major field of application for graphene is within photode-
tection. The gapless nature enable charge-carrier generation in a broad range
of the electromagnetic spectrum, all the way from UV to the THz regime.
The absorption in this range remain almost constant,16,17 and in combina-
tion with its ultra-fast and tunable electronic properties, graphene provides
an intriguing platform for next generation photonics.

6.1.2.1 Important Terms and Figures of Merit

Today’s detection technology rely on generating a measurable electronic re-
sponse as a result of the intended stimuli. Before going into the specifics of
graphene photodetection a few important measures are introduced.
The responsivity, Rph, of a detector which is designed to create a photocur-
rent, Iph, is defined as the measured photocurrent divided by the power of the
incoming light, Pin:

Rph = Iph

Pin
(6.1)

It should be noted that: Iph = I − Idark, where I is the measured current
under illumination and Idark is the dark current level.
Such a photoconductor may have the ability to enhance the incoming signal
through photoconductive gain, by allowing X amount of charge carries to be
collected per incident photon.

6.1.2.2 Response Mechanisms

When a photon is absorbed in graphene, various physical mechanisms may
account for a given response, depending on how the device is set up and what
the intended application is.19 The photovoltaic effect relies on an in-build
electric field separating photo-excited charge carries and thus generating a
photocurrent. The field usually originates from differently doped regions in
the graphene which can be realised by e.g. external bias,258 dual gate set
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up,259 or by utilising doping effects from metal contacts caused by workfunc-
tion differences (Schottky barriers).260 External bias is normally avoided due
to the conducting nature of graphene as a large dark-current is generated
leading to large power consumption and difficulties in discerning the optical
response from noise.19
Detecting hot electrons using the photothermoelectric effect has also been
realised.261,262 Here a photo-voltage is generated due to the Seebeck effect:
V = (S1 − S2) ·∆Te, which is caused by a difference in electron temperature,
∆Te, between two regions within the graphene area with different Seebeck co-
efficients, S1 and S2. The strong electron-electron interactions263 in graphene
enable excited electron-hole pairs to excite multiple carriers. The difference in
S1 and S2 is realised through doping, i.e. such detectors have similar design as
photovoltaic devices and thus both mechanisms may be part of the response.
Which effect dominates depends on the sensor design and to separate the two,
a detailed inspection of the photo-current polarity as function of the doping
levels in both regions is required.264
Bolometers rely on the change in resistivity, RH , as a function of temper-
ature, RH = dT/dP , where dT is the temperature increase caused by the
power, dP , of the incoming electromagnetic radiation. In graphene the heat
capacity is naturally low which implies a fast response, however, the temper-
ature dependence of the electrical conductivity is low.265 It should be noted
that bolometers work under bias, i.e. contributions from the photovoltaic and
photothermoelectric effect may be present.
The three mechanisms reviewed here all allow for fast responses, enabling
such devices to operate at high frequencies. The detectors can be tuned to
work within different regions of the electromagnetic spectrum and therefore
provides good basis for novel photonic devices. However, as discussed in Sec-
tion 1.2, graphene only absorbs 2,3% of light which defines a natural limit of
the sensitivity. To overcome this issue, waveguides which are co-planar with
the graphene are often incorporated to force the incoming light to interact
with graphene over a larger area.266–268 These structures are troublesome to
fabricate, especially as a sensor array if imaging application are wanted.

6.1.3 Photogating and Hybrid Devices

The detectors discussed in the last section all focused on graphene as the
absorbing material of the incoming photons while also acting as transducer
(generating a measurable signal). As discussed, the low absorption is a prob-
lem for this type of detector, but also, the amount of measurable response per
absorbed photon is relatively low. For high sensitivity detection a gain mech-
anism therefore needs to be implemented for creating a sufficient response to
detect. Here it has proven effective to incorporate semi-conductive materials
within close proximity of graphene to act as charge traps, and thereby induce
a gating effect in graphene by affecting the amount of charge carriers (see
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Fig. 6.3). A photoresponse is thereby measured through a change in conduc-
tivity, and because of the high carrier mobility in graphene, plus long lifetime
of the excited states in the semiconducting material, such hybrid devices may
posses the ability to significantly enhance the incoming signal. Konstantatos
et al.269 showed that mechanically cleaved graphene decorated with semi-
conductive PbS colloidal quantum dots (QD’s) exhibited responsivity on the
order of ≈ 107 A/W and a photoconductive gain of ≈ 108 electrons per in-
cident photon, which are quite remarkable. Soon after, similar, however less
pronounced, results was obtained by Sun et al.,270 but this time by employing
CVD graphene. Very recently a CMOS based device was developed for imag-
ing applications.271
It should be noted that this type of detector suffers when excited charges are
trapped for too long in so-called deep traps, prolonging the gate-effect. As
the photocurrent signal decay will proceed equally slow, when illumination is
terminated, the photoresponse time, in turn, will be long. By incorporating
another 2D-material (GaSe), Lu et al.272 achieved response time on the order
of 10 ms, while still keeping a very high responsivity (≈ 107 A/W). It was hy-
pothesised that the 2D-nature of the photoactive component ensured optimal
interaction with the graphene, thereby eliminating most traps. Other exam-
ples of graphene photogating have been performed using ZnO273 and PbSe274
QD’s, and organic dyes, such as chlorophyll,275 have also shown to invoke a
photoresponse.

Figure 6.3: a) Photon absorption generating electron-hole pairs in QD’s. b) Pho-
togating graphene: Holes in the valence band (VB) of the QD’s moving into graphene
and thereby changing the amount of charge carriers, while trapping excited charges in
the QD’s. Figure reproduced from Konstantatos et al.269

6.1.3.1 Quantum Dots

In the last section it was discussed how photogating could occur in graphene
as a result excited states in semi-conductors in contact with the graphene. In
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this project mainly QD’s will act as the photosensitizing material and a short
introduction to QD’s is therefore given.
QD’s are typically nano-particles made from semiconducting or metallic com-
pounds. Due to the small size of the particles, their electronic properties differ
from that of the bulk-materials as confinement effects are coming into play.
For this reason, particles with e.g. semiconducting properties may have a
tuneable bandgap according to their size. Furthermore, because og the many
available surface states, excited states may be long lived or have the ability
to interact with their surroundings trough e.g exchange of charged species, as
was seen with graphene.
The bandgap of a QD, EQD, consisting of an already semi-conducting material
may estimated as:

EQD = Ebulk + Econfinement (6.2)

Where, Ebulk, is the bandgap of the bulk material, and Econfinement is an
added term describing the confinement effects. Quite a lot of work has been
put into modelling these effects and several approaches are available.276,277
QD-synthesis for graphene sensing purposes, is most often performed solvo-
chemically, where the QD’s are stabilised in solution by capping agents (col-
loidal QD’s). This is crucial, due to the small size and high surface energy
which otherwise will induce agglomeration and possibly unwanted chemical
reactions with e.g. oxygen. In terms of utilising the QD’s as sensitisers for
gating graphene, these capping agents may play a significant role in deter-
mining the charge transfer characteristics, and finding optimal candidates is
therefore of high importance.
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6.2 Fabrication and Characterisation Methods

When development of a sensor started to become a real priority for NEWTEC,
a somewhat superficial collaboration with the group of Frank Koppens at
ICFO in Barcelona was started. As reviewed in the previous section, they
had developed a simple sensor based on graphene functionalised with quan-
tum dots and showed that such devices had extremely high responsitvity. We
chose to focus our efforts on trying to reproduce their results while also in-
corporating different photoactive components, especially some which show an
infra-red response. PbSe was a strong candidate as it is well known for infrared
absorption with a direct bandgap of ca. 0.3 eV. Some in-house experiences
of synthesising PbSe quantum dots were already available, thus lowering the
barrier for device fabrication and enabling us to get the proper understanding
of the sensor platform and how to characterise it.
In Fig. 6.4a the concept of the device is schemed. A piece of graphene is placed
on top of two Au-electrodes thereby allowing a current to pass through the
connection. The photo active layer is put in direct contact with the graphene
to ensure optimal interaction. Electrodes and graphene is placed on a heavily
doped Si-wafer, with a 90-300nm thick SiO2, to allow gate access.

Figure 6.4: a) Scheme showing the concept the photodetector. Source (S) and drain
(D) are connected with graphene with the sensitising material on top. An oxide layer
isolates the gate (G) from the active parts of the device. b) An image of a ZIF-
chip with two pairs of interdigitated electrodes and gate access. The purple part is a
piece of transferred graphene still containing PMMA (the appearance is caused by an
interference phenomena).

6.2.1 GFET Platform and Device Fabrication

All that was needed for proof-of-concept studies was a fairly well-defined elec-
trode structure onto which graphene could be easily transferred. As cleanroom
facilities are hard to come by in Odense, simple substrates with interdigitated
electrodes was fabricated at NanoSYD in Sønderborg, using a standard pro-
cedure. The device, shown in Fig. 6.4b, is based on Zero Insertion Force
(ZIF) connectors enabling measurements to be performed without the use of
a probe station (which was unavailable) and the compact design allowed for
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entire measurement setup to be placed inside a small homemade vacuum sys-
tem.
Each FET chip consists two pairs of interdigitated electrodes with a well-
defined distance between them (Four types: 10 µm, 20 µm, 40 µm or 80 µm).
Graphene on Cu purchased at Graphenea was coated with PMMA and cut
into small slabs of approximately 2x10mm in size for the graphene to fit on
the electrodes without making unwanted connections to the substrate. Trans-
fer proceeded after electrochemical delamination as described in Section 3.2.3.
After PMMA removal, annealing at 300 ◦C was performed for device clean-
ing, after which the GFETs are tested and subsequently functionalised. The
devices are now ready for optical characterisation, and ligand exchange may
proceed as an effort to increase graphene-QD interaction. In Fig. 6.5 the steps
of fabrication is outlined. More details are presented in the following sections.

Figure 6.5: Flow-chart showing the steps in device fabrication.

6.2.2 Photoactive Components

Semiconducting quantum dots were chosen as the primary type of material
to act as the photoactive component. However, organic dyes have also been
considered as they can be purchased rather cheaply, are easier to handle and
have less health concerns associated with them. Inspired by dye sensitised so-
lar cells, the very first sensor we fabricated was made with a piece of graphene
which had been electrochemically delaminated in blueberry juice, and after-
wards transferred without washing. A low, but still significant, photo-response
was measured in comparison to blank samples, however, it should be noted
that the exact nature of the response only was hypothesised to originate from
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excited anthocyanins (compounds giving the color of blueberries) interacting
with the graphene. Nevertheless, it proved that even very crude devices gave
rise to measurable differences in the resistivity of the graphene, thus indicating
the versatility of the platform.

6.2.2.1 Quantum-Dot Synthesis

As mentioned in the introduction, the focus was put on PbSe QD’s though
PbS QD’s, which was originally employed by the ICFO group, was also inves-
tigated, to better enable comparison of the different photoactive components.
Furthermore, a recent study on the synthesis of HgSe QD’s proved it possible
to synthesize QD’s active towards the mid-IR,278 and could in theory provide
the basis for a detector in this region.
Synthesising QD’s in solution is well described in literature and most modern
procedures are derived from the pioneering work of Murray et al.279 Here the
use of long-chained organic chemicals as reaction media allow for high temper-
ature synthesis. This is also the case for the procedures employed in this work
to synthesize PbSe, PbS and HgSe. In short, the metal precursor (Lead(II)
oxide, Hg(II) acetate) is dissolved in a solution containing oleic acid under
O2-free conditions and heated to the desired temperature. The chalcogen pre-
cursor is similarly dissolved and afterwards quickly injected into the reaction
vessel containing the metal precursor. The formation of QD’s follows almost
instantly and reaction proceeds in a given period of time at a given tempera-
ture, depending on the desired size of the QD’s. The process is quenched by
e.g. a sudden decrease in temperature, after which several steps of washing is
performed for purification. Lastly the QD’s are collected as a suspension for
storage, or precipitated for different characteraisation purposes.

6.2.2.2 Quantum-Dot Characterisation

Detailed characterisation of the QD’s is pivotal in understanding and optimis-
ing their function as a graphene photogating agent. The size and crystallinity
will determine the bandgap size and thus absorption, and to probe these fea-
tures several techniques are available. QD’s are often handled in solution and
thus stabilised by ligands with favourable interaction to the solvent. The exact
role of the ligand is not known in detail, but will most likely have significant
influence in the QD’s ability to interact with its surroundings.
Scanning Probe Microscopy is a common tool for size characterisation
at the nano-scale. Effective coating procedures are needed, as fixation of the
QD’s on a, ideally completely flat, surface is required. AFM has proven trou-
blesome, most likely because solvent residues and the surfactant-like ligands
make the surface very difficult to comprehend in terms of the forces interact-
ing with the tip (everything is sticky). It is pivotal to decrease the tip-particle
interaction to a degree where the particles are not being pushed around or
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picked up by the tip, but still not so much that resolution is compromised. On
the other hand, by employing Scanning Tunneling Microscopy (STM)
the advantage of having a conductive test-subjects is utilised as a tunneling
current should only occur very close to the QD’s or the conductive surface.
It should, however, still be noted that STM in air is difficult and therefore
not necessarily the best technique for standard characterisation. To better
access the QD’s on the surface, some work has been put into fabricating and
using tungsten tips, as they can be made very sharp through electrochemical
oxidation. Some efforts have been made in this regard, but the work is still
ongoing.
Powder X-ray Diffraction brings information on the crystal structure of
the analyte. This makes it straight forward to verify whether the product
has the intended crystal structure, by comparing the obtained spectra with
databases of other published results. The strength of the technique is it only
"sees" the structurally ordered (crystalline) parts of the sample which are the
parts important in determining the intrinsic properties of the particle. That
same feature is also its downside as amorphous contents, residues and synthe-
sis leftovers cannot be located or quantised.
Besides compound recognition, it is possible to estimate the crystallite size
from the peak-width in the spectra by using the Scherrer equation:280,281

Dhkl = K · λ
∆2Θ · cos(Θ) (6.3)

Where Dhkl is the mean crystallite size in the crystal dimension perpendicular
to the plane causing the reflection which is analysed. K is often referred to
as the crystal shape factor. In this case, where only estimates are wanted, a
value of 0.9 is a good approximation.281 λ is the wavelength of the probing
X-rays, ∆2Θ is the FWHM of the observed line (in radians), Θ is the Bragg-
angle (i.e. half the observed 2Θ). FWHM and Θ is easily extracted from the
spectra by using the same software which was developed for Raman analysis
in Section 2.2.1.
Absorption and Fluorescence Spectroscopy are used to asses the QD’s
in terms of how their actual function as photo sensitisers. Absorption spec-
troscopy reveals how the product absorbs light over a given range of wave-
lengths, and thereby gives an indication in which region the QD’s will be
active in terms of photogating the graphene. Fluorescence spectroscopy mea-
sures the emitted light from the QDs as a result of electron-hole recombina-
tion after excitation. This gives a direct measure of the bandgap size in the
QDs and thereby the size. For a monodisperse collection of quantum dots,
the absorption spectrum may be a broad bump with many characteristics.
Electrons excited at higher energies than the bandgap size will lose energy
through phonon couplings before recombining and emitting the fluoresced sig-
nal, which, on the contrary, will consist of a single and comparably sharp peak.
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However, if more populations exist in terms of size, the fluorescence peak will
be broadened accordingly.

6.2.2.3 GFET Functionalisation

The QD’s are usually suspended in hexane after which deposition via e.g.
drop- or spin-coating is performed. Only few efforts have been made in opti-
mising this part of the device fabrication and at this point there is no way of
telling the difference between individual coatings in terms of coverage, QD-
substrate interaction, etc. Coated devices are ready for optical response mea-
surements or a ligand exchange is performed as the end-of-line treatment.
This usually proceeds through simple spin-washing, where the deposited QDs
are treated with a suspension of the desired ligand dissolved in acetonitrile.

6.2.2.4 GFET and Device Characterisation

Substrate testing will proceed in two primary stages: GFET characterisation
and device characterisation.
The basic performance of the raw GFETs is investigated to rule out defective
devices and to determine resistivity and the doping level prior to functional-
isation. Usually, the devices were put under vacuum while source and drain
were biased with 0,5 V. If possible the gate was swept from -50 - +70V. A dry
membrane pump kept the pressure at a few mbars.
For device performance measurements, a 532nm laser was shun onto the de-
vice as schemed in Fig. 6.6. The laser spot size was generally significantly
larger than the active area of the device, and the power of the incoming light
was therefore calculated as:

Pin = Aspot

Adevice
· Plaser (6.4)

Where Pin is the incoming power needed for responsivity calculation (Eq. (6.1)).
Aspot is the spot size, Adevice is the estimated active area of the device and
Plaser is the laser power.

Figure 6.6: Scheme showing the measurement set up. Figure reproduced from.282
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6.3 Characterisation of Hybrid
Graphene-Quantum-Dot Photo-detectors

6.3.1 GFET Characteristics

The transfer process of such small pieces of graphene (≈ 2 mm by 10 mm) was
generally tedious and impractical, in addition it often resulted in patchy areas
of graphene being transferred. For this reason, determination of the actual
area of activity for these devices is very difficult.
After annealing the GFETs were tested under vacuum to protect from un-
wanted degredation which previously was observed at high excitation voltages
in air. In Fig. 6.7a and b the resistance of several devices from two batches,
which have been fabricated in the same manner, is shown as a function of gate-
voltage. The ambipolar field effect is indeed observed, however, the spread in
the performance is significant. The charge-neutrality point is placed at pos-
itive gate-voltages which indicates p-doping and is in good agreement with
the general findings of such devices. The values, however, especially for Batch
1 (30-60V) are rather large and may indicate unsuccessful annealing and/or
process remnants to be present.
Also, a large difference in resistance is observed between the individual devices
which does not seem to correlate with the difference in distance between the
electrodes( 10 µm, 20 µm, 40 µm or 80 µm). This is not surprising as the con-
ductive graphene-area may differ greatly from one device to another, because
of the patchy transfer and general uncertainties in controlling the placement
and size of the graphene. Another important issue which is frequently encoun-
tered with these types of samples is low resistance between gate and graphene,
i.e. gate-leakage. In principle, this doesn’t necessarily hinder the function of
a photo-sensor as it is the conductance between source and drain which de-
termines its function. However, gate-leakage disallows tuning of the sensor
towards its optimal point of function, where photogating of the QD’s has the
largest effect on the amount of charge carriers within the graphene. Further-
more, large parasitic currents will run in the system which will be difficult to
account for. The cause of such leakages may be plentiful and it is hypothesised
that impurities or defects in the SiO2 could be the issue. Furthermore, the
large area and malleable nature of the graphene enables it to follow the dielec-
tric topography into tiny holes and crevices. Especially when gate-voltage is
applied and electrostatic attraction between graphene and gate occurs. Rough
handling during fabrication, may also be a significant contributor.
Raman information is given Fig. 6.7c and d from a representative sample in
Batch 1. The samples, despite patchy transfer, generally exhibit high quality
with a ID/IG-ratio of ≈ 0,1. Doping level indicated by the G-peak position
correlates well with annealed graphene on SiO2.
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Figure 6.7: a) and b) show the resistance measurements of two batches of GFETs
synthesised in a similar fashion. c) and d) gives Raman information of a represen-
tative sample in Batch 2.

6.3.2 Quantum-Dot Characteristics

The as-synthesised QD’s are normally contained in an apolar solvent such as
hexane or toluene while stabilised by oleic acid ligands. Over time, some pre-
cipitation/agglomeration is observed and it is generally adviced to use/characterise
the suspensions while freshly synthesised. The optimal way of storing the QD’s
could be optimised through ligand and solvent exchange, however, from an in-
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tuitive point of view, keeping the long apolar chains of the oleic acid may very
well provide the acceptable approach, avoiding too much processing.
Absorption and fluorescence spectroscopy can be performed in situ thus al-
lowing characterisation without wasting product. In Fig. 6.8c the fluorescence
spectra of PbSe QD’s grown at different duration are plotted. It is clearly
observed that the longer growth time results in a red-shift of the fluorescence
peak. This indicates lowering of the bandgap size caused by enlarged QD’s
and corresponds well with general findings.
For a more direct size measurement an example of STM on PbS is seen in
Fig. 6.8a and b. Depositing the QD’s in a proper manner and finding the
optimal substrate is challenging, some success was achieved using graphene
on Cu. A hexagonally packed structure of approximately 6nm spheres is ob-
served, which correlates well with the expected size of the QD’s. STM also
offers the opportunity for performing electrical spectroscopy on the QD’s, how-
ever, such measurements require very specialised setups.
In Fig. 6.8d powder diffractograms of HgSe and PbSe is shown which are in
good agreement with the rock-salt structure and other reported spectra283–286(red
bars indicates location of reflections originating from the aluminium sample
holder). The spectra was recorded soon after precipitation of the QDs from
suspension, and the samples appear phase-pure without any noticable crys-
talline bi-products present. By employing the Scherrer equation the size of
the QDs is estimated to be ≈ 7.5 nm and ≈ 20 nm for the PbSe and HgSe
QD’s, respectively (the reflection near 25 2Θ was used for the size determina-
tion). Again, this is in good correlation with the expected results. It should
be noted that for the case of the HgSe QD’s the size determination using the
neighbouring reflection was close to 16 nm, thereby indicating non-spherical
particles.

In general, the synthesis of QD’s was largely successful, however, a lot of opti-
misation is still needed to ensure reproduction and consistency. Furthermore,
standard characterisation procedures needs to be implemented. In this regard
fluorescence and absorption spectroscopy are easily performed, and gives a
direct measure of the optical properties of the QD’s. XRD provides a fast
method for compound recognition and enable size determination, however,
this needs to be correlated to more direct methods, such as STM or TEM.
STM is very challenging and only allows for measuring small areas, and TEM
is therefore the obvious alternative where both detailed analysis of individual
particles, and surveys can be performed. Presently, XRD and TEM are only
available through University connections.
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Figure 6.8: a) STM image of PbS QD’s deposited on graphene grown on Cu. b)
Shows cross-section of the deposited QD’s. c) Fluorescence spectra of PbSe QD’s as
a function of growth time. d) PXRD spectra of PbSe and HgSe QD’s.
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6.3.3 Device Characterisation

6.3.3.1 PbSe Functionalised Devices

PbSe QD’s was dropcoated from suspension onto the best performing GFET-
devices. The oleic acid ligands were kept or exchanged with shorter chained
molecules such as ethanethiol or formic acid, where the former previously
have shown great results for PbS-graphene hybrid photodetectors. As with
the GFETs a fairly large spread in the performance is observed, and even a few
blank devices showed significant photoresponse which may be caused by the
graphene/metal interface (see. Section 6.1.2). In Fig. 6.9a the photocurrent

Figure 6.9: a) PbSe functionalised GFET with formic acid ligands illuminated with
laser modulated at different frequencies. Note the time-axis i normalised in accordance
with the frequency used. b) Responsivity as a function of source-drain excitation
frequency. As the laser was blocked no discernible signal was seen, eliminating the
possibility of electronic crosstalk.

response is observed from modulated illumination at different frequencies. A
clear signal is observed at 6-60 Hz, while significant smoothing occurs at 600
Hz, however, with the signal still being evident. Note the relatively slow decay
of the response as the laser turns off, indicating long-lived excited states as
discussed in Section 6.1.3. The device was also tested while biasing source and
drain at high frequencies as depicted in Fig. 6.9b where it generally performs
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well within the tested regime. Testing the frequency response of the source-
drain voltage, is useful in terms of determining response time.
The responsivity is on the order of µA/W which is far from the reported
responsivities of similar devices in literature269,270,274 (towards 107 A/W).
However, the active area of the devices is estimated to be the area within
the interdigititated electrodes, and is most likely an excessive overestimation
because of patchy transfer, differing graphene quality, inhomogeneous QD
coverage, etc. Changing the ligands did not cause reproducible changes in
the devices, however, this will be dealt with in more detail in next section.
Unfortunately, tunability of these devices by applying a gate-voltage proved
unaffective or resulted in gate-leakage.
A few attempts were performed with HgSe QD’s as photogating material,
however reproducible response has not yet been observed.

6.3.3.2 PbS Functionalised Devices

As a reference, PbS QD functionalised was devices was fabricated in a similar
fashion as the devices based on PbSe. In Fig. 6.10 the response for one of the
best performing devices is shown. Still, the responsivity is very low, however,
the issue is still likely to be overestimation of the active device area. The
device was tested at different laser powers, resulting in higher responsivities
at lower power. This is not surprising as the photogating effect is expected to
be larger, relatively, when the initial QD excitation occurs. At higher photon
flux a saturation of the gating effect is likely to take place, plus there may come
a point where generating even more electron-hole pairs in the QD’s become
an issue.
With this particular sample we had success with scanning the gate during
the measurements thus enabling tunability. As observed in the bottom curve
in Fig. 6.10 p-doping in the device is evident, reaching the charge neutrality
point above 30 V. The maximum responsivity of the devices correlates well
with the region where the slope of the resistivity as function of gate-voltage,
dR/dV , is steepest. It should be noted that at higher illumination power the
responsivity maximum moves towards higher gate-voltages.
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Figure 6.10: Top: Responsivity of a graphene-PbS hybrid photodetector as a func-
tion of laser power and gate-voltage. Bottom: Resistivity as a function of gate-
voltage (Field-effect).
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6.4 Concluding Remarks
This chapter reviewed the efforts of synthesising graphene based QD sensitised
photodetector. A simple procedure of fabricating GFETs was proposed, and
proved to be somewhat reliable for producing such substrates. It should be
noted that gate leakage was frequently observed, the reason of which currently
is unknown. But it is likely caused by a low-quality dielectric structure sepa-
rating graphene and gate, or by accidental damage exerted over the course of
fabrication.
For functionalisation, HgSe, PbSe and PbS QDs were succesfully synthesised,
and procedures for optimal charactersiation were investigated. Graphene/PbSe
and graphene/PbS hybrids exhibited a clear photoresponse, however, with
very low responsivities compared to literature. This is likely caused by inho-
mogeneous GFETs where the active sensor area is vastly overestimated, plus
the QD functionalisation still is far from optimised.
Reproducibility therefore relies on many factors, however, we are generally
able to consistently get a response from such devices, and optimisation is
ongoing.





Chapter 7

Overall Conclusion and
Outlook

In the presented work, graphene and other 2D materials was investigated in a
rather broad manner in order to assess their potential for sensor applications.
The first two chapters gave an introduction to the field of 2D materials, and
with primary focus on graphene the basic properties was discussed alongside
important methods for characterisation. Incorporating the right package of
characterisation methods is pivotal for nano-materials, and 2D-materials in
particular, as both micro- and macroscopic effects plus appearance are impor-
tant in determining the properties. This became highly evident for graphene
grown on Ir(111), which showed structural features surprisingly different than
the expected, at the micrometer scale.
Graphene synthesis defined the starting point of study, and bottom up pro-
cedures based on high temperature chemical vapour deposition (CVD) was
successfully employed to reproducibly grow large area high quality graphene
on Cu (and Pt). Other transition metals were also tested, however, with less
success. Various means of lowering synthesis temperature were investigated,
but these failed to deliver graphene of comparable quality to that of high tem-
perature procedures. Graphene growth on Cu by standard procedures proved
highly reliable and ended up being the go-to method for graphene synthesis,
and provided the foundation for further studies. Initial trials of synthesising
other 2D materials, hexagonal boron nitride (h-BN) and MoS2, were success-
ful, but more experience is required for reliable large scale production.
The interaction between graphene and the substrate onto which is is grown was
studied in greater detail by Raman spectroscopy and scanning probe meth-
ods. Here graphene grown on Cu and Pt proved to be subjected to extensive
strain which correlated nicely with the corrugated and step-edged structure
of the underlying metal. For graphene on single crystal Ir(111) the flatness
of underlying substrate revealed far less strained, however, strong interaction
between graphene and metal seemed to induce unwanted structural effects
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in the graphene. Electrochemical intercalation proved possible to completely
relieve strain within graphene grown on Cu and Pt, while releasing graphene
grown on Ir(111).
Graphene functionalisation was investigated with both electrochemical and
photochemical methods, all of which proved possible to alter the structural
features of graphene. Diazonium chemistry was successfully employed to at-
tach anthraquinone species to graphene, and intercalation induced reduction
of the graphene, further enabled carboxylation. The exact effect of the photo-
chemical treatment is still under investigation, however, some samples exhib-
ited very high doping effects in the graphene which suggests a highly increased
interaction with the substrate.
Finally, graphene field effect transistors were investigated as basic platform for
sensing. Here QD functionalisation of PbSe and PbS, caused a photogating
effect in the graphene upon illumination. These devices did not perform as
well as expected, likely because of crude sensor design and rough fabrication
methods. The active area of the sensor was tricky to determine plus gate-
leakage was a very frequent issue. However, this platform is very promising,
and NEWTEC is now working on the next generation of sensor, with a more
well-defined active area. Furthermore, progress in the methods for QD syn-
thesis, handling and deposition are constantly improving, and new devices are
already in line and look promising.
Infra-red imaging which is applicable for NEWTEC machinery still lies far
ahead. However, with the available in-house expertise on camera technol-
ogy, combined with the knowledge generated over the course of this and the
forthcoming projects, the future looks bright.
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